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1 ABSTRACT

The objective of this study was to adapt a simulation model of water use efficiency in citrus
species, ESM-Citrus, which was previously developed and estimate the effects of climate
change on yields and water use efficiency in the cultivation of coffee, wheat, corn, bean, and
soybean in the Alto Paranapanema basin (BH-ALPA), Sdo Paulo State, Brazil. A systemic
analysis of crop yields was carried out, including the interactive effects of factors that interfere
with the process of biomass formation: carbon dioxide (CO3), air temperature, transpiration,
irrigation depth, leaf area index and/or canopy volume, reference evapotranspiration and
precipitation. Climate and yield data (under irrigated and no irrigated conditions) from farmers
of the Planting in the Straw Irrigators Association of Southwestern Sao Paulo (ASPIPP). Part
of the FAO (AquaCrop) models were used. With the systems dynamics methodology, different
climatic scenarios were modeled. It was concluded that the CO» concentrations projected by
IPCC, the scenario of sustainable CO2 emissions, BAU (387-544 ppm), with a temperature of
approximately 32°C, will provide greater water use efficiency in future decades. In contrast,
the scenario of maximum CO: emissions, MAX (413-1142 ppm), will result in a marked
reduction in water use efficiency in crops.
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2 RESUMO

O objetivo deste estudo foi adaptar um modelo, de simulagdo de eficiéncia do uso da 4gua em
espécies citricas, ESM-Citrus, previamente desenvolvido, para estimar os efeitos das mudangas
climaticas sobre a produtividade e a eficiéncia do uso da dgua no cultivo de café, trigo, milho,
feijdo e soja na bacia do Alto Paranapanema (BH-ALPA), estado de Sao Paulo, Brasil. Foi
realizada uma andlise sistémica da produtividade das culturas, incluindo os efeitos interativos
de fatores que interferem no processo de formagdo de biomassa: dioxido de carbono (CO»),
temperatura do ar, transpiracdo, lamina de irrigacdo, indice de area foliar e/ou volume do dossel,
evapotranspiracao de referéncia e precipitagdo. Obteve-se dados de clima e do rendimento (nas
condi¢des irrigada e ndo irrigada), este ultimo junto aos produtores credenciados a Associagao
do Sudoeste Paulista de Irrigantes e Plantio na Palha (ASPIPP). Parte dos modelos da FAO
(AquaCrop) foi utilizada. Com a metodologia de dindmica de sistemas, diferentes cenarios
climaticos foram modelados. Concluiu-se que as concentragdes de CO; projetadas pelo IPCC,
o cendrio de emissdes sustentaveis de CO2, BAU (387-544 ppm), com uma temperatura de
aproximadamente 32 °C, proporcionardo maior eficiéncia no uso da 4gua nas proximas décadas.
Em contraste, o cenario de emissdes maximas de CO2, MAX (413-1142 ppm), resultara em
uma reducdo acentuada na eficiéncia do uso da dgua nas culturas.

Palavras-chaves: Dindmica de sistemas, recursos hidricos, producdo agricola, variabilidade

climatica

3 INTRODUCTION

Reports from the Intergovernmental
Panel on Climate Change (IPCC) published
in 2014 and 2018 indicate that the global
climate changed compared with that in the
preindustrial period. Some of the main
changes highlighted in these reports are an
increase in the atmospheric carbon dioxide
(CO2) concentration, approximately 40%
between 1750 and 2011; an increase in the
average global surface temperature, which
reached 0.87°C in 20062015 compared
with 1850-1900; and an increase in the
frequency and magnitude of the impacts
from these changes in the climate. These
reports show evidence that these changes
promoted impacts in organisms and
ecosystems, as well as in human systems and
well-being.

As agriculture is highly dependent on
climate, climate change, as well as variation
in the occurrence of extreme weather events,
should generate significant impacts on this
sector. According to statements in [PCC

reports (2014, 2018) and Hatfield (2016), the
impacts of climate change on agricultural
production are associated with the positive
effects of increasing CO2, the negative
effects of increasing temperature and, in
addition, the effects of climate variables and
the amount of precipitation.

Given these facts, many studies have
already been conducted, and others are in
progress to understand the causes and
magnitude of future impacts, aiming to adapt
and mitigate the effects of climate change in
the agricultural sector. Most of these studies
have  experimentally established the
dependence relationships of development
and crop yields with atmospheric CO2
concentrations  associated  with  air
temperature and water availability, among
other factors (Hatfield, 2016; Hatfield et al.,
2011; Schlenker; Roberts, 2009; Lobell;
Field, 2007; Krishnan et al., 2007; Leakey et
al., 2006; Ainsworth et al., 2005).

According to Aljazairi, Arias and
Nogués (2015) and Leakey et al. (2006),
maintaining future food security s
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extremely important because of the
interactive  effects of  high CO;
concentrations, temperature increases and
water stress on the performance of crops in
the environment. Additionally, to quantify
the reduction in yield and even the water use
efficiency of crops, all these climate changes
should be considered. Many studies
highlight the importance of understanding
the interrelationships of all intrinsic
variables related to agricultural production
(Vogel et al., 2019; Lobell et al., 2014).

Owing to the complexity of the
formation process of crop yields, as it is
mediated by factors and mechanisms and by
an infinity of biophysical and morphological
variables, the application of methodologies
that carry out a systemic approach to this
entire process, such as systems thinking and
systems dynamics, 1is perfect. This
methodology can also promote the
integration of different perspectives with the
behavior of agricultural yields and the
efficiency of water use into a single model,
considering the interconnections of the
factors, mechanisms and variables of the
complex water—soil-plant-atmosphere
system. In addition to being an integrated
analysis of natural cyclical event chains
(Capra, 1996), system dynamics allows the
prediction of results and the understanding
of the impacts of climate change on crop
yields.

Thus, the aim of the present study
was to adapt the ESM-Citrus model to
coffee, wheat, corn, soybean and bean and
estimate the effects of climate change on the
yields and water use efficiency of these
crops in the Alto Paranapanema basin, SP,
Brazil.

