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RESUMEN

En el presente estudio se modelaron rendimientos de maiz, frijol, trigo, soya, sorgo, cebada y papa en las
condiciones actuales y con 28 escenarios de cambio climatico. La metodologia utilizé la calibracion del
modelo de cultivo AquaCrop de la FAO para 22 estudios de caso puntuales ubicados en 14 estados de
Meéxico. Los escenarios climaticos considerados fueron cinco modelos (CNRM, GFDL, HADGEM, MPI
y Ensamble REA), dos concentraciones de forzamiento radiativo (4.5 y 8.5 W m?) y tres horizontes de
tiempo (2015-2039, 2045-2069 y 2075-2099). Los resultados muestran decrementos en los rendimientos
de la mayoria de los estudios de caso, como consecuencia de una disminucién en la cantidad y distribu-
cion de la precipitacion. El rendimiento de maiz en climas calidos y secos podria disminuir hasta en 84%
respecto al escenario base segtn los escenarios mas severos. El frijol podria tener decrementos de 10 a
40% en el norte del pais, mientras que en la zona noroeste se prevé un rendimiento del trigo 15% menor.
La soya podria beneficiarse, con incrementos de 15 a 40%. Respecto del sorgo y la papa se esperarian
decrementos generalizados para todos los estudios de caso, mientras que la cebada tendria incrementos
y decrementos segun la zona de estudio. Los resultados urgen a la toma de acciones con miras a la adap-
tacion diferenciada para cultivos y zonas especificas. La agricultura de temporal en México es altamente
vulnerable a los impactos del cambio climatico.

ABSTRACT

Climate change is considered a serious threat to food security worldwide. In this study, yields of maize,
beans, wheat, soybean, sorghum, barley and potato were modeled with 28 future climate change scenarios.
Our results reduce the information gap that is frequently reported for Mexico and will contribute to better
knowledge on spatial impact of climate change. We applied FAO AquaCrop model for 22 case studies
located in 14 states of Mexico. Climate change scenarios were: CNRM, GFDL, HADGEM, MPI and
Ensemble REA, with two radiative forcing concentrations (4.5 and 8.5 W m2) and three time horizons
(2015-2039, 2045-2069, and 2075-2099). The results show decreases in yields of most of the case studies
as a consequence of a decrease in the amount and distribution of precipitation. Maize yield in warm dry
climates could decrease up to 84% in the most severe scenarios. Beans could decrease from 10 to 40%
in the north of the country, while in the northwest a 15% decrease in wheat yield is predicted. Soybeans
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could benefit, with increases from 15 to 40%. Sorghum and potatoes are expected to decrease for all the
case studies, while barley would have increases and decreases. The results suggest differentiated impacts
according to crops and regions studied. We concluded that agriculture requires better focused strategies
and policies (attention on crop and spatial distribution).

Keywords: food security, maize, beans, wheat, soybeans, sorghum,; barley, potatoes, AquaCrop.

1. Introduction

Climate change is a serious threat to food security
worldwide. Agricultural food production plays a
fundamental role in the complex system upon which
food security relies (Hannah et al., 2017). Impacts on
food production have already been observed, while
food accessibility and price stability are expected to
be impacted (FAO, 2016).

In Mexico, the agricultural sector is highly vulner-
able to climate change, particularly small farmers and
associated agro-ecosystem services (Hannah et al.,
2017). Mexican agriculture has been found to experi-
ence high exposure to climate and high socioeconomic
sensitivity, which leads to an increased vulnerability to
climate change (Monterroso et al., 2014). According
to the Encuesta Nacional Agropecuaria 2014 (national
agricultural census; INEGI, 2015), the total land area
in Mexico with agricultural activity was 27496 118 ha
(14%). Out of this area, 80% is used for rainfed agri-
culture while only 20% is irrigated. For this reason,
changes in precipitation are expected to impact most
of the agricultural sector of the country. Crop biolog-
ical cycles are closely related to the environmental
conditions where they grow. Therefore, a change in
temperature and precipitation could directly affect their
development (Granados et al., 2013). According to dif-
ferent studies conducted on the continent, tropical and
subtropical regions are the most susceptible to climate
change, even when warming is relatively small (FAO,
2016). Maize, wheat and rice crops in tropical and
subtropical regions are susceptible to water availability
change driven by warming (FAO, 2016).

Despite numerous efforts to understand the impact
of climate change on crop yields, there are still several
regions and crops that have not been addressed. Hav-
ing more and better models will allow the design of
policies targeting vulnerable groups, crops and regions
(Hannah et al., 2017). Impacts of climate change in
Mexico have been studied from four perspectives:
change in growing seasons, water needs, change in

crop distribution and crop yields (Monterroso et al.,
2015). This study will focus on changes in crop yields.
Since vulnerability includes adaptive capacity, food
security would be more at stake to rainfed agriculture
areas, with populations under precarious economic
conditions with limited financial, social and natural
capital (Monterroso et al., 2014).

