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Given the environmental challenges of soil depletion, water scarcity, and resource
competition, the agricultural products market demands a continuous increase in
annual crop productivity. Nevertheless, it is often overlooked whether there are
favorable conditions within the biophysical constraints of the natural system to
meet such a requirement. This paper contemplates an integrated analysis that
connects the interaction of water-land-food and production value (WLFPV)
from the availability, requirement, and scarcity of water based on the Multi-
Scale Integrated Analysis of Societal and Ecosystem Metabolism (MuSIASEM)
framework. This study evaluates nine crops (agave, avocado, berries, coffee, figs,
native maize, pitaya-pitahaya, critical banana, and vanilla) of high commercial
value from the central-eastern region of Mexico to obtain their metabolic profiles
and answer this question. For this, relative water stress index (RWSI) was used
as well as intensity and metabolic density indicators for each crop. The findings
were then visualized and communicated through maps. The results indicate that:
(1) The annual available water satisfies the total water requirement of the crops
of 1,782.6 hm?, planted in 276,965 hectares that produce 803,191 tons of food
with a value of 165.2 million USD. (2) 65% of the area dedicated to the production
of agave, pitaya-pitahaya, and other crops is affected by a water deficit. This
area’s relative water stress index (RWSI) ranges from moderate to high. In the
short term, they can constrain agricultural development areas. (3) The metabolic
intensity and density indicators show that the combined efficiency of the water
demand/supply relationship for native maize was very deficient in 23 of the 50
municipalities. From our analysis perspective, it was possible to understand the
changes occurring in the Socio-Ecological System of the nine agricultural chains.
A trend in decreased rainfall and water levels in the aquifers for food production
was observed.

KEYWORDS

metabolic density and intensity indicators, MuSIASEM, drought risk, sustainable water
management, water allocation, water stress index, water-land-food nexus
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1. Introduction

The relationship between water, land and food has been one of
the bases for the economic development of all civilizations. In the last
70years, economic development and population growth have been
the main agents of change in relation to the quantity and current
deterioration of the quality of water used in agriculture.
Anthropogenic activities are the main cause of the depletion of
groundwater reserves and the contamination of surface water at the
local, regional, or national level (Rodriguez et al., 2020; WWAP,
2022). Groundwater is under heavy pressure because 69% of the
water withdrawn annually is used for food production (WWAP,
2022). This percentage could increase since international food trade
demands greater volumes of water from exporting countries, such as
the United States, Mexico, Iran, and China, affecting the availability
of aquifers (Dalin et al., 2017, 2019; Gumidyala et al., 2020; Debaere
and Konar, 2022).

In this sense, it is estimated that the global depletion rate of
aquifer reserves is at least between 100 and 200 km?/year (W WAP,
2022). Depending on the seasonality, rainfall and other meteorological
factors, plants or crops may receive dehydration and their
photosynthetic capacity to produce their fruits (Seleiman et al., 2021).
The aforementioned anthropogenic and environmental causes, added
to social inequality and poverty, are also responsible for the lack of
food security suffered by 928 million people (11.9% of the world
population) in 2020 (FAO, FIDA, OMS, PMA, UNICEF, 2021). These
socioeconomic factors also impact the balance that must exist in the
complex and dynamic interrelations of the nexus among water, land
use and food (Tejedor, 2018; Cadillo-Benalcazar et al, 2022;
Taghdisian et al., 2022). That is, causal relationships that take up
natural resources beyond the limits of sustainability with severe
consequences for the population: hunger or malnutrition (FAO, FIDA,
OMS, PMA, UNICEF et al, 2021). But feeding such population
adequately stresses the supply-demand relationship of water to
produce more crops, which might diminish the total amount of water
available. We face wicked problems by inherent complexity
(Rayner, 2012).

From the pressure-state point of view, in the case of Mexico, the
fragility of the balance of the water and food nexus is palpable, due
to the decrease in the volume of rainwater and the planted area
(REPDA, 2021; SIAP, 2021; SMN, 2021). Between 2010 and 2020,
70% of the agricultural area in the country (SIAP, 2021), which
depends of rainfall (rainfed agriculture), experienced a 19% reduction
in rainwater. This decrease amounted to 263 mm, the result of
precipitation levels dropping from 1,368 mm in 2010 to 1,185 mm in
2020 (SMN, 2021). In the same period, the total cultivated
agricultural area fell 17.4% (3,823,353 ha); the rainfed land contracted
23% (3,687,791 ha); and the low irrigation one decreased at 2.4%
(135,562ha; CONAGUA, 2021; SIAP, 2021). The extraction of
groundwater for agricultural use represented 71%, equivalent to
25,006 hm® [from a total volume extracted of 35,314 hm? in 2020
(REPDA, 2021)].
groundwater extraction increased 20% (4,092 hm?) between 2010 and

Understandably, while rainwater decreased,

2020, exacerbating the problem of 157 (24%) overexploited aquifers
out of the 653 that the country has (CONAGUA, 2021). In turn, the
volume of surface water used in food production grew 6% (2,245
hm’), going from 40,575 hm’ in 2010, to 42,820 hm?® in 2020
(REPDA, 2021).
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The prevailing conditions significantly affect the food supply, as
evidenced by the decline in volume. In 2010, Mexico produced a total
of 210,141,709 tons, but by 2020, this figure decreased by 10.9% or
22,878,511 tons. Consequently, the country only managed to obtain
187,263,198 tons of products during that year (SIAP, 2021). This
reduction occurred mainly in foods produced under the rainfed
agriculture, with a contraction of 32% (SIAP, 2021). Due to inadequate
food production, not even sufficient to meet self-consumption needs,
the number of undernourished individuals in Mexico rose from
4.7 million (equivalent to 4.6% of the total population) in the 2004-
2006 period to 9.2 million (representing 7.3% of the total population)
in 2018-2020 (FAO, FIDA, OMS, PMA, UNICEF et al.,, 2021). The
sixth report of the IPCC (2022) reveals that within the next 50years,
nearly half of the country’s regions could experience an elevated risk
of heatstroke-related deaths. This increased risk arises from the
projected rise in the number of days per year featuring
high temperatures.

Thus, it is essential to know the pressure that the water
requirement of crops exerts on the water available in particular regions
(Garcia, 2017). In the last decades, an index of water stress in crops
has been established based on surface and underground water
availability within the water footprint framework (Cao et al., 2017,
2023). This index evaluates the scarcity in the region from the
relationship between water supply versus crop demand from a
reductionist approach and without considering multiple scales
or dimensions.

