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The ruminant production systems in the Comarca Lagunera, Mexico:
Environmental impact, productive trends, and mitigation strategies

Los sistemas de produccién de rumiantes en la Comarca Lagunera, México:
Impacto ambiental, tendencias productivas y estrategias de mitigacion

Navarrete-Molina, Cayetano?!, Meza-Herrera César A.?, Herrera-Machuca, Miguel A.2

RESUMEN

La poblacion mundial se ha incrementado a casi 8,000 millones
de personas, lo cual sugiere aumentos en la demanda y consumo
de productos de origen animal, provocando una mayor presion en
el uso de los recursos hidricos y aumentos en la emision de gases
de efecto invernadero (EGEI). El objetivo de la presente
investigacion fue cuantificar el impacto ambiental (1A) y
econdmico (IE) de las huellas de carbono (HC) e hidrica (HH)
como indicadores de sostenibilidad de los sistemas de produccién
de rumiantes (SPR), durante el periodo 1994-2018. La
investigacion se realiz6 en el norte de México, en la Comarca
Lagunera (CL; 102° 22' & 104° 47' LO, 24° 22' & 26° 23' LN),
siendo esta una region arida, con promedios anuales de
precipitacion menores a 240 mm, aunque muy importante en
produccién ganadera en el pais. La cuantificacion del 1A de la HH
consider6 sélo el calculo del uso de agua azul (HHA). La HC
considerd la metodologia del IPCC para las subcategorias
ganaderia y agricultura. El calculo del valor econémico (VE) de
HHA consideré el precio promedio internacional del agua y para
la HC considero6 el precio promedio de los bonos de carbono. El
valor econémico de los SPR (Bovino de leche, Bovino de Carne
y Caprinos) se determiné con base su valor bruto de la produccion
(VBP). En 2018, la CL registr6 un inventario de rumiantes de
1,163,046, de los cuales 350,280 se encontraban en produccién
generando 2,503.50 millones de litros de leche, con un sacrificio
de 676,769 cabezas, con un rendimiento de 83,716 toneladas de
carne. Esta produccién de leche y carne representd 99,538
toneladas de proteina. Al contrastar el promedio anual del VBP-
SPR de 651.41 M€ (11,754.89 MMXP) respecto al VE-HHA de
11,602.82 M€ (209,377.59 MMXP) sumado al VE-HC de 330.71
M€ (5,967.79 MMXP), se observa un significativo |A e IE de los
SPR, en especial los generados por los sistemas bovinos leche y
carne, con un impacto negligible del sistema caprino. El VBP-SPR
representod el 5.46% del VE de la HH mas la HC [11,933.53 M€
(215,345.38 MMXP)]. Por lo anterior, es urgente delinear y
adoptar estrategias de mitigacion en el manejo de los SPR con
respecto al uso del agua y EGEI. Dichas estrategias deben
considerar las caracteristicas de cada especie rumiante y seran
fundamentales para lograr la sostenibilidad no sélo de los SPR,
sino también la viabilidad ecoldgica, econémica y social de la
propia CL.

Palabras clave: gases de efecto invernadero; huella hidrica;
impacto ambiental y econémico.

1 Tesista
2 Director/Co-Director

ABSTRACT

The world population has increased to almost 8,000 million
people, which suggests increases in the demand and
consumption of products of animal origin, causing greater
pressure on the use of water resources and increases in the
emission of greenhouse gases (EGHG). The objective of this
research was to quantify the environmental impact (El) and
economic impact (Ecl) of the carbon footprint (CP) and water
footprint (WP) as indicators of sustainability of ruminant
production systems (RPS) during the period 1994-2018. The
investigation was carried out in northern Mexico, in the Comarca
Lagunera (CL, 102° 22 '& 104° 47" W, 24° 22 '& 26° 23' N), an arid
region with annual averages of rainfall less than 240 mm, although
it is very important in livestock production in the country. The
quantification of the EI in WP only considered the calculation of
the use of blue water (BWF). The CP considered the IPCC
methodology for the livestock and agriculture subcategories. The
calculation of the economic value (EV) of BWF considered the
average international water price, while the CP considered an
international average price of the carbon credits. The economic
value of RPS (Dairy cattle, Beef cattle and Goats) was determined
based on its gross production value (GPV). In 2018, the CL
recorded a ruminant inventory of 1,163,046 heads, with 350,280
heads in production, generating 2,503.50 million liters of milk with
a total of 676,769 slaughtered heads, and a yield of 83,716 tons
of meat. This production of milk and meat represented 99,538
tons of protein. When comparing the annual average of the GPV-
RPS of 651.41 M€ (11,754.89 MMXP) regarding the EV-BWF of
11,602.82 M€ (209,377.59 MMXP) added to the EV-CF of 330.71
M€(5,967.79 MMXP) a significant El and Ecl is observed from
RPS, especially those generated by the dairy and beef cattle
systems, with a negligible impact of the goat system. The GPV-
RPS represented 5.46% of the EV of the WF plus the CF
[11,933.53 M€ (215.345.38 MMXP)]. Therefore, it is fundamental
to delineate and adopt mitigation strategies in the management of
RPS with respect to water use and EGHG. These strategies must
considerer the characteristics of each species of ruminant and
they will be essential to achieve the sustainability not only of the
RPS, but also the ecological, economic and social viability of the
CL itself.

Keywords: greenhouse gases; water footprint; environmental
and economic impact
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The increase in living standards has generated a greater demand for food of
animal origin, which has led to devoting more and more areas to the production
of food, causing a constant change in land use (Cardoso, 2012). These increases
are due not only to the improvement in the human quality of life, but also to the
significant increase in human population which has quadrupled during the last
century up to 7,530 million in 2017, expecting an increase to 9,551 million in 2050.
Such scenario will generate an increased intensity use of global resources to a
point where land cannot regenerate them (UN, 2014; Wackernagel et al., 2002;
World Bank, 2019).

This consumption of natural resources by food production is driven by the strong
demand of an emerging global middle class, with richer and more diversified diets.
This demand for food, especially those of animal origin, will be significant, since it
is estimated that the demand for meat and milk in 2050 will grow 73% and 58%,
respectively, with respect to the observed levels in 2010 (FAO, 2011). The above,
has caused food production models to be more uncertain, so their analysis should
consider trends in demographic dynamics, consumption patterns, the threat of
climate change and the irreversible degradation of ecosystem services (Thiaw et
al., 2011).

This uncertainty in the models and systems of food production must be analyzed
with a comprehensive vision of the environmental impact (El) that it generates.
This analysis must be based on the quantification of the ecological footprint (EF),
which must be evaluated considering more than one indicator, considering
instead a family of indicators (Ridoutt & Pfister, 2013). The main EF indicators
are: carbon footprint (CF), water footprint (WF), economic footprint (EcF) and
social footprint (SF).

Of the group of ecological footprints mentioned, the first two (CF and WF), are
those that have been most addressed in various scientific investigations. In this
context, the CF, could be the most important since 2014 was the warmest year
(since 1880) and temperatures are now 0.8 °C higher than pre-industrial levels

(Kossoy et al., 2015). Several research groups agree that this fact is related to
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the increase in atmospheric concentrations of greenhouse gases (GHG), which
continue to increase, particularly during the past 250 years, coinciding with the
start of the industrial revolution and the increase in the use of fossil fuels
(Chukwuocha et al., 2011).

Currently, there are evidence of such increases, which is why it is considered one
of the main global problems of our time. These evidences suggest that human or
anthropogenic activities have been responsible. Almost all the activities we carry
out (transport, food, agricultural activities, etc.) and goods that we own and use
(consumer goods, vehicles, appliances, etc.) involve consuming energy, which
means contributing to the emissions emanated from the atmosphere (Pingali &
McCullough, 2010).

The measurement of these emissions of GHG (EGHG) gives us valuable
information about the degree of the CF impact, since it identifies the sources of
emissions of a product or activity. This quantification makes possible to define
better objectives, more effective emission reduction policies and better targeted
cost savings initiatives, which tend to develop a better knowledge of the critical
points for the reduction of emissions, which may or may not be the direct

responsibility of the activity analyzed (Hermansen & Kristensen, 2011).

There are different methodologies for the calculation of EGHG, yet those
proposed by the Intergovernmental Panel on Climate Change (IPCC) (IPCC,
2007), are quite important when calculating the anthropogenic GHG emissions.
Using this methodology, the National Institute of Ecology and Climate Change
(INECC for abbreviation in spanish), estimated in 2010 that in Mexico, the
agriculture sector contributed 12.3% of the total GHG, and the livestock subsector
issued 6.07%, equivalent to 50% of the sector; the cattle subsector contributed
91.69% of such emissions (SEMARNAT, 2013).

In this regard, in relation to ruminants, monogastric animals are emitters of GHG
of little importance. For pigs, the IPCC (2006) assumes enteric emission factors

of CHa4 that correspond to approximately 1.2% and 2.8% of the emission factors
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of cattle. Recent work has calculated that EGHG from pigs is equivalent to
approximately 9.5% of the total emissions produced by livestock (Gerber et al.,
2013), while the contribution of poultry generates 9.7%.

Consequently, ruminants and their gaseous emissions, whether direct (through
enteric fermentation or manure) or indirect (by activities developed during forage
production and the conversion of forests into pastures or croplands), must be a
focus of attention in mitigation measures and policies. Steinfeld et al. (2009) have
calculated, based on the life cycle analysis (LCA), that the livestock sector emits
approximately 7.1 Gt of CO2eq yr?, equivalent to almost 18% of the total the
anthropogenic EGHG. These emissions can be calculated by inventory, by head
or by unit of product. One of the most recommended is the calculation per unit of
product. Figure 1 shows the EGHG of some products of animal origin per unit of

product.

Of the groups of ecological footprints mentioned, the second group to be
addressed is the WF, because the anticipated increase in the production and
consumption of products of animal origin could put more pressure on the
freshwater resources of the world. Like CF, the size and characteristics of WF
vary according to animal types and production systems (Mekonnen & Hoekstra,
2010) (Figure 2).
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Figure 1. Carbon footprint of some products of animal origin (kg COz-eq kg?)
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Figure 2. Water footprint of some products of animal origin (I kg?)

(Source: Mekonnen & Hoekstra, 2011)

The WF of a nation, company or product is an empirical indicator of how much
water is consumed, when and where, measured over the entire supply chain. It is

a multidimensional indicator, showing volumes, but also specifying the type of



water used - rainwater, surface water or contaminated water - and the place and
time of water use (AgroDer, 2012). The calculation of the WF is especially
important in products that have their origin in endorheic basins as the study area
considered in this thesis. This area of study, within the national context, is one of
the main agricultural basins of Mexico, but it is more important because it is
located in an arid zone. This region, the Comarca Lagunera (CL), has a large
concentration of farm animals, occupying the first place at the national level in

both dairy cattle and poultry.

Therefore, this research is of importance since there is currently no relevant,
accurate and long-term information on the potential of EGHG in the region.
Likewise, there is no information regarding the potential implementation of
strategies to mitigate the production of these gases, which is why this research is
fundamental for the adoption of such measures in the region. Moreover, we would
like to find the best, the most efficient and the most applicable mitigation strategies
according to the potential aptitudes observed in the study area. As previously
discussed, ruminants are, within the cattle subsector, those that have the highest
CF and WF-. In the CL the number of heads of this type of cattle amounted to 1.17
million in 2018, generating a production of 2,503.50 million liters of milk and 1
million tons of meat, with a market value of 20,794 million of Mexican pesos
(MMXP), equivalent to 925.65 million euros (M€) per year (SIAP, 2019).

In the CL the dairy cattle and feedlot cattle production systems have infrastructure
that is characterized by well-designed management pens in addition to that in this
type of mechanized farms the labor used is minimal, acquiring the product a high
added value for the level of quality obtained in these processes. In contrast, both
small ruminants and beef cattle extensive production systems under range

conditions have generally poor facilities.

Considering the above, it is essential to quantify the CF and WF of the ruminant
production systems in CL, Mexico. Later, when weighing them for economic
value, would be possible to compare such value with respect with the economic

value of production generated in the region. The above will allow to quantify the
6



El and economic (Ecl) of such productive activities. Our hypothesis proposes that
the long-term environmental impact of ruminant production systems in the CL is
greater than the economic benefit generated by these production systems. This
will allow generating information that can assist as a reference to better channel
financial resources, take appropriate measures and specific mitigation actions
that contribute to focus efforts that ensure the reduction of the ecological footprint
of livestock in arid and semi-arid areas. Besides, such analyses would facilitate
decision making, in order to contribute to the fulfilment of the goals set forth in

the reduction of EGHG and the efficient use of water in Mexico.
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2.1. General objetive

To quantify the environmental and economic impact of carbon and water
footprint as indicators of sustainability of the ruminant production systems in the

Comarca Lagunera, Mexico.

2.2. Specific objetives

To quantify the carbon and water footprint of the ruminant production

systems in the Comarca Lagunera, Mexico.

To determine the environmental impact of the main ruminant production

systems in the Comarca Lagunera, Mexico.

To develop a comparative analysis between the direct economic benefits
of the ruminant production systems and the economic costs of the carbon and

water footprint of this production in the Comarca Lagunera, Mexico.

To measure and transform the economic value of the environmental
impact, so that, it serves as a basis for the generation of mitigation policies and

actions.
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Ho. The environmental impact, evaluated as the economic cost of the
carbon and water footprint, generated by the milk-meat bovine production
systems is greater than the economic value, while such environmental insult will
be decreased in the milk-meat goat production system when compared with its

economic value in the Comarca Lagunera, Mexico.
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4.1. Global climate change (GCC)

While the world population is close to 8 billion, the UN has estimated that by 2050
that figure will increase to 9.6 billion. Parallel to this growth, both income and
urbanization will also increase, a situation that will pose unprecedented
challenges to agriculture, especially food production. However, the natural
resources needed for the production and provision of services are limited and

without capacity for expansion or growth (FAO, 2011).

The foregoing has been a matter of great concern and analysis among the
scientific community and the consequences of the overexploitation of natural
resources have been studied. Therefore, in view of the changes observed in
terrestrial dynamics, in 1992, the United Nations Conference on Environment and
Development, Rio de Janeiro, was the scenario for the Framework Convention on
Climate Change to approve the definition of climate change (CC). On this respect,
"Climate change attributed directly or indirectly to human activities that alter the
composition of the global atmosphere, and which adds to the natural variability of
the climate observed during comparable periods of time". Therefore, the concept
of CC is associated with anthropogenic consequences and adds to the natural
variability of climate (Del Valle Melendo, 2014).

One of the consequences of CC is global warming, caused by increased
concentrations of greenhouse gases (GHG), which have reached levels that had
not been present in the earth in at least 800,000 years (Moore, 2017). This has
led to an increase in the average temperature of the earth from 0.85 °C (0.65 to
1.06) during the period 1880-2012. For the case of the northern hemisphere, the
period between 1983-2012 was probably the hottest of the last 1,400 years (IPCC,
2014a).

This scenario has meant that the number of cold days and nights decreased and
the number of warm days and nights increased. In this regard, as of 1950, the
number of severe precipitations has increased in more regions than those in which

it has decreased (IPCC, 2013). Likewise, Lopez Feldman and Hernandez Cortés
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(2016), mention that the effects of climate change will be heterogeneous, both

between countries and within them and can also be extremely large.

Although the conclusions of the CC studies are clear and the impact increasingly
visible, measures to adapt or mitigate are not enough. The Paris climate
agreement aims at holding global warming to well below 2 °C and to “pursue
efforts” to limit it to 1.5 °C. To accomplish this, countries have submitted Intended
Nationally Determined Contributions (INDCs) outlining their post-2020 climate
action. However, the INDCs collectively lower emissions of greenhouse gas
(EGHG) compared to where current policies stand, but still imply a median
warming of 2.6 — 3.1 °C by 2100. More can be achieved, because the agreement
stipulates that targets for reducing EGHG are strengthened over time, both in
ambition and scope (Rogelj et al., 2016). Adaptation and mitigation measures may
include social, cultural, administrative and process changes, behavioral
modifications, construction of new infrastructure or use of technologies, structural
transformations and modifications of products, inputs or services, public policy
transformations for the purpose to cushion or take advantage of new climate
conditions (IPCC, 2007, 2014a; OECD, 2012; World Bank, 2010).

Therefore, it is essential to carry out impact studies at the local level, since most
of the studies involve national scales, complicating the analysis of local
components such as topography, soil cover, intensity of land use,
industrialization, population growth and urban development (L6pez Santos et al.,
2015). Indeed, the IPCC (2014a) mentioned that the effects of CC will reduce
economic growth, complicate efforts to reduce poverty and affect food security.
Certainly, the CC has a great diversity of negative consequences on economic
activities, the welfare of the population and ecosystems (IPCC, 2013, 2014b).
There is important evidence on this impact in agricultural activities, water,
biodiversity, sea level rise, forests, tourism, health and cities (IPCC, 2014b;
ECLAC, 2014).

This impact on practically all the global activities has promoted to both the

scientific community and governments to care about the well-being of future
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generations, and motivate them to undertake urgent mitigation measures;
quantification of the ecological footprint has shown that there is a direct
relationship among habits, lifestyles and environmental problems (Madrid de
Mejia, 2015).

4.2. Ecological footprint

Ecological footprint (EF) can be defined as the impact exerted by a certain human
community - country, region or city - on its environment; the resources and waste
generated both are considered for the maintenance of production and
consumption model community, which is why this is an environmental indicator of
inclusiveness (Rees & Wackernagel, 2000). The EF of a population is the
biologically productive area necessary to generate the resources it consumes and
absorb the waste it generates (Martinez Castillo, 2007). When considering the
analysis of consumption and waste patterns, and expressing them in biologically
productive areas, the EF shows the calculation of specific resources and adds the
effects due to lack of resources. Therefore, it is a tool that helps analyze the
demand of nature by humanity (Wackernagel & Rees, 1999). It is, in the words of
Wackernagel, an ecological accounting system (Amen et al., 2011), which shows

the consequences of actions and activities on the planet.

It should be noted that the EF does not provide information that could be useful
to understand all the dimensions of environmental complexity, such as economic
and social. Nor does it provide data on the magnitude of the depredation of natural
resources and the environment by privileged economic sectors, whose levels of
consumption and generation of waste is extraordinary. This is because the
calculation does not consider what they consume and dispose of indirectly
through their companies and businesses, or in their countries of origin, much less
in the nations where their economic interests are rooted (SEMARNAT, 2012).
However, the EF is a starting point to analyze global relations, as well as to reflect
on the type of world to inherit from future generations. For this reason, the

research processes on EF can be a reference for the scientific community and, in
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general, the population, to reflect on current lifestyles and the values on which
they rest (SEMARNAT, 2012).

Therefore, the analysis of EF should consider all scientific rigor, as the evaluation
of a system, and especially agricultural production systems is not simple, often
presenting the interrelationships between sources of impact. For example, actions
to reduce EGHG could require greater use of water, and interventions to achieve
water efficiency and water quality objectives could require greater use of energy
and, consequently, increase EGHG (Ridout et al., 2014).

Due to these interrelations, it is necessary to evaluate the environmental impact
(El) using more than one indicator of EF, emerging in recent years several studies
that suggest a more comprehensive assessment of the impacts, such as those
reported by Bosire et al., 2016; Bragaglio et al., 2018; Cardoso et al., 2016;
Gerber et al., 2015; Huerta et al., 2016; Mogensen et al., 2014; Mogensen et al.,
2016; Ogino et al., 2016; Ridoutt et al., 2014, among others. With this approach,
the concept of a comprehensive family of trace foot’s indicators were coined
(Ridoutt & Pfister, 2013). Then, it is essential to quantify the greatest number of
environmental indicators, especially those related to the production of food for
human consumption. Within these EF indicators, the attention paid during the last
few years, the carbon footprint and the water footprint stand out, which, in order
to better understand their dimensions, must be complemented with the
measurement of the economic footprint (EcF) and the Social footprint (SF).

Because CF and WF are widely addressed, the EF and SF are defined below:

Economic footprint: Its refers to Ecl of an activity, service or product. For example,
in many places tourism is seen as a great engine of the economy since it drives
other activities. But often it also generates places of very precarious works, often
seasonal, and the benefits are distributed in a very asymmetric way. In this case,
although this activity has a high EF, it is necessary to complement it with the
calculation of the CF, WF and mainly the SF, in order to be able to more correctly
measure the impact of this activity.
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Social footprint: The SF quantifies the impact of an activity, service or product in
human, labor and social matters. In the determination of the SF, factors such as
the jobs created, the distribution of resources, the excesses that may occur in the
productive sector are used. For example, some companies, through the decisions
that are made, create jobs, can put at risk human rights, fundamental principles
and rights at work, can have an impact on culture, etc. Therefore, labor practices
may or may not correctly manage working conditions and social protection, may
be sensitized to a greater or lesser extent with health and safety in the workplace
and may make a clear and convinced commitment to development and training of
people. The previous causes a footprint in society and that is precisely what we
try to measure with the HS (Ruano, 2016).

4.3. Carbon footprint

The concept of carbon footprint (CF) originated from the definition proposed by
Wackernagel and Rees, (1999). The CF refers to the area of land required to
assimilate all the CO2 produced by humanity during its useful life. However, as
global warming became important in the global agendas, the global conception of
CF became important and became common independently of EcF, however, in a
modified form (East, 2008). The term CF has been in use for several decades but
is more related as an indicator of the impact of the life cycle expressed in global
warming potential (Finkbeiner, 2009). Therefore, in recent years, it is common for
the CF concept to be seen as a hybrid, which derives its name from the EcF
concepts, and is conceptually an indicator of global warming potential (Pandey et
al., 2011). Despite the importance of knowing the capacity of the planet to sustain
life, there are few studies that report CF in terms of global hectares (Browne et
al., 2009).

Other terms used as synonymous with CF include: carbon incorporated, carbon
content, integrated carbon, virtual carbon, GHG footprint and climate footprint
(Courchene & Allan, 2008; Edgar & Peters, 2009; Peters, 2010; Wiedmann &
Minx, 2007). For Wiedmann and Minx (2007) the CF is the exclusive total amount
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of carbon dioxide emissions that is directly and indirectly caused by an activity or
that accumulates during the life stages of a product. However, subsequent
research and the use of more precise methods for the calculation of CF,
suggested including other GHGs, in addition to only CO2 (Browne et al., 2009;
Edgar & Peters, 2009; Eshel & Martin, 2006; Ferris et al., 2007; Garg & Dornfeld,
2008; Good Company, 2008; Johnson, 2008, Mays et al., 2009).

Considering that the CF is associated with money transactions in the form of
taxes, carbon credits, or certifications, the precise calculations of the CF are
essential to facilitate comparisons. Despite the dissents prevailing in its
calculation, the amount of CO2z equivalents (COz2-eq) based on the global warming
potential of 100 years, has been accepted as a reporting unit of the CF (DBSI,
2011). Hammond (2007) mentions that "footprints are spatial indicators".
Therefore, the term CF should be called "carbon weight" or "carbon mass" (Jarvis,
2007). But the calculation of the amount of CO2-eq has been proposed as the unit
measure of the CF because its calculation is adequate and widely accepted
(Lynas, 2007).

Thus, CF can be defined as "the amount of GHG expressed in terms of CO2-¢q,
emitted to the atmosphere by an individual, organization, process, product or
event within a specified limit". Also, the type of GHG and the limits are defined
according to the methodology adopted and the objective of the calculation of the
CF (Pandey et al., 2011).

4.3.1. Carbon footprint from the livestock industry

Greenhouse gases (GHG) are the gaseous components of the atmosphere,
whether natural or anthropogenic, that absorb and emit radiation at certain
wavelengths of the infrared radiation spectrum emitted by the Earth's surface,
atmosphere and clouds. The main GHG are water vapor (H20), carbon dioxide
(CO2), nitrous oxide (N20), methane (CH4) and ozone (Os3); sulfur hexafluoride
(SFs); hydrofluorocarbons (HFC) and perfluorocarbons (PFC) were created
entirely by humans (Benavides Ballesteros & Ledn Aristizabal, 2007). The
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contribution to the greenhouse effect is different and depends on at least three
factors:

1) the concentration or abundance, referred to the amount of gas present in the

air, generally measured in parts per million (ppm),

2) the permanence or time that said gas persists in the atmosphere for different

time scales, there are ranges ranging from tens to hundreds of years, and

3) its warming potential; for each gas a heating potential (GWP) has been
calculated to reflect how much energy they absorb; the more they absorb energy,

the more efficient they are to make the planet warm (Table 1) (EPA, 2017).