4 MATERIAL AND METHODS

In the present study, a reformulation
of the model established by Pereira,
Sanchez-Roman and Orellana Gonzélez
(2017) was carried out to simulate and
evaluate the behavior of the water
productivity parameter in tree crops,
specifically in citrus (ESM-Citrus), which is
influenced by atmospheric CO,
concentrations, as pointed out by the [IPCC
(2014), and by changes in air temperature,
which are based on the optimum
temperatures and are limited to the
development of different crops. The model
was based on the system dynamics
methodology and was developed into the
STELLA 10.0.5 platform. The STELLA
software  works with  object-oriented
programming; it is a user-friendly interface
and, thus, becomes easy to experiment with,
evaluate and execute scenarios via the
modeled system. In the system dynamics
methodology, during the development of the
models, key elements that operate as support
points for the evaluation and improvement
of the modeled system are identified.

The elements and intrinsic processes
affecting the yield of coffee, wheat, corn,
soybean and bean were identified, and a
detailed study of the assimilation of CO2 and
the yield of each of these crops under a
variety of atmospheric CO2 concentrations
combined with different air temperatures
was subsequently performed.

In the reformulation of the ESM-
Citrus model, the key variables for the
formation of the selected crop yields were
included, after which the influence diagram
for the calculation of water use efficiency
was elaborated (Figure 1).
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Figure 1. General influence diagram of the structure of the water productivity parameter

calculation system for crop .

/: “Water use efficiency” Y
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“Temperature”
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“Reference evapotranspiration (ETo)”

Source: Own authorship.

This diagram was arranged to
represent the structure of the model, and the
interrelationships established between the
main variables can be identified. The
variables “Water use efficiency” and “CO>”
affect the main accumulations in the system.
Reference evapotranspiration (ET,) and
transpiration (Tr) quantitatively influence
the course of the water productivity
parameter.

Moreover, a survey was carried out
with statistical and agricultural agencies and
producer associations to obtain the yields of
the studied crops. Data on rainfed conditions
for coffee, wheat, corn, bean and soybean
were collected from the Brazilian Institute of
Geography and Statistics (IBGE, 2011;
2018), from the National Food Supply
Company (CONAB), from the Rural
Development Office (EDR) of some cities at
BH-ALPA, from the
Coordination of Integral Technical
Assistance (CATI), and from agricultural
departments of cities and farmers that are
members of Southwest Sdo Paulo
Association of Irrigation and No-Till
(ASPIPP). For the irrigated conditions, the
studied crops were corn, soybean and bean,
and data were obtained from the Olhos
d'dgua farm in the city of Itai, which has 510
ha of irrigated land with center pivots. The
data for wheat and coffee under irrigated

“Biomass”

+
+
* “Transpiration”

conditions were not consistent, making it
impossible to  generate  agroclimatic
functions and, consequently, scenarios.
According to Conab (2017), wheat accounts
for 90% of the cultivation area at BH-ALPA
under rainfed conditions.

The crops were chosen because of
their economic representativeness related to
regional agricultural production in the BH-
ALPA. In the reports published by the Alto
Paranapanema Basin Committee (CBH-
ALPA), it was evident that coffee, beans,
corn, soybeans and wheat are highly
important crops in the basin (Cbh-alpa,
2016). Yield and climatic data (sources of
energy for yield formation) for each of these
crops were obtained under irrigated and no
irrigated (rainfed) conditions to understand
the water productivity parameters and the
influence of climate change.

Water Resources Management Unit
No. 14 (UGRHI 14), corresponding to BH-
ALPA, is located in the southwest region of
Sdo Paulo State. According to CBH-ALPA
(2019), the climate of UGRHI 14 is tropical
humid, with slight variation between most
inland regions and the Paranapiacaba
mountain area, with a mean annual
precipitation of approximately 1,200 mm.
The wettest period is from September to
March, with January having the highest
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rainfall, followed by February and March,
and August being the driest month.

The meteorological database was
obtained from meteorological stations of the
Integrated Agrometeorological Information
Center (Ciiagro, 2019; Cetec; Ctgeo, 2015),
which provides temperature (minimum,
maximum and average), precipitation and
ET, data. When needed, rainfall data were
acquired from the Department of Water and
Electricity of Sao Paulo State (DAEE), with
collection points obtained from all the cities
of BH-ALPA. The irrigated crop areas have
their own meteorological stations with ET,
calculations.

4.1 Calculation of water productivity
parameters for coffee, wheat, corn,
soybean and bean

To calculate water productivity
parameters, also known as water use
efficiency, adjacent, but fundamental,
parameters were used. An in-depth study
was performed on the factors, mechanisms,
variables and even the interrelationships
among all these variables, which are inherent
to the crop biomass formation process under

environmental conditions (Table 1, Table 2

and Table 3).
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Table 1. Summary of the literature review on the factors, mechanisms, and intercorrelations
among inherent variables and the crop yield formation process

Crop Bean Soybean
Leaf area. and/or Behluli, Canko and Fetahu - Allen et a]. (2003);
leaf area il”l dex. or (2018); ' - Bgmacchl et al. (2005);
th rate’ - Jadoski et al. (2003). - Lietal (2013);

grow - Madhu and Hatfield (2014).

Temperature - Pimentel et al. (2013). - Allen et al. (2003);

correlations - Streck (2005).

- Bizari et al. (2009); - Doorenbos and Kassan

Crop coefficient 1y ' ibos and Kassan (1979); (1979);

(Ke) - Doorenbos and Pruitt (1984). - Doorenbos and Pruitt (1984).
Harvest index - Calvache et al. (1997). - Ribeiro et al. (2017).
- Pimentel et al. (2013); - Ainsworth and Rogers
- Ribeiro et al. (2004). (2007);
Stomatal - Allen ef al. (2003);
conductance

- Bernacchi et al. (2005);
- Madhu and Hatfield (2014).
- Behluli, Canko and Fetahu - Li et al. (2013).
(2018);
- Polania et al. (2016);
- Soratto et al. (2013).