The analysis of the water-food-energy (WFE) nexus has gained
momentum in recent decades, especially in the United States and the
EU (Pimentel et al., 1973; FAO, 2014; Cabello et al., 2019; Cadillo-
Benalcazar et al., 2022; Voelker et al., 2022), allowing progress in the
science of sustainability toward comprehensive approaches, given the
natural ecological and economic complexity of modern societies.
Particularly, the Multi-Scale Integrated Analysis of Societal and
Ecosystem Metabolism (MuSIASEM) is beginning to gain space in
studying socioecological systems (SES). It is a transdisciplinary
approach developed to investigate the interactions of the natural and
social system based on considering restrictions between biophysical
limits and demand growth of modern societies through the use of a
set of extensive and intensive variables at different scales and
dimensions (Giampietro and 2000a,b;
etal., 2012).

In this sense, MuSIASEM is positioned as one of the most effective

Mayumi, Giampietro

theoretical and methodological frameworks to characterize the
relations of the nexus of resources and needs of society as a dissipative
structure (FAO, 2013; Gerber and Scheidel, 2018; Haberl et al., 2019;
Taghdisian et al., 2022). In Latin America (LA), MuSIASEM has been
an approach to analyze various economic and energy issues (La Rota-
Aguilera et al., 2022). It has recently been used to characterize a
society-agriculture-forest system in Peru (Cadillo-Benalcazar
etal., 2022).

In an effort to stimulate production and support rural
development, the State of Pueblas government in Mexico has
implemented a strategy that focuses on cultivating high-value crops.
This approach aims to strengthen production chains within nine
strategically chosen sectors of the agricultural industry. The crops are
(i) agave, (ii) avocado, (iii) berries, (iv) coffee, (v) figs, (vi) native corn,
(vii) pitaya-pitahaya, (viii) banana and citrus, and (ix) vanilla, which
depend on the rainy cycle for their production.
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The objective is to provide support to producers by investing in
improvements to production practices and the integration of
technology, equipment, and vegetative materials. These investments
aim to enhance the volume, production value, and market conditions
for the producers (SDR, 2021). Nevertheless, this policy is not aligned
with the seasonal imbalance of natural hydraulic availability,
characterized by lower and uncertain rainfall patterns of varying
intensity, primarily caused by the impacts of climate change.

Boosted by regional policy to produce value-hight crops for the
domestic and export market (SDR, 2021; Morales-Mora et al., 2022),
this article aims to characterize the metabolic profile of the nine crops
through an integrated analysis that connects the water-land-food and
production value (WLFPV) from the availability, requirements, and
scarcity of water, expressed through a relative water stress index and
indicators of metabolic intensity and density illustrated through maps.

This research makes a valuable contribution by developing
benchmark indicators that consider the metabolic characteristics of
crops within specific local and regional contexts. These indicators take
into account biophysical restrictions, for which no previous studies in
Latin America or Mexico have been conducted (La Rota-Aguilera
et al,, 2022). Furthermore, the proposed methodology combines the
MuSIASEM (FAO, 2013) approach with the utilization of conventional
water demand estimations and additional risk factors. This allows for
determining metabolic profiles for each crop based on a relative water
stress index (RWSI) and indicators of intensity and metabolic density.
These profiles can then inform the development of more effective
public policies that account for the limitations imposed by the
natural system.

The document has the following structure: Section one (1.1 and
1.2) describes the agricultural and hydrological context of the State of
Puebla as a case study and the MuSIASEM framework. Section II
presents the methodology, and section III condenses the main results,
expressed in four blocks. Finally, section IV paper focuses on the
discussion, while section V provides the conclusions.

1.1. Agricultural and hydrological context
of the state of Puebla, Mexico

The State of Puebla is located in the central-eastern region of
Mexico and has an area of 34,309.6km?, representing 1.7% of the
surface of Mexico. For the State Government, there are nine
production chains, namely: (i) agave, (ii) avocado, (iii) berries, (iv)
coffee, (v) figs, (vi) native maize, (vii) pitaya-pitahaya, (viii) banana
and citrus and (ix) vanilla, which depend on rain for their production
(SDR, 2021).

From a territorial perspective, the nine agricultural production
chains encompass 154 municipalities (see Supplementary Figure SM-1;
Supplementary Table SM-1), accounting for approximately 71% of the
total 217 municipalities in the state. These municipalities are home to
276,965 hectares of strategic crop cultivation in nine agricultural
development centers (ADC), commonly known as Development Poles
(SDR, 2021).

The nine production chains contribute 32% of the total planted
area (864,785 hectares) in the state and 20.7% of the entity’s
production value (799.4million USD). At the national level, it
represents 6.1% of the total volume of food production (13,128,898
tons) (SIAP, 2021).
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Table 1 shows the characteristics of the production chains. The
native (white) maize chain is the most socially important and occupies
68.9% of the planted area. It accounts for 49.8% of the total production
and contributes 47.4% of its overall value.

In Puebla state, the rain cycle on which rainfed agriculture
depends has been erratic. During the period from 2010 to 2020, there
was a notable decrease in annual rainfall by 263.4 mm (19%) (SMN,
2021), which had a significant impact on the low crop yields per
hectare (Figure 1).

Similarly, this was evident in the state’s annual average per capita
consumption of maize, which stood at 159 kilograms. This figure
represents a 53% decrease compared to the national average of 335.8
kilograms (SIAP, 2021).

According to CONEVAL (2021), the inadequate water supply
from the natural system has resulted in reduced cultivation areas and
limited work allocated to agriculture by the population in the
socioeconomic system. As a consequence, approximately 31%
(2,041,500 people) of the population of the state of Puebla lacks access
to nutritious and high-quality food. This is exacerbated by
meteorological flash droughts (MFDs) (Sreeparvathy and Srinivas,
2022). It is worth noting that an increase in the frequency, duration,
and maximum intensity of droughts has been observed in various
regions of the Americas (Chiang et al., 2021).