The main goal of this study was to model current
and future yields of seven staple crops in Mexico
using a crop model to determine the impact of climate
change on mostly rainfed land productivity. In this
way, this work contributes to reduce the information
gap that is frequently reported for the country. Also,
we contribute to better knowledge on spatial impact
of climate change in the country, which can facilitate
better policy-oriented programs.

For maize, with climate change, differential de-
creases in yield from 20 to 40% by 2030 have been
reported for most of the national territory (Conde
et al., 1997). Only crops in areas of temperate or
cold climates may benefit from higher temperatures
and longer growing seasons (Conde et al., 2000).
Rainfed beans, particularly from the northern states,
contribute with 68% o the national volume pro-
duction. Those states could be affected by a year-
to-year climate variability and by decadal El Nifio
Southern Oscillation (ENSO) occurrences, which
can cause losses of up to 30% in yields (Tiscarefio
et al., 2003). Studies conducted in Durango show
possible long-term changes in climate patterns that
could result in greater inter-annual variability in
yields (Esquivel-Arriaga, 2014). Wheat, the second
most important cereal, could be seriously affected by
increased drought in the northern region of the coun-
try, the main producer region (Arredondo-Moreno
and Huber-Sannwald, 2011). Although an apparent
increase of 25% over the past two decades in yield
has been recorded in certain areas, studies show that
the factors associated with this improvement can
have highly notable variations (Lobell et al., 2005).
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Soybeans, one of the most important oil crops,
has not been greatly studied in Mexico under the
climate change approach. Studies at similar latitudes
in India report decreases of 20 to 30% under climate
change scenarios (Singh et al., 2015). For barley, a
crop of increasing economic importance, Calderon
et al. (2015) reported a study conducted in Tlaxcala
in which future yields decreased from 5 to 100%
depending on the time horizon of climate change
scenarios. Sorghum, the second most important grain
in cultivated area in Mexico, has been included in
few studies on yields in climate change scenarios,
as the case of potato, the most important tuber crop,
accounting for 94% of this crop class.

Indirect impacts of losses in yield are related to
socioeconomic and demographic variables. It has
been reported that one of the effects of decreased
yields due to climate change may be migration.
Feng et al. (2010) found a significant relationship
between climate change, loss of productive potential
and migration to the United States. They estimated
that for each 10% loss in yield, migration increases
2%, which, when projected with global warming
scenarios, by 2080 would mean that 1.4 to 6.7 million
Mexicans could be out-migrating. Since vulnerability
depends on exposure, sensitivity and adaptive capaci-
ty, food security would be most compromised in areas
ofrainfed agriculture, with populations in precarious
economic conditions with limited financial, social
and natural capital (Monterroso et al., 2014).

Seven crops were chosen: maize, beans, wheat,
soybean, barley, sorghum and potato, all annual crops
and grown under rainfed conditions (except for wheat
in some locations). Selection was based on historical
importance as well as population involved in their
production: Maize and beans, the main cereal and
legume grown in Mexico, are frequently cultivated
in association and are present in many food forms.
Rainfed beans contribute 68% of the volume of na-
tional production, particularly in the northern states.

Wheat, the second most important cereal, could
be seriously affected by increased drought in the
northern region of the country, the main producer
region (Arredondo-Moreno and Huber-Sannwald,
2011). Although an apparent increase of 25% in yield
has been recorded in certain areas, studies show that
the factors associated with this improvement can
have highly notable variations (Lobell et al., 2005).

Soybeans, one of the most important oil crops, has
not been greatly studied in Mexico under the climate
change approach. Studies at similar latitudes in India
report decreases of 20 to 30% under climate change
scenarios (Singh et al., 2015). For barley, a crop of
increasing economic importance, Calderon et al.
(2015) reported a decrease in future yields between 5
and 100%, depending on the time horizon of climate
change scenarios, in a study conducted in Tlaxcala.
Sorghum, the second most important grain in cultivat-
ed area in Mexico, has been included in few studies
on yields in climate change scenarios, as the case of
potato, the most important tuber crop, accounting for
949% of this crop class.

Per capita consumption of maize is 276 kg and
60% of the total production is used for human food
in Mexico. A third of the production is for home con-
sumption. Beans make up 85% of the production of
legumes consumed in the country (the remaining 15%
includes chickpea and others) and its annual per capi-
ta consumption is 10.8 kg (SIAP, 2015). Wheat is the
second most important cereal in Mexico, after maize.
Although Mexico is a consolidated exporter of crys-
talline wheat, occupying third place internationally
in 2014 (34% of the national production is exported),
more than 4.5 million tons of soft wheat is imported
(65% of the national consumption) (SIAP, 2015).
Soybean is the most important oilseed contributing
more than 45% of the country’s edible oil production.
Since 2002, soybean production has reported a mean
annual growth rate of 22% due mainly to an area ex-
pansion following demand (SIAP 2016b). Barley has
mainly industrial use and is grown in at least 23 of
the 32 states of Mexico, while sorghum is the second
crop in area and the third in volume of production;
its uses are for livestock and industry (INEGI, 2015).
Potatoes make up 94% of the national production of
tubers and have been increasingly incorporated in
Mexican diets, experimenting a growing trend on
imports (INEGI, 2015). Potato is grown practically
in 24 of the 32 states of the country.

