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Abstract

This article identifies the impacts of climate change on livestock production in Mexico. Data from 28,337 livestock production units is used to estimate a
Ricardian model and simulate the effects of climate change on net income per head. The main results suggest that climate change could reduce net
income between -13.42 and -16.87% in 2041-2060 and between -14.42 and -33.83% in 2081-2100. Furthermore, small, less diversified producers
appear to be the most vulnerable to climate change.
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1. INTRODUCTION

In 2020, the Food and Agriculture Organization of the United Nations (FAO) reported stocks of 1,526 and 953 million heads of cattle and pigs in the
world, respectively and annual production of 68, 110 and 718 million tons of beef, pork and milk, respectively (FAO, 2022). Although the average yearly
growth rates of cattle, swine, beef, pork and milk production stocks have been 0.82, 1.46, 1.53, 2.56 and 1.41% during the period 1961-2020, the
expected growth in demand for animal food for the following years may not be in line with supply.

According to estimates by the United Nations (UN) Department of Economic and Social Affairs, the global population is expected to reach 9.74 billion

people by 2050, and the number of people living in the world by 2050 is expected to rise to 9.74 billion and 10.88 billion people in 21001 (UN, 2019).

The Organization for Economic Co-operation and Development (OECD) reports that per capita consumption of beef,2 pork3 and milk was 6.63 kg, 11.48

kg and 9 kg4 from 1990-2020 (OECD, 2021). If this per capita consumption is maintained and the world population increases by 3.08 billion people by

21005 , annual beef, pork and milk production would have to increase by 39.52% at current levels. In Mexico, the Sistema de Información
Agroalimentaria de Consulta (SIACON) indicates that in 2020 cattle and swine stocks were 8.41 and 20.29 million heads respectively. Likewise, the
annual production of beef, pork and milk amounts to 2.08, 1.65 million tons and 12.56 billion liters (SADER, 2021). Similar to global trends, the average
annual growth rates of beef, pork and milk production were 1.69, 0.70 and 1.57% during the period 1980-2020 and by 2050 and 2100, the population in
Mexico is expected to be 151.15 and 141.51 million people (UN, 2019). Therefore, if per capita consumption levels were to remain fixed, the supply of
beef, pork and milk, either by means of domestic production or imports, would have to increase by 20.33 and 9.75% in 2050 and 2100 in relation to

2020 levels.6

To close the gap between supply and demand for livestock products in the coming years, more natural resources or technological changes will need to
be incorporated into the production process, making it possible to increase production using fewer inputs. Furthermore, climate change will impose an
additional challenge on the sector to close the gap between supply and demand. On a global level, the Intergovernmental Panel for Climate Change
(IPCC) estimates that global surface temperatures will increase by between 1.2 °C and 3.0 °C in 2041-2060 and between 1.0 °C and 5.7 °C in 2081-
2100 compared with the period 1850-1900, depending on the Greenhouse Gas (GHG) emissions scenario used, or Shared Socioeconomic Pathway
(SSP) (IPCC, 2021). In Mexico, the Global Climate Model (GCM) ACCESS-ESM1-5 estimates that the change in average temperature will be between
1.79 °C and 3.72 °C in 2041-2060, between 1.79 °C and 3.72 °C in 2041-2060 and between 1.86 °C and 7.05 °C in 2081-2100 (Fick and Hijmans,

2017)7 . The increase in global surface temperature may affect production conditions in the livestock sector due to increased proliferation of pests and
disease, alteration of the hydrological cycle and water availability, the availability of feed and increased costs resulting from strategies to adapt to the
new climate conditions.

According to the GCM ACCESS-ESM1-5, in municipalities where some livestock activity was reported in the 2014 National Agricultural Survey (ENA
2014) (INEGI, 2014a) from the National Institute of Statistics and Geography (INEGI), the temperature is expected to increase between 2.10 °C and
2.84 °C in 2041-2060 and between 2.18 °C and 5.25 °C in 2081-2100 and rainfall could decrease between -0.99 mm/month (1.32%) and -6.52
mm/month (8.71%) between 2041 and 2060 and between -1.26 mm/month (1.68%) and -17.02 mm/month (22.74%) for the period 2081-2100,
depending on the history of GHG accumulation in the atmosphere (Fick and Hijmans, 2017).