1.2. MuSIASEM framework

Starting from the analogy of the metabolism of an organism,
MuSIASEM (Giampietro and Mayumi, 2000a,b; Giampietro et al.,
2021) studies the metabolism that occurs in the interaction of the SES,
which is made up of functional and structural elements. It has been
developed with four conceptual frameworks: (i) the pressure-state
relationship from non-equilibrium thermodynamics, (ii) the
Georgescu-Roegen (1971) flow-fund model, (iii) the relational
analysis (Rosen, 1991; Louie, 2017), which is supported by the four
Aristotelian causes: material, formal, efficient, and final (Miiller-
Merbach, 2005) and (iv) the hierarchical theory.

TABLE 1 Agricultural statistics by production chain in the Development
Poles of SDR (2021).

Production Land Food Value
cnain ha % t % Milions %
UsD
Agave 777 0.3 40,255 5.0 3.47 2.1
Avocado 2,278 0.8 12,690 1.6 6.76 4.1
Berries 315 0.1 1,762 0.2 2.15 1.3
Coffee 68,952 24.9 157,807 19.6 42.74 259
Fig 83 0.03 639 0.1 0.24 0.1
Native Maize 190,848 68.9 399,924 49.8 78.37 47.4
Pitaya-Pitahaya 261 0.1 831 0.1 0.56 0.3
Banana and 13,414 4.8 189,248 23.6 30.87 18.7
Citrus
Vanilla 37 0.01 35 0.004 0.09 0.1
Total 276,965 100.0 = 803,191 100.0 165.26 100.0

Source: SDR (2021) and STAP (2021).
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FIGURE 1
Monthly rainfall 2010, 2015, and 2020 in the state of Puebla. Source: Own elaboration with information from SMN (2021).

Within this framework, MuSIASEM provides a methodology to
evaluate the quantitative metabolic pattern of a complex system by
maintaining the sequence or succession of interrelated elementary
processes. This evaluation is conducted through a matrix-based
approach, adaptable to different scales, with the ultimate goal of
achieving a specific purpose. To harmonize this process, the flow-fund
model helps reveal and describe the various elements and operations
contributing to achieving a specific result or product. The flows are the
process elements that enter, disappear, or appear (outputs) as products
or residuals in the established analytical temporality. The funds are the
elements that carry out the transformation of the flows and remain
over time. Both flows and funds may have restrictions. The availability
of the primary streams depends on the environmental conditions
(outside human control) and the funds (within human control) suffer
wear and have a specific useful life that must be considered.

The relationship between funds and temporal flows, representing
the inflows entering the process within a specific time frame, constitutes
extensive variables (e.g., hm’/year). These variables allude to the
magnitude or size of the metabolic process. On the one hand, the flow-
fund relationships are intensive variables in which metabolic rates have
been divided based on time (e.g., m*/h.) and metabolic density rates in
space (e.g., kg of crops produced per hectare of land planted). To
quantify this relationship, a metabolic processor (MP) supported by the
four Aristotelian causes is used (Miiller-Merbach, 2005; Guiampietro,
2019). An MP is a way of specifying the interdependence relationships
that exist between flows and funds, that is, impredicative relationships
(the chicken-and-egg paradox) that allow the system, in this case, the
agricultural system, to fulfill a task (Figure 2). In this way, the quantity
and quality of primary and tertiary flows and funds depend on the
material cause, that is, the biosphere, which transforms the necessary
flows using the structural elements (formal cause) and the input and
output functions (efficient cause), associated with the expected result.
In other words, its transformation into internal outputs, such as
agricultural products and monetary value (final cause), is connected to
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another subsystem or system (Guiampietro, 2019). Once the metabolic
processor is established, it becomes a relational data matrix comprising
the different input and output flows and funds, constituting the
metabolic profile that characterizes, in this case, the agricultural system
of the state of Puebla.

2. Material and method

2.1. Indicators of metabolic density and
intensity

To characterize the metabolic pattern of the water-food nexus, the
calculation of the water requirements of each productive chain by
municipality was used as the basis (Villanueva et al., 2001; FAO, 2006;
Madrid and Velazquez, 2008; Fernandez et al., 2009; Ruiz et al., 2013;
Mayor, 2017; Villareal, 2020), to later determine the Water Stress
Indices (Garcia, 2017) and obtain the intensity and metabolic density
rates (Giampietro et al., 2013; Ruggerio, 2015; Tejedor, 2018).

From the estimation of the requirement of the plants and the
sources of availability, the relative water stress index was constructed
for the nine priority agricultural chains in the nine agricultural
the of Puebla,
Supplementary Figures SM-2, SM-3, which are shown in section Data

development  centers in state see

and Calculations of the Supplementary material.

2.2. Combined efficiency index of

water-food metabolic intensity and density
The combined efficiency index of the metabolic intensity and

density of water-food was calculated, establishing the degree to which
the demand is satisfied based on the population’s pressure on the crop
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Conceptual scheme of the metabolic processor establishes the relationships and transformations between flows and funds based on the four
Aristotelian causes to generate a metabolic profile of the system to be evaluated. Source: Own elaboration, 2023.

TABLE 2 Qualitative rating of CEIWFMID (Combined Efficiency Index of
Water-Food Metabolic Intensity and Density).

Qualitative rating

Very efficient From 0.1 to 20.0%
Efficient From 20.1 to 40.0%
Deficient From 40.1 to 80.0%
Very deficient > 80.1%

Source: Own elaboration, 2023.

supply in a given territory. The index was calculated using the
following formulas:

CEIWFMID = RWSI"* EIFP 1)

RWSI = Crop water demand (hm3 / year) /

Water supply (hm3 / year) (in%) 2)

EIFP = Food demand (t / year) / Food supply (t/ year)(in%) (3)

Where:

CEIWFMID =Combined Efficiency Index of Water-Food
Metabolic Intensity and Density (in %).

RWSI =Relative Water Stress Index (demand/supply) (in %).

EIFP =Efficiency Index
supply) (in %).

The qualitative rating of the results is shown in Table 2. When the

in Food Production (demand/

values are close to 0, the Index is more efficient. In contrast, when it
approaches 100% it is more deficient and when it exceeds 100%, the
local production does not satisfy the food demand of the population.
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In general terms, this research considers an integrated analysis
that connects the structure and function of a metabolic processor
(Figure 2) to the quantified and characterized metabolic profile of nine
crops in 154 municipalities of Puebla, using the following elements:

. The availability and water requirements of crops

. The index of relative water stress

. Water metabolism in food production

. The grammar of the WLFPV

. Metabolic intensity and density rates as a product of the water-

G W N =

food relationship

That is the ecological and social system (SES) interrelations.

