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Abstract: Sorghum is the world’s fifth major cereal in terms of production and acreage. It is expected
that its growth will be affected by the increase in air temperature, an important component of global
climate change. Our objective was to use the Agricultural Land Management Alternatives with
Numerical Assessment Criteria (ALMANAC) model to (a) evaluate the impact of climate warming on
forage and grain sorghum production in Argentina and (b) to analyze to what extent yield changes
were associated with changes in water or nitrogen stress days. For model calibration, we used
previous information related to the morpho-physiological characteristics of both sorghum types and
several soil parameters. We then used multiyear field data of sorghum yields for model validation.
Yield simulations were conducted under three possible climate change scenarios: 1, 2, and 4 °C
increase in mean annual temperature. ALMANAC successfully simulated mean yields of forage
and grain sorghum: root mean square error (RMSE): 2.6 and 1.0 Mg ha~!, respectively. Forage yield
increased 0.53 Mg ha™!, and grain yield decreased 0.27 Mg ha™! for each degree of increase in mean
annual temperature. Yields of forage sorghum tended to be negatively associated with nitrogen
stress (r = —0.94), while grain sorghum yield was negatively associated with water stress (r = —0.99).
The information generated allows anticipating future changes in crop management and genetic
improvement programs in order to reduce the yield vulnerability.

Keywords: plant growth; nitrogen stress; water stress; climate change

1. Introduction

Sorghum [Sorghum bicolor (L.) Moench] is the fifth most important cereal crop globally in terms of
production and acreage [1]. This annual Cy4 species is mainly used as food and fodder, and is quickly
emerging as a biofuel crop [2-5]. In recent years, it has received special interest, with novel uses
such as the production of bio-industrial products (e.g., bioplastics), gluten-free products for coeliacs,
and beverages [6]. Sorghum is more adapted to high temperatures (maintains its grain yield even up
to 33 °C) and water stress than most other cereal crops [7,8] allowing for growth in a wider range of
ecological conditions. However, there are differences within genotypes, with forage sorghum being
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more stress-tolerant than grain sorghum. Forage sorghums possess higher water use efficiency and are
not dependent on adequate water at critical reproductive growth stages, as is grain sorghum for grain
production [7,9]. Additionally, forage sorghums are able to synthesize higher levels of heat-shock
proteins than grain genotypes, which allow them to maintain growth at high temperatures [10].

Earth’s near-surface temperatures and water availability are expected to change in the coming
decades [11,12]. By mid-21st century, temperatures are predicted to increase about 3-5 °C, depending
on the greenhouse gas emission pathway, while precipitation patterns are predicted to shift [12-14].
As a consequence of these changes in climatic conditions, it is expected that plant productivity will
decrease or increase, depending on the sensitivity of the soil-plant—climate system, which would
be indicative of the degree of vulnerability [15]. It is expected that these climate variations will not
be homogeneous in all continents, with spatial heterogeneity mainly associated with latitude [16].
In addition, the response of plant productivity to these variations depends on species identity and other
factors, such as edaphic properties (e.g., soil texture and available water capacity) [17-19]. Therefore,
to understand how climate change will affect plant productivity, it is necessary to independently carry
out assessments of the species of interest in different world regions.

Several studies have assessed the impact of climate change on sorghum production in Africa,
South Asia, Oceania, and North America [7,20-26]. Except for Pembleton et al. [22], the studies focused
on grain sorghum, so knowledge about the effect of global warming on forage sorghum is scarce.
Surprisingly, South America has received much less attention, although sorghum is a species of interest
in many countries on this continent. For example, Argentina ranks second after the USA in global
sorghum exports, with 37% of the annual production destined to Mexico, Japan, and Colombia [27].
According to regional climate models, in the Pampas region of Argentina (where sorghum production
is concentrated) the expected average temperature will increase between 1 and 3 °C (for the periods
2016-2035 and 2021-2020, respectively), while the average annual rainfall will remain constant [16,28].
The stability in average precipitation does not exclude the possibility of changes in water availability
for plant growth, considering the effect of temperatures on evapotranspiration [29]. Therefore,
climate warming could generate more heat stress and more water stress. Additionally, the increase
in mean temperature could alter plant growth through the control of the biomass accumulation rate,
the duration of growth, pollen viability and seed setting, and its effect on mineralization rates of
organic matter [30-32].