Table 1. Global warming potentials (GWP) (100-year time horizon)

Gas GWP
Carbon Dioxide (CO2) 1
Methane (CH4)? 25
Nitrous Oxide (N20) 298
Hexafluoropropane-23 (HFC-23) 14,800
Hexafluoropropane-32 (HFC-32) 675
Hexafluoropropane-125 (HFC-125) 3,500
Hexafluoropropane-134a (HFC-134a) 1,430
Hexafluoropropane-143a (HFC-143a) 4,470
Hexafluoropropane-152a (HFC-152a) 124
Hexafluoropropane-227ea (HFC-227ea) 3,220
Hexafluoropropane-236fa (HFC-236fa) 9,810
Hexafluoropropane-431mee (HFC-431mee) 1,640
Tetrafluoromethane (CF4) 7,390
Hexafluoroethane (C2Fe) 12,200
Perfluorobutane (CsF10) 8,860
Perfluorohexane or Tetradecafluorohexane (CsF14) 9,300
Sulfur Hexafluoride (SFs) 22,800
Nitrogen trifluoride (NFz) 17,200

@ The CH4 GWP includes the direct effects and those indirect effects due
to the production of tropospheric ozone and stratospheric water vapor. The
indirect effect due to production of CO:2 is not included. Source: IPCC
(2006)
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Several investigations have reported that the concentration of GHG in the
atmosphere has increased markedly during the last 250 years, since the
beginning of the industrial revolution and the increase in the use of fossil fuels
(Chukwuocha et al., 2011). Of these gases, methane is the second most abundant
gas in the atmosphere after CO2 and in the last 25 years, its emissions have
doubled (Denman et al., 2007; IPCC, 2007). For its part, nitrogen dioxide has a
residence time in the atmosphere of 125 years and its emissions have increased
by 19% since the industrial revolution (Flickiger et al., 2004), contributing to the
imbalance observed in the nitrogen cycle to the great increase in the use of
fertilizers in crops (Delgado & Follet, 2010).

If the evident global warming potential of these GHG is considered, small changes
in the productive sectors can contribute significantly to mitigate global warming. It
IS also necessary to consider the environmental costs of productive activities,
including agricultural production and especially animal production, which have
been subject to extensive analysis and discussion (Meza-Herrera et al., 2015,
2016).

Several studies have been published, with different results on the responsibility of
agriculture on the anthropogenic emissions of GHG (Cardoso, 2012). Where we
find ranges that range from 30 to 35% of emissions (Foley et al., 2011), 22.5%
(Rota & Sidahmed, 2010), and close to 20% (IPCC, 2007). More specifically, it
has been reported that agricultural activities emit 25% anthropogony’s CO2 flows,
60% of total CH4 emissions, and 65-80% of total N2O flows (Denman et al., 2007;
Robertson, 2004). Figure 3 concentrates the main sources and sinks of these

EGHG in ecosystem processes including the livestock sector.
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Figure 3. The main greenhouse gas emission sources/removals and processes in
managed ecosystems

(Source: IPCC, 2006)

Globally, the livestock sector is responsible for 18% of the total EGHG, mainly
due to deforestation to establish grasslands, cultivation of grains for animal feed,
fermentation of the rumen and livestock waste (Steinfeld et al., 2006). Considering
only the agricultural sector, livestock represents 80% of total emissions (Cardoso,
2012); this sector occupies 30% of the tundra-free land surface (Steinfeld et al.,
2006). However, livestock is of central importance since nearly one billion people
in poverty depend on livestock for at least part of their survival in the absence of

viable economic alternatives, mainly in developing countries (SCOPE, 2010).

Additionally, livestock systems have positive and negative effects on natural
resources, public health, social equity and economic growth (World Bank, 2009).
Livestock is one of the fastest growing subsectors of agriculture in developing
countries (Thornton, 2010). This growth is induced by the situations already
mentioned with respect to the growing demand for products of animal origin, and
this in turn is induced by the increase in human world population, urbanization
and economic growth in developing countries (Delgado, 2005).
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Cattle’s EI must be evaluated in terms of direct and indirect GHG emissions.
Direct emissions of CHa include enteric fermentation and manure excretion, while
urine is responsible for N20 emissions (Jungbluth et al., 2001). Emissions of COz2
by means of respiration are considered to be the equilibrium of the plant species
that integrate atmospheric CO2 into organic compounds and that are used in
animal feed (Steinfeld et al., 2006). Indirect emissions are no directly generated
by livestock, but depend on emissions from manure, the cultivation of grains for
animal feed and the use of fertilizers, deforestation linked to livestock raising,

desertification and transport (Mosier et al., 1998).

Some aspects that determine the emission of CHas by livestock are: a) level of food
consumption, b) digestibility of the same, c) feeding method, and d) supply of
unsaturated fatty acids in the diet (Enishi, 2007). This emission is part of the
natural process of digestion and the gas is produced in the livestock rumen due
to methanogenesis carried out in the reticulum-rumen and large intestine of cattle
(Alemu et al., 2011). Chukwuocha et al., (2011) reported high concentrations of
methane gas in livestock farms, compared to dry air at sea level (2.80 £ 0.46 ppm

vs. 2.0 ppm, respectively).

For the estimation of the EGHG, this research is related to the factors and
emission indices for the IPCC (Hongmin et al., 2006), including the inventory of
livestock, the level of production, and the type, consumption and digestibility of
the maintenance allowance. The IPCC establishes the conversion rates of these
emissions in equivalents of Global Warming Potential of carbon dioxide. These
equivalences correspond to: a unit of CH4 = 25 units of CO2 and one unit of N2O
= 296 units of CO2 (IPCC, 2006). Likewise, we have established an international
price for carbon emissions, which allows us to calculate the impact of emissions
from an economic perspective, the price of 15.75 € t! of COzeq, (309.48 MXP)
(Environmental Finance, 2011; Thompson Reuters, 2011).
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4.3.2. Carbon footprint of ruminant production

The future of food security and energy supply are of great importance. Livestock,
mainly ruminants, occupy 80% of anthropogenic land use (Stehfest, 2009) and
consume about 35% of agricultural crops (Foley et al., 2011), so they are in direct
competition with production of crops for human consumption, and with alternative
land uses with great potential for the production of bioenergetic crops and nature
conservation, in addition to being responsible for a significant percentage of the
EGHG (Smith et al., 2010).

As of the year 2000, the EGHG directly related to animal production have
increased by around 1.1%. Also, since the 1960's the intensity of the EGHG of
animal production, that is, the emissions generated on the farm per kilo of meat
or per liter of milk produced, has decreased significantly (38% to 76% for different
livestock products). However, it is expected that the demand for food of animal
origin will continue to increase in the coming decades, requiring a greater
reduction in the intensity of expression of these emissions, to reduce the
environmental burden generated by products of animal origin and thereby
guarantee enough supply of high-quality food. Intensive systems tend to generate
higher total GHG emissions, but less intensity when compared to extensive low-
performance systems. The gap between producers of high and low emission
intensity is indicative of the significant mitigation opportunities that exist (GRA &
SAl, 2015).

Of the GHG other than CO2, methane is the most abundant and has the potential
for faster reductions in radioactive forcing, since it has a shorter atmospheric life,
approximately 9 years, compared to CO2. There are several important
anthropogenic sources of CHs4 emission: ruminants, fossil fuel industry, landfills,
biomass burning and rice production (Figure 4). However, ruminants stand out for
four reasons: a) ruminant production is the largest source of anthropogenic
emissions of CH4 and occupies more land area than any other use; b) the relative
negligence of this source of GHG suggests that the importance given to it has

been underestimated; c) reductions in the number of ruminants and the
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production of ruminant meat would simultaneously benefit world food security,
human health and environmental conservation, and finally d) decreases in
ruminant populations throughout the world could be achieved quickly and

relatively cheaply throughout the right policies (Ripple et al., 2013).
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Figure 4. Estimated annual anthropogenic emissions from major sources of
methane in recent years. Error bars represent 1 standard deviation.

(Source: Ripple et al., 2013)

Ruminants are herbivores that consume and digest plants through the process of
enteric fermentation in a stomach of multiple cameras. In rumen, methane is
produced as a byproduct of microbial digestive processes. Monogastric animals,
such as pigs and poultry, have a single chamber stomach to digest food, and their
methane emissions are negligible compared to ruminants. There are no available
estimates of the number of wild ruminants, but it is likely that domestic ruminants
greatly exceed the wild population and on average, 25 million domestic ruminants
add each year to the planet, with 2 million per month in the last 50 years (Ripple
et al., 2013).

4.4. Water footprint (WF)

Water covers approximately three quarters of the earth's surface, however, less
than 2.5% is fresh water, accessible to meet human needs (Liu et al., 2015). Both
water resources and the range of ecosystem services it provides, promote poverty
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reduction, stimulate economic growth and enhance environmental protection
(WWAP, 2006; Hu et al., 2016). Therefore, water is considered the main axis for
sustainable development (Gao et al., 2014; Malghan, 2010).

Although the water flow seems constant, the anthropic intervention has altered its
global cycle, mainly modifying its speeds and residence times in the different
reservoirs (Haddeland et al., 2014; Hanasaki et al., 2013; Nilsson & Pettersson,
2015). One of the main reasons why water is extracted from reservoirs is food
production (Konar et al., 2011). Indeed, agricultural withdrawals represent 70% of
total water directly (WWAP, 2006). By 2050, it has been proposed that the
demand for water for agriculture be increased by 55%, particularly in developing
countries and with emerging economies (Gray & Sadoff, 2007; Wang et al., 2016).
In these countries it is a priority to implement a consensual water policy, since the
lack of water resource management, the expansion of irrigation agriculture and
climate change, have significantly deteriorated this natural resource (Fulton et al.,
2014; Hu et al., 2016; Wang et al., 2016). Therefore, it is essential to evaluate the
resource through indicators such as the water footprint (De Miguel et al., 2015;
Hoekstra et al., 2015; Martinez-Austria, 2013).

The concept of WF was introduced by Hoekstra and Hung in 2002 and represents
a useful indicator to estimate the consumption of water invested in the production
of goods or associated with the different sectors of economic activity (Hoekstra &
Hung, 2005; Allan, 2006). In addition, it has been proposed as a tool that identifies
the effects of agricultural production, providing information and possible solutions
for decision-making, thus contributing to efficiently manage water resources
(Cazcarro et al., 2015; Hoekstra, 2010a, b; Hoekstra, 2013). The WF as an
integral indicator of the direct and indirect use of freshwater resources, recognizes
the importance of surface and groundwater freshwater, as main components of
the environment and society (Chapagain & Orr, 2009; Falkenmark & Rockstrom,
2004, 2006; Rodriguez-Casado et al., 2009). The WF can be calculated and

applied for a process, product, consumer, in a country, basin or geographic area,
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measured in terms of volume of water used and(or) contaminated (Hoekstra et
al., 2016).

Traditionally, WF as an indicator of sustainability, was calculated using the same
input values, independent of the extent of the area or its seasonal variability
(Hoekstra & Hung, 2005). However, recently, more complexity is included in the
models, when estimating the limits on water consumption (Mekonnen et al., 2011;
Nana et al., 2014). To calculate the WF values, water balance variables are used
in different time resolutions and spatial scales, so they vary in complexity and in
the data input (Mekonnen et al., 2015; Liu, 2009; Liu et al., 2012; Siebert & Ddll,
2010).

4.4.1. Water footprint from the livestock industry

The livestock sector is attributed a very important part of the WF generated by
agriculture, it has been estimated that approximately 30% of the WF of agriculture
is directly related to the livestock sector (Mekonnen & Hoekstra, 2012; Schlink et
al., 2010). In this way, numerous researchers have reported the volume of water
consumed and/or contaminated by various livestock production systems,
identifying in all of them that the production of fodder for livestock feed is one of
the activities with the greatest impact, highlighting the reports by Chapagain and
Hoekstra, 2003; Gerbens-Leenes et al., 2013, 2011; Hoekstra, 2010c; Mekonnen
and Hoekstra, 2012; Ridoutt et al., 2012a; Ridoutt et al., 2010; among many
others. According to FAO (2019), during 2012, 37% of the cereals produced in

the world were destined for livestock feed.

In this sense, the livestock sector is an important user of natural resources such
as soil and water, estimating that it uses about 35% of the total farmland and
about 20% of the blue water for forage production (Opium et al., 2011). In addition,
it has been estimated that this sector uses an equivalent of 11,900 km?3 per year
of fresh water, which is approximately 10% of the global annual water flow,
estimated at 111,000 km3 (Deutsch et al., 2010). For the year 2010, the green
water allocated for forage production was 2,290 km? (Weindl et al., 2017). A
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comparison between the results of different models confirmed that the use of
green water in world crop production is 4 to 5 times higher than the human
consumption of blue water. The above demands that of all available options and

resources for green-blue water management in food production (Hoff et al., 2010).

Given the demand and competition between users, sectors and uses of available
water, it is essential to understand the distribution and demand of fresh water in
livestock production (Busscher, 2012; Hoekstra et al., 2012; Ridoutt et al., 2014).
The use of water for the livestock sector should be considered as an integral part
of the management of agricultural water resources, considering the type of
production system (pasture cultivation, mixed crop-livestock systems) and the
scale (intensive or extensive), the species and breeds of cattle and the social and
cultural aspects of livestock (Schlink et al., 2010). For example, for every liter of
milk produced, a cow needs at least three liters of drinking water (Krauf3 et al.,
2016).

For high performance cows, the water requirement corresponds to 150 liters of
water per day, and the reduction in the amount of water consumed is directly
correlated with a reduction in milk production. Water intake is mainly related to
the size of the animal, age, diet (type of food, dry matter content, etc.), activity,
productivity and temperature, among other factors. Livestock production is a
complex process, characterized by a wide variety of practices and production
systems, some of which depend on a wide range of inputs to function (FAO,
2018).

4.4.2. Water footprint from the ruminant production

Globally, ruminants play a crucial role in food production, since they make use of
plant resources, such as pastures, from which humans can obtain little nutritional
value (Guyader et al., 2016). Besides, the intensive production of ruminants uses
water for drinking, growing food or fodder, eliminating waste, cleaning in general
(Legesse, et al., 2017). The quantification of the water footprint of anthropogenic

activities that involve the production of ruminants is a relatively new research field,
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in which methodologies are still being developed (Legesse, et al., 2017). Interest
in the use of water for the production of food of animal origin has increased in the
last two decades, in part, in response to consumer concerns about the

environmental impacts of food production (Hoekstra, 2012; Ridoutt et al., 2012a).

The expected increase in demand for livestock products and the increase in the
number of animals will put an increased pressure on freshwater resources. In
some arid areas where crop production is not viable due to scarcity and unequal
distribution of water, grazing cattle, mainly ruminants, may be the only viable
means to make use of erratic rain for production of grassland and shrubs that
would not otherwise have been used (Cook et al., 2009). Therefore, quantifying
the use of water associated with the production of ruminants and their products is
crucial to identify strategies for the sustainable use of available water resources

and prevent the expansion of desertification (Legesse, et al., 2017).

In tables 2 and 3, the use of water associated with the production of bovine and
sheep meat and bovine milk is compared. The variation in water use estimations
reflects the differences in the methods, the assumptions assumed, the scale of
the analysis, as well as the functional units used. In general, water use estimates
from life cycle assessment (LCA) studies are generally lower than those obtained
with livestock water productivity (LWP). This could be a consequence of the
exclusion of green and gray waters and the exclusion of blue water based on the
local water shortage with the LCA approach (Legesse, et al., 2017). There are
regional differences in water consumption associated with livestock products, as
a result of differences in production systems and their productivity (Mekonnen &
Moekstra, 2012; Gerbens-Leenes et al., 2013; Sultana et al., 2015).
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Table 2. Some water utilization values associated with the production of beef, milk and sheep meat reported as an

assessment of the water footprint

Region/ Estimate
Product  Funcional unit! country Blue Green Gray Total Source
| H.O kgt Germany 3.94 - - 3.94 Drastig et al., 2010.
| H.O kg? World - - - 990 Hoekstra & Chapagain, 2007.
Milk | H.O kg?t World 86 863 72 1,021 Mekonnen & Hoekstra, 2012.
| kg (ECM?)1 World 121 1,466 106 1,693 Sultana et al., 2014.
I H.O kg New Zonderland-Thomassen &
(FPCM3) L Zealand ; ; 945 and 1,084 Ledgard, 2012.4
| H.O kgt England 67 14,900 2,690 17,657 EBLEX, 2010.

Beef | H.O kg?t World - - - 15,497 Hoekstra & Chapagain, 2007.
| H.O kg? World 550 14,414 451 15,415 Mekonnen & Hoekstra, 2012.
| H.O kgt England 49 55,800 1,910 57,759 EBLEX, 2010.°

Sheep | H.O kgt World - - - 6,143 Hoekstra & Chapagain, 2007.

meat | H.O kg? World 522 9,813 76 10,412 Mekonnen & Hoekstra, 2012.

| H.0 kg (LW®)*? Chile 193 6,034 151 6,378 Toro-Mujica et al., 2016.

lUnless specified, the functional unit is a kilogram of the respective product.

2ECM = energy-corrected milk.
SFPCM = fat—protein—corrected milk.

“Investigated dairy operations in 2 contrasting regions.

5Green water estimate in this study includes rainfall used to produce all feed crop biomass (including pasture) at the place

where it falls.
SLW = live weight.
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Table 3. A comparison of water use values associated with beef, milk, and sheep meat production from various approach

Product Funcional unit Estimate Region/country Approach Source
| H-.O kg (FPCMY)? 66 The Netherlands LCA? De Boer et al., 2013.
| H.O kgt 1,000 Ethiopia LWP3 Gebreselassie et al., 2009.
| (H.0-eq*) kg FPCM™? 461 California, United States LCA Huang et al., 2014.
| H.O-eq kg FPCM? 11 China LCA Huang et al., 2014.
Milk | H.O-eq kg FPCM? 0.01 New Zealand LCA Huang et al., 2014.
kg (FCM®) m3 1.0-1.7 Germany LWP KrauR et al., 2015.
| H-O kg (TMSW®)? 108.0 Australia LCA Ridoutt et al., 2010.
| H.O kg (TMSS')* 15.8 Australia LCA Ridoutt et al., 2010.
| HO-eq kg TMSW! 14.4 Australia LCA Ridoutt et al., 2010.
| H,O-eq kg FPCM?! 0.011-11.1 New Zealand LCA Zonderland-Thomassen & Ledgard, 2012.
| H2O kg boneless beef* 3,682 United States Beckett & Oltjen, 1993.
| H.O kg beef carcass™ 1,763 United States Capper, 2011.
| H.0 kg (LW?8)? 9,818-12,855 Australia LCA Eady et al., 2011.
| H.O kg meat™ 11,500 Ethiopia LWP Gebreselassie et al., 2009.
| H,O kg (HSCW?)1 18-540 Australia Hybrid LCA Peters et al., 2010.
Beef | H20 kg beef? 43,000 United States Pimentel et al., 2004.
| H20 kg beef? 105,400 United States Pimentel et al., 1997.
| H.0-eq kg LW 3.3-221 Australia LCA Ridoutt et al., 2011.
| H.O kg LW 24.7-234 Australia LCA Ridoutt et al., 2012b.
| H20 kg beef? 200,000 United States Thomas, 1987.
| H.0-eq kg LW 0.37 New Zealand LCA Zonderland-Thomassen et al., 2014.
| HO-eq kg beef? 15.1-20.0 United Kingdom LCA Zonderland-Thomassen et al., 2014.
Sheep | H.O kg LW 58.1-238.9 Australia LCA Wiedemann et al., 2016.
meat | H,O-eq kg meat™ 0.26 New Zealand LCA Zonderland-Thomassen et al., 2014.
| H,O-eq kg meat™ 8.4-23.1 United Kingdom LCA Zonderland-Thomassen et al., 2014.

"TMSS = total milk solids in skim milk.
8LW = live weight.
°HSCW = hot standard carcass weight.

IFPCM = fat—protein—corrected milk.
2LCA = life cycle assessment.
3LWP = livestock water productivity.

“H,0-eq = water equivalent.
SFCM = fat corrected milk.
5TMSW = total milk solids in whole milk.
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Likewise, as with the EGHG, in the present study, an international price of the
cubic meter of water has been established, in order to calculate the impact of the
estimates made on the use of water, from an economic approach. For this
economic quantification of WF, the average price per cubic meter of water was
considered in some countries of the European Union (Denmark, Germany, the
Netherlands, Belgium and France, among others), as reported by Kjellsson and
Liu (2012) of € 3.5 m3 (59.81 MXP).

4.5. Livestock production

4.5.1. Livestock production in the world

Livestock occupies more than 3,900 million hectares that represent about 30% of
the land area, of these, 500 million are intensively cultivated, 1,400 million are
relatively high-productivity pastures and 2,000 million are extensive-use pastures,
with relatively low productivity (Pérez-Espejo, 2008). In Latin America, the
expansion of grazing lands is a very important factor for deforestation: 70% of arid
and semi-arid grazing lands are degraded, mainly due to intensive grazing, soil
compaction and erosion caused by the cattle (FAO, 2006). Another of the most
notable effects of grazing is the gradual substitution of native vegetation with
monocultures which threatens biodiversity (Garcia & Jurado, 2008). It is estimated
that in the last 100 years the extinction of species has increased at rates 1,000
times higher than that recorded in the entire history of mankind; there are well-
documented extinctions of birds, mammals and amphibians (MEA, 2005) and at

least 15 of 24 ecosystems are in decline (Steinfeld et al., 2009).

However, globally, cattle contribute to the diet of 7,000 million people; this
contribution is very complex and multidimensional (Smith et al., 2013). This
multidimensionality increases when faced with one of the most pressing
challenges, which is to feed the world's poor, due to the growth of the human
population and, consequently, to the increasing pressure they exert on natural
resources. In this sense, livestock has an important function, since it provides high
quality protein to consumers and middle income to producers (FAO, 2011).
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In addition, foods of animal origin are preferred by many people in various
societies, as they add flavor, texture and variety to the diet. The products of the
livestock sector represent about 13% of the energy and 28% of the protein
consumed worldwide; in developed countries, this rises to 20% and 48%,
respectively (FAO, 2009). Globally, around 17 billion cattle are produced in three
types main production systems: a) intensive or confined systems, b) mixed

systems crop-livestock, c) extensive grazing (Herrero et al, 2013, 2012).

Despite the above and considering that there is a general agreement on the
potential benefits of animal foods, there are no global guidelines that provide an
ideal level of consumption of these products for an individual. Excessive or
inappropriate consumption of livestock products is risky and harmful to health; a
high consumption of red meat can increase the risk of colon cancer, while a high
intake of saturated fats and cholesterol from meat, dairy products and eggs can
increase the risk of chronic non-infectious diseases such as cardiovascular
diseases (SCN, 2005).

However, the consumption of food of animal origin depends not only on
availability, but also on the volume of production and the trade balance of exports
and imports (FAO, 2011). During the last decades, the production of meat, eggs,
milk and honey experienced a constant growth. This growth being significant,
especially in the production of poultry meat, which was multiplied by 10.32, that
of eggs by 4.62 and that of pork by 3.54 (Table 4). In addition, in the decade
between 1995 and 2005, the global growth rate of meat and milk consumption
and production presented an average of 3.5% and 4.0%, respectively,
representing twice the growth rate of the main staple crops during the same period
(FAO, 2012).
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Table 4. Changes in global livestock production total and per person 1967 to 2017

tem Production (Mt) Production per person (kg) GPV
1967 2017 2017/1967 1967 2017 2017/1967 (B€; BMXP)!
Pig meat 33.86 119.89 354% 9.73 15.88 163% 0.034; 0.750
Beef meat 35.27 66.25 188% 10.14 8.77 87% 0.255; 5.550
Poultry meat 10.57 109.1 1,032% 3.04 14.44 476% 0.182; 3.966
Sheep and goat meat 6.49 15.35 236% 1.87 2.03 109% 0.073; 1.583
Eggs, primary 17.32 80.09 462% 498 10.61 213% 0.089; 1.931
Milk, total 381.80 827.9 217% 109.74 109.65 100% 0.291; 6.336
Natural honey 0.75 1.861 247% 0.22 0.25 114% 0.006; 0.132

1GPV (B€; BMXP) = Gross Production Value (current billion of euros; current billion of Mexican

pesos) in 2016.
Source: FAO, 2019.

Considering, the availability of economic information, which comes from different sources and in different currencies, table

5, presents the equivalences previously used and in the subsequent of all this thesis.

Table 5. Exchange rates used in the current thesis-dissertation

* Coin
year Mexican pesos (MXP) United States dollars (USD) Euros (€)
2014 17.9182 1.2155 1.00
2015 18.7873 1.0892 1.00
2016 21.7741 1.0560 1.00
2017 23.5729 1.1989 1.00
2018 22.4643 1.1432 1.00

*Value reported on the last eligible day of each year
Source: Banxico, 2019.
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From 1970 to 1990, meat consumption in developing countries increased by 70
million tons, representing almost three times the increase observed in developed
countries (Delgado et al., 2001). Likewise, by 2020 it is expected that developing
countries have a consumption of 107 million tons more than what was consumed
at the end of the nineties (Delgado, 2003). This increase in consumption has
caused an accelerated livestock growth. Certainly, Latin America has become the
largest exporter of beef and poultry in the world, representing about 45% of gross
domestic product (GDP) agriculture of the region (FAO, 2017).