Biomass partition

Transpiration, CO2 - Pimentel ef al. (2013); - Ainsworth and Rogers
assimilation and its - Ribeiro et al. (2004). (2007);
relationship with - Bernacchi et al. (2005);
atmospheric [CO:] - Lietal. (2013);
elevation - Madhu, and Hatfield (2014);
- Calvache et al. (1997); - Allen et al. (2003);

- Polania et al. (2016). - Calvache et al. (1997);
-Lietal (2013);
- Madhu and Hatfield (2014).
- Ogindo and Walker (2004). - Allen et al. (2003);
- Lietal (2013).

Water use efficiency

Transpiration

Source: Own authorship
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Table 2. Summary of the literature review on the factors, mechanisms, and intercorrelations
among inherent variables and the crop yield formation process.

Crop Corn Wheat
Leaf area, and/or - Allen et al. (2011); - Kane et al. (2013).
leaf area index, or - Leakey et al. (2006);
growth rate - Meng et al. (2014).
- Hamilton III et al. (2008); - Amthor (2001);
Temperature - Hatfield (2016); - Farooq et al. (2011);
correlations - Meng et al. (2014); - Tack, Barkley and Nalley
- Streck (2005). (2015).
- Andrade et al. (2006); - Doorenbos and Kassan (1979);
Crop coefficient - Doorenbos and Kassan - Doorenbos and Pruitt (1984).
(Kc) (1979);
- Doorenbos and Pruitt (1984).
- Demétrio et al. (2008). - Amthor (2001);
Harvest index - Fujimura et al. (2012);

- Zhong-hu and Rajaram (1994).

- Hamilton III et al. (2008);

Cosifgii‘;ie _ Leakey et al. (2006); _Kane et al. (2013);
- Meng et al. (2014). - Sikder et al. (2016).
- Hatfield (2016); - Zhong-hu and Rajaram (1994);
Biomass partition Leakey et al. (2006); - Santos et al. (2012);
-Manderscheid, Martin and - Kane et al. (2013);
Weigel (2014). - Thsan et al. (2015).

Transpiration, CO> - Allen ef al. (2011);
assimilation and its - Hamilton III ez al. (2008); - Amthor (2001);

relationship with - Leakey et al. (2006); - Kane et al. (2013);
atmospheric [CO2] - Meng et al. (2014); - Sikder et al. (2016);
elevation - Streck (2005). - Wu et al. (2004).
- Allen et al. (2011); - Kane et al. (2013);
- Leakey et al. (2006); - Sikder et al. (2016);
Water use efficiency - Manderscheid Martin and - Wu et al. (2004).
Weigel (2014);
- Meng et al. (2014).
- Lemos et al. (2012); - Kane et al. (2013);
Transpiration - Ray et al. (2002); - Sikder et al. (2016).

- Meng et al. (2014)

Source: Own authorship
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Table 3. Summary of the literature review on the factors, mechanisms, and intercorrelations
among inherent variables and the crop yield formation process.

Crop

Coffee

Leaf area, and/or leaf area index, or
growth rate

- Carvalho et al. (2006)
- Pereira, Camargo, and Villa Nova (2011)
- Tozzi and Ghini (2016).

Temperature correlations

- DaMatta and Ramalho (2006);
- Martins et al. (2014).

- Doorenbos and Kassan (1979);

Crop coefficient (Kc)

- Doorenbos and Pruitt (1984);

- Pereira, Camargo, and Villa Nova (2011).

Harvest index

_Dias et al. (2007).

- DaMatta et al. (2016);

Stomatal conductance

- Dias et al. (2007);

- Ramalho et al. (2013);
- Sanches et al. (2017).

Biomass partition

- Dias et al. (2007).

- DaMatta and Ramalho (2006);
Transpiration, CO; assimilation and its - DaMatta et al. (2016);

relationship with atmospheric [CO;]
elevation

- Dias et al. (2007);
- Ghini et al. (2015);

- Tozzi and Ghini (2016).

Water use efficiency

- Ghini et al. (2015);
- Ramalho et a/ (2013).

Transpiration

- Dias et al. (2007);
- Sanches et al. (2017).

Source: Own authorship

Several of these studies were
conducted in chambers with controlled
conditions for air temperature, vapor
pressure, photosynthetic photon flux density
and differentiated CO; concentrations. Other
studies in a FACE system (“Free Air Carbon
Dioxide Enrichment”), which allows the
simulation of CO; assimilation under field
conditions, where the plants are subjected to
a routine agricultural practice for
commercial crop production. After this
literature review (Table 1, Table 2 and Table
3), it was possible to obtain response curves
for the crops.

From this literature review, the
following coefficients related to
carboxylation were obtained: different CO2
concentrations; air temperature; water
deficiency; growth rate of vegetation cover
(CC), in some cases; canopy volume or leaf

area index; biomass partition; response
factor to water stress at different stages of
crop development; stomatal conductance;
transpiration; CO: assimilation; and the
relationships between all these variables and
water use efficiency. All this information
was able to provide the requirements for
agroclimatic equations for each crop.

The methodological bases of
AquaCrop (versions 4.0 and 6.0) were used,
as described in studies published by the Food
and Agriculture Organization of the United
Nations (FAO) (Raes et al., 2009; Raes et
al., 2012; Steduto, Hsiao and Fereres 2007,
Steduto et al., 2009), which simulate crop
production under climate change conditions.
AquaCrop is a model that performs daily
water balance and evapotranspiration. In the
model, evapotranspiration is separated into
evaporation and transpiration, and water

Irriga, Botucatu, v. 29, p. 236-263, janeiro-dezembro, 2024



244 Impact of climate...

consumption under rainfed conditions and
complete or deficient irrigation conditions is
also considered, simulating the growth and

yield of the main herbaceous crops under
these situations (Figure 2).

Figure 2. Conceptual diagram of the yield formation process.

G L-f [

| Irrigation

T Air temperature

...............

ETo Reference evapotranspiration @
Ta Actual canopy transpiration

Es Soll evaporation
gs Stomatal conductance

WP Water productivity coefficient

SOIL WATER & SALT BALANCE

Red istribution m

HI Harvest Index

C0, Atmospheric carbon dioxide
concentration

Ks Stress coefficient

v
Capillary Deep
rise percolation

(1), 12), (3), (4), |S): Feedbacks/Feedforwards from water stress
Source: adapted from Raes et al. (2018) and Raes et al. (2012).

