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Abstract: The family milpa system (FMS) is of great importance to food security and the livelihoods
of rural families in Mexico. However, the performance of the system can be compromised due to
inappropriate agricultural practices. Therefore, a suitable evaluation strategy is required to identify
the best management of resources. Nonetheless, at present, there is no holistic understanding around
the nature—society interface that allows us to predict the global behavior of the FMS. Thus, this
study assesses the global performance of a Poblano FMS through emergy-based indices. The emergy
evaluation was carried out by accounting for the available energy of different qualities used in the
system, which were subsequently converted to one kind of energy (solar emjoules). The percentage
of renewable emergy (%Ren) used in the system was 72.16%. The emergy self-support ratio (ESR)
showed that 74% of the emergy used came from free local resources. The emergy investment ratio
(EIR) of 0.36 indicated that the emergy use was efficient. The emergy yield ratio (EYR) was 3.78,
which in terms of net emergy (NE), was equivalent to a gain of 1.35 x 10'® sej ha=! y~1. The
environmental loading ratio (ELR) was 0.39, which indicated a low potential environmental impact.
The emergy sustainability index (ESI) was high (9.80) compared to other agricultural systems. The
performance of the FMS is superior compared to other agricultural systems, including ecologic and
recycling systems. However, the use of resources is not optimum and needs to be improved to reach
maximum empower.

Keywords: system performance; emergy; sustainability; milpa system; renewable resources; non-
renewable resources

1. Introduction

The eradication of poverty and hunger are some of the sustainable development
goals of the 2030 United Nations agenda [1]. However, poverty mainly affects rural areas,
since approximately 80% of the world’s poverty is concentrated in these places [2]. The
productivity, profitability, and sustainability of small-scale (family) agricultural systems are
key to the eradication of rural poverty [3-5]; but also, for the enhancement of food security,
because family farming plays a relevant role in rural food security [6].

The milpa is a crop production system [7,8], mainly consisting of an association of
maize (Zea mays L.), squash (Cucurbita spp.), and bean (Phaseolus spp.); however, different
annual and perennial plants can also be included [8]. This system varies according to the
agricultural environment and local culture [9], and it plays an important role in preserving
biodiversity [10]. The family milpa system (FMS) in Mexico guarantees family sustenance,
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but sometimes also provides some financial support, since a surplus in agricultural produc-
tion generates some economic income [11]. Because the FMS is essential for rural families,
proper management of the system'’s resources should be ensured. For this, an appropriate
evaluation strategy is required, which allows guaranteeing the permanent availability of
food and family income.

Every environmental system includes an interface between ecological systems and
society [12]. The FMS is a socioeconomic system that exists at the environmental-economic
interface. Therefore, the understanding of this interface is key to understanding the FMS;
however, understanding of the nature—society interface of the FMS is scarce. Nonetheless,
some studies have addressed it, such as Diemont et al. [13], who reported a study that used
emergy evaluation to assess the milpa system in Chiapas, Mexico, but it was carried out on
agroforestry systems, and the parallel production of multiple products was not considered
in the evaluation. Nevertheless, several studies have reported emergy evaluations of
agricultural systems, including grain crops [14], maize forage [15], legume species [16],
and regional and national agricultural systems [17,18].

Everything is connected in the universe within an energy hierarchy [12,19,20]. Thus, for
a long time, energy has been used as a common metric to evaluate economic—environmental
systems; however, it was not considered that the different kinds of available energy are
not equivalent in their ability to do work [12]. Therefore, the evaluation of energy-based
systems requires a procedure that allows such equivalence to be established. The emergy
evaluation method allows expressing the different kinds of available energy in equivalents
of one single kind of energy [12,21-23]. Emergy is the available energy of one kind (usually
solar energy) used to make a good or service [12,23,24]. Emergy-based indices are used
to assess the global performance of the system, which allows us to propose resource
management strategies that maximize emergy flow or maximize empower (sej/unit time)
through the system [12,20,25].

The FMS provides food and sometimes income for the rural families of San Bernardino
Tepenene, but rural poverty and food insecurity have not been eradicated. However, there is
no holistic understanding around the nature-society interface of the FMS, gained through
an equivalent accounting of resources that allows knowing diverse aspects about the
global behavior of the system. Therefore, research should be carried out to understand the
global performance of the FMS in San Bernardino Tepenene, since this lack of knowledge
prevents the identification of suitable strategies for the use of resources to maximize its
environmental-economic performance.

This study aims to assess the environmental-economic performance of the FMS in
San Bernardino Tepenene through the application of emergy-based indices (percent of
renewable emergy, Emergy Self-support Ratio, Emergy Yield Ratio, Environmental Loading
Ratio, Net Emergy, Emergy Investment Ratio, and Emergy Sustainability Index) and the
comparison of such indices with those of other similar or related crops. The combination
of the information from these indices will help us better understand the global behavior
of milpa systems. Nevertheless, the knowledge provided in this study is important for
decision-making and policies involved in the management of the environmental-economic
performance of the FMS in the San Bernardino Tepenene community and elsewhere. The
purpose of better management is that rural food security improves, and rural poverty de-
creases, through the development of sustainable food production and increased sustenance
and financial support gained from the FMS. Therefore, this research has an important
application in the eradication of poverty and hunger, as well as in the sustainable rural
development of highly marginalized communities.

2. Materials and Methods
2.1. Study Area

This mixed methods research (qualitative-quantitative research approaches) reports
a case study that was carried out in the agricultural year 2018 in the San Bernardino
Tepenene community, which belongs to the municipality of Tzicatlacoyan Puebla, Mex-
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ico, within the Mixteca poblana. This community is located at a latitude/longitude of
18°52/46.87"" / —98°5'48.97", with an approximate extension of 769,500 m? and an altitude of
2100-2200 m above sea level (masl). The climate is temperate sub-humid with most rainfall
in the summer [26]. The average annual temperature range and rainfall in 2007-2018 were
8-23.5 °C and 900 mm, respectively. The predominant vegetation is oak trees (Quercus spp.),
maguey plants (Agave spp.), subabul trees (Leucaena leucocephala), and palm plants (Brahea
dulcis) [26]. The agricultural practice in the community is small-scale family farming, which
is carried out in an average production area of less than 20,000 m?. The products produced
are mainly destined for self-consumption. Therefore, the energy required for the human
family’s metabolism is mainly provided by the products of the FMS. A small percentage of
community inhabitants (7.7%) lack access to food [27] and the population lives in a highly
marginalized state [28] due to the lack of opportunities for development [29].