These increases in meat production, has also caused a growing concern to
achieve sustainable food production, the ideal would be that the contribution of
livestock to such sustainability was, at least neutral. The conversion of natural
resources into food for human consumption should be as efficiently as possible,
the foregoing, having as one of the purposes to ensure that the present and future
world population have the possibility of consuming a diversified diet that includes
products of animal origin. However, globally, this situation does not arise,
suggesting a possible negative trend, considering that an annual consumption of
77 million tons of vegetable proteins is estimated to produce 58 million tons of

animal proteins (Steinfeld et al., 2006).

4.5.2. Livestock production in Mexico

In Mexico, for 2017, the GDP of primary activities closed with a growth of 3.4%,
highlighting agriculture with 3.9%; in the first quarter of 2018 the GDP of primary
activities grew to 5.2%. The balance of the food trade balance in 2017 recorded
a surplus of 4,394.21 M€ (103,584.16 MMXP), representing an increase of 65.9%
over 2016 and the highest since 1993. This trend continued in the first quarter of
2018, where the surplus balance was 3,672.68 M€ (86,575.75 MMXP), 14%
higher than the surplus recorded in 2017 in the same period (SAGARPA, 2018).
In 2012, primary activities had a 3.4% patrticipation in total GDP, where agriculture
stood out with 66%, followed by livestock with almost 30% participation (Table 6).

Undoubtedly, these activities are of great relevance for Mexico, since they
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produce the basic foods that Mexicans consume and in rural areas they inhabit

about a quarter of the country's total population (DOF, 2013).

Table 6. Participation of primary activities in Mexico

Activity Participation in GDP in 2012 (%)
Agriculture 65.9%
Livestock 28.8%
Forestry 2.6%
Fishing, hunting and capture 1.5%

Services related to agricultural
1.2%

and forestry activities
Source: DOF, 2013.

In 2017, Mexico ranked 11" place as a world producer of food, agricultural crops
and livestock primary; in the case of fisheries and aquaculture, Mexico occupied
the 17" place. Livestock in Mexico plays a key economic role; livestock production
(meat, milk, egg, honey, fish), contributes 7.4% (21 million tons) of food
production, but such production contributes 41.6% to the income of the agri-food
sector. In the same way, livestock activities generated labor activities for 776,722
people, which represented 11% of primary sector workers, below agricultural
activities (6,006,521 people, 85%), and above fishing activities (171,829 people,
2%) and some other unspecified primary activities (101,672 people, 1%) (SIAP,
2018).

In Mexico, for 2017, 21.6 million hectares were cultivated, in contrast to the 109.8
million hectares dedicated to livestock. The total number of people who raised
and/or fed the cattle herd, shown in table 7, amounted to 786,000 (SIAP, 2018).
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Table 7. Composition of the cattle herd in Mexico (2017)

Item Quantity (millions of heads)
Poultry 560.00
Bovine 34.30
Pig 17.20
Sheep 8.90
Goat 8.70
Hives* 1.90

*Millions of hives

Source: SIAP, 2018.
According to INEGI (2016), in its results of the update of the agricultural census
framework, there are around 9.3 million rural lands that represent around 97% of
the territory of the country and occupy an area of 190.3 million hectares (76.3%
social property and 20.9% private property). Large producers have an average of
94 hectares, while medium and small producers have an average of 13 hectares.
Of these, 1 million 66 thousand rural lands, report having to livestock as main
activity, representing cattle 77.9%, 7.1% poultry, pigs, sheep, goats and hives,
and the remaining 15% reported other species. Four entities have a rural area of
more than 10 million hectares: Chihuahua 24.3 million, Sonora 17.8 million,
Coahuila 14.7 million and Durango 12.1 million hectares (INEGI, 2016).

The livestock areas of Mexico are divided mainly by the climatic characteristics
and the ecology of the places, since it has a great diversity of soils, topographies,
vegetation and climates. Due to the different climatic characteristics and the soil-
plant-animal relationship, the Mexican geography has been divided into five large
regions, which were described by Jaramillo-Villalobos (1994), the main
characteristics being the following:

1.- Arid. It circumscribes 28% of the national surface with an area of 55.7 million
hectares. It is located in the states of: Baja California, Baja California Sur, Sonora,
Chihuahua, Coahuila, Nuevo Leodn, Sinaloa, Durango, Zacatecas and San Luis
Potosi. General characteristics: It has at least 7 dry months per year, rainfall less

than 350 mm per year, average annual temperature between 15°C and 25°C.
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With a vegetation cover less than 70% and is dominated mainly by xerophytic
species. The study area is located within this region.

2.- Semi-arid. It contains 20% of the national surface with an area of 39.2 million
hectares. It is located in the states of: Sonora, Durango, Coahuila, Nuevo Leon,
Zacatecas, San Luis Potosi, Tamaulipas, Sinaloa, Guanajuato, Jalisco, Hidalgo,
Puebla, Queretaro, Mexico, Oaxaca, Aguascalientes, Michoacan, Tlaxcala and
Veracruz. General characteristics: They have 6 to 8 dry months per year, rainfall
between 350 mm and 600 mm per year, average annual temperature between
18°C and 25°C. With a vegetation cover greater than 70% and is mainly
dominated by thickets and grasslands.

3.- Tempered. It represents 24% of the national surface with an area of 46 million
hectares. It is located in the states of: Baja California, Chihuahua, Durango,
Jalisco, Puebla, Chiapas, Oaxaca, Michoacan, Guerrero and Mexico. General
characteristics: In this region there is a diversity of climates with rainfall ranging
from 500 to 2,500 mm, for dry climates it can descend to 200 mm and for hot
climates it can increase to 4,000 mm. The average temperature can vary between
12°C and 22°C, being able to descend to 6°C in temperate climates and reach
24°C in dry ones. The vegetation that predominates in this region are the oak

forests.

4.- Dry Tropic. It constitutes 16% of the national surface with an area of 31.7
million hectares. It is located in the states of: Sinaloa, Jalisco, Nayarit, Sonora,
Tamaulipas, Veracruz, Michoacan, Guerrero, Oaxaca, Chiapas, Yucatan and
Campeche. General characteristics: In this region there are rainfalls ranging from
600 mm to 1,300 mm per year, with an average annual temperature of around
18°C. The vegetation that predominates in this region is the deciduous forest and

subcaducifolia.

5.- Humid tropics. It makes up 12.2% of the national surface with an area of 24
million hectares. It is located in the states of: Veracruz, Puebla, San Luis Potosi,
Nayarit, Oaxaca, Chiapas, Tabasco, Campeche, Quintana Roo, Yucatan and
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Michoacan. General characteristics: In this region there is an annual rainfall of
more than 1,300 mm, and an average annual temperature of 20°C. The

vegetation that predominates are evergreen and sub-evergreen jungles.

In each region different production systems are carried out, with different use of
technologies and different production market or purpose according to ecological
conditions, which has contributed to the growth in production in Mexico in recent

years (Table 8).

Table 8. National summary of livestock production in Mexico, over the years
(2014-2018)

Item/Year 2014 2015 2016 2017 2018
Milk* 11,285.44 11,553.55 11,767.73 11,969.88 12,171.89
Bovine 11,129.92 11,394.66 11,607.49 11,807.56 12,008.24
Caprine 155.52 158.89 160.24 162.32 163.65
Meat** 6,114.63 6,263.32 6,449.95 6,690.89 6,910.64
Bovine 1,827.32 1,850.13 1,879.32 1,925.36 1,980.21
Porcine 1,290.48 1,322.51 1,376.10 1,439.93 1,501.22
Caprine 58.29 59.40 60.36 61.60 62.94
Ovine 39.75 39.36 39.53 39.66 39.85
Chicken***  2879.56 2,972.96 3,077.87 3,207.35 3,309.34
Guajolote 19.24 18.97 16.76 16.99 17.08
Other
2,626.88 2,714.17 2,775.83 2,876.05 2,993.91
products**
Egg 2,567.18 2,652.29 2,720.74 2,825.06 2,931.59
Honey 59.69 61.88 55.08 51.00 62.32

* In millions of liters

** |In thousands of tons

*** Refers to chicken, light and heavy hen that has finished its productive cycle.
Source: SIAP, 2019.

4.5.3. Livestock production in the Comarca Lagunera

The CL is located in the central part of northern United Mexican States, between

the meridians 102° 22' and 104° 47' west longitude, and the parallel 24° 22" and
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26° 23' north latitude. The average altitude above sea level is 1,139 meters. It has
a mountainous extension and a flat surface where agricultural areas are located,
as well as urban areas (SAGARPA, 2014). According to the Kdppen climate
classification modified by Garcia (1973), the climate of the CL is of the desert type
with low atmospheric humidity and average annual rainfall of 240 mm; the rain
period lasts from May to September, concentrating 70% of the precipitation. Most
of the region shows an annual evaporation of 2.600 mm and an average
temperature of 20°C (De la Cruz et al., 2003).

The region has a total area of 4.79 million hectares, which include mountain,
agricultural and livestock areas, as well as urban areas. The agricultural area
under the irrigation modality represents 3.62% of the total extension, while the
surface under the temporary modality only reaches 1.10% of said extension. It
should be noted that the irrigation mode includes both pumping and gravity
irrigation. Surface’s sown, the ejido sector accounted for 57% and industry small
property remaining 43%, however, most of the ejido sector’s production is leased
by the private sector, specialty for the production of fodder. The area sown by
pumping is mostly concentrated by the private sector (64%); 91.70% of the
territory of the CL (4.39 million hectares), presents livestock-forestry aptitude
(SAGARPA, 2014).

The Comarca Lagunera is made up of 10 municipalities in the state of Durango

and 5 in the state of Coahuila (Figure 5).
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United States of Mexico

Figure 5. Location of the Comarca Lagunera
(Source: Prepared with information from the SAGARPA, 2014).

In relation to the total livestock activity of the CL, in 2018 it is observed a growth
rate below the average national growth but exceeding the growth of the
agricultural sector of the region, and even of the region itself. In an historical
analysis considering five years (2014-2018), while the country showed an
increase of 6.55%, the CL decreased 2.65%; the agricultural sector of the CL had
a 7.72% increase and the livestock subsector decreased by 11.49%. Please note
that such decreasing trend was observed when converting Mexican pesos to
euros, as shown in Table 9 (INEGI, 2019; SIAP, 2019).
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Table 9. Evolution of regional growth (millions of current euros), over the years (2014-2018)

GDP* 2018** 2017** 2016** 2015** 2014** % var. 18/17
National 1,090,351.41 970,355.53 981,089.40 1,027,935.22 1,020,440.01 12.37%
(24,493,981.10) (22,874,093.90) (21,362,338.80) (19,312,127.30) (18,284,448.20) (7.08%)
Comarca Lagunera (CL) 9,889.66 8,979.83 9,102.74 10,199.31 10,158.88 10.13%
(222,164.35) (211,680.55) (198,204.05) (191,617.55) (182,028.80) (4.95%)
CL Agro-livestock sector 1,902.42 1,732.84 1,897.47 2,044.07 2,061.52 9.79%
(42,736.61) (40,848.16) (41,315.71) (38,402.52) (36,938.71) (4.62%)
CL Livestock subsector 1,515.47 1,369.54 1,504.15 1,707.51 1,712.16 10.66%
(34,044.08) (32,283.96) (32,751.49) (32,079.59) (30,678.91) (5.45%)

*GDP : Gross Domestic Product
*GDP in millions of current euros (millions of Mexican pesos)
Source: Prepared with information from the INEGI, 2019; SIAP, 2019.

The livestock sector of the CL-Durango, in 2018 contributed 60.3% of the income generated by the sector, and despite the
fact that the different production systems that compose it, had a mixed performance; while some systems increased, others
decreased, yet, the general balance in the CL reported a growth rate of 10.66%, compared to 2017. However, it is worth
mentioning the goat production system, which presented a negative behavior for meat production (-17.95%), but positive for
the case of milk (11.48%) (Table 10) (SIAP, 2019).
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In 2018, the meat-milk cattle production system in the CL contributed 59.81% to
the income generated by livestock, and although the number of animals
slaughtered and therefore the meat production decreased, the value of the milk-
meat bovine production increased 13.19 % over the previous year, reflecting the
improvement in market conditions and prices. Regarding bovine milk production,
despite its major contribution to the agricultural GDP of the CL (37.52%) it only
grew by 11.83 %, a lower value presented by the production of beef and pork from
18.52% and 25.60%, respectively (Table 10) (SIAP, 2019).

An analysis of the period (2014-2018) shown in Table 10, reveals that the only
branches that showed economic growth during this period were: bovine meat
(83.86%), sheep meat (8.18%) and goat meat (12.65%). Meanwhile, the three
branches livestock which recorded the highest decrement were: Beeswax (-
63.75%), honey bee (-43.16%) and egg production (-42.82%). The economic
importance of ruminants in the CL, is clearly evidenced because it is a family of
domestic livestock, which in 2018, it represented a 61.08% of the income of the
livestock sector, 48.66% of the income of the agricultural sector and 9.36% of total
income in the CL (Tables 9 and 10).
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Table 10. Livestock production in the Comarca Lagunera, over the years (2014-2018)

ltem Coah. Lag. Dgo. Lag. Comarca Lagunera total % var. %
2018 2018 2018 2017 2016 2015 2014 18/17 RTEV**
Milk/Bovine
Inventory (K) 242.30 248.58 490.88 468.00 493.14 490.09 443.53 4.89%
Exploded heads (K) 126.82 108.59 235.41 230.80 227.14 225.22 242.33 2.00%
Production (M) 1,321.85 1,126.31 2,448.16 2,371.92 2,386.96 2,412.33 2,260.12 3.21% 47.10%
Value (M€; (MMXP))* 385.70  328.069 713.78 638.25 707.68 834.78 814.60 11.83%
(8,664.46) (7,370.21) (16,034.67) (15,045.41) (15,409.09) (15,683.33) (14,596.21) (6.58%)
Milk/Goat
Inventory (K) 158.70 81.77 240.46 239.00 224.37 234.24 280.18 0.61%
Exploded heads (K) 70.94 43.93 114.87 126.30 151.38 156.73 154.27 -9.04%
Production (MI) 32.89 22.45 55.34 55.90 56.39 58.51 61.68 -1.01% 0.86%
Value (M€; (MMXP))* 7.69 5.33 13.01 11.67 11.60 13.29 15.38 11.48%
(172.65) (119.66) (292.31) (275.14) (252.58) (249.61) (275.53) (6.24%)
Meat/Bovine
Inventory (K) 80.61 351.10 431.71 310.41 287.69 285.49 154.67 39.08%
Slaughtered heads (K) 85.97 461.74 547.71 761.94 748.06 344.07) 377.05 -28.12%
Production (Kt) 15.51 65.75 81.26 89.81 89.04 66.60) 61.72 -9.53% 12.71%
Value (M€; (MMXP))* 31.37 161.29 192.66 162.55 166.98 132.08 104.79 18.52%
(704.73) (3,623.18) (4,327.91) (3,831.75) (3,635.93) (2,481.37) (1,877.58) (12.95%)
Meat/Goat
Slaughtered heads (K) 95.40 33.65 129.06 166.60 184.07 195.47 164.96 -22.54%
Production (Kt) 1.81 0.65 2.46 2.69 2.68 2.72 3.11 -8.65% 0.39%
Value (M€; (MMXP))* 4.25 1.64 5.89 7.18 6.49 7.88 6.56 -17.95% '
(95.42) (36.93) (132.35) (169.26) (141.37) (148.04) (117.48) (-21.81%)
Meat/Pig
Inventory (K) 27.85 5.71 33.56 46.25 42.11 43.30 56.03 -27.43%
Slaughtered heads (K) 47.92 7.42 55.35 65.99 100.81 103.35 112,97 -16.13%
Production (Kt) 3.82 0.77 4.59 4.55 7.31 7.51 7.94 0.72% 0.62%
Value (M€; (MMXP))* 7.81 1.52 9.33 7.43 12.92 15.70 15.45 25.60%
(175.50) (34.03) (209.53) (175.06) (281.38) (295.01) (276.83) (19.69%)

43



Table 10 continued

ltem Coah. Lag. Dgo. Lag. Comarca Lagunera total % var. %
2018 2018 2018 2017 2016 2015 2014 18/17 RTEV**
Meat/Sheep
Inventory (K) 3.41 5.77 9.18 15.85 16.14 15.14 1492  -42.09%
Slaughtered heads (K) 1.69 4.23 5.92 7.80 7.95 7.43 710 -24.10%
Production (t) 37 89 126 158 161 151 154 -20.25% 0.02%
Value (M€; (MMXP))* 0.11 0.26 0.36 0.33 0.35 0.38 0.34 11.17%
(2.38) (5.78) (8.15) (7.70) (7.64) (7.22) (6.01) (5.94%)
Meat/Chicken
Inventory (M of heads) 10.47 25.10 35.56 32.19 38.87 39.11 38.58 10.47%
Slaughtered heads (M) 53.33 138.05 191.38 185.86 199.19 199.23 208.37 2.97%
Production (Kt) 103.99 265.06 369.04 365.28 389.95 392.21 392.57 1.03% 33.37%
Value (M€; (MMXP))* 141.18 364.59 505.77 470.23 495.98 579.24 624.44 7.56%
(3,171.58) (8,190.24) (11,361.82) (11,084.67) (10,799.55) (10,882.38) (11,188.76) (2.50%)
Egg/Hen
Inventory (M of heads) 1.96 3.38 5.34 5.71 6.95 6.00 5.50 -6.58%
Exploded hens (M) 1.78 3.37 5.15 5.34 6.95 7.35 7.26 -3.49%
Production (Kt) 30.75 60.22 90.97 91.09 119.46 125.50 124.47 -0.13% 4.90%
Value (M€; (MMXP))* 23.27 50.94 74.20 71.38 101.55 123.38 1229.77 3.96%
(522.70) (1,144.24) (1,666.94) (1,682.52) (2,211.22) (2,317.92) (2,325.25) (-0.93%)
Honey/Bees
Inventory (K) 4.21 2.01 6.23 6.06 7.33 7.68 8.46 2.77%
Exploded beehives (K) 4.21 2.01 6.23 5.97 6.07 7.68 6.82 4.32%
Production (t) 141 55 196 192 202 292 260 2.08% 0.03%
Value (M€; (MMXP))* 0.31 0.12 0.43 0.49 0.54 0.71 0.75 -12.79%
(6.93) (2.65) (9.58) (11.52) (11.82) (13.37) (13.44) (-16.90%)
Wax/Bees
Production (t) 8 3 11 12 12 18 26 -8.33%
Value (M€; (MMXP))* 0.03 0.01 0.04 0.04 0.04 0.07 0.10 -6.72%  0.00%
(0.59) (0.23) (0.82) (0.93) (0.92) (1.35) (1.81) (-11.11%)
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Table 10 continued

ltem Coah. Lag. Dgo. Lag. Comarca Lagunera total % var. %
2018 2018 2018 2017 2016 2015 2014 18/17 RTEV**
Total value of livestock production
Value (M€; (MMXP))* 601.71 913.77 151547 1,369.54 1,504.15 1,707.51 1,712.16 10.66%

(13,516.9) (20,527.1) (34,044.1) (32,284.0) (32,751.5) (32,079.6) (30,678.9)

(5.45%) 100.00%

*Value (M€; (MMXP)) = Value of production in millions of current euros (millions of current mexican pesos)
**06 RTEV Respect to the Total Economic Value of the livestock sector in 2018
Source: Prepared with information from the SIAP, 2019.

As mentioned in our study, the CL has its foundations in ruminant livestock. From the ruminant production systems reported

for the study area, the milk-meat production system stands out for its importance, both for cattle and goats and the meat

production system, and to a much lesser extent the meat production sheep. Indeed, due to its economic and social

importance, as well as the size of the herd, during 2018 highlighted its economic importance the dairy cattle production

system with a share of 47.10% of the livestock GDP, the 77.11% of the ruminant GDP and 41.88% of the ruminant inventory.

Another important system is the beef cattle fattening production system which represented 12.71% of livestock GDP, 20.81%

of the ruminant GDP and 20.51% of ruminant inventory. In third place is the goat meat-milk production system, on which

reported a stake of 1.25% of the livestock in the CL, 2.04% of ruminant GDP and 36.83% of the ruminant inventory. Finally,

inside ruminant system, the sheep meat production system represented a stake of 0.02% of the livestock GDP, 0.04% of

ruminant GDP and 0.78% of the ruminant inventory.
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For these reasons, the present study focuses its analyses on the first three
production systems observed in the CL; bovine milk production, bovine meat
production and milk-meat goat production, which all together represent 99.96% of
ruminant livestock GDP and 99.22% of ruminant inventory. The sheep meat
production system will not be considered for its limited participation from an
inventory, production and economic value stand point throughout the years.

The first study of this dissertation corresponds to the bovine milk production
system, which aims to make a comparative analysis between the direct economic
benefits of bovine milk production and the economic costs of GHG emissions and
the WF of this activity in the CL. In order to measure and transform the
environmental impact to economic value, so that in turn, it may serve as a basis
for the generation of mitigation policies and actions. The working hypothesis that
was raised n this first study is that the El and Ecl of the WF and the CF, generated
by the production of bovine milk in the CL is greater than the EV that this activity

generates in the region.

The second study analyzes the beef-fattening production system, which has a
similar objective to the previous one, by measuring and transforming the EGHG
and the WF generated by this activity into economic value, and comparing it with
its economic benefits, to contribute to the generation and adoption of mitigation
measures both regarding the CF, as well as the WF. The working hypothesis of
this second study is that the El and Ecl of the WF and CF, generated by the
production of meat bovine CL is greater than the economic spill that this activity

generates in the region.

Finally, the third study corresponds to the analyses of the goat meat-milk
production system, with the same bases as the previous ones, but in this case
highlighting the social importance of this system, since the previous two are
mostly private farms and the case of the goats are based in the families of the
social sector. Therefore, the aim is to measure the El, Ecl and SI of the meat-milk
goat production system in the CL; our working hypothesis proposes that the El,

evaluated as the EV of CF and WF generated by the goat production system is
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less than the EV that this activity generates in the region and that its Sl is

preponderant in the development of human well-being in rural communities.
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At a global level, dairy cow production systems (DCPS) are important sources of nourishment and profits, but they generate
environmental impacts such as overexploitation of different resources including water, lands and fossil energy. Quantification of
water and carbon footprint to define mitigation strategies and a more rational use of natural resources, is a rejterated claim. The
aim of this study was to perform an economic evaluation of the environmental impact of the DCPS from the Comarca Lagunera,
Mexica (24°N, 102°W, 220 mm, hot-semiarid climate) We contrasted the economic value (EV) generated by the DCPS with respect
to the economic costs (EC) due to the greenhouse gas emissions (GHGE) and the water footprint (WFP) of this DCPS. While
quantifications of GHGE considered those proposed by the Intergovernmental Panel on Climate Change, the WFP involved the use
of blue, gray and green water by the DCPS and related activities. Quantification of the EC of WFP considered an international
average price of water. In the year 2017, the Comarca Lagunera registered a dairy cow fnventory of 493 144 heads, with 227 142
lactating cows, which produced 2386 million liters of mifk per year with an annual average EV of €525.3 milfion. The EC (€,
milions) generated by the GHGE and WFP were €311.8 and €11 980.7, respectively, with a total EC of € 12 292.5 milfion. When
the EV of milk production and the total environmental EC are compared, the contrast demonstrates not only the noteworthy
environmental impact but also the significant and senseless biological and EC. In addition, having a large dairy cow concentration
creates pollution concerns and the DCPS iransfers both nuirients and water resources from an ecologically vulnerable arid region.
Therefore, some mitigation strategies such as, better cow genotype, feed and manure management combined with the production
of ferages and grains in a different geographical region are suggested to promote an optimum use of water in order to uphold the
social, economic and biologic sustainability of the Comarca Lagunera, Mexico.

Keywords: Holstein, intensive systems, arid lands, water footprint, sustainability

of the environmental impact is significantly higher than the
EV generated by dairy production in the Comarca Lagunera,

Implications

Dairy cow production systems {DCPS) generate food for the

human population and are significant contributors of the MEKica.
global economy, but they generate environmental impacts

such as overexploitation of different resources including

water, lands and fossil energy. Therefore, mitigation policies Introduction

and strategies to reduce their ecological footprint are

required. We quantified the carbon and water footprint
(WFP) and compared these to the milk production economic
value (EV) generated by an intensive DCPS under arid con-
ditions. Our study demonstrates that the economic cost {(EC)

" E-mail: emeza2020@hotmail.com

Livestock production systems occupy 45% of the global
surface area with an estimated EV of € 1.2 trillion being a
significant source of livelihoods; more than 1300 million
people economically depend on the animal production
industry (Herrero et al,, 2009; Scientific Committee on Pro-
blems of the Environment, 2010; Thornton, 2010). Although
the economic and social importance of animal production
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has been extensively documented (Capper et af, 2009;
Hemero et al, 2009; Thornton, 2010}, there are significant
environmental concerns about livestock production, espe-
cially when considering both direct and indirect greenhouse
gas emissions (GHGE) (Gill et af, 2010; Thomton, 2010;
Meza-Herrera et al., 2015 and 2016). While the direct GHGE
considers both methane (CHy) and nitrous oxide (M:0)
Hungbluth et al, 2001), the indirect GHGE include those
ermissions generated by animal manure, production of grains
and forages for animal consumption, use of fertilizers,
deforestation and desertification linked to animal production
as well as transport of different inputs and autputs {(Mosier
et al, 1998). At a global level, the livestock sector generates
18% of the total GHGE (Steinfeld et al, 2006); when con-
sidering only the agro-livestock sector, the single livestock
subsector comprises 80% of the total GHGE (Herrero ef al,
2009; Cardoso, 2012). In addition, dairy cattle is one of the
main GHGE producer, only exceeded by those generated by
the beef cattle industry (Gerber et af, 2013). Cattle are the
main contributors to global manure production (9%, while
swine and poultry production account for 9% and 10%,
respectively (Herrero et al., 2009).