2.3. Source data and collection

The official statistics used in this research refer to the agricultural
and agroclimatic year 2020. The climatology data (temperature and
precipitation) were obtained from the historical data of 54 stations of
the National Meteorological Service (SMN) of the National Water
Commission (CONAGUA), located in the state of Puebla (SMN, 2021).

The data of agricultural statistics (surfaces sown and harvested,
volume and value of production, yield, and water regime) correspond
to agricultural production in 2019 and 2020 from the Agro-Food and
Fisheries Information Service (SIAP) of the Secretary of Agriculture
and Rural Development (SADER, 2016; SIAP, 2021).

The crop development coefficient (Kc) and the percentage of
daylight hours per month were used for the months of the year by
FAO (2016). The volumes of allocated water (both surface and
groundwater) for urban, agricultural, and public use in the year 2020
were obtained from the Public Registry of Water Rights (REPDA)
maintained by CONAGUA (REPDA, 2021). The volumes of conceded
water (surface and underground) for urban agricultural and public use
for the year 2020 were obtained from the Public Registry of Water
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Rights (REPDA) of the CONAGUA (REPDA, 2021). Population data
from the 2020 Population and Housing Census (INEGI, 2011) was
used. Finally, the data from the INEGI Geostatistical Framework and
the SDR were consulted for constructing the maps of the state of
Puebla using QGIS 3.30.0.

For this study, only one flow element was considered: rainwater
and aquifer water on the Biosphere side, while the tilled land surface
was the fund element for each of the nine crops from the Technosphere
of the metabolic processor, according to Figure 2.

3. Results

3.1. Available and effective water for the
crops

In the 2020 agricultural year, the ecological system contributed a
total gross volume of water of 3,367.26 hm’ to produce the nine
productive chains. This volume consisted of 99.9% rainwater and only
0.04% underground water. When discounting losses due to
evaporation, infiltration, and runoff, the total effective water available
was 2,087.8 hm’, equivalent to 62%. The agricultural chains with the
highest losses in water were coffee, with 873.74 hm3 or 49% of total
losses, followed by banana and citrus with 103.2 hm?® or 37%, avocado
with 10.4 hm? or 32%, and native maize varieties with 289.04 hm? or
31%. Conversely, the agricultural chains with the lowest recorded
losses were berries, which accounted for 0.98 hm? or 6% of total losses,
and pitaya-pitahaya, which recorded 0.17 hm® or 9%. See Table 3.

The multidimensional flow-fund matrix presented in Table 4
establishes the relationship of the water-food nexus for each
productive chain. It shows the available volume of water for an area of
276,965 hectares, which produced 803,191 tons of food with a value
of 165.3 million USD.

Among the nine products, the banana and citrus demonstrate the
highest metabolic efficiency regarding utilizing available water for
production. This chain utilizes only 8.2% of the water and generates
23.6% of the production. The native maize chain utilizes 37.8% of the
water, accounting for 49.8% of crop production. In this sense, the
coffee chain exhibits metabolic losses regarding the ratio of used water

TABLE 3 Productive chain (volume, hm®/year).

Productive chain

Available Water (hm3/y)

10.3389/fsufs.2023.1252546

to its production. This chain utilizes 52.7% of the water and contributes
19.6% to the total production. From the economic point of view, of the
nine crops analyzed, native maize contributes 47.4, followed by coffee
at 25.9 and Banana & Citrus with 18.7% of the total value (Table 4).

It is important to highlight that the annual volume of available
rainwater in the state of Puebla can vary due to the diverse orographic
and climatic conditions across different geographic locations within
the state, varying from 300 to 400 mm in the Tehuacin region, to
4,400-4,500mm in the Cuetzalan region. Moreover, there is a
reduction in the average annual precipitation in the state and a
variation in the monthly precipitation in the last decade running from
2010 to 2020 (see Figure 1).

Table 5 shows that the water demand of the crops of the nine
productive chains was 1,782.64 hm® in 2020, which was satisfied with
2,087.79 hm?® of available water, resulting in a surplus of 305.1 hm’,
equivalent to 15%.

From data in Table 5, the productive chains that resulted in a
surplus, expressed as a percentage, are coffee: (59.82%), native maize
(27.10%), banana and citrus (10.93%), avocado (1.71%), berries
(0.45%), figs (0.10%) and vanilla (0.03%); on the one hand, the chains
with the deficit are agave (—0.14%) and pitaya-pitahaya (—0.004%).
Furthermore, the vanilla chain has the highest water demand (17.14%)
per hectare, concerning the total water demand; the banana and citrus
chains follow it at 15.3%, coffee with 15.3%, agave at 10.5%, avocado
at 0.1%, figs with 8.9%, berries with 8.05%, pitaya-pitahaya with 7.7%
and native maize with 6.9%.

3.2. Relative water stress index

Figure 3 illustrates the percentage contribution of the Relative
Water Stress Index (RWSI) to the total of the nine productive chains,
with the following distribution: 35,566ha (13%) are classified as
having a high index, 29,364 ha (11%) as medium, 113,752 ha (41%) as
moderate, and 98,284 ha (35%) as low.

For further analysis, Figure 4 shows the characterization of the
RWSI by productive chain. The municipalities with high RWSI by
productive chain are: agave: Huehuetldn el Grande (267ha) and
Tepeojuma (46ha); avocado: Chapulco (5ha), Cohuecan (27ha),

Effective water (hm3/y)

Underground Underground Total
Agave 6.6 0.000 6.6 5.1 0.000 5.1
Avocado 30.8 0.537 31.3 20.6 0.349 21.0
Berries 33 0.778 41 2.6 0.506 3.1
Coffee 1,773.5 0.000 1,773.5 899.7 0.000 899.7
Fig 1.2 0.000 1.2 0.8 0.000 0.8
Native Maize 1,271.6 0.000 1,271.6 982.6 0.000 982.6
Pitaya-Pitahaya 1.5 0.032 1.5 1.3 0.021 1.4
Banana & Citrus 276.8 0.000 276.8 173.6 0.000 173.6
Vanilla 0.7 0.000 0.7 0.5 0.000 0.5
Total 3,365.9 1.3 3,367.3 2,086.9 0.876 2,087.8

Source: REPDA (2021).
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TABLE 4 Multidimensional matrix Flow (water)—Fund (surface) of the processes of the interrelationship between water and food of the Productive
Chains, 2020.