In AquaCrop, transpiration is
proportional to vegetative cover and allows
the calculation of the water productivity
parameter (WP) mediated by climatic
conditions (Raes et al., 2009; Steduto et al.,
2009). In these studies, the authors presented
the conceptual structure of AquaCrop
(Steduto et al., 2009), the algorithms and
software solutions (RAES et al., 2009), and
the normalization of CO:z concentrations
(Steduto; Hsiao; Fereres, 2007). A summary
of the variables involved in the crop yield
formation process is shown in Figure 2,
which represents the conceptual diagram and
presents the intrinsic variables related to
crop development and yield.

Equations (1), (2) and (3) are
fundamental for calculating the water
productivity parameter (WP) and for
normalizing  the  atmospheric  CO>
concentration to the water use efficiency for
all the studied crops.

(1)
wp=| —B [co,]
s I
ETo
Where

B: total biomass, g m~ or kg m2;

WP: water productivity parameter (water use
efficiency), g m2 mm™' or kg m? mm™' or
kg m™ of transpired water;
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Tr: Total transpiration of the crop (mm);
ETy: Reference evapotranspiration (mm);
CO,: Atmospheric CO; concentration

(ppm).

Transpiration was calculated via
Equation 2, which was proposed by Raes et
al. (2009).

Tr=Ks * D *%CC * Ko * ETo (2)
where

K: water stress coefficient (decimal);

%CC: percentage of canopy cover
(decimal);

Kcre: crop coefficient (K.) of maximum
transpiration (dimensionless);

ETo: reference evapotranspiration (mm).

All complex CO; fixation metabolic
processes, at a biochemical level, are
embedded in the parameters of Equations 3
and 4 provided by Steduto, Hsiao and
Fereres (2007).

Ca,o x D
‘ €)

WP, =WP,

Where
WF, co, » water use efficiency as a function of

COz concentration (g m 2 mm ');

WPp: biomass water use efficiency (g m™
mm);

Cao: mean annual atmospheric CO»
concentration measured by the Mauna Loa
Observatory (Hawaii) for the reference year;
Ca: mean annual atmospheric CO»
concentration measured by the Mauna Loa
Observatory (Hawaii) for the year in which
biomass is produced;

D: an empirical factor derived as an
approximation of the sum of Aw, that is, the
sum of the difference in water vapor
concentration between the intercellular
airspace and the atmosphere, in a given
situation (Aw) and in a reference situation
(Awo).

2

Steduto, Hsiao and Fereres (2007)
recommend that D should be obtained via
Equation (4), where C,, is taken as a
reference value equal to 360 ppm.

D=a-bx(C,-C,) 4)

Where a=1 and 5=0.000138.

To determine the a and b coefficients
of Equation (4), Steduto, Hsiao and Fereres
(2007) carried out experiments in chambers
under controlled conditions for CO; and for
all parameters related to vapor saturation
pressure, air temperature and humidity,
among others. Moreover, the authors
suggested that Equation (4), through
adjustments, could be used for the
normalization of different atmospheric CO>
concentrations.

4.2 Source of information to adapt the
ESM-Citrus model for the studied crops
(coffee, corn, wheat, soybean and bean)

The growing seasons at BH-ALPA
are specific and different for each crop. For
winter wheat, the growing season is from
May until September; for corn, it is from
February until June; for soybean, it is from
November until March; for bean, it is from
February until June; and for coffee, it is a
perennial crop.

According to a survey conducted
with ASPIPP members, in the documents of
CONAB and Brazilian  Agricultural
Research Corporation (Embrapa, 2019),
almost all the farmers in BH-ALPA work on
the determination of evapotranspiration
demand, use water evaporation measures
from a Class A tank, or use equations to
estimate ET, to determine crop
evapotranspiration and, thus, calculate the
appropriate irrigation depth. According to
information reported by interviewed
members of ASPIPP, in some cases, for crop
irrigation, the farmers apply all the water
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used in the evapotranspiration processes,
according to a recommendation from
EMBRAPA.

Corn, bean and soybean data were
obtained from the Olhos d'dgua farm in Itai,
which uses the center pivot irrigation
system. The farm database included the
yields and irrigation depths of the studied
period. Additionally, as a source of
information, reports provided by ASPIPP
with crop data at BH-ALPA, as well as all
the techniques wused during crop
management, were used.

In the irrigated area, all the water
taken up by evapotranspiration was
provided; thus, the stress coefficient (Ks)
was equivalent to 1. In the rainfed area, the
stress coefficient was calculated annually
according to the amount of rainfall,
considering the irrigation depth as 100% of
the evapotranspiration volume, which is a
value equal to 1.

Using effective precipitation and the
volume of water supplied to the rainfed area,
it was possible to determine the percentage
of water stress for this condition. For the
irrigated condition, the volume of effective
precipitation and irrigation depths were
applied. From this and using effective
precipitation, the percentage of water stress
for the condition without irrigation, the only
volume of water that was supplied to the
nonirrigated area, was calculated. For the
irrigated condition, the volume of effective
precipitation and irrigation depths were

taken. The total biomass was calculated from
the crop yield data. The provided yield data
corresponded to the “commercial biomass”
under both irrigated and rainfed
management conditions. A conversion
factor, which is based on previous studies,
was used to convert these values into total
biomass.

To convert these values into total
biomass, a conversion factor based on
previous studies was used, which
determined that the crop percentage
corresponded to the net biomass. A literature
review related to the conversion factor for
each studied crop is shown in Tables 1, 2 and
3.

The variable canopy volume (Vc) or
leaf area index was determined for each
studied crop via values established in the
literature. In the model, crop water use
efficiency is determined, in part, by
transpiration, which is related to crop
characteristics and the local climate.