In the Americas, one of the main bovine milk producing
clusters is located in Mexico, specifically in the Comarca
Lagunera, The Servicio de Informacion Agroalimentaria y
Pesquera — Agrifood and Fishery Information System (SIAP,
2017) reported a daily milk production of 6.53 million of
liters from 227 142 milking cows in this arid-northern region
of Mexico, The DCPS in the Comarca Lagunera is character-
ized by a highly technified, modern and intensive production
scheme perfectly linked to a milk-industrialization structure,
with national and international branching. This DCPS is
based an an extremely intensive groundwater extraction
pattern. This has been done so that the main groundwater
reserve in the Comarca Lagunera faces a highly significant
annual deficit close to 125 million m? (Montemayor-Trejo
et al, 2012). High environmental temperatures (=40°C in
summer) and low annual rainfall { <300 mm) characteristic to
this region have promoted this asymmetrical groundwater
extraction, generating an environmental risk that may
potentially affect not only the DCPS itself hut also the soci-
etal, hiological and economic sustainability of the Comarca
Lagunera (Meza-Herrera et al, 2015; Acevedo-Peralta et al,,
2017).

In order to propose potential mitigation strategies against
the risks associated with DCPS, it is essential to attain
environmantal indicators such as the level of both the GHGE
and the WFP generated by the DCPS (Chapagain and
Hoekstra, 2004; Herva et al, 2011). The GHGE are usually
quantified as amount of CO;-equivalent (CO;..,) associated
with the production, processing and sale of food. The WFP is
quantified based on consumptive use of rainwater (green
WFP) and ground and surface water (blue water footprint
(BWF)) and volumes of water polluted (gray WFP) {Hoekstra
and Mekonnen, 2012). A global assessment of the WFP of
farm animal products stated that from the WFP generated by
the agricultural and livestock sector, the beef cattle category
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has the highest impact (33%), followed by dairy cattle
(19%), swine (19%) and poultry (11%} industries (Mekonnen
and Hoekstra, 2012).

The objective of this study was to compare the direct
economic benefit from the sale of milk with the economic
environmental costs generated by the DCPS, regarding both
GHGE and WFP, in the Comarca Lagunera, Mexico.

Material and methods

Location of the study area and databases

The Comarca Lagunera in located in northern Mexico at 102°
22" and 104°47' West longitude and 24° 22° and 26° 23
Morth latitude, 1139 m altitude. It has an average tempera-
ture of 22°C with temperatures ranging lows of 0°C {winter)
and highs of 40°C (summer), with an average rainfall of
300 mm ({historical range from 88 mm in 1998 to 406 mm in
1997). The region includes 10 municipalities of the State of
Durango and five from the State of Coahuila. In order to
develop this study, the information published in the Statis-
tical Yearbooks for Agricultural Production by the Ministry of
Agriculture, Livestock, Rural Development, Fisheries and
Food (SAGARPA), were considered. Alongside this, the esti-
mated use of commercial fertilizers for forage production
was generated according the procedures outlined by
Figueroa-Viramontes et al. (2011). In order to conduct these
studies, both existing and generated databases were used,
therefore, no Animal Care and Use Committee approval was
required.

Methods to estimate the economic value of milk production
The annual EV of the DCP5 from the Comarca Lagunera was
calculated as the total volume of milk produced per year
multiplied by the average payment per liter of milk received
by the producers. The milk payment was €0.13 in 1997 and
increased to €0.29 in 2016.

Methods to estimate the greenhouse gas emissions

To estimate the GHGE, the factors and indexes proposed by
the Intergovernmental Panel on Climate Change (IPCC,
2007) were utilized. Livestock inventory, production level,
type of diets, consumption and digestibility, were also
included. The IPCC conversion rates of such emissions to
global potential warming CO,;.., were also incorporated.
These equivalences correspond to; 1 CHy=25 CO; units
and 1 N,O = 296 CO, units. The EC of the GHGE considered
an international price of carbon emissions of 15.75€/t of
C0;.¢q (Environmental Finance, 2011; Thompson Reuters,
2011).

According to the |PCC {2007), the GHGE (CH4 and N,0) in
the agricultural sector, three subcategories should be con-
sidered: livestock, savannas and agriculture. In our particular
case, to perform such quantifications, we only included the
livestack and agriculture categorizations since the bovine
milk production in the Comarca Lagunera is based on an
intensive production system,
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Livestock subcategory. In order to quantify the CH, emissions
due to enteric farmentation, to manure production as well as
N;0 emissions due to manure management, we used the
equations proposed by Hongmin et al. (2006).

CH; emissions due to enteric fermentation. The volume of
CH, emissions due to enteric fermentation depends on the
physiological stage, weight and age of animals. As previously
mentioned, we only considered the dairy cattle inventory to
characterize the bovine population:

— _LPOP= EF
EMerechs = kg rog

where Emgrgcng is the methane emissions from enteric
fermentation, Gg CHafyear; LPOP the number of animals or
heads; EF the emission factor for the specific population, kg/
head per year.

In this estimation, the considered emission factor was
118kg head/year, corresponding to the highly productive
dairy cow sector in the North American region.

CH; emissions due to manure production. From the two
levels for the estimation of CH,; emissions referred to manure
livestock emissions provided by the IPCC guidelines, the Tier
1 methodology was applied:

CHaEMn = (e

where CHsEmpy, is the CHy emissions from manure
management, for a defined population Gg/year. While the
other components of the equation have been previously
described, the emission factor (EF) used was 76 kg/head per
year. This EF corresponds to the hot climates in the North
America region with temperature averages greater than 25°
C (IFCC, 2007).

N0 emissions due to manure management, The production
of N0 generated during the manure storage, treatment and
management, was also estimated. These emissions include
both feces and urine produced by bovines under intensive
conditions.

(NIO_N]imm] = E{ lZN = Nexx MST.S:'JI ¥ EF3|5:'}
15}

where (NO-N)ynm is the N;O-N emissions from manure
management (kg M;O-Niyear); N the number of heads of
livestock; Nex the annual average N excretion per head of
livestock (kg N/animal per year);, M5 the fraction of total
annual excretion per animal managed in manure manage-
ment system 5; EFy the My0 emission factor for manure
management system S (kg N;0-N/kg N in manure manage-
ment system S); S the manure management system.

The conversion of (MO-N)jym emissions to MOy
emissions was perfarmed considering the equation proposed
by Hongmin et al. (2006);

Dairy cows, arid lands and environmental impact

MOy = (M2O =N}y % 44 / 28

Agriculture subcategory. In this subcategory, the direct N0
emissions from agricultural areas used for the production of
forages, were estimated. It considers the nitrogen inputs
such as synthetic and organic fertilizers on animal manure;
the inputs from N-fixing varieties (Fgy,) as well as the incor-
poration of crop residues into soils (Feg), were also con-
sidered. The equation proposed by Hongmin et al. (2006)
wias used for the estimation of nitrous oxide emissions from
manure management:

Mz Opirect—M = [(Fsn + Fam -+ Feg ) = EF]

where N;0pireq-M is the emission of N0 in units of nitrogen;
Fey the annual amount of synthetic fartilizer nitrogen applied
to soils adjusted to account for the amount that volatilizes as
NH3 and NO,; Fuy the annual amount of animal manure
nitrogen intentionally applied to soils adjusted to account for
the amount that volatilizes as NH; and NQ,; Fc the amount
of nitrogen in crop residues returned to soils annually; EF,
the emission factor for emissions from M inputs (kg M, 0-Nikg
N input).

The conversion of (Na0-M)wy emissions 10 MaOgnm
emissions was performed considering the equation proposed
by Hongmin et al. (2006} as given above.

To estimate the quantity of nitrogenous fertilizer used in
the Comarca Lagunera, the level of the extracted nitrogen
from soils by different forage crops (i.e. corn, sorghum, rye
grass, wheat and triticale} was considered, as suggested by
Figuerca-Yiramontes et al. (2011).

Methods to estimate the blue water footprint

First, the WFP per liter of milk was calculated based on the
mathematical methodology proposed by Mekonnen and
Hoekstra (2010):

WF[a,c,5] = WFgugla,c.s] + WFgela.c. 5] + W [a,cs]

where WF.qla,¢,5], WFyinkla,c.s] and WF,,.[a,¢s] repre-
sent to the WFP of an animal in a c-category, in ¢-country, in
an s-production system, and are related to feed, drinking
water and service consumption, respectively. This guantifi-
cation is related to an a-feed consumed, plus the cwater
consumed plus the s-water related to services (Mekonnen
and Hoekstra, 2010).

Freed(a.c..plKIWF, [P ) + Whama.0s]

WFieeala, €, 5] = Eﬂﬂ( Pop [a.04]

Feed[a,c,5.p] represents the annual amount of the p-feed
ingredient consumed by an animal in an a-category, in a
c-country, in an s-production system (tyear), WF,4lp| the
WEP of the p-feed Ingredient (m*t), WF . [a.c.5] the
volume of water consumed for mixing the feed for an
a-animal category, in a c-country, in an s-production system
{mgfyear per animal) and Pop*|a,c,s] the number of slaugh-
tered animals per year or the number of milk producing
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animals in a year for an a-animal category, in a c-country, in
an s-production system,

Thereafter, the BWF was calculated considering the stress
impact which results from the multiplication of the BWF
value by a water stress index (WSI) as suggested by Ridoutt
and. Pfister {2010). The main concern related to the water
consumption in the agro-livestock production sector is the
possihility to promote a water shortage and to limit the
availability of fresh water for human consumption as well as
for the environment. For this reason, the direct consumption
of blue water is crucial (Ridoutt and Pfister, 2010). The WSl is
used to evaluate the impact related to the fresh water con-
sumption and is considered an indicator which evaluates
water deprivation applied to the blue water (Pfister et af,
2009). The WSI considers the water use—availability
relationship (WTA). The WTA index is based on withdrawal-
to-availability ratio; it has been developed to measure the
relationship between water use and freshwater availability
{Averyt et al, 2013). The WS values range from 0.01 to 1,
and derivate from the following expression:

Wel = 1

1+ebaaT AL 1)

where WTA™ is a modified WTA, which considers the total
quantity of water extracted for human usage, including both
the agro-livestock and industrial usage, as well as the total
annual water recharge in a specific region. As mentioned, the
WS value only applies for the BWF, using the methodology
proposed by Rios-Flores et af. {2015}, which considers the
physical WFP of an agricultural crop (Y1, expressed in m? of
water used in the production of 1 kg of agricultural praduct),
quantified as follows:

o= Lo 10.000% " Si{4E)
G >4 S

where in Y1, Vi’ is the volume of water expressed in m?,
used to produce a defined quantity of a 'Pi' product expres-
sed in kg. To calculate the physical WFP to produce a liter of
milk, ‘Si' considers the harvested area (haj, LR is the required
water (m), EC the water conduction efficiency, which should
be greater than 0 and less than 1.

In this studly, we decided to adopt a conservative approach
since we did not include the additional hydric resources
derived from the agricultural use of the land; the green WFP.
Ridoutt and Pfister (2010} proposed that the green water
consumption per se does not contribute to a water shortage
until it is converted to blue water. The green water does not
contribute to the environmental water flows which are
required for the health of the freshwater ecosystems while it
is not accessible for other human uses. In fact, the green
water is only one of many other resources acquired
throughout the land occupation; the solar radiation, the wind
and the soil are some of the other acquired resources. It must
be stated that we did not pretend to minimize the impor-
tance of the green water as a vital natural resource.

An international average price per m® of water in some
countries from the European Union (i.e. Dinamarca, Ger-
many, Holland, Belgium and France among others) reported
by Kjellsson and Liu (2012), was considered to quantify the
EC r;snf the BWF; the EC fluctuated between 0.83 and 5.63
€m’,

Data and statistical analyses

Linear trends across the time of CH, emissions, the EC of
emissions and the EV of milk production were estimated as
the linear regressions of these traits on year, fixing the year
1995 as the intercept, using the REG procedure of SAS soft-
ware (version 9.4.; SAS Institute Inc., Cary, NC, USA). Minitab
{Minitab Inc., State College, PA, USA) and Mathworks Inc.
(Natick, MA, USA) programs were used for editing, data
management and calculations,

Results

Dairy cow population and mifk production

Cow inventory and total milk production is shown in Table 1.
While the number of dairy cows producing milk increased by
54%, the total milk produced augmented by 87%, generat-
ing a cow productivity increase by 21%.

Greenhouse gas emission quantification
The analysis of methane emissions during the period con-
sidered in this study showed a growing trend with a total

Table 1 Milk production, methane (CH4) and nitrous oxide (Nz0) emissions, and blue water footprint (BWFP: milfion m’) generated by the dairy cattle
intensive production system in the Comarca Laguners, Mexico, across pears (1995-2016)

CH, emissions (Gg)

Nz emissians (Gog)

Inventory Milk procuced Enteric Total M,0- Equivalence EWFP
Year (heads) (million liters) fermentation Manure emission N N-0 of €0, {million m®)
1995 319 305 1036 3768 2437 01.95 827 13.00 3846.73 1613
2000 415 556 1628 49.04 31.58 80.62 10,74 16.91 500629 2486
2005 438 476 1995 51.74 33.32 85.06 11.36 17.85 5282.4 3047
200 420 846 2092 49.66 31.98 21.64 10.90 17.13 5070.02 3196
205 490 086 2412 57.83 37.25 95.08 1269 19.95 590416 3569
2016 493 144 2386 3819 37.48 95.67 1277 20.07 5941.00 3040
2382
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Figure 1 Evolution of the total methane (CH4) emissions {Gg of CO; )
generated by the dairy catte intensive production system in the Comarca
Lagunera, Mexico, across years (1395-2016).
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Figure 2 Total methane {CH4) emissions (COy. per liter of milk)
generated by the dairy cattle intensive production system in the Comarca
Lagunera, Mexico, across years {1995-2015).
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Figure 3 Comparative analysis between the economic value of milk
production and the economic cost of the C0p. emissions generated by
the dairy cattle intensive production system in the Comarca Lagunera,
Mexico, across years (1995-2016).

increase of 54% from 1995 to 2006 (Table 1). A very rapid
rise occurred from 1995 to 2000, then a small decline in
2002, with no significant changes up to 2010, and then
anather increase (Figure 1).

During the analyzed peried, the amount of €O, emis-
sions generated by the production of forage increased from
8.18 tons of CO;..q in 1995 10 17.29 tons of €O, in 2016,
due mainly to an increased use of nitrogenous fertilizers. The
main forages produced were corn (51%), sorghum (30%)
and oats {15%;).

The CH, emissions reported as C0; ., per liter of milk
showed a negative trend from 1995 to 2016 with small up
and downs during intermediate years (Figure 2). The total
decrease from 1995 to 2016 was 46% with an annual
decrease of 0.0183 kg of COy..q per liter of milk (R%=0.70).

The N;0O emissions are presented in gigagrams of C0,..q,
and are directly proportional to the CH, emissions, and

Dairy cows, arid lands and environmental impact

A Milking cowes
AEVGHGE= 57.21 M £: 1.94 kg COpy, I

B Todal dairy herd:
AEVGHGE= 110,33 M€ 3,77 kg GO, ag !

c Milking cows + forage production:
AEMGHGE= 159,26 M £; 528 kg GOy, "

Tedal dairy herd + forage produciion:

o AEVGHGE= 305.82 M € 10.18 kg GOy, i

Figure 4 Average economic value of the greenhouse gas emissions
[AEVGHE) and greenhouse gas emissions (kg COy.) per litee of milk
generated by A: milking cows, B: total dairy herd, C milking
cows + forage production and D: total dairy herd + forage production by
the dairy cattle imensive production system in the Comarca Laguneda,
Mexica  (1995-2016). Annual average value of the dairy cow
production =525.37 million of eures, AEVGHE is the economic value of
the greenhouse gas emissions considering an estimated price of 15.75
euros per Tom C0;..q a5 proposed by Enviranmental Finance (2011 and
Thampson Reuters (2011).

4 Total dairy hard:
3025.66 m® head’; 0.67 m* I
B Milking cows: ;
5 845.46m™ head '; 0.87 m? !

c Total dairy herd + forage production
693721 m? head™: 1 .53 m

o Milking cows + lorage production:
13 402.43 m” head™’; 1.84 m* !

Figure 5 Annual average water use (mihead and m* of milk)
generated by A: total dairy herd, B: milked cows, C: total dairy
herd + forage production and D: milked cows +forage praduction by the
dairy cattle intensive production system in the Comarca Lagunera,
Mexica {1595-2016).

followed the same trend across time; the largest N0
increase {14%) was observed in 19992000 (Table 1).

The trend of both the EV of milk produced as well as the
environmental cost of these emissions are presented in
Figure 3. From 1995 to 2016 the EV of milk produced
increased by €37 354 million per year, whereas the envir-
onmental cost of 0., emissions increased by €11 503
million per year.

Figure 4 shows the total environmental cost of GHGE and
the GHGE per liter of milk considering only milking cows
or the total dairy herd and accounting for forage production.
The total environmental cost of GHGE by the milking cows
was €57.21 million with 1.94 kg of CO?, per liter of milk,
These numbers increased to €305.82 million and 10.19 kg of
€O oq per liter of milk, respectively, when the total herd is
considered and forage production is accounted for in the
calculations.

Blue water footprint guantification

Growth in both the dairy cattle inventory and the BWF in the
Comarca Lagunera (1995-2016) is shown in Table 1, The
volumetric BWF of the DCPS in the Comarca Lagunera was
estimated to be 1613 million m? in the year 1995 with an
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Figure 6 Annual economic cost of greenhouse gas emissions (GHGE) and
Blue Water Feotprint {BWF) and the value of milk production (ME year ') by
Ihe dairy calfle intensive production sysiem in the Comarca Lagunera,
Mexico {1995 - 2016).

increase of 125% in 2016, whereas the cow inventory
increased by 54%.

Figure 5 shows the annual BWF used per cow and per liter
of milk under four situations. A: total dairy herd, B: milking
cows alone, C: total dairy herd + forage production and D:
milking cows + forage production, during the period con-
sidered in this study (1995-2016). A total of 3025 m? of
water per year was required per milking cow with a water
use of 0.67 m*| of milk. When water is accounted for the
production of forages and calculations were performed for
the total dairy herd, the amount of annual water use was
estimated at 6 937 m*/head and 1.53 m™/l of milk.

Figure 6 shows the comparison between the average
annual environmental costs of the GHGE and BWF compared
with the annual average value of milk production. The EV of
milk production represented only 5.6% of the environmental
cost of BWF and only 4.4% of total environmental costs. The
environmental cost of GHGE represent 58.2% of the EV of
milk production.

Discussion

The main objective of this study was to contrast the EV of
milk production against the EC of the GHGE and WFP related
to the DCPS in the Comarca Lagunera, Mexico. Our results
demonstrate that the EV of milk production from the DCPS
increased to a higher rate than the EC of GHGE (Figure 3},
The main factor explaining the differential rates is an
increase in the productivity of milk per cow, which is reflec-
ted in a negative trend in methane emissions per liter of milk
(Figure 2). Our results also demonstrate that the EV of milk
production only represents 5.6% of the EC of BWF (Figure 6).
All together, these main results highlight the substantial
environmental costs of the DCPS, especially in an agro-
ecological dryland context, as in the Comarca Lagunera.
From these results, it is evident the encrmous challenges
that the dairy cattle sector of the Comarca Lagunera faces to
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produce milk under a more sustainable way considering the
high cost of GHGE and BWF. Mexico, as a country, does not
produce enough milk to match the milk's demand and more
than 30% of the total milk consumed was imported (SIAP,
2017). This deficit could increase in the coming years as the
human population is also growing (Gerber ef al, 2013). New
policies to increase milk production have to be carefully
planned to mitigate the high BWF and GHGE, with con-
comitant increases not only in feed conversion efficiency but
also cow's productivity. These proposed policies need also to
consider the changes in the population’s consume pattern
and the climate changes linked to a dramatic and intense
degradation of the ecosystems, which compromise the exis-
tence of a DCPS in an agro-ecological region of Mexico
where water will have a priority use for human needs (Kumar
et al, 2011; Meza-Herrera et al, 2015 and 2016).

Greenhouse gas emissions

The estimated methane production from the enteric fer-
mentation and manure production and management was
532 gfcow per day, which is greater than the range from 282
to 321 g/cow per day in Swedish Holsteins reported by Patel
et al. (2011). Such difference may arise because of dissim-
ilarities from the production systems, suggesting a more
intensified system in Sweden when considering milk pro-
duction per cow per year; 5785 1 in the Comarca Lagunera v,
10 4941 in Sweden.

The CH, emissions per liter of milk decreased from 1.47 kg
COz.0q In 1995 10 0.91 kg €Oy, in 2016, showing that dairy
cattle from the Comarca Lagunera have been efficient in
transforming feed into milk with less loss of energy as
methane. The average value during the period considered in
this study was 1.10kg CO;.. per liter of milk, which is
similar to the value reported for North America dairy cattle
(1.05 kg CO;.oq per liter of milk), less than that reported for
Latin America and the Caribbean (2.10kg €04, per liter of
milk) and at the world level (1.49 CQ,.., per liter of milk),
although greater than that reported for Eurapean dairy cattle
(0.72 kg €Oy per liter of milk) (Gerber et al., 2013). Annual
fluctuations in the GHGE (Figure 1) and BWF (Table 1) are
related to changes in the dairy herd inventory and feed inputs
such as grains, forages and concentrates used in these
calculations.

The water footprint

The relationship between livestock production and water
consumption has not received much attention as other issues
associated to the relationship between livestack and envir-
onment (Herrero et al,, 2009). Unfortunately, in mast parts of
the waorld, water is considered a free or low-cost resource, a
situation that needs to be reassessed in arder to protect this
crucial ecosystem service (Herrero ef af, 2009). At the world
level, freshwater resources are quite limited, representing
anly 2.5% of all water resources (Tiu and Cruz, 2017).
Besides, and as previously shown, groundwater is of para-
mount importance for almost 3 billion people which depend
on this resource for drinking, with an increasing number of
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regions depicting a continuous groundwater deficit (Thorn-
ton, 2010). Certainly, while at the beginning of this century
38% of the world population lived in water-stressed basins,
it is projected that by 2025 such proportion will rise up to
64% (Rosegrant et al, 2009). Moreover, according to de
Fraiture et al. (2007) the water use for livestock is around
2180 km?/year. Unquestionably, this is a sensitive and quite
significant issue, particularly when considering a DCPS
located in an arid region as that observed in the Comarca
Lagunera. The annual BWF generated by the DCPS in the
Comarca Lagunera increased from 1613 million m* in 1995
to 3640 million m® in 2016. This significant increase is
directly related to the overexploitation of the groundwater
used for forage production. In fact, according to our projec-
tions, the DCPS in the Comarca Lagunera contributed to the
shortage of fresh water of 2811.66 million m® across the
analyzed period.

The BWF in the Comarca Lagunera incurred in an annual
average EC of €9420.52 million, which was significantly
greater than the annual EV of milk production generated by
the DCPS. This wery high environmental cost of BWF was
comprised of €1715.06 million (18%) originated from the
milking cows, and €7705.46 million (82%) originated from
forage production. Quantification of BWF per milking cow
considered 5845 m’fyear, but, once the BWF used for for-
age production was added, this figure increased up to
13402 m®lyear. The amount of water required for forage
production is more than 100% of the water required by
the cows.

When quantifying both the GHGE and the BWF it is evi-
dent that the highest environmental impact of the DCPS
arises from the BWF, which surpasses in a highly sub-
stantial fashion to the EV of the milk produced by the DCPS.
These results are economically and environmentally rele-
vant if we consider that the DCPS is located within an arid
land and hot climate agro-ecosystem, where water avail-
ahility is quite limited. 1t is of high importance the search
for mitigation strategies in order to reduce the environ-
mental impacts generated by the dairy industry in the
Comarca Lagunera. A viable, long-term option could be the
reconversion 1o other environmentally friendly economic
activities, such as goat, sheep, pig or poultry production or
vegetable production (tomato, asparagus, lettuce, etc.)
using hydroponic and high technology in indoor vertical
farms {Daniels, 2018),

A medium-term option is to promote the stratification of
the DCPS moving the more water-demanding animal stratum
of the DCPS to better suited agro-ecological regions from a
water availability stand point. Nowadays, some amounts of
maize silage and alfalfa hay are produced in other regions of
Mexico, where water is less limited, and then transported to
the Comarca Lagunera's DCSP. Another example is the rais-
ing of replacement animals in other regions of the Mexico
where these animals can be developed under grazing con-
ditions. MNanetheless, the carbon footprint generated by
transportation of either forage or animals, must be seriously
evaluated.