Productive Flow
chain Available water (hm?/y)
Underground Total Millions
usD

Agave 40,255 5 6.56 0 6.56 0.2 777 03 3.47 2.1
Avocado 12,690 1.6 30.79 0.54 31.33 0.9 2,278 0.8 6.76 4.1
Berries 1,762 0.2 33 0.78 4.08 0.1 315 0.1 2.15 13
Coffee 157,807 19.6 1773.46 0 1,773.46 52.7 68,952 24.9 42.74 259
Fig 639 0.1 1.19 0 1.19 0 83 0.03 0.24 0.1
Native Maize 399,924 49.8 1271.63 0 1,271.63 37.8 190,848 68.9 78.37 47.4
Pitaya-Pitahaya 831 0.1 1.51 0.03 1.54 0.05 261 0.1 0.56 03
Banana & Citrus 189,248 23.6 276.79 0 276.79 82 13,414 48 30.87 18.7
Vanilla 35 0.004 0.68 0 0.68 0.02 37 0.01 0.09 0.1
Total 803,191 100 3,365.90 1.35 3,367.20 100 276,965 100 165.26 100

Source: Own elaboration with information from REPDA (2021).

TABLE 5 Water demand by the productive chain in 2020. water availability can become a limitation of agricultural development
in these.

Productive Available  Demand Hydric

chain N~ R BElEmEE A medium RWSI was registered in 12 municipalities, which means

(hm3/y) (hm3/y) (hm?3/y) that the water supply is reaching the maximum limit to meet the

demand, so there is a high risk of becoming a limiting factor for

Agave 777 513 5.56 -0.43
development. Finally, 24 municipalities registered a high RWSI; this
Avocado 2278 2097 1576 >21 means that the water supply is insufficient to meet the demand for water.
Berries 315 3.10 1.73 1.37
Coffee 68,952 899.72 717.18 182.54
Fig % 082 051 a1 3.3. Grammar water-land-food nexus and
rates of intensity and density metabolic
Native Maize 190,848 982.59 899.88 82.71
Pitaya-Pitahaya 261 1.36 1.38 —0.01 Using the metabolic processor framework (Figure 2) and the
Banana and 13,414 173.57 140.21 33.35 data in Tables 3-5; Figure 5 shows the metabolic profile of the nine
Citrus productive chains. It visualizes the interrelation of water-land
Vanilla 37 053 043 0.10 Ecological System (ES) and food production Social System (SS) as
part of the Socio-Ecological System (SES) and the processes
Total 276,965 2,087.79 1,782.64 305.16

through which water is metabolized, from its availability in supply
Source: Own elaboration with information from REPDA (2021). sources (water of rain and groundwater), and land (material cause),
its utilization to meet the water demand of crops (formal cause) on
a given area, food production (efficient cause), until its
Coxcatlan (8ha), Coyomeapan (9ha) and Tehuacan (2ha); coffee:  transformation into economic value (final cause). The productive
Acateno (136ha), Coyomeapan (245ha), Jalpan (3,527ha) and  chains of coffee and native maize stand out, which used 90% of the
Pantepec (1,029ha); native maize: Acteopan (370ha), Altepexi effective water, occupying 94% of the planted area and contributing
(285ha), Cohuecan (710ha), Santiago Miahuatlin (1,320ha),  73% of the production value. The grammar of each of the nine
Tecamachalco (3,080ha), Tehuacan (2,403 ha), Tepanco de Lopez  crops (Supplementary Figures SM-5-SM-13) can be consulted in

(1,756 ha), Tepeyahualco (10,252ha), Tlacotepec de Benito Judrez  section II of the SM.

(4,510ha), Tochtepec (1,243 ha), Xochitlan Todos Santos (2,020 ha) Complementarily, as shown in Table 6, the results of the metabolic

and Yehualtepec (2,250ha); and pitaya-pitahaya: Caltepec (41ha),  intensity and density rates are as follows:

Coxcatldn (1ha), San Gabriel Chilac (7ha), San José Miahuatldn Metabolic intensity rates:

(7ha), Santiago Miahuatlin (3ha), Tehuacan (4ha) and

Zinacatepec (3 ha). (a). For the water required to produce a kilogram of food (I/kg), the
According to Supplementary Figure SM-4, about 56 municipalities agave chain has the lowest rate (152L/kg), while the vanilla

registered a low RWSI (Relative Water Stress Index), in which they do chain has the highest rate (39,647 L/kg).

not experience pressures on the water resource. It is even possible to (b). Regarding the available water used to produce a kilogram of

improve productivity by increasing the density of the plant population. food (I/kg), in the same way, the agave chain presents the

While about 62 municipalities present a moderate RWSI. Therefore, lowest value (136 L/kg) and vanilla the highest (58,794 L/kg).
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(c). Regarding the percentage of available water used/water
requirement, the pitaya-pitahaya chain presents the most
efficient rate with 97.9%, and the rate with the least efficiency
is that of the fig chain with 161%.

(d). In the water-soil rate (m*/ha), the pitaya-pitahaya occupies the
most efficient value (5,173 m*/ha), while the vanilla chain is the
least efficient with 14,848 m*/ha.

(e). According to the metabolism of water in production value, the
banana and citrus chain is the most efficient, with a value of
1.13, while vanilla is the least efficient, with 0.83.

(f). Concerning the use of water to generate 1 USD, the berries use
just 1.54m*/1 USD, while the coffee chain uses 25.12m*/1 USD.

Metabolic density rates:

Value <1.201 @Low

1.001-1.2 B Moderate
0.800-1.00 WMedium
<0.800 WHigh

FIGURE 3

RWSI (Relative Water Stress Index) by area and value range for the
nine agricultural development centers and productive chains.
Source: Own elaboration, 2023.

10.3389/fsufs.2023.1252546

(a). According to the monetary productivity per cubic meter of
water (1 USD/m’), the agave production chain is the most
productive, with 0.85 USD/m™ and the least productive is the
coffee chain, with 0.04 USD/m?®.

(b). Considering the rate of production volume per cubic meter of
water (kg/m3), the agave chain is the most efficient with 8.8 kg/
m® and the vanilla chain is the least efficient with only
0.045kg/m”.

(c). Regarding the average yield (t/ha) of the productive chains,
agave has the highest yield (84.3t/ha), and vanilla has the
lowest yield (0.69 t/ha).