Based on the foregoing, this research identifies the impacts of these changes on livestock production in Mexico and, in doing so, it contributes to
existing literature: i) with the first study in Mexico using the Ricardian model proposed by Mendelsohn et al. (1994), to estimate the impacts of climate
change on the livestock sector; ii) by presenting the heterogeneity of impacts among different types of livestock producers; and, iii) by using a larger
sample of Production Units (PU), in terms of observations, than those found in international literature.
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The Ricardian model, with which the association between climate and net income is identified, uses information from 28,337 livestock PUs, reporting
their location in the 2014 ENA. The location of the PU permits the linking of Geographical Information Systems (GIS) for climate and other variables with
the information from the ENA 2014. Thus, it was possible to construct a database containing net income per head of cattle, temperature, rainfall,
temperature variation, rainfall variation and socio-demographic characteristics of the producers.

The results indicate that, on average, an additional 1°C (1mm/month) of temperature (rainfall) is associated with an MXN$118.5 (MXN$21.1) decrease
in net income per head of cattle. Using the expected values for temperature and rainfall levels in the period 2081-2100, it is estimated that climate
change may decrease net income by between MXN$289 and MXN$678 per head, or between 14.42 and 33.83% of the current level.

For a better understanding of the research, the article is structured as follows: after the introduction, section 2 presents a synthesis of the literature
review on studies that take into consideration a Ricardian model to identify the impacts of climate change on livestock on an international level. Section
3 describes the theory, methodology and statistical information used to determine the effects of climate change on livestock production in Mexico.
Section 4 presents estimates of the Ricardian model for different samples, estimates of changes in livestock income according to different climate
change scenarios and a discussion of the implications of the results. Section 5 provides the conclusions.

2. REVIEW OF THE LITERATURE PREVIOUS STUDIES

In recent years, the Ricardian model has become popular because it takes into consideration the adaptation processes of producers in relation to
different climate conditions and their capacity to incorporate the diversity that exists between PUs. This represents an advantage over agronomic
models because the latter do not consider adaptation and, consequently, overestimate the impacts of climate change on the agricultural sector.
Likewise, computable general equilibrium models typically use aggregated information, thus failing to include diversity among producers (Mendelsohn
and Dinar, 2009).

The Ricardian model is used to quantify the impacts of climate change on agriculture and livestock. In the livestock sector, there are studies for Africa
(Seo and Mendelsohn, 2007a, 2007b; Seo and Mendelsohn, 2008a, 2008b, 2008d); South America (Mendelsohn and Seo, 2007; Seo and Mendelsohn,
2008c; Seo, 2016); Kenya (Kabubo-Mariara, 2009); Mongolia (Batsuuri and Wang, 2017); Ethiopia (Gebreegziabher et al., 2013) and South Africa
(Tibesigwa et al., 2017), which consider beef cattle, dairy cattle, sheep, poultry and goats.

Previous studies have used different indicators to quantify Ricardian or dependent variable income. Within the set of estimates for livestock, it is found
that livestock income can be estimated by calculating net income per PU, net income per head, land value per hectare, land value per PU and the value
of livestock per PU. In extensive livestock farming or free grazing, it is difficult to determine the area used to feed livestock, especially in regions with
ejido or communal lands, so the net income or value of the land per unit area is often not used. Therefore, a significant proportion of articles use the
value of the dependent variable per animal or PU. The need for more information regarding land tenure and property rights encourages the use of the
net income variable instead of land value, especially in countries or regions with weak land markets (Mendelsohn and Dinar, 2009).

The Ricardian model for livestock includes a broad set of control variables. Most studies use the altitude at which the PU is located, whether it has
electricity, the type of livestock, product sales prices, size of the producer's household, percentage of grassland in the region, years of education of the
producer, population density and access to credit. Less frequently, variables such as distance to input and output markets, distance to the nearest port,
training programs and producer experience are observed. Regarding the level of aggregation, in 94.73% of the studies, the unit of analysis is the PU or
farm, and the range of observations in the Ricardian models using this level of aggregation goes from 214 to 15,002 farms. Due to the vast diversity
between livestock producers, it is observed that the R-squared of the Ricardian models ranges between 0.08 and 0.75, with an average value of 0.2.