The transpiration per plant was
obtained from the canopy volume or leaf
area index. Using transpiration and the
number of plants per hectare (plant density
observed on farms), the amount of water
transpired per hectare in each agricultural
year is reached, with and without irrigation.
From an analysis of yield under both
irrigated  and  rainfed  management
conditions, a multiple linear correlation was
created for each crop. Table 4 shows the
equations for the rainfed condition.
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Table 4. Agroclimatic functions of the studied crops

Crop Function

RZ

Coffee

WP=56.6833+(-108.3005*Tmax+(-107.15026*Tmin)+204.6874* 0.65

Tmed)+0.1605* ET0 +0.012415*COx)

Wheat

WP=72.1059422+6.54122*Tmax+7.129*Tmin+(-17.2876* 0.66

Tmed)+0.178798* ETO +(-0.000423* Pref)+(-0.13059*COy)
Corn WP =-97.8192+(0.01549* ET0)+(0.005068* Pref)+0.305012* CO,  0.81

Bean WP=-62.1041726+0.00417856*ETO0+(- 0.72

0.00148152*Pref)+0.182616* CO>
Soybean WP=-21.22197906+0.000220966*

+0.07757043* CO»

ET0+0.003081112* Pref 0.60

Source: Own authorship

Where:

WP: water productivity parameter (g
m? mm™);

ETy: reference evapotranspiration
(mm);

CO:>: atmospheric CO2 concentration
(ppm);

Pref: effective precipitation during
the cycle (mm);

Tmax: maximum temperature in the
yield formation period (°C);

Tmin: minimum temperature in the
yield formation period (°C);

Timed: mean temperature in the yield
formation period (°C).

The same methodology was used to
obtain the correlation for the irrigated
condition, adding a variable water depth.

The last step of the methodology is
the model configuration, which uses system
dynamics to execute and evaluate scenarios
of the future impact of climate change on
crops such as coffee, wheat, corn, soybeans
and beans. The structured model within the
STELLA environment includes interactive
icons; such icons contain parameters that
represent  culture and  environment
characteristics, which account for the
formation of water productivity parameters.
Figure 3 shows the developed model,
represented by the diagram of stocks and
flows, which was built from the influences
diagram.

Irriga, Botucatu, v. 29, p. 236-263, janeiro-dezembro, 2024



248 Impact of climate...

Figure 3. Diagram of stocks and flows for coffee, which is similar for wheat, corn, beans and
soybeans.
D COZ Sector a

Transpiration  \ater productivity parameter

eter 2016 MAX

iomass a5 3 function
of Transpiration

Transpiration

Source: Own authorship

The simulation scenarios estimate
the amount (g or kg) of biomass per
transpired water (mm) that will be produced
in future years, which is based mainly on the
atmospheric CO> concentration (data
projected by the IPCC) and air temperature,
which are important in the biomass
formation of each studied crop. The
scenarios were organized to make two
estimations, which were based on two
conditions: irrigated (when it was possible to
obtain yield data in this condition—soy, corn
and bean) and rainfed (all crops).

According to IPCC (2007, 2013)
projections, three scenarios are characterized
by marked atmospheric CO2 concentrations:
sustainable (BAU) - 387 at 544 ppm,
maximum (MAX) - 413 to 1142 ppm and
minimum (MIN) - 366 to 794 ppm.
Furthermore, air temperature fluctuations,
precipitation, reference evapotranspiration,
stomatal conductance and the implications
of these variables for CO; assimilation and
water productivity parameters in the

production of coffee, wheat, soybean, bean
and corn were included.

S RESULTS AND DISCUSSION

The combination of optimal
temperatures for crop development (coffee ~
25°C, corn ~ 32°C, wheat 18 - 25°C, bean ~
20 - 25°C and soybean ~ 32°C) with high
atmospheric CO2 concentrations
(sustainable - BAU 387 to 544 ppm;
minimum - MIN 366 to 794 ppm; maximum
- MAX 413 to 1142 ppm) resulted in
relatively high values of water use
efficiency. Therefore, with the structured
models for each crop, which included the
atmospheric CO; assimilation rates at
different air temperatures and several
coefficients related to this process as inputs,
it was possible to verify the water use
efficiency under different climate change
scenarios.

As reported by Hatfield et al. (2011),
an increase in atmospheric CO» generally

Irriga, Botucatu, v. 29, p. 236-263, janeiro-dezembro, 2024



Pereira, et al. 249

implies greater production and crop water
use efficiency. Ainsworth and Rogers (2007)
reported that the leaf photosynthesis rate
increases by an average of 40% at high
concentrations of CO2 (475-600 ppm).
Allen et al. (2011) reported that the current
atmospheric CO> concentration limits the
growth of C3 plants, which are responsive to
high CO> by reducing photorespiration and
improving photosynthetic rates, thus
increasing their growth and yield.

The extensive literature addressing
the influence of climate change on
agricultural production shows positive and
negative  photosynthetic responses in
different groups of plants, mainly under
variable CO2 concentrations and
temperatures (Hatfield 2016; Hatfield et al.,
2011; Schlenker and Roberts 2009).
Damatta et al. (2010) reported that this
beneficial effect of high CO: in agricultural
production can be reduced by other climate
change impacts, such as different
precipitation  patterns and high air
temperatures. The authors noted evidence
that, under ideal growth conditions (i.e.,
good temperatures, unrestricted soil water
conditions and nutrient availability), C3
plants are more likely to produce more
atmospheric CO; than are C4 plants.

The simulations performed in the
present study revealed that C3 crops (coffee,
soybean and bean) more effectively
influence CO> in COz assimilation and,
consequently, greater water use efficiency
than C4 crops do (corn) (Figures 4, 5, 6, 7,
8, and 9). Taiz and Zeiger (1991) confirmed
that an increase in the atmospheric CO>
concentration increases the plant growth rate
since CO> is the primary substrate for
photosynthesis. These authors also reported
that C3 plants benefit more from higher
atmospheric COz concentrations than do C4
plants. The same statement was made by
Sicher and Bunce (2015), who reported that
C4 plants are not as responsive to CO:
concentration increases as are C3 plants.
Under high temperatures, CO> assimilation

is more favorable in C4 plants than in C3
plants. Some authors claim that under this
condition, photorespiration is stimulated
(Damatta et al., 2010).