2. Methods

The methodology was based on the use of the
AquaCrop software developed by FAO (http://www.
fao.org/nr/water/aquacrop.html). The early versions
were released in 2009, and the latest version was
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developed in 2012. The model was calibrated and
later applied to climate change scenarios for crops
and case studies. Details of the method are described
below.

Models for crop simulations are selected con-
sidering the scope of the research and the poten-
tial users of the results, but also considering the
availability and quality of data needs. In previous
studies some of the authors (e.g., Conde et al.,
1997) used the Ceres-Maize model, which required
daily climatological data (including radiation),
detail on soil composition, and crop management.
Also, numerical experiments included the CO,
fertilizing effect on maize (C4 plant), and genet-
ic coefficients were assigned and calculated for
each maize variety. Several years were needed to
complete the databases, and the results can only
be associated at a local level. At national level, a
method was developed that considered “the most
limiting factor from different variables that maize
requires to grow”. These factors were compared,
resulting in potential areas for maize distribu-
tion, classified in four different suitability levels:
suitable, moderately suitable, limited suitability
and not suitable (Monterroso et al., 2011). In that
research, climate change scenarios (Conde, 2011)
were used to study the changes in the suitability
levels mentioned above.

More recently, authors analyzed the factors that
determined current and future vulnerability to cli-
mate, developing a model that included more than
60 variables that address exposure, sensitivity and
adaptive capacity, and analyzed the changes in that
vulnerability over time (Monterroso et al., 2018). In
the present study, we center our attention to determine
“the sensitivity analysis (which) attempts to directly
link future climate change scenarios with its potential
effects or impacts” (Monterroso et al., 2011), using
the AquaCrop model.

2.1 Crop model calibration

Yields were modeled using the FAO software
AquaCrop v. 6.0. This biophysical crop model is
oriented towards water use and it simulates annual
crop development by using transpiration as an op-
erative variable (Smith and Steduto, 2012). Some
of the advantages of AquaCrop are free access to
updated software, easy model calibration and ac-

ceptable conceptual robustness. It has been tested in
diverse parts of the world, and in Mexico it has had
good results in terms of reproducing observed yields
for grains (Abedinpour et al., 2012; Calderdn et al.,
2015; Flores-Gallardo et al., 2013; Mkhabela and
Bullock, 2012; Todorovic et al., 2009). The choice
of the model was also made considering its skills
for assessing potential climate change impacts on
crops. AquaCrop model has been widely used for
modeling crop development worldwide on both micro
and regional levels. Several other studies have used
AquaCrop for modeling climate change impact on
crops, finding good correlations between observed
yields and climatic variables such as precipitation
(Yang et al., 2017). The model is able to reproduce
scenarios of increased atmospheric CO,, therefore
simulating the fertilization effect of CO, on water
productivity and leaf growth (Steduto et al., 2009).
The effect of elevated CO, in AquaCrop is simulated
through decreased crop transpiration and increased
crop water productivity (Vanuytrecht et al., 2011). A
basic description of the AquaCrop process is shown in
the supplementary material (section SM1, AquaCrop
basic description).

AquaCrop requires information in four groups:
climate, phenology, crops and soils. Climate infor-
mation from weather stations was obtained from
the CLICOM-CICESE platform (CICESE, 2016).
Data collected were from 1980 to 2010 (30 years).
Quality control was carried out with the Rhtest and
RClimDex framework (Lopez-Diaz et al., 2013).
The required phenological information for each crop
included 15 variables, all of them obtained through
literature review as well as eight variables for crop
and soil management (INEGI, 2009, 2014; SAGAR-
PA, 2015a, b). A complete list of variables and their
source of information is available in Table SMI of
the supplementary material.

Sequenced inter-annual runs were carried out for
all crops in order to obtain yields from 1990 to 2011.
To calibrate crop models in a base scenario, observed
yields reported by the Servicio de Informacion
Agroalimentaria y Pesquera (Agri-Food and Fishing
Information Service, SIAP) from 2000 to 2011 were
used (SIAP, 2016a). The difference between ob-
served and modeled averages was used as calibration
parameter. Correlation indicators between observed
and modelled yield were not considered since SIAP
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yields entail socioeconomic factors that could not be
represented in the model.