2.2. Emergy Evaluation

Emergy evaluation was performed according to the procedures reported by Odum [12],
Brown and Ulgiati [20], Campbell [30], and Buonocore et al. [31]. A summary of the steps
in this procedure is shown below (see Figure 1):

1.  Make an energy systems diagram using the symbols from the Energy Systems Lan-
guage [32-34].

2. Calculate the flows used per hectare per year in raw units (J, g, or US$) (see Supple-
mentary Materials, Tables S1-53).

3. Convert the flows into equivalents of one kind of energy (solar equivalent exergy (J))
by multiplying each exergy flow by its respective UEV (Unit Emergy Value in solar
emjoules per Joule, sej J 1) to obtain the solar emergy of the exergy flow. Add the
emergy inputs according to the resource classification of the flows (local renewable
resources “R”, local non-renewable resources “N”, and purchased resources “F”,
which are fed back from the larger economy), as well as the total emergy used “U”
(U=R+ N +F). A standard table was used to display the emergy calculations.

4.  Evaluate the production in your system and calculate the UEV (emergy required
per unit of output) of the co-products and splits. The grain yield was calculated
considering five subplots of 24 m2. The UEV of the co-products and splits of the
FMS, in this case their transformity, was calculated by dividing the emergy used for
production by the exergy of each product (see Supplementary Materials, Table 54).

Some algebraic rules are required to accurately assign emergy to flows: (1) All source
emergy is assigned to the process output; (2) The emergy of each co-product corresponds
to the total emergy used; (3) When the output product is divided, the emergy is assigned to
each branch of the split based on the percentage of the total outflow on the pathway; (4) The
emergy in feedbacks cannot be counted twice, and when the co-products are reunited, they
cannot be added to equal a sum greater than the source emergy from which they were
derived [12,35]. However, in farming, some inputs produced in the prior year should be
counted in the emergy required for crops in the present year, since the rule of separation
in time takes precedence [36]. Thus, the reinforcing feedbacks from the agricultural year
2017 (seed, forage, organic matter of plant residues, and family labor) were counted, when
appropriate, as part of the emergy base for activities of the agricultural year 2018, and they
were considered as local renewable resources (R). Since the amount of squash and bean
plant residues and forage produced during the previous year is unknown, we used the
current production data to estimate the emergy of squash and bean plant residues and
forage used in the current year. Some studies report accounting for reinforcing feedbacks
from past years: Diemont et al. [13] included the seeds produced from the harvests of
previous years as a renewable input; Alfaro-Arguello et al. [37] counted renewable family
labor as part of the emergy base; and Wang et al. [38] reported that the contribution of
recycled biomass cannot be comprehensively and reasonably represented, to some extent,
by the fourth algebraic rule to assign emergy to flows.
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5. Calculate and interpret emergy-based performance indices.
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Systems Language [32-34] Energy Systems Diagram
. : Calculate See supplementary Materials
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Available for this and similar
studies

Calculate and interpret
Emergy-based indices

Figure 1. Scheme of the emergy evaluation procedure.

2.3. Emergy-Based Indices

1.

The percent of renewable emergy (%Ren) is the portion of the total emergy used
that is from renewable sources [20,39,40]. A high %Ren is required to achieve high
sustainability of a system in the long term [20,40,41].

%Ren = (R/U) (100) 1)

Emergy Self-support Ratio (ESR). The index indicates the proportion of emergy from
local sources [42,43].
ESR = (R+N)/U 2

Emergy Yield Ratio (EYR) is a measure of the ability of the larger system to exploit
local resources by investing purchased resources; when EYR = 1, the local resources
are not being exploited effectively, and the system provides the same amount of
emergy that was invested from the purchased resources [20,39].

EYR = Y/F 3)

Environmental Loading Ratio (ELR) is an indicator of the environmental pressure
caused by the production process [20,39]. The lower the ELR, the lower the envi-
ronmental pressure. If some case studies are considered, an ELR value lower than
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two, between two and ten, or higher than ten indicates a low, moderate, or high
environmental impact, respectively [20].

ELR = (N+F)/R )

5. Net Emergy (NE) is the potential contribution of a system or process to the next larger
system. A system should provide an amount of emergy at least equal to the cost of
the emergy required to obtain such contribution; a system has positive net emergy
when it has an emergy cost less than its contribution to production [21].

NE = Y—F @)

6. Emergy Investment Ratio (EIR). This ratio determines if an investment in the system

is economical based on the matching of purchased resources with free local resources;

a system is economical if its EIR is less than or equal to the EIR prevailing in the

region [12]. EIR is higher as more purchased emergy is used and lower as more local

emergy is used. When the EIR value is higher, production increases, but emergy is
used less efficiently [12].

EIR = F/(R+N) (6)

where R is local renewable resources. N is local non-renewable resources. F is pur-
chased resources. U is total emergy used (R + N + F) and Y is emergy yield.

7. Emergy Sustainability Index (ESI). Sustainability is a function of yield, renewability,
and load on the environment; therefore, it is suggested that the ratio between the yield
of processes and the load it generates on the environment can be used as an index of
sustainability [41]. The higher the ESI, the greater the sustainability of the system.