When considering those estimates in which sufficient information is available to obtain the proportion of the marginal effects on the value of the
dependent variable, it is found that the range of these proportions is extensive. In the case of temperature, an additional degree Celsius would generate

a change of between -113 and 112% of the dependent variable8 with a mean value of 13.84% and a median of 0.68%9 . For rainfall, an additional
mm/month could cause a change of between -28 and 5% of the dependent variable and a mean value of -3.63% and median of -0.8% (Seo and
Mendelsohn, 2008a; Gebreegziabher et al., 2013; Van Passel et al., 2017; Tibesigwa et al., 2017; Bozzola et al., 2018). According to previous research,
the marginal effects of temperature and rainfall on livestock income are diverse, and both the sign and magnitude depend on factors such as the
location of the PU, the value of the current climate and the species considered in the estimation of the Ricardian model.

According to different climate change scenarios for Africa, Seo and Mendelsohn (2008b) estimate changes between -35.22 and 153.6%, Seo and
Mendelsohn (2008a) between -26.4 and 322.9%, Seo and Mendelsohn (2008d) between -8.08 and 168%, and Seo and Mendelsohn (2007b) between
-72.8 and -41.7% of net livestock income by the end of the century compared with current levels. For Latin America, Seo and Mendelsohn (2008c)
estimate changes of between -187 and 38% in the value of PU livestock land by 2100. In South America, Seo (2016) estimates a gain of 59.45% and
Mendelsohn and Seo (2007) estimate changes between -19.48 and 54.81% in land value in 2100 as a consequence of climate change. Country-level
studies indicate that net livestock incomes in Kenya could decline between -169 and 38% (Kabubo-Mariara, 2009); in Mongolia, such changes would
range between -80.7 and 42.4% (Batsuuri and Wang, 2017); in Ethiopia between -112 and 188% (Gebreegziabher et al., 2013); and in South Africa
between -133.3 and 6.1% (Tibesigwa et al., 2017) by 2100, compared with current levels. Based on estimates from previous studies, climate change
will have heterogeneous effects on the net income or value of PU livestock land.

For agriculture in Mexico, three studies use the Ricardian model to estimate the impacts of climate change. Mendelsohn et al. (2010) use information
from 621 rural households where the main activity is agriculture to evaluate these impacts and livestock activities are not the central part of the analysis.
Galindo et al. (2015) use a panel of data on a municipal level to estimate the impacts of climate change on the agricultural sector without considering
livestock activities. Basurto-Hernandez (2019) estimates a Ricardian model for the entire livestock sector but does not break down the heterogeneous
effects by producer type or present estimates of the potential impacts of climate change on livestock production. Based on the foregoing, the literature
review indicates no similar study in Mexico for livestock.

3. RICARDIAN MODELING AND STATISTICAL INFORMATION



The Ricardian model assumes that producer i maximizes their net income in period t, taking into consideration the product and input prices prevailing in
the market during the corresponding period. Based on this information and the long-term climate, or climate expectation, the producer chooses the
livestock species that generates the highest net income. The foregoing can be expressed as follows:

(1)

where πi is the net income of producer i resulting from a maximization process, Pj is the market price of the species j, Qij is the production of species j

by producer i, Gi is the amount of grazing land, Fi is the amount of feed, Li is the amount of labor, Ki is the amount of capital, Ci is the climate, Wi the

availability of water, Si the quality of the soil, PF is the price of feed, PL is the price of labor and PK is the price of capital. 10 The producer chooses the

species, the level of production and the amounts of inputs they wish to use to maximize their net income. Thus, the resulting net income can be
expressed as follows:

(2)

Thus, the Ricardian function originates from the optimization process described in expression (1) and captures the association between the variation of

net income and the variation of the exogenous variables that influence the optimization process, i.e., the Ricardian model is the reduced form11 of the
net income function. The impact of climate change can be obtained using the Ricardian model defined in expression (2) as follows:

(3)

where  is the current climate in PU i, and  is the future climate of the same PU. Since Pj, Wi, Si, PF, PL, PK are held constant when simulating the

impact of climate changes on net income and for simplicity, they are omitted in expression (3). Considering the above, the following Ricardian model is
estimated:

(4)

where Ti is the temperature average12 in PU i, Ri is the rainfall average,13 Zi is a vector of exogenous variables other than climate, such as

characteristics of the PU (altitude or distance to markets), of the producer (experience, age or gender) or the livestock (herd size), β0 − βQ is the set of

parameters of the Ricardian model, Q is the total number of control variables14 and εi is the error term. Using equation (4), the marginal effect of

temperature and rainfall on net income can be obtained, respectively, as follows:

(5)

(6)

Furthermore, the effect of climate change on net income for each PU can be obtained using the following formula:

(7)

where subscript 1 indicates the value of the variable pursuant to different climate change scenarios and subscript 0 is the current value of the
corresponding variable.