2.2 Crop selection and case studies

The crops were selected in terms of their contribu-
tion to national food security, economic importance,
or historical relevance. Crops were divided into
basic grains (maize, bean and wheat) and other
crops (soybean, barley, sorghum and potato), which
are oil or industrial crops (SAGARPA-SIAP, 2014).
We define case study as a place or territory with
specific combination of climatic, crop, soil and
crop management data; and the following criteria
were used for selecting case studies: (1) climatic
data availability, (2) representative growing areas,
and (3) vulnerability to climate change. For each
of these crops, two or three weather stations were
calibrated and modeled (Fig. 1 numbers in paren-
thesis). Climatic data availability was checked
through the databases available for retrieving
meteorological information (CICESE, 2016). We
define a meteorological station with sufficient data
availability — when it had a minimum of 20 years
of meteorological information — as representative
of a particular crop growing area when linked to
actual land-use maps provided by official data
(SIAP, 2016a). We then overlay the selection with
the spatial vulnerability to climate change impacts in
the Mexican municipalities (SEMARNAT, 2014) in
order to select those meteorological stations in most
vulnerable municipalities. In total, 22 case studies
were analyzed and each one was named after the
corresponding meteorological station from where
data was obtained. Figure 1 and Table I show the
location of the case studies and site name.

2.3 Climate change scenarios

To determine yields with climate change scenari-
o0s, climate data corresponding to each model was
updated, while soil, phenology and management
information was considered constant in order to
model the impact of climate itself. In addition, future
climate variability was not considered, only that
coming from the models. The climate change sce-
narios were five GCM: CNRM, GFDL, HadGEM,
MPI and the Reliable Ensemble Averaging (REA),
with two representative concentration pathways
(RCP) (4.5 and 8.5 W m™2) and three time-horizons

® Barley (3)
®Beans (5)
E X Maize (4)
+ Potato  (2)
¢ Sorghum (4)
* Soybean (2)

)

A Wheat

Fig. 1. Crop location and 22 case studies. Most vulnerable
municipalities are highlighted in grey.

(2015-2039, 2045-2069 and 2075-2099). Climate
data was retrieved from the project INECC-CCA/
UNAM with climate anomalies already included
in the datasets of future horizons (INECC-CCA,
2014). In this paper, we refer as near time horizon
to the 2015-2039 period; medium time horizon
to the 2045-2069 period; and far time horizon to
the 2075-2099 period. In total, 28 climate change
scenarios were considered (REA Ensemble is not
available for the medium time horizon) and imple-
mented for each case study. The rationale behind
the scenario selection was that these GCM are
commonly used in climate change impact studies
in Mexico and by national communications to the
United Nations Framework Convention on Climate
Change (SEMARNAT 2006, 2009) therefore they
are available. We selected from near to far time
horizons in order to test the sensitivity of crops
whose consumption is not likely to decrease even
in the long-term. Calculation of evapotranspiration
with climate change followed the same methodolo-
gy as the base scenario, and the CO, concentration
under different RCP was provided by the program.
For each scenario, future monthly precipitation,
temperature, evapotranspiration and CO, replaced
observed data and projected yields were calculated.
Planting dates for future scenarios were set the same
as for the baseline scenario. The only changing
conditions for future scenarios were therefore the
climatic variables of temperature and precipitation,
aiming to assess the impact of climate-only changes.
Thus, no adaptive changes were modeled.
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3. Results

3.1 Model calibration

Table I shows historical observed and modeled av-
eraged yields for the 22 case studies. Most of them
showed differences between historical observed and
modeled yields no higher than 15%, thus considered
an acceptable calibration for this study. The yields
were averaged only for comparison purposes, being
the year-to-year simulation different in climate data
and yields. Among different crops, wheat and sor-
ghum were more closely reproducing the observed
yields. Beans’ case studies showed the highest differ-
ence between observed and modeled yield. However,
only six out of 22 case studies showed a difference
between observed and modeled yields higher than
10%. Therefore, we consider that the results are ad-
justed to the conditions observed and it is possible
to apply AquaCrop with climate change scenarios.

3.2 Changes in future yield

In Mexico, climate change impacts on crop produc-
tivity are directly related to precipitation amount and
spatial distribution. For most of the weather stations
analyzed, precipitation is expected to decrease and
undergo changes in intra-annual distribution. Glob-
ally, the models that project greatest impact (reduc-
tions in yields) were GFDL and HadGEM; those that
predict little impact were MPI and CNRM, while the
REA Ensemble predicted very low impact on the
crop model. Figure 2 shows the yield change with
climate change scenarios for case studies of maize,
beans and wheat.

Throughout the country, cultivation of maize
under rainfed conditions differs in terms of manage-
ment, genetics and climate conditions. In the case of
temperate climates in central Mexico, it was found
that changes in yields are uncertain in the short term
with possibilities of gains or losses. However, losses
are accentuated in more distant time horizons. Yield
would increase in central and western Mexico by
33% and 50% for Jalisco and Estado de Mexico,
respectively, according to the most optimistic model
in the near time horizon.