ESI = EYR/ELR @)

2.4. Data Gathering and Sample Size

The data used to calculate the renewable resource input to the system were viewed
in and extracted from the NASA Prediction of Worldwide Energy Resources (NASA
POWER) data access viewer [44]. Sunlight, wind, rain, and evapotranspiration are the
local renewable resources considered in the analysis of the FMS (but, in this study, the
reinforcing feedbacks were also considered as local renewable resources). The sunlight PAR
(Photosynthetically Active Radiation) was added without a risk of double counting, because
it is from a different exergy source than the heating effect of the sun used to generate wind
and rain [36]; however, wind and rain are planetary co-products and, therefore, if both
resources are added, there will be double counting [36]. Then, the total emergy of local
renewable resources was calculated by adding the local sunlight emergy to the largest of
the rain and wind (plus the reinforcing feedback emergy). The evapotranspiration was
estimated from meteorological data and crop coefficients using the FAO Penman-Monteith
method [45].

The soil was considered as a non-renewable resource because there is a net loss due
to erosion, and its recovery can take several years. The estimation of net topsoil loss in
the productive area was determined by identifying the degree of erosion through the
geographic digital space of the SEMARNAT [46], which was used, successively, to reveal
the range of topsoil loss according to the soil erosion classification by the FAO [47]. The
FMS in the San Bernardino Tepenene community is located in an area where water erosion
predominates. The degree of erosion is classified as “light” and it has a range of topsoil loss
of less than 10,000 kg ha ! y~! [47]; we used the intermediate value of this range to estimate
the net topsoil loss. Groundwater is considered an indispensable, non-renewable resource
for crops. However, this resource was not considered in the FMS, since it is a seasonal
cropping system that depends 100% on rainwater, because groundwater is inaccessible
due to the highly marginalized state of the community. Crops are lost in some agricultural
years due to lack of water.
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The data quantifying the purchased resources in the FMS were obtained through
participant observations and a survey, in which a verbal questionnaire was used as a mea-
surement instrument. The yearly average currency exchange rate for 2018 was calculated
according to data from Banco de México [48]. Fuel consumption was determined using
data obtained from the Portal of Energy Efficiency Indicators and Vehicle Emissions of the
Instituto Nacional de Ecologia y Cambio Climatico [49].

We used the new reference GEB (Geobiosphere Emergy Baseline) of 12.00 x 10?4 seJ y~,
which is a synthesis that resulted from three calculation procedures [50]. Therefore, the
UEVs with a different reference GEB were adjusted using the appropriate equivalency
factors (See Supplementary Materials, Table S5). The equivalency factors were obtained
from the ratio of the new baseline to the previous ones [51,52]. The UEV of squash plant
residues was assumed to be similar to the UEV for bean plant residues, since we did not
find works that reported the UEV for squash plant residues; however, this study allowed
obtaining the UEV of these residues and all the co-products of the FMS. The UEV of labor
was calculated through the emergy required to support it [53], in this case, the emergy of
the food produced that the family consumes and the input emergy of the money destined
for family consumption, whose value was divided by the total energy required to carry
out the labor in the FMS. However, we assumed that the available energy expended in
metabolic work delivers the emergy of the farmer’s knowledge and experience [54].

The sample size was calculated by Equations (8) and (9) [55]. The family was consid-
ered as the unit of analysis.

n' = p(1—p)/se® ®)

where n” = unadjusted sample number; p = probability; se = standard error.
n=mn'/[14+(n /N)] )

where n = sample size; N = population size.

The sample size was calculated with an error of 0.05 and a probability of 0.80. The
size of the population was determined according to the number of inhabited individual
living places in the community of San Bernardino Tepenene in 2010, which was 209 [56].
According to Equations (8) and (9), the number of sample units was:

;o _ 08(1-08) _ 016 _
"= "oz = ooos — 04
64 64
n = —> 7 = === = 49
+(x) 19t

3. Results
3.1. Emergy Diagram Description of the FMS

Figure 2 shows the resources used in the production of crops from the FMS, as well as
the emergy flow supporting the production of several co-products and splits. The grains
or seeds (maize grain, bean grain, and squash seed) were divided (split) into biomass
consumed as food, and the biomass used as seed for next year’s crop. In the community,
the purchased resources (F) used for the production of crops from the FMS are regularly
obtained with the income received from temporary jobs, government assistance, and/or
the income from the sale of agricultural products. The fertilizers were provided in-kind by
the government. In this study, the money provided by the government was used to pay for
a fraction of the tractor service (64.03%). Therefore, we only considered the tractor service
in the emergy evaluation and not the government assistance to avoid double counting.
The food produced in the FMS (maize grain, bean grain, squash seed, and squash pulp) is
largely consumed by the family, but if there is a surplus, it is marketed; however, no surplus
was recorded in this study. The same process is carried out in the FMS every agricultural
year. The seeds for planting, maize forage, and the organic matter of plant residues are
the products of farm production in past years that are used to support production in the
current year. These lagged inputs were used as input from the past year considered as
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feedback to the current production of the FMS. These reinforcing pathways maximize the
performance and sustainability of the system [12].
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Figure 2. Energy Systems Language [32-34] diagram of the family milpa system (FMS) in San Bernardino Tepenene Puebla,

Mexico, showing the emergy flows (values rounded to one decimal place). R: Local renewable resources; N: Local non-renewable

resources; F: Purchased resources; ET: Evapotranspiration; DAP: Diammonium phosphate; GA: Government assistance; GNP:

Gross National Product; dashed lines are money flows, gray lines show the used available energy, blue lines show the emergy

inflows carried over from the past year, and green lines indicate the products saved for next year’s production.

3.2. Local Renewable Resources

Table 1 shows the emergy used in the FMS during the agricultural year evaluated in the
San Bernardino Tepenene community. Local renewable resources constituted the largest emergy
input to the FMS. The total emergy used in the system (U) was 1.84 x 10' sejha=! y~!, of
which 1.33 x 10! sej ha=! y~! was renewable, which corresponds to 72.16% (0.18% from
the sunlight, 2.70% from the rain, and the remaining 69.28% of the total emergy used from
the reinforcing feedbacks). Among the reinforcing feedbacks, the renewable field labor and
post-harvest labor accounted for the highest proportions of the emergy used in the FMS;
the proportion of total emergy use attributable to these resources was 33.07% and 31.98%,
respectively. The high amount of local renewable resources has a positive impact on the
performance and sustainability of the FMS.
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Table 1. Annual emergy per hectare used in the FMS in San Bernardino Tepenene Puebla, Mexico.