Dairy cows, arid lands and environmental impact

Some potential strategies to mitigate the carbon footprint of
the dairy cow production system

The proposed interventions to reduce the environmental
impact of livestock production must be based on technologies
and practices which would help to improve the efficiency at
the herd level. There is a growing claim to produce more
livestock commodities per unit of methane as well as per liter
of water, This option includes the use of better quality foods
balanced in such a way that help to reduce the GHGE at both
enteric level and at manure management level (Herrero et al.,
2009; Gerber et al, 2013; Moate et af, 2016). Manure man-
agement practices must assure hoth recuperation and recy-
cling of nutrients and energy, coupled to improvements in the
energy use efficiency along the supplement chain in order to
better contribute to the mitigation efforts (Gerber et af,, 2013).

Some promising technologies to improve forages and food
additives include bioactive compounds, fat, ionophores/
antibiotics, propionate boosters, arqueobacteria inhibitors,
nitrates and sulfate supplements along with the develop-
ment of vaccines and genetic selection methods, All of these
have a great potential to reduce GHGE and must therefore be
developed as viable options as short-term mitigation strate-
gies (Herrero et af,, 2009; Smith et al., 2014; Gerber et al.,
2013; Moate et al, 2016).

Improved animal genotypes with increased productive
efficiency generating low GHGE per unit of product, or those
with a better potential to decrease enteric fermentation
emissions must also be evaluated. Microbial technologies to
develop arqueas vaccines, methanotrophic microorganisms,
rumen defaunation, bacteriophages and the use of prabiotics
to improve reproductive efficiency are all middle-term
options to scale-up mitigation schemes (Smith et al., 2014).
Genomic selection aligned to direct measurements of
methane emissions as well as food conversion efficiency
would promote reductions regarding the intensity of
methane emissions (Herrero et af., 2009; Moate et af., 2016).
In addition, in order to reduce the N,0 emissions, Smith et al.
{2014) proposed diet manipulation to decrease fecal N, diet
nitrification inhibitors, urease inhibitors, best selection of
fertilizers as well as to use better practices when managing
the manure incorporated into soils. Up to 30% reductions
from manure emissions can be achieved throughout existing
manure management technologies generated in Europe
{Oenema et al, 2007). In addition, policy makers and pro-
fessionals involved in the agro-livestock management sector
must be able to implement different strategies to mitigate
the impact upon the ecosystemic services (De Groot et al,
2002). When considering strategies to mitigate the GHGE,
bioenergy could be an interesting alternative, however, it is
important to consider different issues such as the imple-
mentation of practices to enhance sustainability as well as
the efficiency of the bioenergy systems (Smith et al, 2014).

Some potential strategies to mitigate the water footprint of
the dairy cow production system

We need to accentuate that in the Comarca Lagunera, sev-
eral parties from both the rural and urban sectors
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economically depend, either directly or indirectly, from the
DCPS. Rather than propose radical actions to reduce or even
eliminate this economically important dairy industry, smart
alternatives to reduce the environmental impact of this
activity must be proposed.

Since the DCPS in the Comarca Lagunera is performed
under extremely arid conditions, with an annual rainfall
<300 mm, the search of technological protocols and reg-
ulatory policies to promote a rational use of water must be
considered. As the greatest impact of the DCPS arises from
the animal food production and management, it seems
plausible, as a short-term strategy, to stimulate the stratifi-
cation of the DCPS. As previously mentioned, this could be
dane by promoting the production of forages and grains in a
different geographical region better suited to sustain such
production without compromise the hydrological balance of
a defined region. In addition, it is of particular importance to
promote the use of more technified and efficient irrigation
systems in the agricultural area of the Comarca Lagunera.
Besides, the stratification scheme of animal production must
be considered to be implemented in the animal management
of the DCPS, so that those non-productive animals could be
raised in a different geographical region and could promote
their growth and development under a less vulnerable pro-
duction system. Of paramount importance will be curbing the
environmental deterioration of the Sierra of Durango by
proposing a healthy, efficient and sensible management of
the upper basin of the Nazas River, which aside to the
groundwater as well as the blue water, are the main hydro-
lagical sources for the agricultural activities in the Comarca
Lagunera. Such strategy should privilege management
practices to promote the arrival of an increased volume of
water to the lower river basin located in the Comarca
Lagunera. In line with this idea, the promotion of payments
for environmental services to the settlers of the higher basin
not only to stop forest deterioration but also to support its
conservation and enhance water recollection and carbon
capture, must be seriously considered,

Unquestionably, such potential mitigation schemes would
be only viable with the involvement and commitrment of the
different entities implied in this complex production system,
especially the dairy farmers themselves. Certainly, both
methodologies and logistics must be planned carefully in
order to achieve these goals to mitigate the impacts of the
animal industry on both the environment and natural
resources. Alternatively, the use of other dairy genotypes ar
crasses such as Jersey or Brown Swiss, because their reduced
body size, are quite efficient regarding hoth energy and
water utilization with reasonably favorable results for the
dairy industry, could be also considered. Despite a potential
reduction in the milk produced volume, the use of these
genotypes can compensate for any losses using this strategy
because of the increased total solid milk content, especially
fat and protein content.

To conclude, the environmental impact of the DCPS of the
Comarca Lagunera was economically quantified during
the period from 1995 to 2016. When compared with the
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EV of milk production, it can be observed a null profitability
since the EV of milk production represented only 4.4% of
environmental costs. Certainly, the dairy cattle industry is
responsible of this significant anthropogenic environmental
impact in the Comarca Lagunera. The greatest environmental
and EC is generated because of the WFP of the DCPS, and
water is an extremely limited and scarce natural resource in
this hot-arid region with an awfully water-stressed basin. A
very strict policy to mitigate this impact could be the estab-
lishment of a differential payment or taxation scheme. This
could be done by considering both the amount of water used
as well as the quantity of GHGE, based on international prices,
The last is not proposed as a monetary-collecting strategy but
to promote a more efficient and rational production process
while a reduction of the anthropogenic environmental impact,
Future studies are required to quantify the societal and eco-
nomic benefit of the dairy cattle industry in the Comarca
Lagunera while testing different mitigation strategies.
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The world population is close to 8 billion, which generates not only an increase in the demand and
consumption of products of animal origin, but also greater pressure on the use of water resources while
an increase in the greenhouse gases emission (GHGE) Therefore, a comprehensive assessment of
environmental impacts is required. The aim of this study was to quantify the economic impact of the
Warer Stress Index (WS, water footprine (WF) and carbon footpring (CF) during the period 19942018,
as indicators of the sustainability of the beef cattle fattening industry {BCFS) and compare them with the
economic value (EV) generated by that system. The study was conducted in the Comarca Lagunera {CL)
located in the arid noreh of Mexico (247 22" and 267 23' N, 1027 22" and 1047 47° W: 240 mm), which has
an important beef industry. The value of each of the variables {WF, CF and EV) was adjusted to 2011
ewros, indicating the value (v United States Dollars (USD) between parentheses. Durlng the period
analyzed, the CLrecorded an annual average of 381,319 slavghtered animals, with a production of 53,705
tons of meat, When comparing the average annual EV of the production of M& 89.52 (MUSD 112.07),
with the economic cost (EC) of the WF (ECWF) of € 2344.00 million added to the ECCF of M& 20.20
(MUSD 25.40), a significant environmental and economic impact of the BCES is unveiled, In fact, the BCFS
EV represents only 3.79% of the ECWT and ECCE Regarding the WS, the CL's BCFS potentially contributed
to the world's freshwater scarcicy by 699.60 MMm? per year (13.16 m® of Hz0.y kg of meat '), Different
mitigation strategies are propased to be managed by the BOFS with cespect o water use and the GHGE.
Adoption of such strategies will be essential to achieve not anly the sustainability of the BCFS, but also
the ecological, economic and social viability of the CL itself,

Heyvwaords:

beef cartle
Greenhouse gases
‘Water footprint
Sustainability

© 2019 Elsevier Ltd. All rights reserved,

1. Introduction

The increase in the world population has fed to an over-
exploitation of global resources, with a positive correlation be-
tween the standard of living with respect to the demand for and
procduction of food of animal origin (Cardoeso, 2012), Food produc-
tion requires a comprehensive assessment of environmental im-
pacts. However, the evaluation of agri-food production systems is

* Corresponding author, Ciecuito Alamos 18, Fraccionamiento Las Acacias,
Torredn, Coahuila, 27108, Mexica
E-muoil address: crreza 20200 hotmailoom {CAL Meza-Herrera).

hteps: ) fdolorgf 016 jclepro. 2001905 267
0050-G526/0 2019 Elsevier Led, All rights reserved.

not simple, as they present mterrelationships among the various
sources of impact, For example, actions to reduce greenhouse gas
emissions (GHGE) may require greater water use, and interventions
to achieve water efficiency and water quality objectives may also
require greater energy use and, consequently, increase GHGE
(Ridoutt et al., 2004),

Because of these complex interrelationships, it is necessary to
assess environmental impact using more than one ecological
footprint (EF) indicator, and in recent years a number of studies
have emerged that suggest a more integral assessment (Bosire
el al., 2016; Bragaglio et al, 2018; Cardoso et al, 2016; Gerber
et al, 2015; Huerta et al, 2016; Mogensen et al, 2014, 2016;
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MNavarrete-Molina et al., 2019; Oging et al, 2016; Ridourt er al,,
201143, With this approach, the concept of an integral family of
footprint indicators was developed (Ridoutt and Pfister, 2013}
Therefore, it is critical to quantify the largest number of environ-
mental indicators, especially those related to the production of food
for hurnan consumption. OFf the foods of animal arigin, beef is not
only identified as a food product of high nutritional value, but also
generates a high environmental impact compared to other prod-
ucts, such as pork and chicken (Weber and Matthews, 2008),

In Latin America and the Caribbean, beel production totaling
1,927 thousand tons was reported in 2017; Mexico ranked third in
heef production, below Brazil and Argentina (FAC, 20190, In Mexico,
the Comarca Lagunera (CL, literally "region of lagoons™) agro-
ecological region lacated in the semi-arid north ranked tenth in
beel production, covering an area of 43,912.96 lm? with potential
for livestock use [rangelands and forests), with beef production
being the main livestock activity thar is carried out under extensive
schemes; the cattle inventory for meat production in rangeland
recorded 431,708 head in 2008, The complement of this industry is
heef cattle fattening in an intensive scheme (feedlot), highly
intensified and of an industrial character. In 2017, the number of
beef cattle head slaughtered in the CL amounted to 761,939, rep-
resenting an increase of 121% over 2015, with production totaling
89,813 tons of meat with a market value of M& 162,55 (MUSD
203.50) (SIAR, 2019).

In the CL, the intensive beef cattle fattening industry is based on
an extremely intense groundwater extraction pattern, generating a
deficit in the main aquifer of close to 125 MMm? PEr year
(Montemayor-Trejo et al, 2012). High environmental temperatures
(=40°C in summer) and low annual rainfall (240 mm), character-
istic of this region, have generated an asymmetric extraction of
groundwater, creating an environmental risk that may affect not
only the beef cattle fattening industry (BCFS), but also conspires
against the ecological, economic and social sustainability of the CL
{Acevedo-Peralta et al, 2017, Navarrete-Molina et al., 2019), Based
on the above information, it was hypothesized that the environ-
mental and economic impact of the water footprint {WF) and car-
hon footprint (CF) generated by beef production in the CLis greater
than the economic value (EV) that this activity generates in the
region, Based on this working hypathesis, it is in our interest to
propose measures to mitigate the environmental impact that could
be generated by the intensive BCFS in the CL

2. Materials and methods

21 Location, environmental information of the study area. and
databazes

The CL is located between 102° 22' and 104° 47 ' W and 24°
22%and 26° 23" N, at an elevation of 1,139 m. The development of
this study considered the information published in the Ministry of
Agriculture, Livestock, Rural Development, Fisheries and Food's
Statistical Agricultural Production Yearbooks (SIAF 2019), Accord-
ing to Hristov et al. (2013), ruminants in extensive schemes are
minor emitters of GHGs, presenting a similar trend regarding the
consumption of blue water; therefore, in the present study the
cartle inventory under extensive schemes was not considered.
Additionally, the use of commercial fertilizers for forage production
was estimated using the methodology described by Fizueroa-
Viramentes et al. {2011}, To carry out this study, both existing and
wenerated databases were used; consequently, the approval of the
Committee for the Care and Use of Experimental Animals was not
required, The value of each of the variables (WF, CF and EV) was
considered in 2011 euros, indicating the value in United States
Dallars (USD) berween parentheses.

2.2. Methods for estimaring the economic value of beaf production
(EVBP) and greenfiouse gos emissions (GHGE)

The annual EVBP of the Cl's BCFS was calculated as the total
volume of meat produced per year multiplied by the average pay-
ment per kilogram of meat received by the producers, The EV of a
kilogram of meat was € 0,46 (USD0.58) in 1994 and increased o €
3.04 (USD 3.81) in 2018. Besides, factors and indices proposed by
the Intergovernmental Panel on Climate Change {IPCC) in 2016
(Hongmin el al., 2006) were used Lo estimate GHGE. The length of
time for fattening in a feedstock, the number of animals slaugh-
tered, the level of production, as well as the type, consumption and
digestibility of the diet were considerad. The global warming po-
rential values proposed by the IPCC were used, These equivalences
correspond to; 1 unit of methane (CHy) = 25 equivalent units of COp
{C0y.gq) and 1 unit of nitrous oxide (N0)=296 of COy ¢y The
economic cost of GHGs considered an international carbon eimis-
sion price of 15.75 € t! of C0;pq [USD 1972} {Environmental
Finance, 2011; Thompson Reuters, 2011). According to the [PCC in
2016 (Hongmin et al, 2006), the quantification of GHGs (CHy and
N20) in the agricultural sector includes the categories of livestock
and agriculture since beef production in CL is based on an intensive
feedlot production system.

2.2.1. Beef cattle subcategory

CHy emissions from enteric fermentation. The volume of these
emissions depends on the physiological stage, weight and age of
the animals. As mentioned above, only the days of the feedlot
fattening period and the number of animals slaughtered were
considered. According to the equation proposed by Hongmin et al.
(2006], these emissions are calculated annually, so it was multi-
plied by the fraction {0.34) that represents the days in fattening
expressed in years:

LPOP = EF

EMgrecng = —— X 0.34
106 kgoGg '
whare:
Emgpecps = Methane emussions by enteric fermentation, Gg CHy
-1
year™ ',

LPOP = Mumber of head of cattle slaughtered.
EF = Emission factor for the defined livestock population, kg CHy
head " year.

In this estimate, the emission factor (EF) considered was 53 kg
CHy head ! year!, corresponding to the category of other highly
productive cattle in the MNorth American region, which incudes
steers for fast-growing meat, finished in the feedlot and fed a grain-
based diet {Hongmin et al., 2006),

CH, emissions from manure management. The Tier 1 methodol-
ogy proposed by Hongmin et al. (2006] was applied:

EF « LPOP

CHiEmpy = ———
4 E M 105 kg-Gg !

X034

where:

CHaEmynm = CHy emissions from manure management, Gg CHy
year I

The other components of the equation were previously
described. The EF used was 2 kg head ™" year™, which corresponds
to warm climates in the North American region with temperature
averages ahove 25 °C, Uncler this production scheme, cattle manure
is managed as solids and deposited on agricultural lands.

N0 emissions from manure management. The production of NaO
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generated during manure storage, treatment and handling was
estimated. These emissions include both feces and urine produced
by cattle under intensive canditions, and were calculated according
to the following eguation proposed by Hongmin et al, {20063

':NED - N]fmm'l = Z{ [ZN * Nm*MS[SI]*EFEN?}
5

4
where:

(N;D--Nj.;mm;,= N20 emissions from manure management, kg
M30 - N year™!

N = Number of head of slaughtered cattle.

Mex = Annual average N excretion per head of cattle, kg M ani-
mal ! year ",

MS;s; = Fraction of total annual nitrogen excretion for beef cartle
managed in the manure management system 5.

EFss) = Emission factor for M0 from manure management
system §, kg N20 — N kg N7 in manure management system S,
§ = Manure management syster.

The conversion of {Nz0 - Npon emissions o Ny g emissions
was done considering the equation proposed by Hongmin et al.
[2006):

44
N3O = (N20 — N}y X 5 X 0.34

222 Agriculture subcategory

In this subcategory, direct M0 emissions from agricultural areas
used for forage production were estimated. Nitrogen inputs such as
synthetic and organic fertilizers in animal manure were considered,
as well as the incorporation of crop residues in soils (Fer). The
equation proposed by Hongmin et al, (2008) to estimate NaQ
emissions from manure management was used:

MNaOpigeer — N = [{Fapy + Fapa + Fen) ¢ EF]
where;

MNaOpieet = M = N0 emission in nitrogen units.

Fen = Annual amount of nitrogen in synthetic fertilizers applied
to soils, adjusted to account for the volume volatihzed as NH3
and NOy,

Fara = Annual amount of nitrogen in animal manure intention-
ally applied to soils, adjusted to account for volume volatilized
as NH3 and NO.,

Fer = Amount of nitrogen in crop residues that are reintegrated
annually into soils,

EF = Emission factor for N inputs, kg Na0 - N kg input N°%

The conversion of {NzQ - Nlpieq @missions o Na0 pie emis-
sions was done considering the equation proposed by Hongmin
et al. (2006) previously indicated. In order to estimate the
amount of nitrogen fertilizer used in the praduction of forage for
feeding beef cattle in the CL, the level of nitrogen extracted from
soils by different forage crops (corn and cats) was considersd, as
suggested by Figueroa-Viramontes et al, (2011,

2.3. Method for estimating the blue water footprint (BWF)
The basis for calculating the BWF per kilogram of meat was the

mathematical methodology proposed by Melonnen and Hockstra
[2010):

WHa.cs] = WFredlacs] + WFarndacs] + W [acs]

Where WFieedla,csl, WFyrinklacs] and WF.enfa,cs] represent
the WF of an animal for animal category "a” in country “c” in pro-
duction system "s" related Lo feed, drinking water and service water
consumption, respectively. That is, this quantification is related to
the water contained in feed "a” consumetl, plus the drinking water
"t consumed, plus the water "s" related to the services (Mekonnen
and Hoelsira, 2010),

}_:;;-.-.1 (Feed[u.c,s\pj XWF:n'ﬂdlpi) + Whipixing |0..5]
Pop* la.c.5

Wheqla,c.5]=

Feedfo.c.s.p] represents the annual amount of feed ingredient *p*
consumed by an animal, by animal category “a™ in country “¢" and
production system “s" (1 year "), WF,,qlp] represents the WF of
feed ingredient "p” consumed (m* t '), W pixing |0.C.5] is the vol-
ume of water cansumed for mixing the feed consumed for animal
category “a" in country "¢” in production system “s" (m'°' year™!
animal ') and Pop*[a.c.5] is the number of slaughtered animals per
year for animal categary “a” in country “c” and production system
i3
Thereafter, it was then calculated as a stress-weighted BWF
value, which results from multiplying the BWF value by a water
stress index (WSI) as suggested by Ridoutt and Pfister (2010). These
authors emphasize that the main concern related to water con-
sumption in agricultural production is the possibility of contrib-
uting towater scarcity and limiting the availability of freshwater for
human vse and the environment. The WS is used to assess the
impact related to freshwater consumption and is considered a
midpoint indicator that assesses water deprivation and applies only
to blue water (Phster et al., 2009). This index is derived from the
WTA ratio, defined as the ratio between total annual freshwater
withdrawals for huiman uses in a specific region and the renewable
water supply available annually in that region {Frischknecht et al,,
2006), WSI values range from 0,01 to 1 and are derived using the
following exponential function:

WSl = -
T4 SAXWIn 1)

Where WTA® is a modified WTA resulting from the division of
the total amount of water withdrawn for human uvses, including
agriculture and industrial use, and the total annual recharge of the
region. As mentioned, for the calculation, the WSI value applies
only to the BWF, so for this purpose we used the methodology of
Rios-Flores et al. (2015}, who state that the blue physical water
footprint in an aggregate of agricultural crops (Y, expressed in m?
of water used in production per kg of agricultural product) is ob-
tained through the equation:

YLV 10,0005 Si()
SR v

L=

¥

where:

¥y, "Vi* is the volume of water in m® used to produce quantity
“Bi" of product in kg, "Si" is the harvested area in ha, ID is the
irrigation depth in m, HC is the hydraulic conduction efficiency,
which is greater than zero and less than unity.

In this study, a conservative approach has been adopted and
additional water resources derived from agricultural land use
[green water footprint) have not been included. This is because
Fidoutl and Phster (2010) have proposed that green water con-
sumption per se does not contribute to water scarcity, until it
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Table 1
Slaughtered animals, meat production, methane [CH,) and nitrous oxide [Ma0) emissions,
system in the Comarca Lagunera, Mexico, over the years [1994-2018).

L Mavarrete-Maling er al [/ Journal of Cleaner Produerion 230 (2019) 10271035

and blue water faotprine (BWEF: MAm®) generated by the cattle fartening production

Year  Slavghtered animals (head)  Meat preduction (1) CHa emissions (Cg) a0 emissions (Gg) BYE (MMM
EF MM Towl emission indQeq  M2O-N Mol Total emission in Clzg

1994 313206 33571 56 02 14642 132 108 Gl421 59240

1988 I002ET 40,552 a0 363 0,84 135 39476 ATRED

2oz BT 49,489 72X 03 TRE54 1G4 264 73r49 15471

2006 304983 53,459 703 184.66 1.67 262 FT458 4708

2000 328720 55,498 58 02 153.68 1.39 218 G4463 62176

14 ATI062 61,724 GE 03 176,27 1.59 250 71942 71316

R T e #1236 %8 04 256,01 231 I 1070 103585

EF, = Enteric Farmentation & M., - Manure Management,

becomes blue water, as green water does not contribute to the
environmental flows that are necessary for the health of freshwater
ecosystems, nor is it accessible for other human uses. Green water
can only be accessed through access to and occupation of land. [n
fact, green water is only one of many resources acquired through
land accupation; access to solar radiation, wind and soil are other
acquired resources. This is not to minimize the importance of green
water as a vital natural resource, For quantifiing the econamic costs
of the BWE, the international average price per m® of water in some
European Union countries (Denmark, Germany, the Netherlands,
Belgium, and France, among others) reported by Kjellsson and Liv
(2012), of 35 € m? (USD 4.38), was considered.

2.4, Statistical analyses

During the period analyzed, linear regressions were estimated
far CH, emissions, the economic cost of the emissions and the EVBP,
setting 1994 as the intercept, using the REG procedure of SAS
version 9.4 (SAS Inst, Inc, Cary. Morth Carolina). The Minitab
(Minitab Inc, State College, Pensilvania) and Mathworks [nc,
(MNatick, Massachusetts) programs were used for data management
and calculations.

3. Results
3.1 Sloughtered animals and meat production

The cattle inventory in the CL showed an annual growth trend of
7381 head during the period analyzed, with the inventory
increasing from 121,337 in 1994 1o 431,708 in 2018, equivalent to
256%. The number of slaughtered cattle and total beef production
are shown in Tabie 1. The number of animals slaughtered increased
by 75% and total meat production rose by 142%. When comparing
2017 ws. 2015, these increases amounted to 121% and 35%,

400
350
300
laso
= 200
150
100
a0
0

19494 1908

oz 2006

Year

2010 04 s

Fig. 1. Evolution of total methane (CH,) emissions {Gg of C0;.) generated by the
cattle fattening production system in the Comarca Lagunera, Mexioo (19942018

respectiviely.
3.2, Quantification of the greenhouse gos emissions (GHGS)

Regarding the calculation of methane emissions during the
period under consideration, a growing trend was observed with a
total increase of 75% from 1994 to 2018 (Table 1}, There were
fluctuations from 1994 to 2015, with a significant increase from
2015 to 2016 of 117%, mainly due to the increase in the number of
head of cattle (Fig, 1), During the period analyzed, the amount of
{09.0q emissions generated by forage production increased from
29741 Gg of C03.¢4q In 1994 to 52009 G2 of COz.gq In 2018, mainly
due to a greater use of nitrogen fertilizers for the production ol
forage required to feed the region's meat inventory. The two forage
crops produced for bovine fattening were; corn (80%) and oats
(20%),

CH4 emissions reported as C0; ¢q per kilogram of meat showed a
negative trend from 1994 to 2018, exhibiting a significant decrease
at the beginning of the period, but a significant increase at the end
of the period analyzed (2016} (Fig. 2), The total decrease from 1994
to 2018 was 28% with an annual reduction of 0.0372 kg of COp_p per
lsilogram of meat.