Maize in warm and dry climates shows more
marked effects than in temperate climates. For
northern Mexico, in Durango, 28 scenarios agree
with decreases in yield from —48 to —84%, for the

most extreme models in the far time horizon. Con-
sidering that the current average yield is 0.76 t/ha™',
the potential impact of climate change could lead
to a harvest that is less than 0.20 t/ha”!, according
to the worst scenario in the distant future. This is
explained by an estimated decrease in biomass pro-
duction of about —40% for the near time horizon.
Water stress affecting canopy expansion would
increase between 14 and 41% under climate change
conditions. Figures SM1 and SM2 of the supple-
mentary material show monthly precipitation and
total biomass production.

Beans under climate change conditions varied
highly across cases. Only one out of the four case
studies showed increases in yield (Sombrerete,
Zacatecas) of 4.16 t/ha™! for the least severe scenario;
historical yield was only 0.71 t/ha”'. In contrast, Villa
de Cos, Zacatecas had a decrease of —5% in the near
time horizon, relative to the base scenario, with the
HadGEM-RCP 4.5 model, while the most drastic
decrease (—63%) was projected by the CNRM-RCP
8.5 model to the farthest time horizon. This is sup-
ported by the change in biomass between —36 and
—52%; the CNRM-RCP 4.5 is the scenario with the
greatest impact and the REA-RCP 8.5 has the lowest
impact. This decrease may be due to water stress,
which affects plant cover, passing from —53% of the
base scenario to —70%, according to several climate
change scenarios.

Bean cultivation in temperate climates, such as
in central Mexico at Chapingo, Estado de Mexico
can expect drastic decreases of up to —100% in
most scenarios. According to the calibrated crop
model, the factor responsible for this decrease
could be the increase in water stress in the first
stages of crop development, affecting optimal
production by 43 to 68% and causing a decrease
in water productivity.

Wheat yields in Mexico have experienced increas-
es in recent decades, although much of this increase
may be due to irrigation and the use of agrochemicals.
Yield could be affected from the near time horizon
with reductions of —3 and —15%, according to the
CNRM and GFDL models, respectively. Productive
potential will decrease in the far future showing
reductions in yields of —15 and —28%, according to
the MPI and HadGEM models under an RCP 8.5.
The above is congruent with what was found for
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Fig. 2. Estimated yield change for maize, beans and wheat in Mexico (white bars for RCP 4.5 and gray bars for
RCP 8.5; bars represent multimodel means and error bars max and min values).

biomass formation, which could expect decreases
of =3 to —15% for the near and far time horizons,
respectively, in Tres Hermanos, Sonora. Despite at
least four irrigations during the development period
(as recommended by the software), water stress from
20 to 30% will occur in most of the climate change
scenarios. Moreover, in one of the most drastic sce-
narios, water productivity will decrease from 1.32 to
0.99 g m in the far time horizon.

Soybean in our study was modeled under rainfed
conditions in two sites of southern and southeastern
Mexico with warm climate. For both sites, an increase

in potential yield was projected, according to most
of the climate change scenarios. The station ana-
lyzed in the Yucatan Peninsula showed increases in
yield of up to 57%, according to the most favorable
model for the far future, which was GFDL-RCP 4.5.
Nevertheless, increases with an RCP 8.5 showed
more moderate increases, between 20 and 49%, rel-
ative to the historical scenario. Most of the far time
horizon scenarios report increases in soybean yields
in Tapachula, Chiapas, although in the near future
changes between —8 and +6% are expected. Even in
scenarios of positive impact on the far time horizon,



224 A. Arce Romero et al.

increments in yield would be only 19% for models
such as CNRM and GFDL. It has been established
that climate change could benefit soybean cultivation
in medium and high latitudes. Figure 3 shows climate
change yields for the case studies of soybeans, sor-
ghum, barley and potatoes.

Sorghum was evaluated in four sites located in
warm and semi-dry climates. All the cases projected
reductions in yields for most of the climate change
scenarios, placing this crop in the category of highly
susceptible to climate change. It should be noted that

Soybean in Tapachula, Chis.

Soybean in Bolonchén, Camp.

the crop is C4 photosynthesis, which means is not
affected by CO? fertilization and have high optimal
temperature that makes water use more efficient.
Tamaulipas, the state that concentrates almost half
of the country’s sorghum production, could have de-
creases in yields according to the results of two cases
in the municipalities of San Fernando and Gonzalez.
Changes in yield in Gonzalez could experiment de-
creases of around —50 % in the near time horizon,
according to the MPI model and the REA Ensemble
with an RCP 8.5. In the far future, most of the models

Sorghum in Gonzalez, Tamps.