Amount Baseline Solar Emergy
12.00 x 10 (seJ y-1) (sej ha-1y-1)
1
mIl:lllI)‘er Item Unit Maize Bean Squash (se]le.N:JXitfl) Rgé\f;) * Maize Bean Squash Total %
Local renewable resources (R)
1 Sunlight ] 3.38 x 1013 9.15 x 10% 1.16 x 10" 1.00 x 10° [12] 3.38 x 10'3 9.15 x 10%° 1.16 x 10" 3.40 x 101 0.18
2 Kinetic energy of wind 2 ] 3.31 x 1010 8.97 x 107 113 x 108 1.24 x 10° [57] 411 x 1013 111 x 101 141 x 101 413 x 10 023
3 Chemical potential energy in rain 2 ] 2.20 x 10%° 5.95 x 107 7.52 x 107 2.25 x 10 [36] 4.94 x 10 1.34 x 1012 1.69 x 1012 4.97 x 10 2.70
4 Evapotranspiration energy ] 1.42 x 10'° 3.83 x 107 4.83 x 107 227 x 10* [36] 3.23 x 10 8.68 x 10! 1.10 x 102 3.25 x 104 1.77
Reinforcing feedbacks:
5 Squash plant residues ] 0.00 x 10° 0.00 x 10° 3.25 x 10° 215 x 10° Ts 0.00 x 10° 0.00 x 10° 6.98 x 101 6.98 x 101 3.80
6 Maize forage for animal power ] 229 x 107 0.00 x 10° 0.00 x 10° 221 x 10° Ts 5.06 x 10'2 0.00 x 10° 0.00 x 10° 5.06 x 101 0.03
7 Bean plant residues J 0.00 x 10° 3.74 x 107 0.00 x 10° 3.49 x 10° Ts 0.00 x 10° 1.30 x 103 0.00 x 10° 1.30 x 1013 0.07
8 Maize seed ] 9.04 x 107 0.00 x 10° 0.00 x 10° 3.56 x 10° Ts 3.22 x 10%3 0.00 x 10° 0.00 x 10° 3.22 x 1013 0.18
9 Bean seed ] 0.00 x 10° 2.79 x 10° 0.00 x 10° 8.12 x 105 Ts 0.00 x 10° 2.26 x 1012 0.00 x 10° 2.26 x 1012 0.01
10 Squash seed ] 0.00 x 10° 0.00 x 10° 3.62 x 100 6.69 x 100 Ts 0.00 x 10° 0.00 x 10° 242 x 1013 242 x 103 0.13
11 Renewable field labor ] 2.69 x 108 3.61 x 10° 3.80 x 10° 2.26 x 107 Ts 6.06 x 10" 8.15 x 10'2 8.59 x 1012 6.08 x 10'° 33.07
12 Renewable post-harvest labor T 2.59 x 108 5.79 x 10° 5.79 x 105 2.26 x 107 Ts 5.85 x 1015 1.31 x 1013 1.31 x 1013 5.88 x 105 31.98
Total of R 1.25 x 10'¢ 3.79 x 1013 7.45 x 10" 1.33 x 10'° 72.16
Local non-renewable resources (N)
13 Net loss of topsoil ] 2.72 x 10° 8.83 x 10° 9.30 x 100 9.41 x 10* [12] 2.56 x 104 8.31 x 10" 8.75 x 10! 2.57 x 10™ 1.40
Total of N 2.56 x 10 8.31 x 10! 8.75 x 10! 2.57 x 10 1.40
Purchased resources (F)
14 Liquid motor fuel T 2.95 x 107 7.37 x 10° 7.37 x 10° 8.39 x 10* [12] 247 x 102 6.18 x 1011 6.18 x 10! 3.71 x 102 0.02
15 Nitrogen (urea) g 7.46 x 10*3 0.00 x 10° 0.00 x 10° 4.80 x 10° [58] 3.58 x 10™ 0.00 x 10° 0.00 x 10° 3.58 x 10 1.95
16 Phosphorus (DAP) g 9.39 x 1034 0.00 x 10° 0.00 x 10° 2.80 x 1010 [59] 2.62 x 10™ 0.00 x 10° 0.00 x 10° 2.62 x 10™ 1.43
17 Nitrogen (DAP) g 1.09 x 1045 0.00 x 10° 0.00 x 10° 3.06 x 101° [59] 3.35 x 101 0.00 x 10° 0.00 x 10° 3.35 x 1014 1.82
18 Non-renewable field labor ] 7.14 x 107 9.61 x 10* 1.01 x 10° 2.26 x 107 Ts 1.61 x 10" 2.17 x 10'2 2.28 x 1012 1.62 x 10 8.79
19 Non-renewable post-harvest labor ] 6.89 x 107 1.54 x 10° 1.54 x 10° 2.26 x 107 Ts 1.56 x 101 3.47 x 1012 3.47 x 1012 1.56 x 101 8.50
20 Tractor service US$ 1.04 x 102 0.00 x 10° 0.00 x 10° 6.94 x 1012 [60] 721 x 10 0.00 x 10° 0.00 x 10° 7.21 x 10 3.93
Total of F 4.85 x 10'% 6.26 x 1012 6.37 x 1012 4.86 x 105 26.44
Total emergy used (U) 1.76 x 10 4.50 x 103 7.53 x 10™ 1.84 x 10'° 100.00

Note: DAP: Diammonium phosphate; Ts: This study; ! Unit Emergy Value is the emergy required per output unit that is used to convert the flows or storages of a system into emergy units; > renewable inputs

not added to avoid double counting; 37.46 x 10! kg; 4939 x 10° kg; 51.09 x 10! kg.
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3.3. Local Non-Renewable Resources

The amount of local non-renewable resources used in the FMS was low. The amount
of emergy used attributable to the soil resource was 2.57 x 10'* sej ha=! y~!, which
corresponds to a portion of the total emergy used of 1.40% (Table 1). This result has a
favorable effect on the environmental pressure caused by the production process on the
system, which is linked to higher sustainability.