To estimate the different specifications of the Ricardian model defined in equation (4), we use economic and geographic location information from

28,337 PU reported in the ENA 2014 (INEGI, 2014a).15 The dependent variable is net income per head of cattle and results from calculating the

quotient of the difference of income16 and expenses17 over the number of head of cattle and pigs18 in the PU.19

Figure 1 shows the mean net income and standard deviation per PU and head of cattle for each sample percentile. 39.37% of the producers in the
sample have negative net income. In general, the PUs with negative values have the same climate, the household size is the same and the age and
education of the producer are similar to the rest of the producers. However, a higher proportion of indigenous, female and small producers in PUs leads

to negative net income. Likewise, there is also a lower percentage of beneficiaries from the Livestock Development Program (PROGAN)20 in the group
of producers, with negative net income (8.22% of everyone in this group) compared to those with positive net income (26.47% of everyone in this
group).

 

Figure 1. Mean net income and standard deviation by percentile



Note: the dots represent the mean net income of the corresponding percentile, while the line above and below each dot represents the standard deviation.
Source: Prepared by the authors with data from the National Agricultural Survey (INEGI, 2014a).

 

According to the literature review described above, the Ricardian model's control variables comprise temperature and rainfall averages, climate
variation, socio-demographic characteristics of producers and other exogenous variables that determine net income in the livestock sector.

To obtain the temperature and rainfall averages, the standard deviation of temperature, the variation coefficient in rainfall and daytime temperature, we
used the raster databases (matrix of cells or pixels) published by Fick and Hijmans (2017), WorldClim version 2.1, which contain the monthly mean
values of the above variables for the period 1970-2000 and which have a spatial resolution of 30 seconds, approximately 1 km2. Since the ENA 2014
reports, the geographic location of the PUs on a municipal level, the Municipal Geostatistical Framework 2014, the Zonal statistics as a table tool of
ArcGis and the corresponding raster databases have been used to obtain the monthly climate values in each of the 2,465 municipalities of Mexico. On
this basis, the climate is assigned to each PU with information in the ENA 2014 (see Figure 2 for climate averages).

 

Figure 2. GIS climate databases

Source: Prepared by the authors based on data from WorldClim2.0 (Fick and Hijmans, 2017).

 

The average municipal altitude is calculated using the WorldClim 2.1 elevation raster. To calculate road density, the Red Nacional de Caminos (INEGI,
2014b), the Marco Geoestadístico Municipal 2014 and ArcGis tools are used to obtain the ratio between the total length of roads in a municipality
compared with its entire area. The remaining control variables are taken from the ENA 2014.

Table 1 shows the descriptive statistics of the PU sample used to estimate the Ricardian model. On average, the net income per head of cattle is MXN$

2,004.21 The annual temperature ranges between 10.37 °C and 27.96 °C and the yearly rainfall between 6.55 mm/month and 337.30 mm/month.
Variation in climate averages is a fundamental prerequisite for estimating the Ricardian model using cross-sectional data, so the sample temperature
and rainfall ranges indicate sufficient variation in the climate to assess the Ricardian model. The average standard deviation for the period 1970-2000 in
the municipalities where livestock activities are carried out, ranges from 0.63 to 8.00 °C and the coefficient for rainfall variation for the same period
ranges from 63 to 133. The daytime temperature reflects the difference between the maximum daytime and minimum nighttime temperature, and in the
PU sample of this paper, this value ranges from 8.15 to 20.28 °C. As in the case of long-term climate, there is a significant variation in the average
altitude at which the PUs of the sample are located, between 1.65 and 3,225 meters above sea level (masl). Road density shows that, on average, in
livestock production zones, there are 302 linear meters of roads for every km2.



 

 

In addition to climate variables and location characteristics (altitude and road density), the Ricardian model includes a set of sociodemographic
characteristics of the producer (household size, age, gender, education, ethnicity and subsidies). In the sample, the average age of the producers is 58
years old; men are in charge of 90.7% of the PUs, the average education level of the producers is 3.35 years (unfinished primary education) and 18.7%
identify as being of indigenous origin. The PUs in the sample have, on average, 106 head of cattle and a median value of 20 head. In addition, a
dichotomous variable is included to indicate whether the producer is a beneficiary of the PRO-GAN livestock subsidy program, with 19.2% of producers
in the sample receiving such subsidies.