50 50 50
S
s w % ‘ [ 1 T
2
>
S 1 10 LIJT
(9]
2 -10 -10 -10
ey
© 30 -30 -30
2015-2039 2045-2069 2075-2099 2015-2039 2045-2069 2075-2099 2015-2039 2045-2069 2075-2099
Sorghum in Ixtepec, Oax. Sorghum in Celaya, Gto. Sorghum in San Fernando, Tamps.
_. 50 50 50
X
kel
= T ‘
2 0 0 0
N A SN A
S 50 50 50
g
&
100 100 100
2015-2039 2045-2069 2075-2099 2015-2039 2045-2069 2075-2099 2015-2039 2045-2069 2075-2099
Barley in Huichapan, Hgo. Barley in Tlaixpan, Edo. de Mex. Barley in Perote, Ver.
__ 400 100 100
X
5 300 500 500
2 200 ,l‘ T
£ 0 0 0
Fe R : LT T
S 0 T -50 -50
5 ol | I
-100 -100 -100
2015-2039 2045-2069 2075-2099 2015-2039 2045-2069 2075-2099 2015-2039 2045-2069 2075-2099
Potato in Perote, Ver. Potato in Perote, Ver.
0 0 =3 I_I_l
& 20 u -20 LP I‘I’l LI"
o
2 40 -40
c
o 90 -60
2
& —80 -80
o
© _100 -100

2015-2039 2045-2069 2075-2099

2015-2039 2045-2069 2075-2099

Fig. 3. Estimated yield changes for soybean, sorghum, barley and potato in Mexico (white bars for RCP 4.5 and
gray bars for RCP 8.5; bars represent multimodel means and error bars max and min values).
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predict decreases of —65 and —75% for the two RCPs.
The impact at the San Fernando station could be even
more serious since for the far time horizon in an RCP
8.5 three of five models agree on a—100% decrease.

Sorghum is an important crop in central Mexico.
For the station in Celaya, Guanajuato, losses from
—25% for the near time horizon up to —53% for the
far time horizon are expected by some of the models
with an RCP 8.5. In the isthmus region of Oaxaca,
sorghum has been introduced as a secondary crop that
supports incomes in combination with other crops.
According to the crop model in Ixtepec, Oaxaca,
decreases of —30 and —64% can be expected for the
near and far time horizons, respectively, according
to some of the models. Considering that the yield in
this area is around 2.3 t ha™', the decreases mean that
between 1.6 and 0.83 t ha ! will be harvested.

Barley was modeled in three sites of central
Mexico. The State of Mexico ranks fifth at national
level in barley production (SIAP, 2016a). Barley is
grown mostly under rainfed conditions. The case
study modeled in S.M. Tlaixpan indicates that on
a near time horizon, yield could be benefited with
an increment of 12% to 43%, according to most of
the models with an RCP of 4.5 W m?. Nevertheless,
on the medium time horizon, this gain is lost and
most of the models predict yields similar to the
historical scenario. Higher CO? in the atmosphere
may fertilize plant growth, but it has been shown
that other conditions (soil nutrients) will become
limited. For the far time horizon and an RCP 8.5,
the situation is inverted and decreases of —45 and
—92% could be expected, according to the MPI and
GFDL models, respectively.

Results of the barley case in Perote, Veracruz, in-
dicate a yield decrease on the near time horizon, par-
ticularly with RCP 4.5 W m ™2 scenarios. In contrast,
the barley model in Huichapan, Hidalgo projected
generalized increases of more than 100% in most
of the models. A parameter that helps to explain this
exponential growth is water productivity, which will
increase from 0.29 to 0.60 g m .

Potato production was modeled in two case
studies located in central Mexico. The decrease in
precipitation in Perote, Veracruz, could be more than
—50% in most of the scenarios, even in near time
horizons, and thus water stress may increase from —45
to —66% on the far time horizon, according to most

of the models. Consequently, the biomass produced
could be affected by decreases of —34%, for the MPI
model on the near time horizon, and up to —57%
less on the far time horizon, according to the GFDL
model. In the potato case in Atlacomulco, State of
Mexico, a gradual decrease in yield along the time
horizons was found. According to several scenarios
on the far time horizon with RCP 8.5 W m™, yields
will decrease between 30 and 50%. The case study
modeled for Perote, Veracruz coincides with the di-
minishing trend, although the most drastic scenarios
predict decreases of —53 and —60%, according to the
CNRM and GFDL models, respectively.

4. Discussion

4.1 Model selection and calibration

In many studies, observed yields are retrieved from
governmental-based databases (Yang et al., 2017).
Methodologies for collecting data at national level
often implies a generalization and averaging of
the local conditions (SIAP, 2016b). Therefore, the
observed yield retrieved from available official
databases might not have the similar resolution as
the site-specific experiments of a crop model. For
instance, yield differences are not considered due to
levels of fertilization. This might partially explain
that some of the study cases reported differences in
averaged yields higher than 15%. In order to deal
with this difference of details we decided to use only
the average inter-annual yield for model calibration
purposes.