The influence of environmental
temperature on growth, development and
crop yield formation is complex and
multifaceted. The results show that this will
be a key variable in yield formation and,
consequently, in crop water use efficiency
for both management situations (irrigated
and rainfed) with high CO: concentrations
(Figures 4, 5, 6, 7, 8, and 9).

According to Ainsworth et al.
(2002), the increase in crop water use
efficiency under high CO> concentrations is
due to decreases in stomatal conductance
and transpiration. In this meta-analysis, the
authors evaluated soybean studies under
high CO; (450-1250 ppm) and reported that
the benefits of CO> in photosynthesis, under
normal temperatures, can be partially
canceled by the severe thermic stress that
may occasionally occur.

By analyzing the generated water
productivity parameters and taking the
values established by the FAO for C3,
coffee, wheat, soybean and bean (15-20 gm"
2> mm™) and C4 plants, corn (30-35 g m™
mm"), the yield and, therefore, the current
values of the water productivity parameters
until 2016 are well below those indicated by
the FAO for management without irrigation.
For example, from 2010-2016, corn was
14.6,16.4,17.1,18.0,17.7,19.1,and 18.5 g
m2 mm™ respectively, and wheat was 10.7,
11.5,12.2,7.6,10.2,17.1,and 8.4 g m? mm’
!, respectively. During the same period,
irrigated corn grown at BH-ALPA had a
water use efficiency within the range
established by the FAO, with values of 32.4,
33.3,33.4,33.6,33.8and 33.7 g m? mm™.

According to Conab (2017), the
yields of irrigated wheat in the Federal
District and Goias State for medium and
large farmers were 6,000 kg ha™! and 5,054
kg ha! in 2015, respectively. Considering
the same survey by Conab (2017), in the
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study area, specifically in the cities of Avaré,
Itapetininga and Itapeva (the most
representative region for wheat grown in
BH-ALPA), the yields under rainfed
conditions were 1,105, 1,067 and 1,414 kg
ha!, respectively, whereas under irrigated
conditions, the yield was less than 6,000 kg
ha'!, resulting in low water use efficiency
under both crop management practices.

The bean growth conditions were
similar to those of wheat. In surveys
published by CONAB, IBGE and ASPPIP,
the current values of the water productivity
parameter are below those established by the
FAO (15--20 g m? mm™); in 2003 and 2004,
for example, in large extension and rainfed
areas, the yield was less than 900 kg ha’!,
implying that the water productivity
parameter was approximately 5.2 g m” mm-
1

The reasons for these results are the
large areas at BH-ALPA with the studied
crops grown under rainfed conditions;
therefore, the expression of the yield
potential related to water availability and
distribution during the crop development
cycle is highly risky. In addition, irrigation
technology is not used. According to a
survey conducted with the farmers CONAB,
IBGE, Instituto de Economia Agricola

(IEA), Rural Development Office (RDO)
and ASPIPP, many farmers in this region
have not yet adhered to proper crop
management practices.

The water use efficiency, influenced
by atmospheric CO> concentrations, will be
greater in areas without irrigation (Figures 4,
5 and 6, for irrigated conditions, and 7, 8 and
9, for rainfed conditions). Xu, Jiang and
Zhou (2015) reported that high CO
generally increases net photosynthesis in
almost all C3 species but not in C4 plants
only under water deficit conditions.

Meng et al. (2014), in a study on the
interactive effects of high CO» concentration
and irrigation on photosynthetic parameters
and corn yield, reported that, with high CO»
and suitable irrigation, there was an increase
in the net photosynthesis of corn leaves,
even though greater water use efficiency
occurred in the natural precipitation
treatment. Leakey (2006) reported that high
CO> can increase the photosynthetic
capacity and yield of plants by adjusting
their water status; therefore, high CO, will
have a positive effect on water deficit
conditions. The authors concluded that
photosynthesis and corn yield are not
affected by the increase in CO:2 in the
absence of water deficit conditions.

Figure 4. Water productivity parameter, under irrigated condition, obtained in BAU scenario
for corn, bean and soybean at specific temperatures for each crop.
BAU scenario

Corn

Soybean
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Figure 5. Water productivity parameter, under irrigated condition, obtained in MAX scenario
for corn, bean and soybean at specific temperatures for each crop.
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Figure 6. Water productivity parameter, under irrigated condition, obtained in MIN scenario
for corn, bean and soybean at specific temperatures for each crop.
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The results for the water productivity
parameters of corn, bean and soybean under
irrigated conditions at UGRHI 14 (Figures 4,
5 and 6) verified that the temperature effect
was more notable for soybean in the BAU
and MIN scenarios, where changes in
climate based on temperature had a
significant effect on biomass formation; in
other words, a temperature increase above
38°C markedly reduced the yield of this
crop.

Sicher and Bunce (2015) reported
that the ideal temperature for soybean
photosynthesis increases with increasing
CO; concentration. According to the
authors, this is due to photorespiration
suppression and an increase in carboxylation
caused by CO; enrichment. Another reason
noted by these authors is that C4 plants are
effectively saturated with environmental
COo.

The simulation results for future

years, from 2020 to 2100, show a

stabilization in the amount (g) of phytomass
per transpired water (mm) with the increase
in atmospheric CO; bean for the MAX
scenario and a moderate increase in water
use efficiency for the BAU and MIN
scenarios if the air temperature remains
between 18 and 28°C, which is considered
optimal for bean development.

To understand which climate change
scenario  would promote the  best
performance for the studied crops, a separate
crop analysis was carried out for the
established scenarios BAU, MAX and MIN.

5.1 BAU

An analysis of the water use
efficiency in the BAU, MAX and MIN
scenarios, shown in Figures 4, 5 and 6,
reveals that the best performance scenario
for the studied scenario will be the BAU
scenario under irrigated conditions, with the
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exception of the bean crop, which will
perform better under the MAX scenario.

Compared with the MAX and MIN
scenarios, the BAU scenario results in
reduced CO; emissions, which will
culminate in the most favorable environment
configuration for crop development in terms
of temperature, evapotranspiration, relative
humidity and precipitation (Ipcc, 2007,
2014).