4. RESULTS

In this section, we present the results of the estimation of the Ricardian model defined in equation (4), the effects of marginal and non-marginal changes
in temperature and rainfall on the net income per head of cattle defined in equations (5), (6) and (7). The following tests were performed to identify the
best functional form of the Ricardian model. First, the distribution of the dependent variable shows negative values, which rules out the possibility of

using the semilogarithmic functional form.22 To solve this problem, the literature suggests shifting the distribution of the dependent variable to the right
by adding a constant value, minimum value plus one, to each observation. However, this transformation has been widely criticized for influencing the
results of the estimations that use a semilogarithmic functional form. Therefore, in this study, the dependent variable was used without any
transformation, i.e., net income per head expressed in thousands of pesos.

Secondly, the relevance of including subsets of control variables in the Ricardian model was evaluated. The results of the F test23 indicate that,
together, the climate variables (F(5, 28314)=44.47, Prob > F=0.00), extreme weather variables (F(3, 28314)=107.28, Prob > F=0.00), PU attributes and
sociodemographic characteristics of producers (F(10, 28314)=85.42, Prob > F=0.00) and fixed effects per region (F(4, 28314)=36.20, Prob > F=0.00)
are statistically significant and should therefore be included in the Ricardian model. Likewise, the F-test suggests that, together, the squared terms of
the climate variables (F(2, 28314)=36.99, Prob > F=0.00) and climate interactions (F(1, 28314)=38.15, Prob > F=0.00) are statistically significant. This
confirms a non-linear relationship between climate and farmers' net income and that the marginal effects of temperature and rainfall depend on the
current climate in each PU.

Table 2 presents the set of estimated parameters of the Ricardian model for all producers, cattle producers, swine producers, cattle and swine

producers, large and small producers.24 The estimates for different producer groups allow us to identify the diversity of effects of climate change on
livestock production in Mexico. In the case of temperature, the coefficients associated with the squared term of the different types of PU are not
statistically significant, except in the case of cattle, where an inverted U association with net income is found. In the case of rainfall, a U-type
relationship is observed with respect to net income, except in swine production. It is also found that the coefficients associated with the interaction term
between temperature and rainfall are, for the most part, statistically significant, suggesting that the marginal effect of a climate variable depends on the



current level of the other variable, i.e., the impact of an additional degree of global warming does not affect a PU with 30 mm/month in the same way as
a PU with 120 mm/month of rainfall and vice versa.

 





 

Contrary to initial expectations, more significant long-term climate variation is usually associated with higher net income. In the case of the standard
deviation of temperature, when this variation is more significant, net income is higher, except for specialized swine producers, where temperature stress
may generate greater susceptibility to disease. In the case of the variation coefficient of rainfall and daytime temperature, the same relationship is
observed in most of the samples. Since it is assumed that producers have adapted to the current climate conditions of the place where they are located,
this result may occur due to market conditions. Thus, it was argued that product prices are higher in places with more significant climate variation, and
therefore, net income may be higher.

The coefficients associated with altitude are generally negative and statistically significant, suggesting that PUs located at high altitudes tend to have
lower net income per head of cattle. Taking the sample of all PUs, an additional 100 masl is associated with an MXN$90 lower net income. In the case
of swine, this association is not statistically significant. An increase in road density is associated with higher net income levels. Road density is included
in the Ricardian model to incorporate the PUs' connectivity to markets. The results show that investment in overland roads can significantly impact the
net income of livestock farmers. This is because being better connected to the market allows farmers to purchase better quality inputs at a lower cost by
avoiding transportation costs and selling products more quickly than PUs located in remote areas.

Previous studies use household size as a control for family labor costs, which are regularly underreported in available surveys. The results indicate that
household size has a positive and statistically significant relationship with net income, in line with the findings of Kabubo-Mariara (2009). In accordance
with initial expectations, producer age is inversely associated with the amount of net income, i.e., younger producers tend to have higher net incomes;
men have higher net incomes than women; an additional year of education is associated with higher net income levels, i.e., the income for an additional
year of education is, on average, MXN$99 per head of cattle. Meanwhile, producers who identify themselves as being indigenous have net incomes per
head MXN$797 lower than other livestock producers. Based on the foregoing, it could be inferred that older, female, poorly educated farmers and
members of Indigenous communities are more vulnerable to climate change.