Planting dates were kept constant in both histori-
cal and future scenarios. In reality, planting dates are
dynamically chosen according to the rainy season.
Keeping planting dates constant aimed to assess the
impact of climate (precipitation and temperature)
only. Therefore, results in both historical and future
scenarios are comparable.

4.2 Impact of climate change on yields

Some studies have reported that temperate regions
could receive beneficial effects on crop phenology
through the increase of growing degree days available
per year, as a result of an increase in temperature.
Our results are consistent with a study on maize in a
temperate climate region (Tlaxco, Tlaxcala), where
it was found that minimum temperature tended to
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increase; this would extend the growing season,
fostering maize production (Conde, 2011). A study
conducted at the Distrito de Desarrollo Rural de Tolu-
ca, State of Mexico reports that for the Hadley A2 and
B2 models, a slight increase in temperature by 2050
will benefit the phenological cycle of maize by dimin-
ishing frosts. Nevertheless, the study underlines that
the decrease in precipitation would prevent taking
advantage of the favorable temperatures (Granados
et al., 2013). In a previous national study reported
by Conde et al. (1997), maize yield was analyzed
under conditions of climate change; they found that
in most of the sites the effects would be negative,
particularly in the ripening phase. Moreover, they
emphasize that climate impacts will be derived not
only from climate change by itself, but also from an
increase in extreme climatic events. These findings
are in line with the cases modeled in our research,
highlighting the importance of developing adaptation
strategies according to local conditions.

Climate change impacts on beans productivity
have not been reported frequently in the literature. A
study on maize in the state of Durango suggests that
changes in climate would result in an increase in yield
of 0.3 t ha ! resulting from bimodal behavior of pre-
cipitation (Sanchez-Cohen et al., 2018). This finding
contrasts with our modeled results for Durango, where
we found decreases in the expected yield. Neverthe-
less, the above-mentioned study used local stochastic
methodologies and did not consider the latest general
models of atmospheric circulation. In another research,
Esquivel-Arriaga (2014) used the EPIC software to
model beans yields in Durango, considering two plant-
ing dates under A2 and A1B climate change scenarios,
and estimated losses and gains in yields. He predicted
that on average the same yields would be maintained
if conventional cultural practices are kept.

The northwestern region of Mexico is where
most of the country’s wheat is produced. The yields
in those regions are 5.3 t ha! with irrigation condi-
tions. However, indiscriminate use of agrochemicals
and low efficiency of irrigation are causes of soil
degradation, which may become more acute under
climate change conditions (IMTA, 2014). In a study
conducted in the Yaqui and Mayo valleys of Sonora
and San Luis Rio Colorado in Baja California, two
of the largest producers of wheat in the country, an
increase in yields was found due to cooler night

temperatures during the vegetative period. Con-
sidering that climate change scenarios involve a
generalized increase in temperature, the probable
gain in wheat yield in this region may not hold for
the upcoming decades (Lobell et al., 2005). These
findings are congruent with our results, since yield
analyzed in the Sonora case study showed decreases
even with current irrigation techniques.

Case studies of soybean showed potential in-
creases in yields under climate change scenarios. To
this matter, a research conducted in the Great Lakes
region of the United States indicates that yields will
increase up to 120%, relative to the base scenario,
due to carbon dioxide fertilization. Nevertheless, it
is highlighted that lower latitudes may experience
yield decreases (Southworth et al., 2002).

Sorghum turned out to be one of the most nega-
tively impacted crops by climate change scenarios.
From the literature it is highlighted that changes in
climate, even in current years, have motivated the
generation of resistant varieties, especially for Tam-
aulipas (Montes et al., 2018). Because of the different
uses of sorghum and its agro-industrial importance,
economic adaptation measures such as contract ag-
riculture have recently been explored. Nevertheless,
even in a base scenario, it has been found that these
systems are highly vulnerable because contracts are
not met due to adverse climate (Echanove-Huacuja,
2012). Therefore, local adaptation measures are
required in order to prevent sorghum shortage in
the future.

Few studies have been conducted regarding cli-
mate change impacts on barley yields in Mexico. A
study conducted in Tlaxcala by Calderén et al. (2015)
used the AquaCrop software to model barley yields
with six climate change scenarios and to estimate
the future benefit-cost ratio. They found that future
yields will decrease from —5 to —100% depending
on the time horizon, while the benefit-cost ratio will
be reduced from 1.4 to 0, affecting the economy of
the region’s farmers. These findings are coherent
with the two cases developed in our research. This
is particularly critical for the far time horizon, where
the strongest decrease in yield is expected.