(d). Comparing the average yield (t/ha) of the crops in the ADC
concerning the national level, the coffee chain is above with a
value of 153%, while the avocado is below the national
yield by 60%.

4. Discussion

The nine productive chains respond to a relational structure,
which is explained and understood through the four Aristotelian
causes and follow the following structure, adding the market as the
fifth cause: (i) availability of water, (ii) getting water rights, (iii) use of
water in the planted area, (iv) conversion of water into food, and (v)
transformation of water into the monetary value of food (Madrid and
Velazquez, 2008; Giampietro et al., 2013; Mayor, 2017).

It is important to note that the values of the water requirements of
each crop are specific and depend on various agroclimatic factors such
as: (i) geographic location (Supplementary Figure SM-1), (ii) rainfall,
(iii) maximum and minimum temperatures (Figure 1), (iv) the
vegetative development period and (v) the crop coefficient (Villanueva

Agave
Avocado
Berries
Coffe
Fig
Native Maize's
Pitaya-Pitahaya
Banana & Citrus

Vanella

20,335

21,645

30,199

0% 20%
u | ow

FIGURE 4

RWSI (Relative Water Stress Index) by the productive chain in percentage. The land use (ha) is also indicated for each crop. Source: Own elaboration,

2023.

40%

Moderate

60%
= Medium® High
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Water (m?/y) Productive chain Food (t) Value (Millions US$)
r L | 1 r L | %
Availability Appropriation ‘ Production Productive value
Cultivated
area
276,965
5,132@21) Agave
. 777
Food
803,191
20,969,025, Avocado 40,255 3.47
2,278 ‘ Agave
12,690
31025576 ng.?s l Avocado
1,762 Berries
899,719,971 Coffee 157,807‘
68,952 Crfied
Rainwater 639 ’ .
3,365,913,577 Effective % 821,077 i i
Ll > 057/794:485 [ —E 399,924 ative
Groundwater Maize’s
1347220 Native 831 [
Maize’'s 150248 Pitahaya
S— 1 i
Evaporation, 20548 Eac",:,','fs g
infiltration, 1,279,466,312 Pitaya- 35 ‘ o
and runoff Pitayaha I
. 261
Banana &
Citrus
173,565,846 13,414
S Vanilla
531 .6334 37
. Ecological System » Societal System ,
FIGURE 5

Grammar of the water-land-food nexus of the nine production chains, based on the flow-fund model and relational analysis (four Aristotelian causes)
between the ES Ecological System and the Societal System. Source: Own elaboration, 2023.

etal, 2001; Fernandez et al., 2009). For this reason, only some of them
are included in this discussion.

The results show that the water-land-food nexus had a gross
volume of water of 3,367 hm*/y, coming from rainwater (99.9%) and
groundwater (0.04%). 38% of said volume returned to the ES as losses
due to evaporation, infiltration, and runoft (Table 3). On the side of
the SS, farmers used 2,087.8 hm®/y (62%) of effective water to sow
276,965 hectares of nine productive chains that produced 803,191
tons of food with a value of 165.26 million USD (see Figure 5). Native
maize had the highest water utilization rate at 47%, closely followed
by coffee at 43%. This can be attributed to the fact that these two
crops occupy 94% of the entire area of the ADC, as indicated in
Tables 1, 4.

The average water demand of agave is in the optimal range of
700-1,000 mm determined by Ruiz et al. (2013). As for avocado, it is
39% higher than the World Avocado Organization (WAO)
recommended. Madrid and Veldzquez (2008) found that in eight
provinces of Andalusia, in Spain, variability in water demand ranges
from 1,200 to 3,000 m*/ha, 45% lower than the average water demand
for the same crop in Puebla. Regarding coffee, its water requirements
(879-1,178 mm) are lower than those suggested as optimal by Ruiz
etal. (2013), with values of 1,200-1,800 mm.

In the case of native maize, the average water demand of the entire
productive chain is similar to the value found by Villanueva et al.
(2001) for the High Plateau and Middle Zones of San Luis Potosi.
Specifically, the result obtained for the Tecamachalco region is lower
than that reported (Villareal, 2020) and higher than that calculated
using the FAO software (CROPWAT). However, the latter only
considers four of the 6 months of the vegetative cycle.

Concerning the Relative Water Stress Index (RWSI), Garcia (2017)
found that, of five Study Networks evaluated in the Rio Naranjo
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hydrographic basin in Cuba, 60% show a high index and 40% a
medium index. In the case of the State of Puebla, out of the 154
municipalities evaluated, 13% have a high index; 11% medium; 41%
moderate; and 35% low, under the following considerations:

(a). In the 56 municipalities with low RWSI, which do not
experience pressure on water availability, it is possible to
expand the area and/or the density of sowing or planting crops
in this classification. However, it is necessary to expand the
study to analyze production costs.

(b). In the rest of the municipalities with moderate (62), medium

(12), and high (24) RWSI, the water supply is a limiting factor

for the development or even insufficient for food production,

so it is recommended to strengthen the institutional strategy
through the execution of rainwater harvesting, storage
practices and works.

Concerning the rates of metabolic intensity and density, the
average water profitability of avocado (8kg/m’) is higher than the
estimate (3.87 kg/m?) by Madrid and Velazquez (2008) for six regions
of Andalusia, Spain, although with different agroclimatic. Regarding
the average yield of native maize in municipalities classified as very
efficient and efficient (2.04t/ha and - 2.87t/ha, respectively), it is
similar to that reported by Veldzquez et al. (2019) for the high
production region (2.6 t/ha). In municipalities classified as deficient,
the average yield (1.38t/ha) ranges from 0.49t/ha to 2.0t/ha in the
medium production region. In the very deficient municipalities, the
average yield (1.21t/ha) is higher than that of the low-production
region (0.60t/ha). In these municipalities, the supply of maize does
not satisfy the demand of 41.2% of the population, which consumes it
through tortillas or atole. Such a population is part of the 31% of the
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TABLE 6 Rates of metabolic intensity and density by the productive chain, 2020.

Metabolic intensity
and density rates

Agave Avocado Berries

Coffee

Productive chain

Banana Vanilla
and

citrus

Native
Maize's

Pitaya-
Pitahaya

Fig

Source: Own elaboration, 2023. ", Most efficient value; ', Less efficient value.

state’s total population with access to healthy and accessible food
(CONEVAL, 2021).