3.4. Purchased Resources

The amount of non-free purchased resources used in the FMS was low. The proportion
of the total emergy used attributable to the purchased resources was 26.44% (Table 1).
Among these resources, the non-renewable field labor accounted for the largest fraction
of the emergy of purchased resources used, followed by the non-renewable post-harvest
labor, the total amount of fertilizer, tractor service, and fuel. The proportion of total emergy
used attributable to these resources was, respectively, 8.79%, 8.50%, 5.20% (1.95% from
the urea, 1.82% from the nitrogen-DAP, and 1.43% from the phosphorus-DAP), 3.93%, and
0.02% (Table 1). The low amount of non-free purchased resources allows the FMS to be
economical.

3.5. Production Efficiency

Table 2 shows the value of agricultural production in units of energy (J), and the
transformity calculated for seven co-products produced in the FMS (a-g), of which four
were divided (split) into two branches (b1, b2; d1, d2; el, e2; {1, f2). The squash plant
residue was the co-product of crop production that had the highest efficiency, since it
had the lowest transformity, followed by maize forage, then bean plant residue. These
residues that are co-products of squash, maize, and bean production had transformities of
2.15 x 105,221 x 10°,3.49 x 10° sej ]!, respectively. Maize grain, bean grain, and squash
seed are the edible crops produced in order of their production efficiencies, which are
3.56 x 10°,8.12 x 10°, and 6.69 x 10° sej ]!, respectively. These seed crops are followed
by squash pulp, which is an edible product, but with a lower energy density and a higher
transformity, 1.76 x 107 sej ]!, and thus it is not a strictly equivalent product to the higher
energy density grains. These results indicate that for equivalent products, the higher the
transformity, the higher the emergy used to produce the same amount of product (i.e., the
efficiency is lower).

Table 2. Annual production per hectare and UEVs of the co-products and splits produced in the FMS
in San Bernardino Tepenene Puebla, Mexico.

Item Code Co-products and Splits (J[}\l:l(;u;lfl) (sejE }Ill:le,rlg;,,l) Tra(;\:jf })irlr;lty
a Squash plant residues 3.25 x 10° 6.98 x 10 2.15 x 10°
b Maize forage 2.06 x 10'° 455 x 10%° 221 x 10°
bl Maize forage for animal power 2.29 x 107 5.06 x 102 2.21 x 10°
b2 Maize forage (animal feed) 2.06 x 100 455 x 10'° 221 x 10°
c Bean plant residues 3.74 x 107 1.30 x 1013 3.49 x 10°
d Maize grain 1.84 x 101 6.54 x 10%° 3.56 x 10°
d1 Maize seed for planting 9.04 x 107 3.22 x 10% 3.56 x 10°
d2 Maize grain for family consumption 1.83 x 101 6.51 x 10%° 3.56 x 10°
e Bean 2.23 x 107 1.81 x 10% 8.12 x 10°
el Bean seed for planting 2.79 x 10° 2.26 x 10'? 8.12 x 10°
e2 Bean for family consumption 1.95 x 107 1.58 x 1013 8.12 x 10°
f Squash seed 1.05 x 108 7.03 x 104 6.69 x 10°
f1 Squash seed for planting 3.62 x 10° 242 x 10%3 6.69 x 10°
f2 Squash seed for family consumption 1.01 x 108 6.79 x 10% 6.69 x 10°
g Squash pulp 3.99 x 107 7.03 x 104 1.76 x 107

3.6. Emergy-Based Indices
16
. X
Y%Ren = 1.33 X 107 (100) = 72.16 (10)
1.84 x 1016
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The value of Index 1, %Ren, indicates that 72.16% of the total emergy used was
renewable. This result indicates the high number of renewable resources used within the
FMS. With this, the system can achieve better performance and sustainability.

1.33 x 106 42,57 x 1014
ESR = = 0.74 11
1.84 x 1016 (1)

The ESR value indicates that 74% of the total emergy used in the FMS was local;
therefore, the remaining 26% was purchased from outside the system in the form of goods
and services. The data show the high self-sufficiency of the system, achieved mainly by
our assumptions with regard to reinforcing feedbacks.

1.84 x 10'°
EYR = —— = 378 12
4.86 x 1015 (12)
The EYR value greater than one (3.78) indicates that the FMS provided more emergy
than that required from the purchased resources. This result indicates the high ability of
the system to exploit local resources by investing purchased resources.

2.57 x 101* + 4.86 x 10%°
ELR = = 0.39 13
1.33 x 1016 (13)

The ELR value of 0.39 indicates low loading on the environment by the productive
process of the FMS. The result favors the sustainability of the system.

NE = 1.84 x 10" —4.86 x 10> = 1.35 x 10" sej ha ! y ! (14)

The potential contribution of emergy provided by the FMS is indicated by index 5, NE,
with a value of 1.35 x 10'® sej ha~! y~!, which shows the ability of the system to provide
an amount of emergy greater than the cost of the emergy required to obtain it.

4.86 x 101°
EIR = = 0.36 15
1.33 x 1016 +2.57 x 1014 (15)

The EIR value of 0.36 indicates that the FMS had greater use of the free emergy (local)
in relation to the emergy that has an economic cost (purchased resources), and this result
implies that the emergy use was efficient, and the FMS was economical compared to other

systems of the region.
3.78

0.39

The ESI value of 9.80 indicates relatively high sustainability for the production process
of the FMS, and the higher this value, the greater the sustainability of the system.