Crop growth simulation models that integrate the soil-plant-atmosphere complex are increasingly
used to predict the consequences of climate change on various crops species. The Agricultural Land
Management Alternatives with Numerical Assessment Criteria (ALMANAC) model was designed
to simulate the growth of a wide range of plant species [33], including different sorghum types.
It has a versatile database infrastructure that combines soils, climate, and plant growth characteristics,
with management practices that can easily be adapted for various cropping systems and growing
conditions [34]. It comprises simulations of water and nutrient balance, the interception of solar
radiation, and the sharing of the same components with the models Soil and Water Assessment Tool
(SWAT) [35] and Agricultural Production Systems Simulator (APSIM) [36]. The SORKAM model
(SORghum, Kansas, A&M) [37] is also a useful tool for sorghum growth simulations, and has had
very satisfactory results [38,39]. However, ALMANAC has shown a better fit in sorghum yield
simulations [40], and has already been implemented to evaluate the impact of climate change on
growth of wheat and C4 perennial grasses [41-43]. The objectives of this study were to use the
ALMANAC model to (a) evaluate the impact of climate warming on forage and grain sorghum
production in Argentina, and (b) to analyze to what extent yield changes were associated with changes
in water or nitrogen stress days. Considering that the studies carried out on forage sorghum worldwide,
and on both types of sorghum in South America are scarce, the information generated in this study
will improve our understanding of the impact of global warming on this crop. Additionally, it is
the first time that this impact has been evaluated in forage and grain sorghum simultaneously and
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in the same environment, allowing for an adequate analysis of the sensitivity of each genotype to
increased temperature.

2. Materials and Methods

2.1. Study Area and Plant Material

The study was conducted on an experimental field located near Cafiuelas, in the Pampas region,
Argentina (34°49'54” S, 58°43/20”” W). The mean annual precipitation at the site is 1054 mm year™!
concentrated in the spring and summer, and mean annual temperature is 17 °C (average from 1990 to
2018). The soil is classified as a typical Argiudoll [44], with 23.5% of clay, 57.9% of silt, and 18.6% of
sand (silt loam soil). It has 3.3% organic matter and a pH of 6.1.

We used seven years of forage sorghum yields and five years of grain sorghum yields. The data
were obtained from an evaluation network for genetic material managed by the University of
Lomas de Zamora, Argentina. Table 1 details the climatic variables of each year and the number of
hybrids evaluated.

Table 1. Climate description and number of forage and grain sorghum hybrids evaluated in each
growing season (spring and summer).

Growing Precipitation A'VEErage Ave‘rage N° of Hybrids
Season (GS) (mm/GS) Minimum Maximum Sorghum Type Evaluated
Temperature (°C)  Temperature (°C)

Forage 23
2008/2009 438 16.2 28.5

Grain 32

Forage 20
2009/2010 932 15.7 26.5

Grain 32

Forage 19
201072011 348 14.8 27.6

Grain 33
2011/2012 430 15.8 28.2 Forage 16
2012/2013 744 15.4 27.2 Forage 24

Forage 14
2013/2014 843 15.7 27.3

Grain 44

Forage 15
2014/2015 581 15.8 27.8

Grain 31

2.2. ALMANAC Model Description

ALMANAC model was used for yield simulations. The model simulates a wide range of plant
species under diverse soil and weather scenarios, and under a variety of land management options
(tillage, harvest height, nutrient management, irrigation, and grazing) [45]. It simulates water and
nutrient balance, and daily plant growth through leaf area index (LAI), light interception, and radiation
use efficiency (RUE). Light fraction interception by the canopy is estimated using Beer’s law [46]
and LAIL

Fraction = 1.0 — exp(—k x LAI) (1)

LAI development through the season is simulated with an S-curve through the origin,
which describes how potential LAI can increase as a function of heat units. In this model, nutrient
deficiency, drought, or temperature stress reduce LAI and biomass growth. Plant biomass is simulated
with RUE and grain yield with a harvest index approach, sensitive to water stress. Grain yield is
simulated based on harvest index (HI), which is the grain yield as a fraction of the total aboveground
dry matter at maturity.
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2.3. ALMANAC Input Datasets for Model Calibration

2.3.1. Forage and Grain Sorghum Parameters

The extinction coefficient (k) was 0.55 for forage sorghum and 0.53 for grain sorghum. A higher
value of this coefficient indicates that more light is intercepted at a given LAL The sums of degree
days from planting to maturity were 1400 for forage sorghum and 1500 for grain sorghum. Base and
optimum temperatures for forage sorghum were 10 and 27.5 °C, and for grain sorghum were 8 and
30 °C, respectively. Both the base and optimum temperatures for grain and forage sorghum applied
in this study are within the ranges reported for sorghum species/genotypes in the literature [47-50].
Biomass growth is simulated by the model with a RUE approach [51]. Energy to biomass conversion
factor was 45 kg ha™! per M] m~2 for forage and 41 kg ha™! per MJ m~2 for grain sorghum. Regarding
the harvest index (economic yield divided by above ground biomass), we used a value of 0.90 for
forage and 0.45 for grain sorghum. Thus, the economic yield of forage sorghum is the above ground
biomass (leaves, stems, and panicles), and the economic yield of grain sorghum is just the grain.