There is an inverted U relationship between the number of head of cattle and net income per head. This suggests a tipping point where the marginal
contribution of an additional animal to net income becomes negative. The coefficient associated with the PROGAN subsidy indicator suggests that, on
average, its beneficiaries have higher net incomes than producers who do not receive such transfers. This could indicate the regressivity of the
program, i.e., the transfers are directed to producers with higher profits. Finally, the Ricardian model includes dichotomous variables indicating the
region in which the PU is located to capture structural differences between one area and another, determining the level of net income per head in the
sample.

Using the estimated parameters from Table 2 and the mean temperature and rainfall values for each sample, Table 3 presents the marginal effects of
the climate variables on net revenue per head of cattle in the corresponding samples. On average, one additional degree of temperature is expected to
decrease net income per head by -MXN$118.5 (5.89% of current value). This effect ranges from -MXN$98.9 and -MXN$180.7 per head, depending on
the type of producer. In the case of specialized swine producers and non-specialized producers (swine and cattle), the marginal effect evaluated in the
mean values is not statistically significant. Swine in Mexico are generally housed, so producers can more easily deal with a rise in temperature than
those producing free-grazing cattle.

 

 

When evaluating equation (6) in the mean values, an additional mm/month would represent a decrease in net income per head of -MXN$21.1 pesos if
all PUs in the sample are considered. This value is between -MXN$34.6 and MXN$4.6, where the only ones benefiting from the marginal change in
rainfall are producers specialized in swine production.

Fick and Hijmans (2017) use a set of GCMs to construct raster databases with estimates for the future global climate for the periods 2041-2060 and

2081-2100. Using the municipal average of the values generated by the GCM ACCESS-ESM1-52 25 and the coefficients in Table 2, the current climate
is replaced with the future climate and the change in net income per head is calculated in each of the PUs in the sample. Table 4 shows the average
values of current and future temperature, rainfall and net income per head for the periods 2041-2060 and 2081-2100 pursuant to the SSP126 and

SSP58526 scenarios (see IPCC, 2022 for the full description of the SSP126 and SSP585 scenarios). The estimated parameters and corresponding



values for each of the samples for which the Ricardian models are estimated are shown in table 2. The minimum and maximum values for each
distribution variable are shown in square brackets.

 

 

When considering the sample of all the PUs contained in the 2014 ENA, it can be observed that the temperature of the areas where they are located
could increase between 2.10 °C and 2.84 °C between 2041 and 2060 and between 2.18 °C and 5.25 °C in 2081-2100 depending on the trajectories of
GHG accumulation in the atmosphere. In addition, rainfall could decrease between -0.99 mm/month (1.32%) and -6.52 mm/month (8.71%) for the
period 2041-2060 and between -1.26 and -1.26 mm/month (8.71%) for the period 2041-2060 mm/month (1.68%) and -17.02 mm/month (22.74%) for
the period 2081-2100. Thus, the ACCESS-ESM1-5 GCM estimates, on average, a drier and warmer future for the areas where cattle and swine are
produced in Mexico. By substituting the current climate with the future climate in each of the PUs, as indicated in equation (7), the results suggest that
net income per head could decrease between -13.42 and -16.87% for the period 2041-2060 and between -14.42 and -33.83% concerning its current
level.



The combination of increased temperature and decreased rainfall will result in significant losses for producers specializing in swine production. Based
on the set of climate change scenarios, the losses of these producers could amount to 134% of the current average net income per head, if the SSP585
scenario is considered for the period 2081-2100. On the other hand, producers who do not specialize in a single species could benefit from such
climate changes. The results in Table 4 show that the net income per head of mixed PUs could increase at the average annual growth rate for the 2041-
2060 period between 2.81% and 7.72% and even increase between 2.81% and 22.96% for the 2081-2100 period. This result is consistent with several
studies which argue that production diversification significantly reduces vulnerability to climate change (Mendelsohn and Dinar, 2009).

Considering the PU’s size, Table 4 shows that small farmers are more vulnerable to climate change than large farmers. For the period 2041-2060, the
first group could face losses of between -20.7 and -26.9% of their current net income per head, while for the second group, such decreases would
range between -9.0 and -26.9% of their current net income per head -10.2%. Likewise, by 2081-2100, small producers could face losses of up to -52%
and large producers of up to -20%.