ESI = = 9.80 (16)

4. Discussion

This study provides knowledge that allowed us to better understand the global
performance of the FMS in the San Bernardino Tepenene community. This knowledge,
which was based on comparison of the FMS indices with other grain, legume, and cucurbit
production systems, including ecologic, recycling, and optimized agricultural systems (see
Table 3), is as follows: (1) The renewability of the FMS is high, (2) the self-sufficiency of
the FMS is high, (3) the FMS provides a higher emergy contribution than was invested
from purchased resources, (4) the FMS provides a positive net emergy to the region, (5) the
environmental impact caused by the FMS production process is low, (6) the emergy use is
efficient, (7) the FMS is economical, and (8) the sustainability of the FMS is high.
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Table 3. Comparison between the value of the performance indices corresponding to the FMS and other grain, legume, and cucurbit production systems.
Grain, Legume, and Cucurbit Production Systems
Indices FMS
Agroforestry Bean Maize Maize-Wheat Wheat Cuc Tag Lupin/wheat OA
Af Af-M B EB H/M-IB M1 M2 FM M-W1 M-W2 M/W w1 W2 w3 L/W L/W-T

%Ren 722 72-97 72,74 3.4-53.7 53.7 34,48 0.2 N/D 16 N/D 13 224-645 0.9 12-17 N/D 30 60 20 30 352
ESR 07 N/D N/D N/D N/D N/D N/D N/D N/D N/D N/D N/D N/D 0.1-0.2 N/D 0.1 N/D N/D N/D 0.5
EYR 38 4.5-50.7 4.5,4.6 1.2-1.3 13 12,12 N/D 24 12 1-1.9 12 1.5-5.7 N/D N/D 12 11 N/D N/D N/D 33
ELR 04 0.0-0.4 04,04 16.8-39.7 16.8 39.7,284 374-570 05 52 1.3-19 6.7 3.7-10 78-115.2 10.7-68.6 10.6 184 07 55 23 18
EIR 0.4 N/D N/D 3.6-6 3.6 6,5.1 1-3.3 N/D N/D N/D N/D 0.2-2 14-3.6 4.2-7.2 N/D 8.6 0.6 0.5 0.8 N/D
ESI 9.8 11.9-1740 119,126 0.0-0.1 0.1 0.0,0.0 N/D 5 0.2 0.6-1.4 0.2 0.2-1.2 N/D 0.0-0.1 0.1 0.1 N/D N/D N/D 18
EP-D 18.4 2.3-6.3 3.7,63 6.5-15.4 6.5 154,11 423 16 0.0 35.5-62.7 215 9.4-22.3 34.6 3.1-6.8 20 9.3-15.1 12 19 13 N/D
Ref. Ts [13] [13] [16] [16] [16] [14] [61] [15] [38] [61] [62] [4] [631 [61] [64] [65] [65] [65] [18]

Note: All values were rounded to one decimal place. EP-D: Empower density (x 1015 sej ha—! yfl) ; Af: Agroforestry systems in Chiapas, Mexico; Af-M: Agroforestry systems in Chiapas, Mexico that had
the majority of the land dedicated to milpa agriculture; B: Bean production systems in Markazi, Iran; EB: Ecological bean production system in Markazi, Iran; H/M-IB: High-input and medium-input bean
production systems in Markazi, Iran; M1: Maize production systems in southwestern Iran; M2: Maize production system in Hebei, China; FM: Fodder maize system in Denmark; M-W1: Maize-wheat double
cropping system in North China fertilized with chemical fertilizers, chemical fertilizers-crop straw, chemical fertilizers-biogas residues, and chemical fertilizers-mushroom residue, considering the emergy loss of
recycled resources; M-W2: Maize-wheat double cropping system in Hebei, China; M/W: Rainfed maize/wheat rotation system at the Research Farm in Uttarakhand, India; W1: Wheat production systems
in southwestern Iran; W2: Wheat production systems of several provinces in China; W3: Wheat production system in Hebei, China; Cuc: Field cucumber production system of 26 Chinese provinces; Tag:
Tagasaste system in Australia: L/W: Lupin/wheat rotation system in Australia; L/W-T: Lupin/wheat rotation system grown between tagasaste trees in Australia; OA: Optimized agricultural system proposed
for Shandong, China; N/D: No data; Ts: This study.
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A system maximizes its performance and is sustainable (i.e., it prevails in competition)
when feedback reinforces it [12] (pp. 279-280). The high reinforcing feedback of the FMS
allows more useful energy to be processed and for the system to move toward maximiz-
ing empower. Nevertheless, the FMS should continue optimizing the use of resources
through reinforcing feedbacks to maximize the emergy flow and attain greater sustain-
ability. However, it is clear that greater empower through the system does not necessarily
ensure greater sustainability (see Table 3), since a sustainable system is characterized by
maximizing empower, but through the reinforcing pathways [12].

The production of conventional agricultural systems in Mexico has been enhanced
by mechanization, the improvement of varieties, and the use of agrochemicals [8,11],
which causes greater dependence on purchased resources and lower use of local natural
resources. From this trend, we infer that the FMS might have poor performance indicators.
Therefore, we expected that the FMS would use a low fraction of renewable emergy, the
self-sufficiency of the system would be low, the production process would cause a moderate
or high environmental impact, the emergy use would not be efficient, the system would
not be economical, and the sustainability of the system would be low. However, these
assumptions did not match our findings.