2.3.2. Soil Parameters and Crop Management

Several soil properties were used from the field site, including depth of each layer, water holding
capacity, texture, pH, slope, and N and P availability. The water and nutrient balance subroutines are
from the Erosion Productivity Impact Calculator (EPIC) model [52]. Some soil properties, management
practices, and inputs (e.g., planting and harvest dates, planting density, row spacing, and amount and
dates of N and P fertilization) were determined according to the trials from 2008 to 2015 (Tables 2—4).

Table 2. Soil organic carbon and nitrate concentration in each evaluated year. Values correspond to soil
samples taken at planting date, in the sowing area of forage and grain sorghum.

Soil Properties 2008 2009 2010 2011 2012 2013 2014
Organic C (%) 1.89 1.71 2.15 1.86 1.75 1.82 2.46
NO3 (g~t_1) 91.2 91.2 81.2 51.7 39.4 160.1 72.4

Table 3. Detail of forage sorghum management practices in each evaluated year.

Growing Planting Planting Density *  Fertilization  Fertilization Rate Intermediate Final Harvest
Season (GS) Date (pl'm~2) Date (Kg-ha™1) Harvest Dates Date
2008/2009 Dec 5 50 g Decls Mot %2955 o nd: 10023, Feb 23 Mar 31
2009/2010 Dec 3 40 Dec 5 N25,P9 Jan 15, Feb 18 Apr 23
2010/2011 Nov 19 50 Nov 25 N21,P75 Jan 23 Mar 22
2011/2012 Nov 22 40 Nov 22 N21.6,P 24 Feb 13 Apr 20
2012/2013 Nov 15 45 Nov 15 N 18, P20 Jan 20 Apr 30
2013/2014 Dec 1 40 Dec 1 N18,P20 Jan 30 Mar 25
2014/2015 Nov 28 60 Nov 28 N 18, P20 Jan 22 Apr 22

* In all the years, row spacing was 0.5 m.

Soil organic carbon variations could be related to different root biomass and residues returned to
the soil associated with the crop yields of previous years that varied inter-annually as a consequence of
variations in temperature and precipitation [53].

2.3.3. Weather Data

Meteorological data included the daily maximum and minimum air temperature; precipitation
and wind speed, obtained from the nearest meteorological station (Argentine National Meteorological
Service); and daily incident radiation, obtained from NASA Prediction of Worldwide Energy Resource



Agronomy 2020, 10, 964 50f 13

method (http://power.larc.nasa.gov/). Potential evapotranspiration was estimated by the model through
Penman-Monteith method [54].

Table 4. Grain sorghum management practices in each evaluated year.

s gz(;v:i(tégs) Planting Date Plant(i;ﬁrl?_ezl;sity * Fert]i;iazt;;tion Fertﬁizge?;i:_n1 )Rate Harvest Date
2008/2009 Dec 3 30 Dec 17 N25,P9 Jun7
2009/2010 Dec 4 36 Dec7 N72,P21 May 10
2010/2011 Nov 25 42 Nov 25 N21,P75 Jun 2
2013/2014 Dec 8 45 Dec 8 N 45, P 20 May 20
2014/2015 Nov 28 27 Nov 28 N 68, P 20 Jun 3

* In all the years, row spacing was 0.5 m.

To make projections for climate change scenarios using ALMANAC, “future weather” databases
were created and added to the ALMANAC interface. In this study, three climate change scenarios were
analyzed: 1, 2, and 4 °C increases in annual surface air temperature, with no change in annual mean
precipitation. We decided to use these three scenarios because they are within the projections made
for the Pampas region of Argentina, in response to increased greenhouse gas concentrations for the
near-term (2016-2035) and for the long-term (2081-2100) [16,28]. Climate change impact scenarios were
constructed by applying changes in mean meteorological variables to historical weather data [55]. Thus,
for the future weather databases creation, we increased by 1, 2, and 4 °C the mean daily temperature of
19 years (1999-2018) (Figure 1).