The agave productive chain presented the highest profitability
related to water, which was 0.85 USD per cubic meter, and the
highest productive chain-water interrelation: 8.8 kilograms per
cubic meter. The coffee production chain uses the most significant
volume of water (25.1 m?) to generate 1.00 USD, and its yield (2.3 t/
ha) is 153% higher than the national average yield (SIAP, 2021). The
pitaya-pitahaya production chain is the one that comes closest to
the water requirement of the crops, with 97.9% of the required
water/applied water ratio. The agave and pitaya-pitahaya productive
chains present deficits in the water balance since the effective water
is insufficient to satisfy the water requirements of the crops
(SMN, 2021).

The state of Puebla’s public agricultural policy aims to enhance the
productivity of nine high-value commercial chains. It encompasses
various measures, including the reinforcement of regional productive
systems to ensure food security and the implementation of innovative

Frontiers in Sustainable Food Systems

Metabolic intensity
Use of water | Required by 978 796 4,447 801 3,513
to produce chain (I/kg)
Tkgofthe | yglized to 1,272 1,131 6,998 1,293 3,470
productive the chain (I/
chain (I/kg) kg)
Percentage 89.5% 129% 142% 154.6% 107.8% 118.2% 135.2%
water
applied/
water
required
Water-land interrelation (m?/ 8,354 8,770 9,487 12,908 9,892 5,183
ha)
Water metabolism in the 1.10 0.98 0.96 0.94 0.99 0.85
production chain
(dimensionless)
Use of water to generate 1.00 1.79 3.31 3.40 18.29 2.36 5.18 8.19
US$ (m*/1.00 US$)
Metabolic density
Monetary productivity of 0.31 0.66 0.29 0.07 0.43 0.20 0.14
water (1.00 US$/m?)
Production chain-water 0.610 0.583 0.164 0.774 0.349 0.620 1.082
interrelation (kg/m?)
Average state production (t/ 6.4 9.9 2.3 9.5 1.80 391 14.8
ha)
National average production 74.3 10.7 14.8 1.5 7.2 2.47 4.89 18.4 0.61
(t/ha)
Relationship with national 113% 67% 133% 73% 80% 80% 113%
average performance

mechanisms and productive reconversion (Gobierno del Estado de
Puebla, 2019a). The government’s goal is to achieve a 40.49% growth
(353.73 million USD) in the total value of agricultural production,
from 873.73 million USD in 2018 to a target of 1,227.46 million USD
by 2024 (Gobierno del Estado de Puebla, 2019b). Based on this
projection and applying the same percentage (40.5%), it can
be inferred that the value of the agricultural production of the nine
productive chains will have to go from 137.49 million USD in 2018 to
193.15 million USD in 2024, with a growth of 55.67 million USD.

Nevertheless, to achieve the 2024 goal in the productive chains,
such strategy faces SES restrictions such as: (i) a decrease in rainfall
(263.4mm or 19%) from 2010 to 2020 (SMN, 2021), (ii) depletion of
aquifers and contamination of surface waters, especially the Atoyac
river (CONAGUA, 2021; REPDA, 2021), (iii) the decrease in the
economically active population dedicated to the primary sector
(INEGI, 2021) and (iv) insufficient supply of basic foods that do not
satisfy the demand of the population in some specific territories, as is
the case of native maize.
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These restrictions have the following effects: the nine productive
chains depend on 99.9% of rainwater, and the remaining 0.04% is
extracted from aquifers. Although, at the overall level, there is a 15%
surplus of water in the agave and pitaya-pitahaya chains, and in some
municipalities of other productive chains, there are water deficiencies
(Figure 4; Supplementary Figure SM-4). The direct effect is that, of the
total planted area, 98,284ha (35%), 56 municipalities have a low
RWSI, whose communities do not experience pressure on water
resources; improving productivity by increasing the plant population
density is even possible. Besides, 113,752 ha (41%) of 62 municipalities
present a moderate RWSI. The availability of water can become a
limitation of agricultural development. This means that the water
supply is reaching the maximum limit to meet the demand, so there
is a high risk of becoming a limiting factor for development.

Other contributions to the discussion are: (1) 35,566 ha (13%) of
24 municipalities register a high RWSI, the water supply is insufficient
to meet the water demand. Other information about water is the fact
that 35,566 hectares (13%) of the total area assessed across 24
municipalities report a high Rural Water Security Index (RWSI),
indicating that the available water supply is insufficient to meet the
demand. The productive chains of these municipalities can be shown
in Supplementary Figure SM-14.

(2) In relation to the above, in seven of the nine productive chains,
a greater volume of water was used than that which the crops should
have required: avocado (129%), berries (142%), coffee (154.6%), fig
(161%), native maize (107.8%), plantain-citrus (118.2%) and vanilla
(135.2%), while just two chains used less water than that demanded
by the crop: agave (89.5%) and pitaya-pitahaya (97.9%), which means
the need to increase the efficiency in the use of water resources.

According to the rates of metabolic intensity and density, a direct
effect of the variability in water availability and its level of efficiency in
agricultural use is reflected in the numbers between local average
yields and national ones. As an illustration, the local average yields for
certain crops demonstrate the impact of water availability and its
efficiency in agricultural use. The average yield of avocados, for
instance, is 60% compared to the national average, while berries yield
67%, native maize yields 73%, and pitaya-pitahaya yields 65% in
comparison. The most worrying case is for native maize: 23
(46%) register a very deficient CEIWFMID
(Supplementary Figure SM-15; Supplementary Table SM-1). The

municipalities

supply of maize is 81,937 tons per year short to meet the demand,
affecting 776,652 inhabitants (41.0% of the total population of the
chain). This deficiency in the demand/supply of maize occurs mainly
in the municipality of Tehuacan. The supply of native maize in this
region, reaching 2,613t/y, falls considerably short of the demand
which amounts to 34,531t/y, taking into account the needs of its
327,312 inhabitants. This supply is only sufficient to meet the annual
per capita grain needs of 7.57% of the population, corresponding to
24,768 individuals. Also in this municipality, the supply of water
(8,649 hm’/y) is way below the demand from the crop (14,197 hm’/y).
Focusing on profitability, in general terms, agave is the most
efficient chain related to water, with a value of 0.85m? of water to
generate 1 USD; the production-water ratio is 8.8 kg/m’. In contrast,
the vanilla chain is the least efficient, with values of 0.045kg/m”. This
lower efficiency is because in the municipality of Ayotoxco, with 16%
of the planted area of the crop, the yield is only 0.28 t/ha.
Additionally, in the study area, the number of individuals engaged
in paid work within the agriculture sector decreased by 7.1% (12,314
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people) between 2010 and 2020. Similarly, at the state level, the
proportion of this population declined from 22% in 2010 to 18% in
2020 (INEGI, 2021). This is the effect of a notable trend of individuals
abandoning agricultural activities in order to seek supplementary
income through migration to other sectors or occupations. The need
to supplement family income is the driving force behind this shift.