The results coincide with the estimates of Mendelsohn et al. (2010) and Galindo et al. (2015) regarding the magnitude of losses that climate change
may cause to producers in the primary sector. Mendelsohn et al. (2010) estimate that by 2100, the value of agricultural land per hectare may decrease
by -42 to -54% from the current value due to climate change. Galindo et al. (2015) estimate that by 2100 producers will face losses of between -18.6
and -36.4% of their net income per hectare compared with current levels. When analyzing the livestock sector, it was found that, based on 2100, the
change in net income per head of cattle could range from -14.4% to -33.8% by 2100. Undoubtedly, changes in the climate could generate a significant
loss of income for the people who depend on the primary sector in Mexico, as well as a considerable reduction in the food supply. Therefore, economic
policies implemented in the coming years must focus on reducing the sector’s vulnerability.

The following economic policy recommendations can be derived from this research: first of all, given that older, female, indigenous, less educated and
small producers are more vulnerable to changes in climate conditions, policymakers should focus their efforts on reducing the gaps between these
groups and their counterparts. Secondly, species diversification within the PU should be promoted to reduce vulnerability to climate change. To this end,
economic policy must support producers with investments in infrastructure that allow for such diversification, especially small producers who often do
not have sufficient savings or sources of credit to make this type of investment, for example, new paddocks, feedlots, grazing areas, warehouses,
among others.

In addition to the economic policy recommendations, the following is established based on this paper: first of all, despite efforts to calculate livestock
income (net income) per hectare, we need more information collected by the ENA 2014 to allow us to do so. This problem persists in the literature using
the Ricardian method in the livestock sector, especially for free-grazing cattle where the area needed for production needs to be clarified (Kabubo-
Mariara, 2009). In Mexico, there are state-level pasture coefficients and area standards for livestock grazing. When these parameters were used in this
research, the results were inconsistent due to the assumption of similarity in the pasture area within the same state and between productive structures
of different PUs for stabled cattle. Secondly, the results of this research consider the direct effect of climate on net income per head; however, it is
important to consider the indirect effect that could be generated by the impacts of climate change on the availability of feed for livestock. This second
consideration provides a line of future research to be addressed.

It is important to note that the results of previous studies and this paper are based on the principle of Ceteris paribus, i.e., the estimated changes result
from maintaining all other factors affecting land rent or net income constant. Therefore, changes in other variables may influence the results. For
example, if there is a significant development of the road network, this could reduce estimated losses since the Ricardian model suggests that when
road density increases, PUs tend to have higher levels of net income per head of cattle.

5. CONCLUSIONS

This article aims to identify the impacts of climate change on Mexico's livestock production. For this purpose, a set of Ricardian models is estimated
using financial information from 28,337 PU of cattle and swine reported in the ENA 2014. The Ricardian models relate net income per head of cattle to
climate variables, PU characteristics, socio-demographic characteristics of producers and structural factors on a regional level using linear regression.
Using different groups of producers, it was possible to identify the diversity of marginal and non-marginal impacts of climate change on livestock. The
main findings suggest that, on average, changes in net income per head of cattle could be between -13.42 and -16.87% in the period 2041-2060, and
between -14.42 and -33.83% in the period 2081-2100, compared with current levels due to climate change. It is also found that producers specializing
in a single livestock species and small producers are more vulnerable to climate change.

The following economic policy recommendations can be derived from the results of this research: i) reduce areas of vulnerability to climate change by
designing and implementing programs that focus on the elderly, women, indigenous people, less educated and small producers; and ii) promote the
diversification of livestock activities through training or access to credit and/or financing so that producers can make investments, which allow them to
produce more than one species, e.g., new paddocks, feedlots, grazing areas, warehouses, among others. In terms of research, it is suggested to
continue with the following: i) identify the indirect impact that climate change could have on net livestock income through the availability of feed for
livestock under different climate change scenarios, and ii) explicitly demonstrate in a Ricardian model the adaptation strategies that producers could
implement to reduce their vulnerability to climate change, e.g. the ability to place free-grazing livestock in stables.

When interpreting the results, the reader should consider the following points: first, the ENA 2014 collects information from the agricultural sector for
one agrarian year, so some income or costs may not be reported correctly. In the case of livestock, income from the sale of fattening animals or
breeding stock may not be reported in the year in which producers were interviewed. Furthermore, long-term investment or depreciation costs may not
be reported in the survey year, e.g., the purchase of cattle or depreciation of the dairy herd. It is considered that this measurement error is found in the
residuals of the Ricardian model estimation and is random and, therefore, does not influence the estimated parameter values. Secondly, the net income
per head does not include the deduction of the cost of labor, the cost of manufactured capital and the cost of natural capital due to issues regarding
availability of information. Therefore, net income should be considered a measure of income for the previous three factors.
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1 Scenario based on average fertility variant.