N20 emissions, in gigagrams of CO4..q, are directly proportional
to CH4 emissions; the largest increase in MNa0 (117%) was observed
in 2005-2016 (Table 1), Fig, 3 shows the EVBP and GHG trends,
From 1994 to 2018, the EV of meat increased by Me 7.05 (MUSD
8.83) per year, while the environmental cost of GHCE in terms of
C02.0q rose by M€ 0.57 (MUSD 0.71) per year, Table 2 shows the
environmental cost of the GHGE in M€ and the value of these
emissions per head and per kilogram of meat. When considering
the production of forage for cattle feed, these variables increase by
2%

3.3. Quantification of the blue water footprint

The volume of water used for meat production by the BCFS in
the CL was 72123 MMm® per year, equivalent to 1,891.42 m’ per

: |_sw

g 4 B @ .
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g 54 ag @ ]

g

- | 1

£ . . . ¥ 003Mx +3 IR
19494 1998 002 2006 b6 2014 PINE

Year

Fig. 2. Tatal methane (CH,) emissions (kg C0g.., per kilogram of meat) generated by
the cattle fattening production system in the Comarca Lagunera, Mexico [ 1994-2008),
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Fig. 3. Comparatmve analysis between the value of production and the econgmic oot of
GHES N 0% o generared by the cattle famening production system in the Comarca
Lagunera, Mexico [ 1994-2018).

head and to 13,57 m? per kilogram of meat produced. The evolution
of both slauzhtered animals and the BWF in the CL {1994—-2018) i3
shown in Table 1. While the number of slaughtered animals
increased by 75% during this period, the BWF per kilogram of meat
produced decreased by 2B% over the years (Fig. 4).

Table 3 shows the BWF per slaughtered bovine with and without
forage production, as well as the economic value of this footprint,
during the period 1994-2018. When considering the production of
forage for cattle feed, these variables increase 51%, that is, the
production of forage for cattle fattening in the CL represents little
more than half of the water used for meat production in that sys-
tem. The WSI reported for the CL was 0097 and falls into the
“extreme” category according to the following classification: WSI
<01 low; 0.1 = W3l <0.5 moderate; 0.5 < WS <0.9 severe and WSI
»0.9 extreme [Pfister et al, 2009; CONAGUA, 2015), generating an
average stress-weighted water footpring of 699.60 MMmgl per year
aof HaO-equivalents {HaOleq), corresponding to 1.834.67 m? of Hz0.
«q per head and finally to 13.16 m* of Hy0.54 per kilogram of meat
produced. Accerding o this methodoloegy, the weighted impact of
the production of 1 kg of meat by the CL's BCF5 potentially con-
tributes to freshwater scarcity equivalent to the consumption of
13,163 L of drinking water by an average global citizen. This impact
is mainly due o the irrigation of forage crops. Fig, 5 shows the
comparison between the average envitonmental costs per vear of
the GHGE and BWEF and their comparison with the EVBP. The EV of
meat production represented only 3.79% of the total environmental
cost, The environmental cost of GHGs represents 22.66% of the EV
of meat preduction in the peried analyzed.

4. Discussion

Based on the working hypothesis set out, the main question to
be answered in this study was: Was the economic cost of the GHGE
and BWF produced by the BCFS in the CL for the study period
areater than the economic income generated by this activity? The
results show that the BCFS' EVBF increased at 2 higher rate than the
economic cost of the GHGE (Fig, 3). The main factor explaining the

Table 2
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Fig 4. Evalution of the blue water footprint (MMm") generated by the cattle fattening
production system in the Comarca Lagunera, Mexico [ 19942004

discrepancy between these differential rates is an increase in pro-
ductivity in kilograms of meat per animal, observing a negative
trend in emissions of CH, ke ' of meat produced (Fig. 2). 1t was also
shown that the EVBP represented only 3.82% of the BWFs eco-
nomic cost (Fig, ). These results show a significant impact on the
environmental costs of the BCFS, especially in an agro-ecological
context of arid lands, such as the CL. Certainly, the quantification
of the BCFS's environmental impact is crucial since it directly
competes with the human population regarding the use of natural
resources while it 15 contextualized in an arid region with limited
vegetation and water resources. Moreaver, the rangeland in the CL
15 mainly composed by bushes which have a limited ability for COy
sequestration while the restricted blue water supply is mainly
supported by endarheic hwedrological basin which, with its actual
use, is not able to support the water needs in the region.

The results obtained demonstrate the great challenge faced by
the livestock sector in the CL to produce beel in a more sustainable
manner in light of the high cost of the CHGE and BWE. Therefore,
new policies to increase meat production based on mitigating the
high cost of the BWF and GHGE must be carefully planned, They
must alse consider changes in the population's consumption pat-
terns and climate changes linked o a strong and intense degra-
dation of ecosystemns, which compromise the existence of the BCFS
in regions of Mexico, where the use of water to cover human needs
will be a priority { Kumar et al., 2011; Navarrete-Molina et al., 2019),

4,1. Greenhouse gos emissions

The estimated production of GHGE per kilogram of meat in this

Table 3

foverage annual blue water footprint per head {m® head ') and per kilogram (m? kg
meat ') and its economie walue [Million € & Million USD) generated by te cattbe
fattening production system in the Comarca Lagunera, Mexico, over the years
[1994-2018).

Forage Biue water footprnt (annual average)

mfhead ' m kg meat | Economic value (M €] & (MUSD)
With 189142 13.57 234400 & 293448
Without 93384 6,70 1137.28 & 144882

fote: An estimated price of 35 €m ?[USD 438 was considered {Kjellsson and Lu
2002

fwerage annual GHGs per head (1 C0y. head ") and per kilogram (kg C02., kg meat ™) and its cconomic cost [Million € & Million USD),. generated by the cattle
fattening production system in the Comarca Lagunera, Mexico, over the vears (1994-2018)

Forage Greenhouse gas emissions (annual average)

1l g head ™! e €0y, kg head ™! Economic cost (ME) & (MUSD)
with 338 I308 2024 & 2540
Without 243 1742 1459 & 18.27

Wote: An estimated price of 15.75 euros per ton (0., was considered, as proposed by Enviconmental Finances {20117 Thompson Reuters (2011,
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Fig. 5. Average annual cconomic cost of greenhouse gas (GHG ) emissions, the Blue water footprint {BWEF) and the value of meat production [Me year

fattening production system in the Comarca Lagunera, Mexico [15994-2018),

stucly is similar to other results found n various countries and re-
gions of the world (Table 4). These differences may find their arigin
in different production systerns, and sugaest that a more intensified
system produces a smaller carbon footprint than a more extensive
one, as it is generally complemented by breeding and better diets
and management practices, which together foster the sustainahility
of the production process (Buratti et al., 2007). In the same sense,
the BCFS's lower GHG values in other regions of the world are
indicative of the low efficiency in beef production in the CL
demonstrating the need to implement measures that significantly
teduee this ecological footprint,

The CH4 emissions per kilogram of meat decreased from 4.36 kg
€0y ¢ to 315 kg €070 from 1994 to 2018, demonstrating that Cl.
cattle fattening would be more efficient in transforming feed into
meat with less energy loss from methane production. The average
value of GHGE in the CL during 19942018 was 24.24 kg of COy.4
kg meat™!, this value being lower than that reported for Asia
(2717 kg of C0z.q kg meat™ '), Latin America and the Caribbean
(28,68 ke of COp.ey ke meat™ "), Oceania (2561 ke of COz.eq ke
meat ™'}, Africa (32.04 kg of COy_ ¢ kg meat 1) and even lower than
the ane reported for Mexico (25,56 kg of COz.eq ke meat '), How-
ever, this value is higher than the reported value for meat pro-
duction worldwide (1924kg of COp.q kg meat” ', in Morth
America (15,57 kg of COz. kg meat™ Vand Europe (14,47 ke of CO.
eq kg meat Y {FAD, 2017). The annual fluctuations in the GHGE
(Fig. 1) and BWF (Table 1 and Fig. 4] are related to changes in the
number of cattle slaughtered and the integration of feed (1.e. grains,
forage and concentrates) used in the calculations. Nowadays, there
are different methodologies to calculate the use of energy for
diverse productive activities such as the Life Cycle Assessment
{LCA) and the Data Envelopment Analysis (DEA); under an agri-
cultural context, an excessive energy consumption has a negative

Table 4

') generated by the cattle

and significant impact in the environment. Therefore, both opti-
mization and a sustainable use of energy help to reduce the envi-
ronmental impact associated to the agriculture subsector
(Kouchaki-Fenchah et al., 2017), Other studies have also used such
LCA and DEA methodologies with quite interesting outcomes (Kaah
et al, (2019} Kouchaki-Penchah et al. (2016); Nabavi-Pelesaraci
et al. (2014); Qasemi-Kordkheili and Mabavi-Pelesarasi (2014);
Sabzevari et al, {2015]; among others.

4.2, The water footprint

Erroneously, in most parts of the world, water is generally not
given a value because it is considered a low-cost resource and, in
maost cases, a free resource; this vision must be re-analyzed to
ensure the availability of water in quantity and guality to warrant
the health of the human population and ecosystems [Gerber et al,,
2013). Globally, freshwater availability is very limited, accounting
for only 2.5% of all water resources on the planet (Tiu and Cruz,
2017). In the same way, groundwater is vital for almost 40% of
the world's population, which depends on this resource for drink-
ing, and a significant increase has been observed in the number of
regions with a deficit between @roundwater withdrawal and
recharge (Tharnton, 2010). Moreover, groundwater has a key role in
water supply, since around 2 to 3 billion people depend on such
resource [or drinking while in several regions the hydrological
balance is diminishing incessantly {Rodell et al,, 2009). Certainly, it
has been projected that in 2025, 65% of the world's population will
live in water-stressed basins (Rosegrant et al, 2002),

According to Mekonnen and Hoekstra (2010}, globally, beef
cattle make the largest contribution (33%) to the water footprint of
farm animals, followed by dairy cattle { 19%), pigs { 19%) and broilers
(1%}, Beef cartle requires on average 22 m? leg™ |, with differences

Comparison of the average greenhouse gas {GHG) emissions (ke of 004 kg meat™'} generated by the cattle fattening production system in the Comarca Lagunera, Mexica,

oy the years [1824-2008) and other studies

Source GHG (kg of {0y kg meat ") Country and comment
This study 2424 Comarca Lagunera, Mexico {includes onby the feedlot fattening period)
Weber and Matthews {20087 2210 USA {conventional feedlot production)
Mguyen et al (201 F600-27.30 USA Jinchedes dilferent production systems)
Welss and Lelp (30132), 3440 Average of 27 Turopean Union countries
Ruvlaro ar al. (#2115, R Hrazil {fartening on natlve pastures)
Buratt et ak (2017} 15.26 [kaly [organic system)
11.29 Italy [conventional system)
Witali eval. (2018L 24,456 TLaly [organic meal )
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hetween countries and categories depending on the type af cut.
Pork uses 3.5m° kg, chicken 2.3 m kg !, goat 6 m kg, horse
gm? kg"' and sheep 9 makg" (Chapagain and Hoekstra, 2003),
This contrasts with Melkonnen and Hoekstra (20100, who indicate
requirements for beef cattle of 15415 kg~ {as a global average),
significantly greater than the water footprint for sheep meat
(104001kg "), pork (6,0001ke '), zoat meat (55001ke™") or
chicken [4,3001 kg '}, The estimated BWF per kilogram of meat in
this study was 1,570 kg, similar to that reported worldwide by
Mekonnen and Hoekstra (2010) of 15415Lkg ! and of
14,219 Llg™ ! for Mexico, The average annual BWF used by the BCFS
in the CL increased from 592.4 MMm?® to 1,035.9 Mim? between
1994 and 2018. This significant increase is directly related to the
overexploitation of groundwater used for forage production. In fact,
the CL's BCFS contributed to the worldwide scarcity of freshwater
during the evaluated period with G39.6 MMm® per year, higher
than the aquifer recharge of 518.9 Mbim? (CONAGUA, 2015). The
BCFS's BWF in the CL incurred an average annual economic cost of
Me 2,344.01 (MUSD 2034.48), significantly higher than the EVEP
average, This high environmental cost of the BWF considered M€
114856 (MUSD 1,437.89] (49%) caused by the animals and non-
forage ingredients of the diet, and M 1,195.44 (MUSD 1,496.58)
[51%) resulting from forage production. The quantification of the
BWEF per animal in production was 933.8 m° head~", but once the
BWF was added for forage production, this fgure increased to
18914 m* head | The amount of water required for forage pro-
duction s equivalent to shightly more than 100% of the water
required for the animal compaonent.

When quantifying the EC of both the GHGE and the BWF, it is
clear that the BCFS' greatest environmental impact comes from the
BWF, substantially exceeding the economic value of meat produc-
tion, These results are economically and environmentally signifi-
cant when considering that this livestock activity is carried out in
an arid agro-ecosystem, with limited water availability. Considering
the increasing trend in the BCFS' environmental impact in the CL,
the importance of the search for comprehensive mitigation stra-
tegies (o reduce the significant environmental damage generated
by the BCFS in the CL is evident. A viable long-term aption could be
to convert to mare environmentally friendly economic activities or
at least promote stratification in the cattle fattening stages, shifting
forage production to more suitable agro-ecological regions in terms
af water availability, which would contribute to decreasing the
observed trend. If adequate measures are not taken, this unfavor-
able trend could significantly increase in the CL Tn fact, starting in
2016, a private initiative project has been underway that includes
the installation of single beef cattle feedlot enterprise with an initial
capacity of 300,000 head. This excessive figure would make the CL
one of the regions with the highest concentration of cattle in the
world, with all meat production destined to a single processing
plant with the capacity to process 240,000 tons of meat annually,
obtained from the slaughter of 800,000 head of cattle. Unfortu-
nately, this is not an encouraging scenario in a region with a sig-
nificant water deficit.

4.3, Some potential strategies for mitieating the carbon footprint

Globally, there is increasing pressure to produce more product
of animal origin per unit of C0u.q. as well as per liter of HzO.qq,
These may include the use of better-quality balanced feeds in the
diet and reduction of GHGs, both at enteric and manure manage-
ment levels (Gerber et al., 2013; Moate et al, 2016; Smith et al.,
2014). Manure management practices that improve nutrient and
energy recovery and recycling, linked to improvements in energy
use efficiency along the supplement chain, may contribute to
strengthening mitigation efforts (Gerber et al, 2013, In this regard,

some promising technologies to improve the digestibility of the
feed [forages and concentrates) include: bioactive compounds, fats,
ionopharesfantibiotics, propionate boosters, inhibitars of arch-
aebacteria, methanotrophs, acetogens, rumen defaunation, bacte-
riophages and probiotics. Other technologies to consider include
improvements in fertility; handling and storage of manure
bedding; use of anaerobic digesters and biofilters; nitrate and sul-
fate supplements, along with the development of vaccines and
genetic selection methods, among others, These technologies have
great potential to reduce GHGs and should therefore be considered
as viable options in mitigation strategies ([Gerber et al, 2013;
Moate et al., 2016; Smith et al., 2014), When considering strategies
to mitigate GHGE, binenergy could be an interesting alternative:
however, it is important to consider it from different points of view,
such as the implementation of practices to improve sustainability,
as well as the efficiency of bioenergy systems (Smith ef al, 2014),
Maoreover, an integral technology can be the use of bio-digesters in
the BCFS, in that it contributes to decrease the GHG emissions,
produces bicenergy and organic fertilizers while it helps to clean
the gray water. Nonetheless, special attention should be paid to the
bhinlogical treatment provided o the microbial population and
consequently the C/N ratio, which will help to improve the Lreat-
ment of residual waters, mitigate wear and enhance the operation
of the biodigestor membrane, as demonstrated by Sepehii and
Sarrafzadeh (2018).

4.4, Sorme potential strategies for mitigating the water footprint

We must be aware that beef cattle farming in the CL is the only
source of income for many families, either directly or indirectly;
this is especially true in rural areas, Therefore, proposals or actions
must be measured and intelligent, rather than radical in nature, in
order to maintain this important activity. Given that cattle fattening
in the CLis caried out in extremely arid conditions {<240 mm per
year), policies and technological improvements that promote
rational water use must be pursued. In fact, little more than 50% of
the impact of the BCFS' WF comes from the production and
handling of animal feed, hence the importance of the stratification
of the BCFS, as a short-term strategy. This could be done by pro-
moting the production of forages and grains in a different and more
suitable geographical region to sustain this production without
compromising its hydrological balance, The definition and imple-
mentation of appropriate measures and strategies will ultimately
depend on agro-ecological, water and social policies that provide a
real benefit to the community, These mitigation strategies should
prioritize the generation of employment, the rational use of re-
sources and the econamic and social benefit of the region, For this
reason, the information generated in this study should be useful for
decision-making bodies, whose primary objective should be to
maintain the overall sustainability of the agro-livestock activity in
harmonious balance with other productive, economic, hiological
and social sectors in the CL (Navarrete-hMalina et al., 2019; Rins-
Flores et al., 2018).

5. Conclusions

This is the first study that clearly and foreefully demonstrates
with a lonz-term information base that the environmental and
economic impact of the blue water footprint and the emission of
greenhouse gases generated by the intensive beel cattle fattening
system in the CL is significantly greater than the economic value
that this activity generates in the region, Indeed, when contrasting
the environmental impact with the economic value of the intensive
beef production, the result is zero profitability, since the economic
value of beel production only represented 3.79% of the
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environmental costs; the main environmental and economic cost
was the one associated with the water footprint, In this semi-arid
region, water is an extremnely scarce and limited natural resource,
especially when there is an endorheic basin significantly deficient
in water, at least under the current water resource use scheme,
Undoubtedly, the trends observed in the last 25 years demand an
immediate application of measures and policies aimed at miti-
gating the ecological footprint of this production system. It is
therefare fundamental and essential to promote actions that foster
an intensive beef cattle fattening system based on a responsibility
not only environmental but also social, in order to form a more
efficient, rational, and sustainable production process, which at the
same time reduces the anthropogenic impact. lgnoring this com-
plex situation jecpardizes the viability and sustainability not only
of the beel cattle feedlot system, but also of the CL itself as a pro-
ductive, economic, biological and social entity.
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1. Introduction

Globally, while the livestock sector contributes significantly to the environmental impact (El), it faces
some key challenges such as to increase production to cover increased demand, to adapt to highly
variable natural and economic scenarios, and to enhance its eco-environmental performance, Such
complex scenarios require a comprehensive evaluation of the El considering the carbon footprint (CF),
the blue water footprint (BWF), the socio-econamic sustainability (SES) and their interactions. Henee, the
economic value (EV) made by the goat production system (GPS) in the Comarca Lagunera (CL}, northern-
arid Mexico was quantified to compare it with its El and 5ES (1994—2018). Response variables included
the EV of the CF and BWTF and the SES of the EV-GPS. The value of each of the variables was adjusted to
2011 euros while indicating the value in United States Dollars (USD) between parentheses. The CL
recorded annual averages of 390,427 goats, 64.34 million liters of milk and 3,316.12 tons of meat. When
contrasting the EV-GPS [M€ 18.17 (MUSD 23.47)] with the EV-CF [M€ 3.61 (MUSD 4.67); 84.29 kg COy.q
kg milk-meat protein %, MMP '] - EV-BWF [M€ 2.48 (MUSD 3.20); 462.99 | H;0 kg MMP 1)), a positive
balance was observed. The accumulated GPS-CL economic spillover effect was M€ 45423 (MUSD
586.83), 5.79 millicn minimum wages (MW yearly and close to 400,000 MW during the studied period.
The GPS is highly eco-efficient considering both the CF and the transformation of the BWF into animal
protein (milk-meat} with an undisputable biological value. Besides, the greater the economic and pro-
ductive efficiency of the GPS, the better the socie-economic conditions of the producer and his family,
with concomitant decreases in both the index and degree of marginalization of families and munici-
palities where goat production develops.

© 2020 Elsevier Ltd. All rights reserved.

a triple challenge: 1) to increase production to cover increased
demand, 2) to adapt to highly variable natural and economic sce-

Human population growth has increased demand for goods and
services, resulting in overexploitation of the world's resources at an
ever-greater economic and environmental cost (Cardoso, 2012).
Globally, the livestock sector contributes significantly to the envi-
ronmental impact (EI) {Steinfeld et al., 2013). Hence, this sector has

= Corresponding author.
E-matl address: ¢
URL: hitp:/fwaw.

ntmail.com (CA. Meza-Herrera).
e |\I!R|i'.n\"|'|'l'l Il'?.ﬂ-l‘.f"i rera

hetps://doi.org/ 10.1016/).jclepre.2020.120237
0959-6526/@ 2020 Elsevier Lid. All rights reserved.

narios, and 3) to enhance its eco-environmental performance (Opio
et al, 2013), Such complex scenarios require a comprehensive
evaluation of the El, mainly related to the carbon footprint (CF), the
water footprint, and their interactions (Ridoutt and Pfister, 2013,

In this respect, goat production has been scarcely studied and
mainly focused on evaluating the CF (Leip et al,, 2010; Michael,
2011; Opio et al., 2013; Robertson et al, 2015; Weiss and Leip,
2012). Besides being limited, most studies have not comprehen-
sively evaluated the El of most goat production systems (GPS). This
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is probably because most GPS are mainly in marginal environ-
ments, mostly under arid and semi-arid conditions, and linked to
underfunded financial support, common in emergent economies
(Gonzalez-Bulnes et al., 2011; Meza-Herrera and Tena-Sempere,
2012). This is despite the numerous advantages of the Capra
genus, which lives under extreme climatic conditions, displays a
higher ability to convert different food resources into milk and
meat with a higher biological value than other domestic ruminants.
Certainly, distinctive characteristics of goats, from a sustainable
point of view, that contribute to these being listed as the best
ruminant species are: 1. Use of natural vegeration without
competition with humans, 2. A more efficient use of water, 3.
Maintenance of biodiversity, 4. Low use of non-renewable energy,
5. High potentials for positive impacts in new market niches, 6.
Goats and their permanence-resilience-sustainability ability, 7.
Maintenance of ancestral traditions, abilities and knowledge, and 8.
Promotion of cultural activities under organic schemes of com-
munity social importance, under clean, green and ethical man-
agement schemes (Peacock and Sherman, 2010), Besides, as stated
by Koluman and Silanikove (2018), goats disperse lower methane
emissions. On this respect, it has been estimated that Africa pro-
duces 10-13% of all global methane emissions from livestock, and
cattle produce 84% of it and sheep and goats only 16%, Other in-
vestigations reported that cattle emit 25—118 kg CH4 per head,
while sheep and goats emit only 5—18 kg CH4 per head (IPCC, 1995).
In this same context, and regarding annual emissions in Turkey,
cattle produce 76.53%, sheep 20.49% and goats only produce 2.98%
of annual methane emissions. [nterestingly, since the most extreme
climate change scenarios will significantly affect the global dairy
industry, the importance of goat production will proportionally rise
as global warming increases, Undeniably, goats will accomplish a
strategic role in the future of the dairy industry, predominantly
under harsh climatic conditions as well as in tropical, subtropical,
dry-arid and Mediterranean contexts (Silanikove and Koluman,
2015).

While the intertropical area of Asia and Africa has the largest
human population, it possesses the lowest bovine inventory while
concentrating around 80% of the world's goat population, sug-
gesting that, globally, more people consume milk or milk products
derived from goats than other ruminants (Silanikove et al., 2010). In
the Americas, Mexico ranks third in goat milk production, gener-
ating 162,323 tons, almost 25% of the continent’s total production
continent, just below Brazil and, unexpectedly, Jamaica (FAD, 2019).
In Mexico, goat production is mainly associated with the low-
income rural stratum, with more than 80% of the national census
managed by the social sectar (i.e. low-income smallholders, peas-
ants who own neither the croplands nor the rangelands) {lsidro-
Requejo et al,, 2019). In Mexico, the Comarca Lagunera (CL) agro-
ecological region in the semi-arid north has one of the largest
goat populations in the Americas and ranks first in goat milk pro-
duction, generating income for more than 2,800 families under a
production scheme mainly oriented to organic goat milk produc-
tion, favoring the economic, social and biotic environment of goat
keepers, under a clean, green and ethical production scheme
(Isidro-Requejo et al, 2019). In 2018, the CL had a goat inventory of
240,462, with a production herd close to 50% which generated
55.34 million liters of milk and 2,460 tons of meat, equivalent to
36% and 6% of national production, respectively, representing an
economic value of M€ 24,08 (MUSD 31.11) (SIAP, 2019). Recent
studies by our group demonstrated a significant El by the dairy
(Navarrete-Molina et al., 2019a) and the beef (Navarrete-Molina
et al, 2019h) cattle industry in the CL. Consequently, based on the
aforementioned attributes of goats, we hypothesized that the El,
considering the economic value (EV) of both the carbon (CF) and
the blue water (BWF) footprints generated by the goar production

system (GPS) in the CL, would be less than the EV generated by goat
production in this region.