4.3 Potential social and economic implications
The biophysical and economic implications of the
impacts of climate change on yields can be of large
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dimensions, especially for subsistence agriculture.
If it is totally dependent on rain for production, the
drastic changes and extreme climate events can affect
rainfed crops relatively much more than irrigated
crops. According to the study conducted by Gabriel
(2003), the socioeconomic level of the population
that lives in the 1232 municipalities with subsistence
agriculture is very low, and it is estimated that 70%
of the population of these municipalities are directly
related to primary activities. Nelson et al. (2014)
modeled some economic impacts on agriculture as
a result of climate change. They found that by 2050
maize, rice and wheat global prices will increase by
87, 31 and 44%, respectively. However, to model
the biophysical yield, they used a grid with a spatial
resolution of 0.5 x 0.5, which indicates that the study
was conducted at small scales. In another global eco-
nomic research, it was found that food prices could
increase by 19% due to changes in temperature and
precipitation, or by 6% even with the beneficial effect
of CO; on production (also considering changes in
price elasticity for demand) (Lobell et al., 2011).

A situation that encompasses the dimensions of
food security and poses maize as a crop of special
attention is Mexico’s commercial dependence on
other countries, such as the United States. According
to Turrent et al. (2010), the dependence on maize
food, understood as the difference between imports
and exports, has evolved from 20% during the period
1995-1999 to 32% in 2005-2008. According to the
projections of these authors, by 2025, this dependence
is expected to have reached 45 to 50% of all the maize
consumed in Mexico. An independent estimation,
based on official data, found that Mexico’s maize
dependence was 30% in 2014. Considering the per
capita consumption reported for 2014 and the number
of inhabitants counted in the 2015 census, the national
demand for maize was around 33.1 million tons. How-
ever, in 2014 only 23.3 million tons were produced,
leaving a deficit of 9.8 million tons, which required
1920 million dollars in maize imports (SIAP, 2015).

Most of the studies have concentrated on the
staple crops of maize, beans or wheat. Maize and
beans, the main cereal and legume grown in Mexico,
respectively, are frequently cultivated in association
and they are present in many food forms. For maize,
with climate change, differential decreases in yield
from 20 to 40% have been reported for most of the

national territory, assuming arbitrary changes in pre-
cipitation (£20%) and temperature (+2 °C, +4 °C),
followed by two General Circulation Models (Conde
etal., 1997). Only crops in areas of temperate or cold
climates may benefit from higher temperatures and
longer growing seasons (Conde et al., 2000).

Beans grown under rainfed conditions contribute
68% of the volume of national production, particu-
larly in the northern states. However, these states
could be affected due to ENSO, which can cause
losses of up to 30% in yields (Tiscarefio et al., 2003).
Studies conducted in Durango, Mexico show possible
changes in climate patterns that could result in greater
inter-annual variability in yields (Esquivel-Arriaga,
2014). Together, ENSO and climate change will result
in high exposure of rainfed beans. Wheat, the second
most important cereal, could be seriously affected by
increased drought in the northern region of the coun-
try, the main producer-region (Arredondo-Moreno
and Huber-Sannwald, 2011). Although an increase in
wheat yield has been recorded since 1980 for some
regions, cultivar improvement, crop management or
policy reforms may play an important role in this
trend (Lobell et al., 2005).

Soybeans, one of the most important oil crops,
have not been greatly studied in Mexico under a
climate change approach. Studies at similar latitudes
in India report decreases of 20 to 30% under climate
change scenarios (Singh et al., 2015). Barley is a crop
of increasing economic importance. Calderon (2015)
found a decrease from 5 to 100% on barley yields in
Tlaxcala, Mexico, depending on the time horizon of
climate change scenarios. Sorghum, the second most
important grain grown in Mexico, has been included
in few studies on yields in climate change scenarios,
as the case of potato, the most important tuber crop,
accounting for 94% of this crop class.

5. Conclusions

Decreases in yields for most crops are expected.
Maize, sorghum, wheat and potatoes are projected
with decreases in yield in all crop locations. Barley
and beans will have decreases in some sites and light
increases in others. Soybean is expected to have
increases in two of the modeled locations. The
biggest impacts are found for RCP 8.5 and the far
horizon.
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It was corroborated that water productivity will
decrease for most of the studied crops, therefore, water
requirements will be higher starting from the near-time
horizon. During the phenological development of the
crops, water stress was the factor that most contributed
to biomass loss, especially in the initial growth phase.
Some case studies show low yield conditions from the
base scenario, and these cases under climate change
conditions are expected to be the most impacted.
Some cold climate sites could have a higher biomass
production potential, benefiting from an increase in
the growing season, although water availability would
limit this advantage. An increase in the concentration
of carbon dioxide could lead to higher productivity,
although water demand would increase. Losses in
yield were found for most of the seven modeled crops,
especially for maize and wheat. Beans and barley
present cases in which yield increases or decreases,
and only for soybeans are gains projected in regions
of high rainfall.

Climate change impacts are expected differently
depending on the crop or region in the country, but
technological advances and adaptation strategies
with respect to the environment can be included to
lessen its consequences. More experimental studies
are needed to help understand the impact of climate
change on crop development, particularly with the
aim of promoting timely adaptation.
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