From the results shown in Figures 4,
5 and 6, it is evident that, under irrigation,
the temperature is an extremely important
variable in terms of water use efficiency.
The BAU and MIN scenarios clearly reveal
the influence of this variable on soybean
yield. The projected value of water use
efficiency for the decade of 2040 under a
temperature of approximately 32°C was
25.92 ¢ m? mm!, whereas for a temperature
of approximately 38°C, the water use
efficiency was equivalent to 14.5 ¢ m™? mm’
1

Allen Junior et al. (2003) tested the
effects of temperature combinations of
28/18, 32/26, 36/26, 40/30, 44/34°C
(day/night), and CO> concentrations (350
and 700 ppm) on soybean evapotranspiration
and water use efficiency and reported that
although treatments with temperatures of
36/26°C and 40/30°C presented a relatively
high canopy photosynthetic rate, they did not
provide greater water use efficiency.
Additionally, the authors reported that with
a 700 ppm CO; concentration, the water use
efficiency increased by approximately 60%
at 28/18°C but did not increase at 40/30°C
and concluded that the water use efficiency
steeply decreased in treatments with
relatively high temperatures, mainly because
the ETo increased.

For rainfed soybean in the BAU
scenario and with the optimal development
temperature, in 2009 and 2016, the water
productivity parameters were 13.9 gm? mm’
"and 19.9 g m? mm™!, respectively. In future
decades, the increase in atmospheric CO-
will imply a continuous increase in the water

productivity parameter, reaching 2100 with
45.6 g m? mm! at the optimal development
temperature, approximately 32°C, which is
more than twice the maximum value (20 g
m? mm) for C3 plants specified by the
FAO (Figures 7, 8 and 9). Krishnan et al.
(2007) verified, via model simulations, a
56% reduction in rice yield if the CO;
concentration was equivalent to 700 ppm
and if the air temperature increased by 4°C.

In the same way, wheat and corn
accumulate in biomass. Therefore, the water
use efficiency, which is strongly influenced
by the atmospheric CO: concentration
combined with the air temperature, will
have, among all the studied crops, better
performance in the BAU scenario.

Several studies have shown that corn,
under high atmospheric CO concentrations,
can maintain high photosynthetic and
transpiration rates in the face of limited
water conditions and that this crop benefits
from the increase in CO; in dry conditions
(Allen Junior et al., 2011; Leakey et al.,
2009; Meng et al., 2014; Manderscheid;
Erbs; Weigel, 2014). Allen Junior et al.
(2011) revealed that corn was unable to
maintain high photosynthetic rates and to
increase water use efficiency under water
stress and CO2 concentrations, highlighting
the beneficial effect of increasing CO, for
this crop (at a favorable temperature).

In the BAU scenario simulations, an
increase in the CO; concentration
significantly increased the water use
efficiency of coffee if there was no increase
or sudden decrease in the air temperature.
According to DaMatta et al. (2016), the ideal
temperature for coffee development is
between 18 and 26°C. Therefore, in this
scenario and wunder these temperature
conditions, the water use efficiency of coffee
will increase, with values of 20 g m? mm!
in 2020 and 48 g m? mm' in 2100.
However, if the temperature increases above
35°C, an effective reduction 1in the
carboxylation efficiency will provide a water
use efficiency of approximately 6 g m? mm
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''in 2100, indicating crop vulnerability to

future temperature fluctuations in BH-
ALPA for the BAU, MAX and MIN
scenarios under rainfed conditions (Figures
4,5 and 6).

Ramalho et al. (2013) reported
significant increases in water use efficiency,
between 56% and 112%, which was
supported by the continued trend of
increased photosynthesis and decreased
stomatal conductance with increased COx. In
general, the results of DaMatta et al. (2016)
and Ramalho et al. (2013) suggest that
coffee can tolerate high CO2 concentrations
under optimal conditions of water,
temperature and nutrient availability. The
authors also mentioned that coffee notably
benefited from the increase in CO>
concentration, as did other species whose
photosynthesis was largely limited by CO:
diffusion.

Under rainfed conditions (Figures 7,
8 and 9), soybean, corn and wheat perform
better in terms of water use efficiency in the
BAU scenario than beans do. In these crops,
the CO; assimilation curves always increase.
A bean will have a moderate increase in
water use efficiency if the air temperature
does not fall outside the range of considered
optimal temperatures for bean development,
1.e., between 18 and 28°C.

5.2 MAX

The impact of climate change
analyzed from MAX scenario simulations
shows a marked reduction in the yield of
coffee, wheat, corn, soybean and bean in
BH-ALPA, especially  when  high
atmospheric  CO2  concentrations are
combined, an intrinsic characteristic of this
scenario, with temperatures that negatively
influence crop development (Figure 7). For
corn, for example, the results show that the
best temperature to express the potential
yield is approximately 30°C. Considering
this temperature, until the 2050s, the MAX

scenario will provide similar values for corn
to those seen in the BAU scenario.

In general, projections of increases in
air temperature indicate great variation in
crop yield. According to Hatfield et al.
(2011), this variation occurs because the
increase in temperature implies an increase
in the phenological development rate,
resulting in a reduction in the growth cycle
and, consequently, a reduction in crop yield.
Schlenker and Roberts (2009) and Hatfield
et al. (2011) reported that, in a high-
temperature stressful environment, the
yields of soybean and corn vary by more
than 50%. For wheat, as observed by Tack,
Barkley and Nalley (2015), very high
temperatures sharply decrease production.