2. Methods

2.1. Location, environmental information on the study area and
data bases

The Comarca Lagunera (102° 22/, 104° 47 ' WL; 24° 22/, 26" 23’
NL, at 1,139 m.asl) is located in a semi-arid ecotype, with an
average remperature of 22 °C, lows of 0 °C (winter) and highs of
40 °C (summer). While the rainy season extends from June to
October, the mean annual rainfall and temperature are 225 mm and
24 °C, respectively. Relative humidity fluctuates from 26.1 to 60.6%
and the photoperiod ranges from 13 h, 41 min (summer solstice,
June) to 10 h, 19 min (winter solstice, December). The CL is an
interesting agro-ecosystem; it has an agricultural component with
large spaces devoted to forage production (i.e. alfalfa, sorghum
forage, corn forage) with a large availability of agricultural by-
products and crop residues. The other component of this complex
agro-ecosystem is the rangeland, comprising a large area with
vegetation characterized as Chihuahuan desert rangeland, previ-
ously described by Meza-Herrera et al. (2017}, Briefly, although
creosotebush (Larrea tridentata (DC. Cov)) dominates the grazing
area, other important species include lechuguilla (Agave lechu-
guilla Torr), mesquite (Prosopis glandulosa v. glandulosa) and blue
gramma (Bouteloua gracilis (Wild). Ex Kunth Lag. Ex Griffiths).
Goats graze-browse mostly on rangelands though they have access
to crop residues such as corn, sorghum, cotton, and alfalfa. Goats
walk approximately 5 km daily from the corral to different range-
land sites, so grazing-browsing constraints can be considered
negligible (Mellado, 2016). During the spring-summer, goats graze-
browse the rangeland driven by a herdsman 9 h daily
(10001900 h) and are then penned from 1900 to 1000 h. Goats
spend the night in an unrcofed corral where they have free access
to water and a commercial mineral-mix. As stated, the GPS is based
on diurnal extensive grazing-browsing and night-time corral
confinement; importantly, the largest portion of the goat's diet is
directly harvested from the rangeland, yet goats may have sparadic
access to crop residues (iLe. alfalfa, cotton). Most of the GPS, almost
92%, is managed under this daily feeding pattern on the rangeland
without nutritional supplementation while only 8% receives spo-
radic supplementation during the lactation period; intensive sys-
temns in the region are minor (Salinas-Gonzalez et al., 2016).

In the development of the study, information generated by the
Ministry of Agriculture, Livestock, Rural Development, Fisheries
and Food's was considered (SIAP, 2019), Additionally, calculus
relative to goat supplementation considered the average obtained
from a sample of 50 interviewed producers who supplement their
milking goats for 112 days (Nov—Feb). Supplement was offered
daily and includes alfalfa hay (163 g), oat hay (163 g), corn silage
(813 g) and wheat bran (163 g), equivalent to 601 g dry matter,
1.34% of the goat live weight. Based on such information, the
requested amount of commercial fertilizer to produce this sup-
plement was estimated as previously outlined (Figueroa-
Viramontes et al,, 2011). The study also used data bases already
published as well as those generated ex-profeso in the study; each
response variable (i.e. EV, CF and BWF) was adjusted to a 2011-euro
reference value, indicating the value in United States Dollars (USD)
between parentheses.

2.2. Methods for estimating the economic value of the goat
production system (EVGPS) and greenhouse gas emissions (GHGE)

The annual EVGPS was calculated as the total volume of milk

71



(. Novarrete-Malina et al. / Journal of Cleaner Production 235 [2020) 120237 3

and meat produced yearly multiplied by the average payment per
liter of milk and kg of meat received by the producers. The EV of
goat meat moved from M€ 3.36 (MUSD 4.33) in 1994 to M€ 23.33
(MUSD 30.14) in 2018, representing a global increase close to 700%
during this period. Besides, GHGE assessments included various
factors and indices recommended by the Intergovernmental Panel
on Climate Change (IPCC) in 2016. Such emission factors (EF) reflect
the fact that virtually all manure is managed through “dry man-
agement systems”, including the rangeland, pastures, dry feeding
corrals and daily distribution throughout the rangeland (Hongmin
et al, 2006). The IPCC-proposed global warming potential values
were used: 1 unit of methane (CHy) = 25 units of CO; (COz.qq) and 1
unit of nitrous oxide (N20) = 296 of CO;.aq. The EV-GHGE consid-
ered an international carbon emission price of 15.75 €t ! of C0.eq
(USD 20.35) (Environmental Finance, 2011; Thompson Reuters,
2011). According to the IPCC, the quantification of GHGE (CH4 and
N20} in the agricultural sector includes the categories of livestock
and agriculture (ie. forage production for supplementation)
(Hongmin et al., 2006).

a) Goat milk-meat subsector

Emissions of CH4 generated from enteric fermentarion were
quantified considering the equation outlined by Hongmin et al.
(2006), and following the description made by Navarrete-Molina
et al. (2019a,b). In this estimate, the emission factor (EF) consid-
ered was 5 kg CHs head ™' y ™!, corresponding to the goat category
for developing countries (Hongmin et al, 2006). In addition,
quantification of CH; emissions for manure management were
based in the Tier 1 methodology proposed by Hongmin et al. (2006)
as described by Navarrete-Molina et al. (2019a,b). The EF used was
0.22 kg head 'y ', corresponding to goats managed in developing
countries with a hot climate with temperature averages above
25°C

The emissions of N3O produced during manure management
was quantified considering both feces and urine produced by goats
under extensive conditions, and were measured based on the
methodology outlined by Hongmin et al. (2006) and adjusted by
Navarrete-Molina et al, (2019a,b).

b) Agriculture subcategory

Those direct NoO emissions from agricultural areas devoted to
forage production for supplementation purposes were estimated.
Nitrogen inputs from synthetic fertilizers were considered; such
estimations were based in the equation outlined by Hongmin et al.
(2006) as described by Navarrete-Molina et al. (2019a,b). To esti-
mate the amount of nitrogen, the fertilizer used in forage produc-
tion for supplementing goats in the CL was considered. The level of
nitrogen fertilizer extracted from soils by different forage crops
(corn and ocats) was quantified, as suggested by Figueroa-
Viramontes et al. (2011).

2.3. Method for estimating the blue water footprint (BWF)

The basis for calculating the BWF was the mathematical meth-
odology proposed by Mekonnen and Hoelestra (2010) as outlined by
Navarrete-Molina et al. (20192,h). Thereafter, it was then calculated
as a stress-weighed BWF value, which results from multiplying the
BWEF value by a water stress index (WSI) as suggested by Ridoutt
and Pfister (2010) adjusted according to Navarrete-Molina et al.
(2019a,b).

For quantification purposes, a conservative approach was
adopted and additional water resources derived from agricultural
land use {green water footprint) were not considered. The last

because the green water consumption per se does not contribute to
water scarcity until it is transformed to blue water (Ridoutt and
Plister, 2010). Certainly, green water does not contribute to the
environmental flows required for the health of freshwater ecosys-
tems, nor is it accessible for other human uses. For quantifying the
BWE's economic costs, the international average price of water per
m’ in some European Union countries (Denmark, Germany, the
Netherlands, Belgium, and France, among others), as reported by
Kjellsson and Liu (2012) [3.5 € m ™~ (USD 4.52)], was considered.
Besides, in order to make the analyses as representative as possible,
besides euros, the economic value in United States dollars (USD)
was also included.

2.4. Method for estimating the social impact (SI) of goat production

To determine the EVGPS-CL social impact, the minimum wage
for the geographic “C" area which belongs to the study area, pub-
lished by the National Commission for Minimum Wages and
adjusted at 2011, was considered. Besides, the information gener-
ated by the National Household Expenditure Survey-2012 was also
considered (INEGI, 2013), Since this national survey is not annually
performed, we used the information generated in 2012 because of
its chronological approximation to our 2011-year based adjust-
ments, Moreover, the Absolute Municipal Marginalization Index
(AMMI), based on the methodology proposed by the National
Population Council (CONAPO, 2013), was calculated. The value
considered for the variables used for the AMMI calculation was
published by CONAPO (2019), considering the years 1995, 2000,
2005, 2010 and 2015. The variables included for the AMMI calcu-
lation were: 1) percentage of population up to 15 years' old that is
illiterate, 2) percentage of inhabitants in a house with no electricity,
3] percentage of inhabitants in a house with no running water and
4) percentage of inhabitants of a private house with no drainage or
exclusive lavatory. According to CONAPO (2013), the AMMI is
directly obtained from the percentages of the recorded deficiencies
for each municipality, using the same adjustment for each socio-
economic indicator; since each of the four components is adjusted
by a 0.25 value, it is possible to compare them among different
years; the AMMI was calculated as:

e
AMMI; =%

Where:

AMMI;; = refers to the value of the absolute margination index of
a municipality i,
Iij: = refers to the value of the j-th indicator of the municipality i.

This methodologic option is similar to that used to calculate the
first component from the Principal Component Analysis. The
method used in the AMMI calculation is a mathematical method-
ology which transforms a set of variables or indicators into a new
set, then, with a reduced number of variables remakes a simpler
interpretation of the original phenomenon (CONAPO, 2013). A
correlation analysis was carried out among the AMMI for each
municipality during the mentioned periods with respect to the
economic efficiency variables; EV of milk production (thousands of
€), EV of meat production (thousands of €), EV per liter of milk (€
1=}, EV per kg of meat (€ kg~") with the correspondent productive
efficiency (| head ! and kg head ). The municipalities included in
this study should have covered the following characteristics: 1) an
average goat inventory greater than 10,000 head, since a reduced
census will rank the GPS as a municipality with decreased goat
importance, and 2) a total population of less than 200,000
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inhabitants, since a larger population would represent an indus-
trialized municipality.

2.5. Statistical analysis and equivalencies

When required, the original information was transformed into
kg of milk-meat protein (MMP). Therefore, all information gener-
ated by other studies that have required such a transformation, for
comparison purposes, will be shown with numbers in italics and
bold. These transformations were performed using the equiva-
lences shown in Table 1, based on the equation proposed by
Robertson et al, (2015), to calculate the fat and protein corrected
mille (FPCM) for the standard goat milk. Also, the average values for
the percentage of fat and protein in goat milk for the CL considered
those reported by Isidro-Requejo et al. (2019), as well as those
proposed by Urieta et al. (2001) for the meat calculations. During
the analyzed period, linear regressions were estimated for CHy
emissions, the EV for both the GHGE and the milk-meat production,
setting 1994 as the intercept throughout the REG procedure of SAS;
the correlation procedures among the response variables and the
AMMI also considered the SAS procedures [SAS Inst, Cary CC,
version 9.4). The Minitab (Minitab Inc,, State College, Pensilvania)
and Mathworks (Natick, Massachusetts) programs were used for
data management and calculations.

3. Results

3.1, What we obtained regarding the goat inventory and
production?

The goat inventory and total milk-meat production are shown in
Table 2, While a reduction in the goat inventory was observed
(—54.31%), a significant increase in milk production per goat, from
168 t0 482 I milk goat ' y~!, equivalent to a 187% increase, occurred
during the studied period {1994—2018). Goat meat production, on
the other hand, only rose 3% during the analyzed periad, but the
average meat amount produced per goat was 4.12 kg goat™! in
1994, with an interesting increase to 10.23 kg of meat goat™' in
2018. Yet, when dividing the annual meat goat regarding the
milking goats, that is, those goats that kidded, this figure increases
up to 19.68 kg of meat goat ' in 2018, generating a significant in-
crease from 1994 to 2018 of close to 500%, regarding kid meat
production.

3.2. Quantification of the carbon footprint (CF)

The ohserved values for methane emissions during the evalu-
ated period showed a downward trend across the years (Fig. 1).
Likewise, the CHy emissions reported as COy.¢q per kg MMP also
showed a decreasing trend from 1997 to 2015 (Fig. 2). Moreaver, a
total reduction of 60% occurred from 1994 to 2018, with an average
annual reduction of 761 g of CO;.¢q per kg MMP,

The N,0 emissions, in gigagrams of CO._qq, are directly propor-
tienal to the CHy emissions, depicting the same trend across time;
the largest N;O reduction {20.20%) occurred between 1994 and
1995 (Table 2). Fig. 3 depicts the EV trend of both MMP and GHGE.
From 1994 to 2018, EV-MMP increased M€ 1.03 year ! (MUSD 1.33)

Table 1
Equivalencies used to transform the original milk-meat goat data,

| kg of goat meat protein 5.31 kg of meat
1 kg of goat milk protein = 30.30 ka of milk
1 kg of goat milk 0.96 1 of milk

1 kg of fat & protein corrected milk = 3.24 kg of milk

while the EV-GHGE as CO..; decreased M€ 0.10 year" (MUSD
0.12),

The COy..q emissions generated by the forage production used
for supplementing the milking goats during the dry season fell from
17.81 Gg €0y in 1994 to 8.14 Gg CO7.¢ in 2018, mainly due to the
reduction in the goat inventory across years. The three main forages
produced were alfalfa, corn and oats; according to the methodology
proposed by the IPCC, only corn (85.66%) and oats (14.34%)
contributed to the GHGE. Fig. 4 concentrates the annual EV-GHGE
and the GHGE kg MMP~', considering both milking goats or the
total herd, either with or without supplementation. The annual
average EV-GHGE of milking goats was M€ 1.55 (MUSD 2.00), with
36.65 kg COy.eq kg MMP~ !, These values increased up to M€ 3.61
(MUSD 4.67) and 84.29 kg C05.p kg MMP ! when considering both
the whole herd and the forage production for supplementation in
such quantification. Interestingly, in 1994, when considering the
whaole herd + supplementation, the observed values were M€ 4.87
(MUSD 6.29) and 149.04 kg COy.¢ kg MMP

3.3. Quantification of the blue water footprint (BWF)

The evolution of both the goat inventory and the BWF generated
by the GPS-CL (1994—2018) is shown in Table 2. The BWF volu-
metric value used by the GPS-CL was 193 m® million in 1994,
representing a 57% reduction compared to 2018, equivalent to
3.40 m? goat ! and 462.99 | of water kg MMP . Fig. 5 shows the
annual average for the BWF under four different scenarios A:
Milking goats, B: Milking goats + supplementation, C: Total goat
herd and D: Total goat herd + supplementation, during 1994—2018.

According to the information presented for the CL by CONAGUA
(2015), the WSI was 0.97, categorized as extreme according to the
following classification: <0.1 low; 0.1 < & <0.5 moderate; 0.5 < &
<0.9 severe, and =0.9 extreme (Phister et al, 2009). The last one
generates a stress-adjusted water footprint of 1.27 Mm’® ¥ ' of H,0-
equivalents (Hy0..), equal to 3.30 m’ H30._. head ! and 449.101
H30.¢q kg MMP~ !, Based in our evaluations, the production of one
kg of MMP produced in the GPS-CL theoretically contributes to
fresh water scarcity which corresponds to the drinking of 449.1 1 of
water of an average person worldwide. This impact refers to the use
of the blue water for drinking and services in the goat herd. Fig. &
displays the contrast berween the average annual EV-GHGE and
the BWF with regard to the annual average of the EV of goat milk
and meat. Considering the total herd with supplementation, the
environmental cost represented 33.52% of the VE-GPS.

34. Quantification of the socioeconomic impact (SEI) of the geat
production system

As mentioned, the CL is formed by municipalities in two States:
Coahuila and Durango. To quantify the socio-economic impact
(SEI), three municipalities in Durango (Lerdo, Mapimi and Tlahua-
lilo; CL-DGO) and four in Coahuila (Francisco | Madero, Matamoros,
San Pedro and Viesca; CL-COAH) were considered. These munici-
palities concentrated an annual average of 289,279 head, equiva-
lent to 73% of the goat herd in the CL. Regarding the value of milk-
meat production, these municipalities contributed with an annual
average of 8.67 M€ (11.20 MUSD) and 4.01 M€ (5.18 MUSD), cor-
responding to 76% and 70% of the milk and meat produced in the CL,
respectively. These figures are equivalent to 73% of the total eco-
nomic value of the GPS-CL,

Interestingly, the correlation analyses showed that all the re-
lationships between the AMMI and the productive and economic
response variables were significant at 95% probability. Very inter-
esting results were obtained from this evaluation; considering the
CL's total goat herd, it was found that the GPS-CL generated
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Table 2

Inventoy of goats, milk-meat production, methane emissions (CHy) and nitric axide (N20) emissions, and blue water footprint, (BWF; millions of m" ) generated by the goat
production systern in the Comarca Lagunera, Mexico, across time (1994-2018].

Year Census (head)  Production {H,; emissions [Gg) N0 emissions (Gg) BWF (Mm™)
Milk [million 1) Meat [£) MMM (L) Enteric-F " Manure-M * TE (0peq  MNO-H N0 TE Dy
1994 576317 47.52 2377 2074 263 0.12 68.68 0.48 075 22258 193
1998 442233 48.01 2917 2192 221 0.10 53771 (.40 062 1870 149
2002 459589 71.75 5444 3480 2.30 0.10 59.98 0.42 066 19436 155
2006 463317 80,50 4,165 3.553 232 0.10 G0.45 042 0.66 19594 140
2010 444831 76,52 3804 3335 222 0.10 58.05 .40 064 18812 124
2014 280,183 61.68 31m 2696 140 0.06 36.56 0.25 040 11849 1.04
2018 240462 55.34 2460 2357 1.20 0.05 31.38 0.22 034 1069 0.83

* MMF: Milk-Meat Protein,

" Enteric-F = Enteric Fermentation.

© Manure-M = Manure Management.
4 TE = Tolal Emissions.
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Fig. 1. Dynamic of tatal methane emissions {CH.) (Gg of C0x..q) generated by the goat production system in the Comarca Lagunera, Mexico, across vears (1994—2018).
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Fig. 2. Total methane emissions (CHy} in kg 00y per kg mill-meat protein (kg C0 o kg MMP~") generated by the goat production system in the Comarca Lagunera, Mexico,
across vears (1994-2018).
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Fig. 3. Comparative analyses between the economic value of milk-meat production and the economic value of greenhouse gas emissions as C0;.q, d by the goat production

system in the Comarca Lagunera, Mexico, across years (1994-2018).

A Milking goats:
EV-GHGE = 1.55 M€ (2.00 MUSD); 36.65 kg C0z-eq kg MMP-!

B Milking goats + supplementation:
EV-GHGE = 1.64 M€ (2.12 MUSD); 38.89 kg COz-eq kg MMP-1

Total goat herd:
EV-GHGE = 3.40 M€ (4.39 MUSD); 79.44 kg €Oz, kg MMP-!

D

Total goat herd + supplementation:
EV-GHGE = 3.61 M€ (4.67 MUSD); 84.29 kg G02.. kg MMP-"

Fig. 4. Average economic value of greenhouse gas emissions [EV-GHGE: Me [MUSD]] and GHGE per kilogram of milk-meat protein (kg €0z o kg MMP™") generated by A: Milking
goats, B: Milking goats + supplementation, C: Total goat herd, and : Total goat herd + supplementation by the goat production system in the Comarca Lagunera, Mexico, across
years [1994-2013). Note: The annual average value of the goat production system was 18.17 M€ (2347 MUSD). The EV-GHGE considered the estimated price of 15.75 € 100,
(USD 20,35) as proposed by Environmental Finance (2011, Thompsan Reuters (20117,

A Milking goats:
EV-BWF = 0.29 Mm? y'1; 103.32 | kg MMP-!

B Total goat herd:
EV-BWF = 0.64 Mm?® y-!; 226.93 | kg MMP-!

C Milking goats + supplementation:

EV-BWF = 0.96 Mm? y-'; 339.38 1 kg MMP-!

D

Total goat herd + supplementation:
EV-BWF = 1.31 Mm? y-1; 462.99 | kg MMP-!

Fig. 5. Annual average value of the blue water footprint (EV-BWF; Mm? y=') and liters per kg of milk-meat protein {| kg MMP~') generated by A: Milking goats, B: Milking
goats + supplementation, C: Total goat herd, and D: Total goat herd — supplementation by the goat production system in the Comarca Lagunera, Mexicn, across years [ 19942018,

15,854.86 annual minimum wages (AMW), equivalent to the the AMW which rose from 2,938 to 20,360 but also in the number
average income of 3,863 families in the rural stratum. Certainly,  of families that can be supported by such increases, moving from
during the 19942018 period, increases were observed notonlyin 713 to 4,960 rural families in this period. Moreover, during the
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Fig. 6. Annual average economic value of greenhouse gas emissions {GHGE), blue water footprint {BWF) and milk-meat production {ME year ') generated by A: Milking goats, B:
Milking goats | supplementation, C: Total goat herd and D: Total goat herd + supplementation by the goat production system in the Comarca Lagunera, Mexico, across years
(1994-2018). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Accomulated value of milk-meat procuction, million euros and accumulated annual mini 1 wages, generated by the poat production system in the Comarca Lagunera,
Mexico, across years (19942018 ), Note: This GPS-value of production and this amount of annual minimum wages represent the income of 95,576 families from the rural stratum,

analyzed period, there was an accumulated economic spilloveret-  AMW adjusted to the 2011 euro value (Fig. 7). Additionally, the
fect by the GPS-CL of M€ 454.23 (MUSD 586.83), representing the  correlation matrix between the Absolute Municipal Marginaliza-
income of 96576 families, equivalent to 396,371 accumulated tion Index and the economic and productive calculated variables is
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presented in Table 3.

When evaluating the municipalities considered in the socio-
economic analyses, across the period 1995-2015, a 449% global
increase occurred in the EV-GPS, with growths from 3.15 M€ (4.07
MUSD) in 1995 up to 17.30 M€ (22.35 MUSD) in 2015. Moreover, a
significant decrease of 536% in the AMMI was observed in the
selected municipalities when contrasting an average value of
17.66% in 1995 down to 2.78% in 2015 (Fig. 8).

As an improvement in the quality of life of rural families is
observed, a parallel decrease in the AMMI occurred. The AMMI is
represented by a numerical scale, but it can also be expressed
alphabetically in a range that goes from very low to very high,
known as degree of marginalization (DOM). Table 4 shows the
evolution of the AMMI and the DOM of the municipalities consid-
ered herein.

4. Discussion

4.1. What we learned from these results and how they compare to
other studies?

The main outcomes of our study reveal that the environmental
and economic impact of the CF and BWF generated by the CPS-CLis
less than the economic value generated by this activity in the region
during the analyzed period; based in such findings our working
hypothesis is not rejected. Certainly, the EV-GPS showed a higher
increase regarding the EV-CF and the EV-BWF (Fig. 6). The main
factors explaining this difference include: 1) the BWF is totally
negligible in comparison with other production systems (e.g. dairy
cattle and beef cattle), 2) an uninterrupted increase in productivity,
mainly in liters of milk goat™!, occurred, 3) an increase in the price
paid to producers per liter of milk and kilogram of meat produced
was recorded, and 4) a long-term downward trend in greenhouse
gas emissions was observed (Fig. 2). Moreover, the EV-CF and the
EV-BWF represented only 33.52% of the EV-GPS-CL, even when
considering the total goat herd + supplementation of 10% of the
milking goats for a four-month period (Fig. 6). These outcomes
highlight a remarkable positive performance by the GPS, especially
considering the semiarid agro-ecological context in CL. In Mexico,
250,000 families in rural areas live off goat production and most of
the milk produced is marketed through collection centers for the
cheese and candy industry, observing a low consumption of fluid
milk (Santos-Lavalle et al., 2018). However, in the face of population
growth, climate change and reduced natural resources, it is feasible
to predict increased demand for goat fluid milk in the coming years.

Table 3

4.2. Some comparisons regarding greenhouse gas emissions

Global atmospheric concentrations of CH; and N»O have
increased considerably over the last 250 years. The main sources of
these emissions can be directly or indirectly attributed to rumi-
nants, including dairy cattle, goats, sheep and buffaloes (Opio et al,
2013). This represents a challenge for the goat sector's growth and
development. Consequently, accurate GHGE estimates are crucial to
designing effective mitigation strategies; however, while analyses
of CF in dairy cattle are abundant, in goats they are scarce.

The obtained CHGE per kg MMP in this study is comparable to
that described in other countries or regions in the world (Table 5).
The greater value of the GHGE by the GPS-CL compared to other
regions of the world is indicative of the possibility of implementing
substantive measures to reduce these emissions and of the op-
portunities to improve goat production efficiency.

The CH4 emissions in kg MMP ' decreased from 33.12 kg C02.¢q
in 1994 to 13.32 kg CO,.¢q in 2018, suggesting greater efficacy by the
GPS-CL regarding the use of food harvested in the rangeland and its
subsequent transformation to milk-meat with high biological value,
observing in parallel a lower energy loss because of the methane
production. The average value of the total GHGE during 19942018
was 84.29 kg C0;.¢q kg MMP 1, being less than the world average
value (134.73 kg COz..q kg MMP ") reported for goat production,
with diverse differentials with respect to Africa (182.81 kg CO2.¢q kg
MMP'); Latin America and the Caribbean (135.62 kg CO;.¢q kg
MMP~'); Asia (131.24 kg C0z.¢q kg MMP~") and Oceania (109.79 kg
C03.¢q kg MMP !\, However, the value obtained in this study is
higher than that reported for North America (72.27 kg C05.¢q kg
MMP~"), Europe (4951 kg COz..q kg MMP™') and the Russian
Federation (44.73 kg COp.eq kg MMP ) (FAQ, 2017). The observed
results during the same period and study area generated by the
dairy cattle and beef cattle systems were 259.36 kg CO;.cq kg
MMP !, avalue 207.70% higher than that found in the present study
in goats (Navarrete-Molina et al,, 2019a). These results confirm our
working hypothesis that GPS-CL is more efficient from a clean,
green and ethical perspective, heightening the opportunity for
greater sustainability.