2 Total beef consumption in 2020 was 70.88 million tons (OECD, 2021).

3 Total pork consumption in 2020 was 106.28 million tons (OECD, 2021).

4 Fresh products derived from milk

5 The global population in 2020 is 7.79 billion people (UN, 2019).

6 A population of 128.93 million people is estimated for 2020 (UN, 2019). A decrease in Mexico's population is also estimated from the year 2063 onwards (UN, 2019).

7 The average of the climate projections from the ACCESS-ESM1-5 model in Fick and Hijmans is used (2017).

8 In the case of temperature and rainfall, the dependent variable can be land value per hectare, net income per PU or net income over total livestock value.

9 Seasonal and annual effects are considered in the calculation of statistics

10 It is assumed that the prices of food, labor and capital do not vary by species or between PU, i.e., producers are price takers of these inputs.

11 The reduced form is a functional form that takes into consideration those inputs that are exogenous; therefore, the set of endogenous inputs/variables (Gi, Fi, Li, Ki) can be
omitted.

12 The temperature average represents the average temperature value over a 30-year period

13 The rainfall average represents the average rainfall value over a 30-year period.

14 The summation starts at q=6 to continue with the parameter numbering of the Ricardian model in an abbreviated form.

15 There are the ENA 2012, 2014, 2017 and 2019 surveys, however, the only one that has information on production costs and total income in the entire sample is the ENA
2014, which is why only that one was used.

16 Total revenues comprise revenues from the sale of milk, cattle and pigs in production between 2013-2014. The ENA 2014 does not provide sufficient information to estimate
net income from poultry, sheep or goats.

17 Total expenditure comprises the amount spent on feed, food supplements, medicines, vaccines, surgeries, medical care and genetic improvement of the animals.

18 This is the sum of head of cattle (milk and meat) and pigs in each of the PUs.

19 Ricardian models regularly use net income per hectare, or unit of land; however, in livestock farming it is not possible to identify the area of livestock production, especially in
countries with common lands (or ejidos, as in the case of Mexico) where free grazing practices are carried out. Therefore, existing literature suggests considering net income per
head of cattle.

20 The objective of PROGAN is to contribute to increasing productivity in the PU through investment in the livestock sector. Support is granted to ejido owners, settlers and
communal farmers, small landowners, and civil or mercantile companies established in accordance with Mexican law, owners of or persons with the right to use grazing land
dedicated to extensive livestock raising, through the use of native vegetation or pastures, who are registered in the National Livestock Register (PGN). In 2014, program
beneficiaries received MXN$1,800 per bovine calf of reproductive age distributed as follows: MXN$300 for the first year, MXN$400 for the second year, MXN$500 for the third
year and MXN$600 for the fourth year. In the case of pigs, the amount was MXN$117 per pig.

21 USD$151.56 with an average exchange rate in 2014 of MXN$13.31 (BM, 2022).

22 Logarithmic transformation of net income per head.

23 The null hypothesis of the F-test indicates that the estimated parameters for the corresponding set of control variables are not statistically significant at the 5% significance
level.

24 To differentiate between large and small producers, the median was taken of the distribution of the number of head of cattle owned by the PUs in the sample. Small producers
have 1 to 20 head of cattle and large producers have more than 20 head of cattle.

25 A wide variety of simulations of future climate have been used in existing Ricardian studies. This paper uses the future climate simulations of the ACCESS-ESM1-5 GCM
because it offers a wide range of possible scenarios for climate change in Mexico, i.e., the impacts of minor and drastic changes in climate on producers' net incomes can be
assessed.

27 For presentation purposes, SSP 126 and 585 were selected, which capture extreme trajectories of greenhouse gas emissions and, therefore, extremes in temperature and
rainfall changes. Therefore, the range of estimates presented in this research work encompasses the results obtained by using intermediate scenarios: SSP 245 and 370.
Although there are climate projections for the periods 2021-2040 and 2061-2080, results are only presented for the periods 2041-2060 and 2081-2100 to show mid- and end-of-
century estimates and improve the presentation of results.