Similar to what was verified for
wheat, grown rainfed corn (Figures 7, 8 and
9) has reduced productivity in BH-ALPA,
with a value of 13.3 gm? mm' in 2010. The
results show that corn without irrigation will
only reach values within the standards for C4
plants determined by the FAO, i.e., 30-35 g
m? mm', whereas in 2100 in the BAU
scenario, it will reach 31.8 gm? mm'. In no
other studied scenario will corn reach the
FAO standard value under rainfed
conditions, which highlights the importance
of using irrigation to increase the resilience
of agricultural crops in situations of climate
change. Compared with the other studied
scenarios, the MAX scenario results in the
lowest water use efficiency values under
irrigated conditions. However, the water use
efficiency will be within the standard range
established by the FAO (Figures 4, 5 and 6).
For rainfed conditions, coffee and wheat in
the MAX scenario will provide reduced CO>
assimilation and, thus, will be the worst
atmospheric environmental configuration
for these crops (Figures 7, 8 and 9). Notably,
coffee will have an approximately 88%
reduction in the water productivity
parameter in the 2060s if the air temperature
increases to values close to or above 36°C,

ranging from 43.6 to 4.9 g m? mm™..
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The model developed for beans
generated results that show that it will be the
only crop with the best performance in the
MAX scenario under rainfed conditions. In
this scenario and management condition, at
the end of the projection period (2090 and
2100), the water use efficiency for beans is
even higher than the projected values in the
BAU scenario. However, in the projections
for the irrigated area among the three studied
scenarios, the MAX scenario provides yield
reduction and, consequently, a reduction in
the water use efficiency of beans. This
scenario promotes a marked reduction in the
water productivity parameter for beans
under irrigated conditions.

5.3 MIN

The MIN scenario is more similar, in
the atmospheric configuration, to the BAU
scenario, even with respect to the
atmospheric COz concentration. In the
2050s, in the IPCC projections, both the
BAU scenario and MIN scenario presented
similar CO> concentrations. In relation to the
performance of the studied crops in this
scenario and the simulations for the rainfed
condition, coffee will have a CO;
assimilation rate and, consequently, water
use efficiency, similar to the BAU scenario.

The water use efficiency of corn in
the MIN scenario and rainfed conditions

(Figures 7, 8 and 9) was lower than the
projected values for the BAU and MAX
scenarios. For the irrigated condition, which
also considers corn, the water productivity
parameter values are essentially the same
between the BAU and MIN scenarios
(Figures 7 and 8).

In general, corn and bean will suffer
negative impacts from the atmospheric
configuration of the MIN scenario, and they
will have the worst performance in this
scenario under rainfed conditions (Figures 7,
8 and 10). When running the simulations for
the irrigated condition in this scenario, the
water productivity parameter values for
soybeans and beans are even higher than the
values found in the BAU scenario (Figures
4,5 and 6).

A general observation from the
results is that the benefits of high CO:
concentrations for photosynthesis and,
therefore, for better water use efficiency for
the studied crops, are enhanced at
environmental temperatures favorable for
crop development. Therefore, a comparison
of the CO» concentration levels (BAU, MIN
and MAX) revealed that mean air
temperatures of approximately 25 and 30°C
benefit atmospheric CO; assimilation and
imply higher water productivity parameter
values.
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Figure 7. Water productivity parameter, under rainfed condition, obtained in BAU scenario for
coffee, wheat, corn, soybean and bean at the specific temperatures for each crop.
BAU scenario
Coffee Wheat Corn

Soybean

Figure 8. Water productivity parameter, under rainfed condition, obtained in MAX scenario
for coffee, wheat, corn, soybean and bean at the specific temperatures for each crop.

MAX scenario
Coftee Wheat Corn

Bean Soybean
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Figure 9. Water productivity parameter, under rainfed condition, obtained in MIN scenario for
coffee, wheat, corn, soybean and bean at the specific temperatures for each crop.
MIN scenario
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Source: Own authorship

The results shown in Figures 7, 8 and
9 indicate that an increase in CO2 does not
result in an increase in water use efficiency
for wheat, as was the case for soybean and
bean. Plant growth is influenced by a
combination of factors. Streck and Alberto
(2006), studying the impacts of climate
change on crop yield, reported that even
though the modeled values for productivity
are high due to high CO; concentrations,
these beneficial effects can be inhibited by
the simultaneous increase in air temperature.

A comparison of the results obtained
from the two management situations, i.e.,
irrigated and rainfed (Figures 7, 8 and 9),
revealed that the increase in atmospheric
CO; provides greater efficiency in terms of
water use for corn when this crop is
cultivated under rainfed conditions because,
when irrigated in 2010 and 2100, the water
use efficiency was 32.4 and 34.6 g m mm’
!, respectively. However, under rainfed
conditions, the water use efficiency of this
crop ranged from 14.6 g m? mm™in 2010 to
31.8 g m? mm™! in 2100 (BAU scenario).
Therefore, an increase in atmospheric CO»
will support an increase in water use

Soybean

efficiency under water deficit conditions.
Under conditions of high atmospheric CO»
concentrations and limited soil water, corn
can maintain high photosynthetic rates.
These results confirm those reported by
Leakey et al. (2009), Leakey (2006), Allen
Junior et al. (2011) and Meng et al. (2014).

6 CONCLUSION

From the  structured  model
simulations, it is possible to infer that, in the
future, plant transpiration will be altered by
climatic changes. Thus, in general, crop
water productivity may decrease. In the
BAU, MAX and MIN scenarios, the water
productivity = parameter  progressively
decreases with increasing air temperature.
High CO; concentrations can also increase
water use efficiency, especially if the
increase in this gas in the atmosphere is
combined with optimum air temperatures for
crop growth, which will benefit yield and
water use efficiency, especially in areas
without irrigation.
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The BAU scenario, with a
temperature of approximately 32°C, will
provide the best crop performance, resulting
in greater water use efficiency in future
decades. In contrast, the MAX scenario will
result in a marked reduction in the water
productivity parameter, especially when
combined with temperatures that are limiting
for crop development, showing that water
use efficiency will significantly decrease in
a climate change environment on the basis of
an increase in CO2 and an increase in air
temperature for crops.

C3 crops, mainly coffee, soybean
and bean, are more responsive to high
atmospheric CO; and have greater water use
efficiency than the C4 crop corn. However,
at high temperatures, the water use
efficiency for CO; assimilation is greater in
C4 plants than in C3 plants.

Bean will be the only crop to benefit
from atmospheric CO> elevation in the MAX
scenario if the air temperature does not
suffer from continuous elevation.

Under irrigation conditions, the
scenario that results in the greatest water use
efficiency for beans and soybeans will be the
MIN scenario, and those for corn will be the
BAU and MIN scenarios.
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