4.3. What significance does the water footprint hold?

From a global perspective, the availability of freshwater avail-
ability is quite reduced since it only represents 2.5% of total water
resources (Tiu and Cruz, 2017). Besides, as stated by Thornton
(2010), 40% of the world's population depends on groundwater to

The correlation matrix between the absolute municipal marginalization index (AMMI) and some economic and productive variables calculated from key-goat producing

municipalities in the Comarca Lagunera, Mexico, across years (1995-2015).

AMMI  Economic value Efficiency
(me) (€ per unit of product) {production per head)
Milk Meat Milk{(€1') Meat(£kg ') Milk(lhead ') Meat (kg head ")
Absolute municipal marginalization index 1 0.428 0339 0.814 03815 0.355 0599
0010 0.047 0.000 0.000 0.036 0.000
Economic value (m€) Milk 1 0.929 0.532 0.495 0.467 0.556
0.000 0.001 0.003 0.005 0.001
Meat 1 0413 0408 0441 0614
0.014 0.015 0.008 0.000
(€ per unit of product) Milk (€1 ") 1 0.975 0.565 0.757
0.000 0.000 0.000
Meat (€ kg ") 1 0.449 0.746
0.007 0.000
Efficiency {production per head)  Milk (1 head ") 1 0,625
0.000

Meat (kg head™")

1
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Fig. 8. Average value of goat production (M€ and absolute municipal margmalization index (%) of some municipalities of the Comarca Lagunera of Durango (Lerdo, Mapimi and
Tlahualile) (CL-DGO) and Comarca Lagunera of Coahuila (Francisco | Madero, Matamoros, San Pedro, Viesca) (CL-COAH), Mexico, observed across year [1995- 2015),

Table 4

Evolution of Absolute Municipality Marginalization Index {AMMI, %] and the Degree of Municipal Marginalization (DMM) of some municipalities of the Comarca Lagunera of
Coahuila (Francisco | Madero, Matamoros, San Pedro and Viesca; CL-COAH) and Comarca Lagunera of Durango (Lerdo, Mapimi and Tlahualilo; CL-DGO), Mexico, across years

1995-2015.

Comarca Lagunera Municipality AMMI (%)/DMM AMMI
e ()
1995 2000 2005 2010 2015 Decrense )

CL-COAH F. . Madero 15.8% - HI 39% -Vl 3.5% - VL 21% - VL 20% - VL 13.78%

Matamoros 182% - HI 4.2% - VL 34%-VL 21%-VL 1.6% - VL 16.58%

San Pedro 15.5% - HI 5.1%- 10 4.0% - VL 3.5% - VL 31E-VL 1238%

Viesca 236%-VH 77%-10 49% -VL 44% - VL 44% - VL 19.17%

CL-DGO Lerdo 10.5% - ME 4.3% - ME 278 -VL 1.9% - VL 1.7 - VL 8.83%

Mapimi 19.8% - HI 77%-10 5.1%- 10 45%-VL 3.3%-VL 16.45%

Tlahualilo 20.5% - VH 5.3%-10 34%-VL 345 -VL 29% - VL 17.58%

VH= Very high, HI= High, ME — Medium, L0 — low, V- Very low,
Source: Author-made with information from CONAPO, 2014,

Table 5

Greenhouse gas emission average (GHGE; kg C0y.oq kg milk-meat protein ') generated by the goat productinn system in the Comarca Lagunera, Mexico,

across years (1994-2018) as compared to other studies.

Source GHGE (kg €07 kg MMP ) Product — Country — Region

This study 84.29 Milk-meat; Comarca Lagunera, México
Weiss and Leip (2012] 89.86-136.49 Milk-meat; European Union

Michael (2011} 5250 Milk; Australia

Kanyarushoki et al. 11.90 Milk; France

Opio et al. (2013) 134.58 Milk-meat; World average

Leip et al. (2010} 97.86 Milk-meat; European Union
Robertson et al. (2015) 7.58-9.64 Milk: New Zealand

drink, while a noteworthy deficit between groundwater extraction
and recharge has augmented in a significant fashion in diverse
regions worldwide. The use of potable water for domestic livestock
species is close to 2180 km’ year ', so it is fundamental to evaluate
the relationships between livestock preduction and human water
consumption (Herrero et al, 2009), In these relationships, it is
important to consider the value of water, because in most of the
world it 1s not adequately valued, being considered a low-cost or
more often free resource, Therefore, it is fundamental to reevaluate
such perception in order to guarantee the accessibility of water not
only from a quantity but a quality stand point; the main goal is to
safeguard the viability of both humans and ecosystems {Herrero
et al,, 2009). The annual BWF used by the GPS-CL decreased from

1,930,000 m’ in 1994 to 830,000 m’ in 2018, averaging
1.310,000 m* per year (Table 2 and Fig. 5). These numbers confirm
that the GPS-CL contributed 1,270,000 m® y ' to the global fresh-
water shortage, representing 0.25% of the recharge of the 518.9
million m’ aquifer in the CL [CONAGUA, 2015). This value repre-
sents merely 0.00036% of the contribution to the global water
shortage reported for the dairy cattle production system-CL of
3,511,260,000 m® v~ ' during the same period of study [Navarrete-
Molina et al., 2019a).

There are few studies concerning goat production’s water
footprint. Mekonnen and Hoekstra (2010) reported a BWF global
average of 2,667.31 | kg MMP ! which includes only non-
concentrated, non-sweetened milk, with a fat percentage greater
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than 1% but inferior to 6%, For Mexico, a BWF of 4,213.14 | kg
MMP ! has been reported, indicating there are important differ-
ences between countries and regions. These values are higher than
that observed in our study of 462.99 | kg MMP ', even much less
than the 3,303.61 1 kg MMP ! for goat milk in Australia (Michael,
2011). The annual average of BWF from the GPS-CL was €
2,480,000 (3,203,986.32 USD), a value significantly lower than the
income generated by it. The BWF was 3.40 m* goat ' v, but once
the BWF of forage production was eliminated, this value decreased
to 1.89 m* goat 'y . Moreover, by eliminating the BWF of the
other diet components, a scenario observed in at least 90% of the
production scheme with daytime grazing-browsing and night
confinement, this decrease went down to 1.64 m* goat ! y ! The
amount of water required for forage production represented 32.06%
of the total water required for goat milk production in the CL. The
EV-BWF for EV-GHGE was lower [2.48 vs 3.61 M€ y ' (3.20 vs 3.61
MUSD y 1]. respectively|, and even more evident when compared
with the EV-GPS, because the EV-BWF only represented 13.65% of
the EV-GPS-CL The above is environmentally and economically
relevant considering the warm climate, marginal vegetation, and
significant water shortage in the CL. Consequently, promoting goat
production seems to be a good option, compared to cattle pro-
duction, if our aim is to reduce environmental impact upon the CL's
[ragile agro-ecosystem.

By contrasting these results with those obtained by the dairy
cartle and the beef cattle fartening production systems (Navarrere-
Molina et al., 2019a,b} calculated for the same period and study area
by our group, the observed BWE value of 30.24 m? H,0 kg MMP ' is
significantly higher than that obtained from the GPS-CL of 0.46 m’
Hz0 kg MMP~". This difference evidences the greater efficiency of
goats to convert water into protein as compared to cattle, which is
particularly important when talking about arid environments like
that of the study area. That is, with the water resources needed to
produce one kg of bovine MMP in CL, 65.74 kg MMP, of equal or
better biological quality, could be produced by goats.

The basis of goat feeding in CL is centered on the green water
footprint, since most of the feed requirements are covered by the
consumption of natural vegetation available in the rangeland. This
is significantly different from dairy cattle, beef cattle, swine and
poultry, which hase their diet on the blue water footprint. These
tendencies place to goats as a species committed with the envi-
ronment, thoroughly eco-friendly and better adapted to the re-
gion's arid and semiarid conditions. The importance of other
livestock economic activities is not minimized, but these results
suggest that public policies should be aimed at fostering the sus-
tainable use of scarce resources available in CL, especially water.
The present study highlights the importance of re-valuing the goat
production system as a focal point of agro-livestock development
rather than anly focusing efforts on supporting bovine (milk and
meat), swine and poultry value chains under such marginal and
arid schemes,

4.4. What significance does the socio-economic impact of goats
embrace?

If we consider human development as the fourth column of
sustainability, goat production not only contributes to improving
the quality of life of producers from an economic, sacial and cultural
viewpoint (Devendra and Liang, 2012}, but also, as shown by the
present study, from an environmental perspective. Certainly, goat
production in the CL has the potential to generate annual income
for almost 4000 families, who are widely distributed in the rural
areas. The AMMI correlated in a negative and significant manner
with all the economic and efficiency response variables. That is, the
AMMI correlates in a low way with the variables milk preduction (1

head ") (a = 0.04) and EV-meat (2= 0.05), moderately with meat
production (kg head ') (z = 0.001) and EV-milk (« = 0.01) and
significantly with the unit price per 1 of milk (o = 0.001) and per kg
of meat (o= 0.001). These results suggest that the higher the value
of any of the calculated response variables, the lower the AMMI and
consequently the marginalization degree will tend to achieve lower
categories. According to Lopes et al. (2012), productivity per goat is
highly correlated with the human development index in Brazil.
Elsewhere, in Tanzania, goat milk production was positively related
to education level (Chenyambuga et al., 2014), agreeing with the
main socio-economic outcomes generated by our AMMI analyses,
especially regarding the decreased percentage of people who are
up to 15 years old and illiterate, that is, the access to basic
education.

Moreover, if we add to this the great ability of goats to produce
under extremely marginal environments by transforming food re-
sources that are hardly used by other species into products of high
biological value (i.e. milk and meat), the fundamental yet strategic
role played by goats in the face of climate change is indisputably
clear. Indeed, among the different livestock production systems,
goat milk, and meat production is one of the most primordial, least
intensive, eco-friendly options, thereby meeting society's demand
for clean, green and ethical production systems. The above requires
further evaluating the multidimensional nature of goat production
sustainability under marginal contexts, where the significant
ethological and physiological plasticity of this species undoubtedly
arises. Each factor to be explored must have the ability to respond
and adapt to change, and goats show a sophisticated adaptive ca-
pacity. Consequently, more and more windows of opportunity are
opening up, such as those called lifestyle-markets, highlighted by
ethical products, fair trade, ecotourism/tourism, organic products,
environmental markets and biodiversity, all of which represent a
growth opportunity for the goat sector (Peacock and Sherman,
2010),

All these windows of interaction and growth opportunities
could be enhanced due to the diverse adaptive characteristics
shown by goats to produce and still flourish under challenging
conditions: low metabolic heat production, tolerance to water
shortage, an anatomical and morphological structure that allows
efficient use of low-quality foods, type of skin and hair, sweat
glands essential to mitigate heat stress, great reproductive capacity,
excellent resistance to disease and parasites, coupled with great
productive longevity. All these characteristics, normally present in
the genetic material of local animals, show an inordinate physio-
logical plasticity and capacity of adaptation by goats to face the
inexorable challenges to come with climate change (Koluman and
Silanikove, 2018),

4.5. Goats performed quite well but there will atways be room to
further reduce the environmental impact

Since our study area is an extremely arid region, with annual
precipitation of 225 mm, rational water use must be promoted
through regulatory policies and technological improvements. In
order to achieve the last, a tangible commitment and involvement
of all sectors involved in the GPS, especially the producers, is un-
deniable. Some policies or improvements may include:

a) protecting and improving the natural vegetation that is part of
the goat's diet. The region's rangelands have greatly deterio-
rated due to overexploitation, originally caused by beef cattle,
exacerbated by the producers' incorrect belief that rangelands
do not require maintenance care (Garcia-Bonilla et al,, 2018),
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b) adjusting food and reproductive management considering the
seasonal dynamics of the quality and availability of natural
vegetation with specific reproductive windows,

¢) encouraging the adoption of health management schedules that
include the most common and riskiest infectious and parasitic
diseases, improving not only animal health but also that of
producers and their families, as well as warding off any
dangerous type of zoonosis.

These practices would provide real socio-economic benefits for
alivestock sector that usually does not receive any kind of technical
and social attention, Implementing the most appropriate measures
will depend on the objectives set out, which must be carefully
planned, considering agricultural, water and social policies for the
benefit of the environment, natural resources and goat producers,
which should prioritize employment generation, rational resource
use and regional economic benefit. Therefore, the information
generated in our study suggests a high potential for use by
decision-makers whose primary objective should be to maintain
the integral sustainability of agro-livestock activity contextualized
in the social, economic and environmental benefits of the Comarca
Lagunera itself (Navarrete-Molina et al., 2019a,b; Rios-Flores et al,,
2018),

5. Conclusions

This study appears to be the first to clearly demonstrate that the
long-term economic benefit of the Comarca Lagunera goat pro-
duction system is greater than its environmental impact. This sys-
tem is eco-efficient when comparing its results with those
observed at the global level, both for the carbon footprint and for
the transformation of blue water into animal protein with an un-
disputable biological value. Emphasis is placed on the need for
measures to improve the availability and quality of products and
services for the benefit not only of the goats, but also of the pro-
ducer and his family. Moreover, promoting the sustainability of goat
production will also contribute to improving the socio-economic
conditions of the people invalved in this livestock activity. In the
same vein, our study demaonstrates that the greater the economic
and productive efficiency of the goat production system, the better
the socia-economic conditions of the producer and his family, with
a concomitant decrease in both the index and degree of margin-
alization of families and municipalities where this activity de-
velops. Finally, the implementation of mitigation measures should
prioritize rational resource use, employment generation, and
regional economic benefits as part of a more efficient and sus-
tainable production process. The multidimensional nature of goat
production sustainability under marginal contexts over the evalu-
ated period reveals the refined while sophisticated ethological,
adaptive and physiological plasticity of goats; certainly, not all ru-
minants were created equal.
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Based on the available scientific information, which point to a higher El in animal
foods production, especially those from ruminant species, one of the most
common strategies proposed to reduce the CF and WF, is without a doubt, to
reduce the consumption of food of animal origin (Hoekstra, 2012; Legesse, et al.,
2017; Mekonnen & Hoekstra, 2012; Vanham et al., 2013). Another strategy
related and directed to consumers is to select products of animal origin based on
their EF (Ercin et al., 2012). Due to differences in feed conversion efficiencies, the
EGHG and water use blue per kilogram is generally higher for beef cattle than for

poultry or pork (Gerbens-Leenes et al., 2013).

Such differences of conversion are not applicable to all ruminant species,
because, for example, in Middle East and Africa, animal protein goats require
considerably less water than a mixture of maize and pea (Damerau et al., 2016).
A similar situation is observed in the CL when comparing with the protein of bovine
origin. Besides, in many regions of the world and the CL, goat production seems
to be the only sustainable livestock activity due to climatic, edaphological and
socioeconomic factors. Nonetheless, we need to take into account both pros and
conts of every livestock activity in a defined region to take the best productive
options. If we do not recognize the specific situation of different animal production
systems, in special their eological and socioeconomical footprint, can lead to
unsustainable and counterproductive results (Legesse, et al., 2017).

6.1. Carbon footprint

The proposed strategies to reduce the El of livestock production should be based
on technologies and practices that help improve herd-level efficiency. There is a
growing demand to produce livestock products more efficiently per unit of
methane, as well as per liter of water. In the case of CL, it is proposed to include
the use of better-quality balanced foods, in such a way that they help to reduce
the EGHG at the enteric level and at the manure management level (Herrero et
al., 2012; Gerber et al., 2013; Moate et al., 2016). In this sense, would help the
adoption of management practices manure ensured both the recovery and the

recycling of nutrients and energy, parallel to improving the efficiency of energy
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use along the chain of supplements, Previously, it would help to potentiate the
mitigation efforts of the CF of ruminant cattle in CL (Gerber et al., 2013).

Some other technologies applicable in the CL, are the improvement of the quality
of the forages and the use of food additives that include bioactive compounds,
fats, ionophores/antibiotics, propionate reinforcements, archaebacterial inhibitors,
nitrates and sulfate supplements, along with vaccine development and genetic
selection methods. Because all the above has a great potential to reduce EGHG
and, therefore, should be considered as viable options as short-term mitigation
strategies (Herrero et al., 2012; Gerber et al., 2013;Moate et al., 2016; Smith et
al., 2014).

Other mitigation strategies, applicable to CL, include the use of genetically
improved animals that have a higher production efficiency with a lower EGHG per
unit of product, or those with a better potential to reduce enteric fermentation
emissions. Microbial technologies to develop vaccines, methanotrophic
microorganisms, rumen defaunation, bacteriophages and the use of probiotics to
improve reproductive efficiency are medium-term options to expand mitigation
schemes (Smith et al., 2014). Genomic selection aligned with direct
measurements of methane emissions, as well as with the efficiency of food
conversion, would promote reductions with respect to the intensity of methane
emissions (Herrero et al., 2012; Moate et al., 2016). In addition, to reduce the
emissions of N20, in the ruminants in the CL, apply the strategies proposed by
Smith et al. (2014) that include dietary manipulation to decrease fecal N, dietary
nitrification inhibitors, urease inhibitors, the best selection of fertilizers and the use
of best manure management practices incorporated into floors. Likewise, and
although not yet tested for CL, it is proposed achieve up to 30% reduction of
emissions from manure through the adoption of technologies manure
management, generated and validated in Europe (Oenema et al., 2007). In
addition, policy makers and professionals involved in the agricultural management
sector must be able to implement different strategies to mitigate the impact on

ecosystem services (De Groot et al.,, 2002). When considering strategies to
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mitigate the EGHG by ruminant production systems, bioenergy is an interesting
alternative, however, it is important to consider different issues such as the
implementation of practices to improve sustainability, as well as the efficiency of

bioenergy systems (Smith et al., 2014).

In the case of CL, the technology currently used in many ruminant production units
is the use of biodigesters, which is an integral technology, since it contributes to
reducing EGHG, produces bioenergy and organic biofertilizers while helping to
clean the waters gray. However, special attention should be given to the biological
treatment that is given to the microbial population and, consequently, to the C/N
ratio, which will help to improve the treatment of wastewater, to mitigate the wear
and function of the biodigester membrane, as demonstrated by Sepehri and
Sarrafzadeh (2018).

6.2. Water footprint

It should be recognized that in the CL, several parts of the rural and urban sectors
depend economically, directly or indirectly, on both dairy and beef cattle
production systems. That is why instead of proposing radical actions to reduce or
even eliminate these economically important production systems, smart

alternatives should be proposed to reduce the EIl generated by them.

Considering that ruminant livestock farming in the CL is carried out in extremely
arid conditions, with an annual rainfall <240 mm, the search for technological
protocols and regulatory policies to promote rational water use should be
considered. As the major impact of ruminant production systems is due to the
production and handling of animal feed, it seems plausible, as a short-term
strategy, to stimulate the stratification of the links in the ruminant production
chains; this could easily be done by promoting the production of fodder and grain
in a more appropriate geographical region to sustain said production without
compromising its hydrological balance. In addition, it is of particularly importance
to promote the use of more technified and efficient irrigation systems in the
agricultural area of the CL.
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It is of utmost importance to stop the environmental deterioration of the Durango
mountain range by proposing a healthy, efficient and sensible management of the
upper Nazas river basin, because it is the main source of fluid and underground
water supply, for the development of agricultural activities in the CL. Said WF
mitigation strategy should favor management practices to promote the supply of
a larger volume of water to the lower river basin located in the CL. In addition to
this strategy, payment promotion should be seriously considered. For
environmental services to the inhabitants of the upper basin, not only to stop the
deterioration of the forest, but also to support its conservation and improve the
collection of water and carbon sequestration, which will not only mitigate the WF

but in parallel the CF.

Another proposal for mitigation of WF, applicable to CL, is the use of other animal
genotypes, which are more efficient in terms of the use of energy and water with
reasonably favorable results for the dairy and meat industry. Despite a possible
reduction in the volume of production, the use of these genotypes can
compensate for the losses that occur with this strategy due to the increase in the
total solid content of solid milk and a greater daily weight gain, especially in fat
and protein content.

Without a doubt, such potential mitigation proposals would only be viable with the
participation and commitment of the different entities involved in these complex
production systems, especially the producers themselves. Certainly, both
methodologies and logistics must be carefully planned to achieve these objectives
to mitigate the impacts of the animal industry on both the environment and natural
resources. For this reason, the information generated and presented in this thesis
report must be useful for decision-making bodies, whose main objective should
be to maintain the overall sustainability of agricultural activity in a harmonious
balance with the productive, economic, biological sectors and social aspects of
CL (Rios-Flores et al., 2018).
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In order to homogenize the analysis periods, the required calculations to
determine the EI of the dairy cattle production system in the CL, were
economically quantified during the period from 1994 to 2018 (Appendix 1). When
comparing the El with the EV of the milk production, a zero profitability of the
system is observed since the EV of the milk production represented only 4.96%
of the environmental costs. Undoubtedly, the dairy cattle industry is responsible
for a significant anthropogenic El in CL. The highest environmental and economic
cost of the bovine milk production system in the CL is generated by the water
footprint. Water is an extremely limited and scarce natural resource in this warm-
arid region, coupled with the presence of an endorheic basin, which presents an

alarming water deficit.

Regarding beef cattle, our study demonstrates a clear and long-term information
base (1994-2018) that the ElI and Ecl WF and CF generated by the system of
intensive fattening cattle in the CL it is significantly greater than and EV generated
by this activity in the region. Contrasting the El with EV of intensive meat bovine,
the result is a null return; EV meat production bovine represented only 3.67% of
environmental costs (Appendix 1). Like the production of bovine milk, the main
environmental and economic cost was that associated with WF. Without a doubt,
the trends observed in the last 25 years require an immediate application of
measures and policies aimed at mitigating the EF of this production system.
Therefore, it is fundamental and essential to promote actions that foster a bovine
fattening system based on a responsibility, not only environmental but also social,
in order to form a more efficient, rational and sustainable production process,

which at the same time reduces the anthropogenic impact.

On the other hand, the results obtained in the case of the goat meat-milk
production system in the CL clearly demonstrate that the long-term economic
benefit (1994-2018) is greater than its El. Because its EV is 275.72% higher, than
the EVEI (Appendix 1). The results show that it is an eco-efficient system when
comparing its results with those observed worldwide, both for CF and for the

transformation of blue water into animal protein with an indisputable biological
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value. The need for measures to improve the availability and quality of products
and services for the benefit not only of goats, but also of the goat keepers and his
family is emphasized. In addition, to promote the sustainability of goat production
will contribute to improving the socioeconomic conditions of the people involved
in this livestock. In the same way, it was shown that the greater the economic and
productive system efficiency goat production, the better the socioeconomic
conditions of farmers and their families, with a concomitant decrease in both the
index and the degree of marginalization of families and municipalities where this

activity takes place.

By adding the EV of the El of the systems analyzed here and by contrasting them
with the EV generated by them in the CL, it is clearly demonstrated that the
economic benefit in the years studied (1994-2018) of these systems is less than
their EI. However, it is essential to highlight the exception that represents the goat
meat-milk production system, where this relationship shows an inverse trend.
However, by adding the values obtained, the EV of ruminant livestock in the CL,
represents only 4.85%, with respect to the EV of its EI. So same, the EV of CF
represent only 2.77% of environmental costs, while the remaining 97.23% of
those costs to WF (Appendix 1).

The implementation of mitigation measures should prioritize the rational use of
resources, employment generation and regional economic benefits as part of a
more efficient and sustainable production process. A very strict policy to mitigate
this impact would be the establishment of a differential or tax payment scheme.
This could be done considering both the amount of water used and the amount of
GHG emitted, where the proposal would be to consider international prices for
both tracks. Future studies are required complementary to quantify the social and
economic benefit of ruminant production systems in the CL where different

mitigation strategies are evaluated.

Finally, ignoring this complex situation endangers the viability and sustainability
of not only ruminant production systems, but also works against productive,

economic, biological and social sustainability of the CL itself. In addition, the
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multidimensional nature of the sustainability of goat production in marginal
contexts should be considered, because its refined and sophisticated ethological,
adaptive and physiological plasticity was demonstrated. Certainly, not all

ruminants were created equal.
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Appendix 1. Annual average economic value of greenhouse gas emissions
(GHGE) and blue water footprint (BWF) and the value milk-meat production (M€
year?') generated by A: Dairy Cow Production Systems, B: Intensive Beef Cattle
Fattening Industry and C: Goat Milk-meat Production System in the Comarca

Lagunera, Mexico, across years (1994 - 2018).
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