The inhabitants of the San Bernardino Tepenene community do not have the resources
to use irrigation technology; therefore, the availability of water for their crops is reduced.
Rainwater comprises a high proportion of the total use of local renewable resources, but
family labor is the primary local renewable resource used in the system. The fraction of
renewable emergy used in the FMS is not low since family labor provides a significant
renewable emergy input, and it even comprises more than half of the emergy used in the
system. The results indicate that of the total emergy used in the system, 72.16% is derived
from local renewable resources, and the remaining percentage (27.84%) was due to the
sum of local non-renewable resources and purchased resources. A high %Ren is required
to achieve sustainability of a system in the long term [20,40,41]. Therefore, sustainable
production of the FMS in San Bernardino Tepenene depends on the quantity of renewable
resources used. The FMS used fewer renewable resources compared to some production
systems highly dependent on local natural resources. For example, agroforestry systems
in Chiapas, Mexico had a %Ren emergy of 72-97%. The agroforestry systems of Chiapas
that had the majority of the land dedicated to milpa agriculture had the lowest %Ren, 72%
and 74% [13]. These values were similar to that in the FMS. However, the FMS used a
quantity of renewable resources higher than that of the ecological bean production system
in Markazi, Iran (53.69%) [16] and the field cucumber (Cucumis sativus) production system
of 26 Chinese provinces (30%) [64]. Intensive production systems, which rely on machinery
and high amounts of purchased inputs, use a much lower amount of renewable resources
compared to the FMS in San Bernardino Tepenene. For example, Houshyar et al. [14]
reported a %Ren of 0.17% and 0.87% for maize and wheat (Triticum aestivum) production
systems in southwestern Iran, respectively; however, the calculation of these values only
considered sunlight and thus they are not directly comparable to our values. Furthermore,
the medium-input and high-input bean production systems had a low %Ren of 4.76% and
3.35% [16].

Since there is no information about the renewable fraction for the region from which
the families in San Bernardino Tepenene receive wages, we used the renewable fraction for
Mexico from the most recent year published in NEAD (www.emergy-nead.com/country/data
(accessed on 15 March 2021) to calculate the labor renewability. Therefore, we need studies
to determine the renewable fraction for the region from which the families of the rural
community receive wages.

San Bernardino Tepenene belongs to a municipality where 83.20% of the population
has an income below the welfare line [27]. The low income of this population prevents them
from investing in products and services to support agricultural production; however, some
farmers receive agricultural inputs in-kind and financial support from the government.
Nevertheless, agricultural systems dependent on external inputs have required increas-
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ing use of these external resources, which results in inefficient systems that damage the
environment and hinder food production [66]; therefore, food production systems should
become more self-sufficient. This is achieved when the system increases its efficiency by
using more local resources, and fewer external resources. ESR is the ratio used to measure
the proportion of emergy from local sources [42,43]. The ESR value of 0.74 for the FMS in
San Bernardino Tepenene indicated that the use of local resources (74%) is 2.8 times higher
than the use of purchased resources (26%). The FMS used a high quantity of local resources
compared to other agricultural systems. Such as the wheat production systems of several
provinces in China, which had ESR values of 0.13-0.20, depending on the climatic zone [63]
and the field cucumber production system of 26 Chinese provinces (0.11) [64]. Even the
ESR value of the FMS was higher than that of the optimized agricultural system proposed
by Wang et al. [18] in Shandong, China, whose value was 0.50.

High crop yield can contribute to food security in highly marginalized rural commu-
nities. A study carried out in rural areas of Yucatan, Mexico reported that the FMS and the
family orchard provide an average of 63.70% of food needs [67]. When the yield increases,
the contribution of food for the family also increases; if even a part of the production can
be sold to get an income, families are much better off. With this, the family can buy food
and complement their diet. EYR shows the capacity of the system to exploit local resources
by investing outside resources from the economy [20,39]. The FMS in San Bernardino
Tepenene registered an EYR value of 3.78, which indicated the capacity of the system to
exploit local resources and provide an emergy about 3.7 times greater than the emergy
invested from purchased resources. The amount of emergy provided with this yield was
indicated by the NE (net emergy) value of 1.35 x 10'® sej ha=! y~!. The EYR value in
this study was higher than that of the wheat, maize-wheat double cropping, and maize
production systems in Hebei, China, which were 1.19, 1.23, and 2.35, respectively [61]; the
fodder maize system in Denmark, which had a value of 1.24 [15]; the bean production
systems in Markazi, Iran (1.17-1.28) [16]; and the field cucumber production system of
26 Chinese provinces (1.13) [64]. The EYR value of the FMS was much lower than that of
some of the agroforestry systems of Chiapas, Mexico [13], which had EYRs up to 50.72,
but it was only slightly lower than the agroforestry systems with a majority of the land
dedicated to the milpa (4.53 and 4.58); however, these agroforestry systems mimic natural
ecosystems, and their successful management requires recycling instead of using more pur-
chased inputs. This traditional management system allows high performance through the
efficient use of emergy that is achieved by using more local resources and less purchased
resources to support production. Therefore, traditional knowledge plays a significant role
in the proper performance of production systems. Even this knowledge has been recog-
nized for contributing to sustainable development and could benefit decision-making
processes [68,69].

ELR measures the environmental pressure caused by the production process [20,39].
The lower the ELR, the lower the environmental pressure. The ELR of the FMS in San
Bernardino Tepenene, with a value of 0.39, was within the low range of ELR values. ELR
values lower than two have been reported for several systems with low environmental pres-
sure: The wheat-maize double-cropping system in North China fertilized with chemical
fertilizers (1.79), chemical fertilizers-crop straw (1.67), chemical fertilizers-biogas residues
(1.27), and chemical fertilizers-mushroom residue (1.94), considering the emergy loss of re-
cycled resources [38]; the tagasaste (Chamaecytisus proliferus) system (0.70) in Australia [65];
and the case of the agroforestry systems (0.03-0.38) in Chiapas, Mexico [13]. The highest
ELR values within the agroforestry systems in Chiapas were those with the majority of
the land dedicated to the milpa (0.36 and 0.38), which were very similar to that of the
FMS. ELR values within the moderate range have been reported for the fodder maize
system in Denmark (5.20) [15], the lupin/wheat (Lupinus angustifolius / Triticum aestivum)
rotation system (5.50), and the lupin/wheat rotation system grown between tagasaste
trees (2.30) in Australia [65]. ELR values within the high range have been reported in the
wheat and maize production systems of southwestern Iran (77.95-115.20 and 374.73-570.54,
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respectively) [14], the bean production systems in Markazi, Iran (16.81-39.66) [16], and in
the field cucumber production system of 26 Chinese provinces (18.42) [64].