Immediate actions are imperative to capture and store rainwater
to alleviate the mounting pressure on aquifer and basin by water
extraction. Neglecting this issue poses a significant threat to the
availability of water for both agricultural use and human consumption.
The projected estimation for the Valle de Tecamachalco aquifer shows
a concerning availability deficit of —25.89% (—47,745 hm’/year) by the
year 2070. In the case of the Valle de Puebla aquifer, it will be —5.04%
(—11.48 hm’/year); and the Libres-Oriental aquifer will present a
deficit of —21.17% (—30,224 hm*/year) (Villareal, 2017, 2018, 2020).
As regards the availability of surface water, five basins to which the
State of Puebla belongs to present a deficit in the available volume: Rio
Alto Atoyac (—6,549 hm’/year), Rio Nexapa (—4,309 hm?/year), Rio
Bajo Atoyac (—738.81 hm’/year), Rio Mixteco (—137,313 hm*/year),
and Rio Libres Oriental (—9,238 hm?/year) (National Water
Information System, 2022).

Our findings will aid in the identification of potential limitations
within the natural system (feasibility) and internal barriers to
agricultural development (viability) within the socio-ecological
system (SES) (FAO, 2013; Cabello et al., 2019; Cadillo-Benalcazar
etal., 2022). Additionally, our research aims to address the question
regarding the significance of the State of Puebla’s public policy in
revitalizing the rural areas. This can be achieved through the
promotion of high-value productive chains, according to such policy.
Instead of focusing on resilient native crops that can withstand
drought conditions (Gonzilez-Lemes et al., 2023). For instance,
polyculture practices involving maize, beans, and squash have shown
promise (Fonteyne et al., 2023). It is essential to consider that the
occurrence of droughts, attributed to anthropogenic climate change,
will persist (Yuan et al., 2023). Hence, the public agricultural policy of
the State of Puebla aligns with the Business as Usual (Bau) scenario
(A2) but contradicts global development strategies (B1) aimed at
keeping global temperatures below 1.5° C. To address this, it is crucial
to implement new economic models and local development strategies
in line with the recommendations outlined by the Intergovernmental
Panel on Climate Change (IPCC, 2023).

4.1. Strengths and improvements for the
accounting model

The results confirm the assumption that water appropriation
processes are governed by the agroclimatic conditions of crops and the
quantity and quality of available water in the side of the natural system
(Yuan etal, 2023). The validation of these results through the methods
used in the present investigation is supported by the grammar of water
metabolism and the grammar of the water-food nexus, based on the
flow-fund rations and relational analysis (four Aristotelian causes) and
their interrelation between the ecological and social system. With the
RWSI and the metabolic intensity and density rates, it was possible to
compare the productive effectiveness and water use of all the crops of
the nine production chains at the municipal level. Hence, it was
possible to understand the changes occurring in the SES of the nine
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ADC boosted by regional public policy. That is the pressure-state
relationship, by observing, on the one hand, a trend in the decrease of
rainfall and water level in aquifers for food production. The stress on
agriculture can be observed through the trend of decreasing rainfall
and water levels in aquifers, which impacts food production.
Additionally, the main concern lies in the simultaneous increase in
crop demand and the reduced time allocated to agricultural activities.
The results presented here illustrate the potential use of the proposed
approach to support the design of current public policies for different
Ministries of Agricultural and Rural Development levels of the
Mexican Government. Finally, a notable limitation of the proposal is
the lack of availability and compatibility between historical and
current data on official crop statistics at the municipal level, in contrast
to the data available at the state or national scale for watersheds,
aquifers, precipitation, or droughts.

5. Conclusion

By conducting a metabolic characterization of crops, it becomes
possible to identify agricultural production strategies while taking
into account the limitations imposed by water resources. From our
analysis perspective, it was possible to understand the changes
occurring in the Socio-Ecological System of the nine agricultural
chains. On the one hand, a trend in the decrease in rainfall and water
level in the aquifers for food production was observed. On the other
hand, there is an increase in the demand for crops, but at the same
time, there is a reduction in the time allocated to labor in
agricultural activities.

The Relative Water Stress Index (RWSI) helped understand the
demand/supply ratio of water required by each crop at the municipal
level and categorize the effects of limitations on food production
caused by insufficient water availability. This analysis revealed that in
65% of the cultivated area, these limitations have a negative effect on
both the volume and value of food production. Additionally, in the
short term, these constraints have the potential to impede development.

The Metabolic Intensity and Density Rates made it possible to
compare the productive effectiveness and water use of all the crops of
the nine productive chains, even at the municipal level. The agave
chain obtained the best results, while vanilla was the least efficient.
Regarding the combined effectiveness of the rates of metabolic
intensity and density of the demand/supply of water and food of the
native maize chain, it was identified that in 23 municipalities, they are
classified as very deficient, according to the Combined Efficiency Index
of Water-Food Metabolic Intensity and Density (CEIWEMID), in
which the supply of maize is in deficit, especially in the municipality
of Tehuacan, State of Puebla.

Moreover, the estimated 2024 goal of increasing food production
value in production chains by 40.49% leads to an advance of 20.2%
until 2020 concerning 2018. However, given that the production
value depends on the prices set by the supply-demand of the markets,
it is further necessary to deepen the analysis to identify in what
proportion the production costs increase and the farmers’ gross and
net profit.

It is crucial to ensure the correct treatment of data to maintain the
authenticity, reliability, and accuracy of research related to official
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statistics at various levels, including crops, watersheds, aquifers,
rainfall, and droughts. Furthermore, an important limitation of our
analysis was the lack of detailed information regarding the allocation
of labor time in agricultural activities, which should be considered in
future research.
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