EIR measures the emergy matching, which allows us to identify how efficient the
emergy use is and if a system is economically attractive [12]. The FMS in San Bernardino
Tepenene had an EIR value of 0.36. This value indicated that a large number of free resources
were used compared to purchased resources and that the emergy use was efficient. If the
EIR value for Mexico of 4.53 [60] and an EIR value for Nayarit, Mexico of 2.43 [70] are
assumed to be reasonable for Puebla, the EIR value of the FMS would be lower than
the regional value. This means that the system would be economical and might have a
commercial advantage compared to systems with a higher EIR value, since systems with a
lower EIR use fewer purchased resources and maximize the system output with locally
available resources, which means a lower cost for the yield and, therefore, a lower sale
price for products can be offered in the market. Nevertheless, the appropriate value of
EIR should be carefully considered, since a system can be displaced by more economically
intensive systems; therefore, in planning, an EIR value equal to the regional value is often
adopted to avoid or slow such displacement [12].

When we compared the EIR value of the FMS with other systems, we observed
that EIR values lower than one were found in the lupin/wheat rotation, tagasaste, and
lupine/wheat rotation grown between tagasaste trees in Australia, which had EIR values of
0.50, 0.60, and 0.80, respectively [65]. EIR values higher than one have been reported for the
bean production systems in Markazi, Iran (3.57-6.03) [16]; the wheat production systems of
several provinces in China [63] that have the largest wheat planting areas (4.15-7.18); the
field cucumber production system of 26 Chinese provinces (8.64) [64]; and almost all the
farm management scenarios examined in the wheat and maize systems of southwestern
Iran, which had EIR values of 1.38-3.55 and 0.99-3.25, respectively [14]. However, the
rainfed maize/wheat rotation system at the Research Farm in Uttarakhand, India [62]
had EIR values lower than one in most of its treatments (0.21-0.73), including the 100%
recommended dose of inorganic fertilizers (0.57), but the system had EIR values higher
than one in the treatments of 50% inorganic fertilizers + 50% vermi-compost (2.03), and
50% inorganic fertilizers + 50% poultry manure (1.46). All these values indicated that
the quantity of purchased resources used was up to more than six times greater than the
quantity of free resources used locally. Nevertheless, the free emergy from the environment
and the purchased emergy from the economy should be matched according to theory in
the best development alternatives [12] (pp. 164-171).

The EIR value that we assume in this study for the next larger system is too general
and does not correspond to the year of the study. Therefore, the EIR value of the next larger
systems to the FMS in the San Bernardino Tepenene community (municipality, state, and
nation) should be determined.

The sustainability of the FMS is high, if we compare it to other grain, legume, and
cucurbit production systems, including ecologic, recycling, and optimized agricultural sys-
tems, except for the reported agroforestry systems of Chiapas; however, the sustainability
of the FMS is close to the sustainability of the agroforestry systems with the majority of the
land dedicated to the milpa (Table 3). ESI, or the ratio between the yield of the process and
the estimated environmental damage caused, has been used to evaluate the sustainability
of processes [39,41]. Therefore, ESI was used to assess the sustainability of the production
process of the FMS. The ESI value of the FMS in San Bernardino Tepenene was 9.80; this
value was greater than the ESI of the fodder maize system in Denmark, which registered
a value of 0.24 [15]; the bean production systems in Markazi, Iran (0.03-0.08), where the
ecologic system had the highest ESI value [16]; the field cucumber production system
of 26 Chinese provinces (0.08) [64]; the rainfed maize/wheat rotation system [62] at the
Research Farm in Uttarakhand, India (0.15-1.16); and the wheat-maize double-cropping
recycling agricultural systems [38] in North China (0.57-1.35), considering the emergy loss
of recycled resources. However, the agroforestry systems in Chiapas, Mexico, which use
a large quantity of renewable resources [13], had much higher ESI values (up to 1739.85).
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This value reveals the dimensions of the possibilities that can be achieved with a suitable
management system and the realization that the FMS in San Bernardino Tepenene can
attain greater sustainability. Nevertheless, the fact that the FMS had an ESI value that was
close to those of the agroforestry systems in Chiapas, Mexico [13] with the majority of the
land dedicated to milpa agriculture (11.93 and 12.59) indicates that the degree of possible
improvement may be limited.

This study concludes that the performance of the FMS was determined by the growth
of the main crops in a specific culture and environment. Therefore, more studies are
required to understand the economic-environmental behavior of the milpa system with
other varieties of plants in other environments and cultures.

5. Conclusions

The emergy evaluation allowed us to gain a holistic understanding around the nature-
society interface of the FMS since the environmental and economic inputs were expressed
on a common basis. The results indicated that the global performance of the FMS is superior
as determined by the values of its emergy indicators compared to other grain, legume,
and cucurbit production systems, including ecologic, recycling, and optimized agricultural
systems, since the FMS has high renewability, self-sufficiency, yield, and sustainability, has
low loading on the environment, is economical, and the emergy use is efficient. However,
the use of resources in the FMS is not optimum and needs to be improved to reach its maxi-
mum performance (maximum empower). However, our findings depend on the available
data for the next larger systems, which are too general and outdated. Therefore, we need
to carry out future research to evaluate the next larger systems, i.e., the municipality, state,
and nation. Later, we will be able to carry out experimental evaluations and computer
simulations. This future work will be useful in the challenges related to development alter-
natives, performance, and selection of models, which will provide increasingly effective
tools for the development of sustainable agricultural systems and the eradication of poverty
and hunger in rural communities.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su13169425 /51, Table S1: Input flows calculation for maize crop in Table 1, Table S2: Input
flows calculation for bean crop in Table 1, Table S3: Input flows calculation for squash crop in
Table 1, Table S4: Calculations of annual production of the co-products and splits in Table 2, Table
S5: GEBs and their respective equivalency factor for adjusting the UEVs to a reference GEB of
12.00 x 10%* se] y L. Refs [71-87] are cited in supplementary files.
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