Precipitation

Temperature of current scenario 140
"""""""" Temperature of +4 scenario
- I - - - - Temperature of +2 scenario

1 120

Temperature of +1 scenario

100

Mean monthly temeprature (°C)
8
Mean monthly precipitation (mm.month?)

15

60
10

40
5 20
0 0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 1. Variation of the mean monthly temperature in the current scenario, and in scenarios with 1, 2,
and 4 °C increases of mean annual temperature. The columns represent the mean monthly precipitation,
which remained the same in the different scenarios of increases in temperature. Values represent the
average of 19 years of data (1999-2018). The bars represent the standard error.

2.4. Model Validation

For the validation process, we used the average yields of all hybrids of each sorghum type.
Model performance was assessed through comparing means and coefficients of variation of measured
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and simulated yields. We also analyzed the root mean square error (RMSE), the mean bias error (MBE),
and the mean absolute error (MAE). Following Fox [56], these indices take the form

N 0.5
RMSE = [N‘l Y, <yi_xi>ﬂ @)
i=1
N
MBE=N" Yy, - x (©)
i=1
and
N
MAE = N~! Z|yi — xi| (4)
i=1

where N is the number of cases, y; the simulated yield, and x; the measure yield. Both RMSE and MAE
express average model prediction error in units of the variable of interest. These metrics can range
from 0 to oo and are indifferent to the direction of errors. Lower values of these metrics indicate better
model performance. MBE indicates whether the model generates overestimation (positive values) or
underestimation (negative values) of the simulated yields.

2.5. Statistical Analysis

One-way analysis of variance (ANOVA) was used to compare sorghum yield under different
increases in mean annual temperature. In the cases when ANOVA identified significant effects
(i.e., p < 0.05), means were compared using Tukey test. The relationship between sorghum yield
and days of water and nitrogen stresses was analyzed using the Pearson correlation coefficient (r).
ANOVA’s and correlation analysis were performed using InfoStat software [57]. Slope analyzes were
performed to compare the regressions between yield and water and nitrogen stress days, using the
GraphPad Prism software.

3. Results

3.1. Model Validation

Considering the overall mean, the model achieved a successful simulation, with similar means
and coefficients of variation between the simulated and measured values in both sorghum types
(Table 5). The measures used to evaluate the model’s performances demonstrate a better fit in forage
sorghum than in grain sorghum simulations. In view of the average bias of each model (MBE), a small
overestimation in the simulated yields of forage sorghum and an underestimation of grain sorghum
is detected.

Table 5. Agricultural Land Management Alternatives with Numerical Assessment Criteria (ALMANAC)
model performance statistics for predicting forage and grain sorghum yields.

Forage Sorghum Grain Sorghum
Statistic
Measured Simulated Measured Simulated
Mean yield (Mg ha™1) 15.47 15.69 7.61 7.22
Coefficient of variation (%) 18.1 10.1 8.1 6.6
RMSE (Mg ha™!) 2.6 1.0
MBE (Mg ha™1) 0.21 -0.39

MAE (Mg ha™') 24 0.7
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Considering the inter-annual variability, most of the simulated yields were found within one
standard deviation and within the measured yield range considering all the hybrids (86% and 80% of
the years evaluated in forage and grain sorghum, respectively) (Figure 2).
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Figure 2. Average of 19 years of measured (black line) and simulated (red points) yields of (a) forage

and (b) grain sorghum. Gray area represents the range of measured yields, and bars represent standard
deviation considering all the hybrids evaluated.

3.2. Forage and Grain Sorghum Yields under Different Warming Scenarios

The increase in mean annual temperature impacted differentially in both forage and grain sorghum
yields (Figure 3). Forage sorghum had its highest yield in the warmest scenario, increasing by 15% in
relation to the current scenario (17.1 vs. 14.9 Mg ha™!, respectively). The linear regression equation
considering both variables (yields and mean annual temperature) shows an increase in forage yield of
0.53 Mg ha™! for each degree of increase in mean annual temperature (y = 0.53x + 15.06; 1> = 0.9921).
Conversely, the yield of grain sorghum was negatively affected, with reductions of 3.4, 8.5, and 12.4%
in the scenarios of 1, 2, and 4 °C of increase in mean annual temperature, respectively. In this case,
the regression between both variables shows that the grain yield decreases 0.27 Mg ha™! for each
degree of increase in mean annual temperature (y = —0.27x + 9.36; r* = 0.9998).

M Forage sorghum Grain Sorghum
20

Relative yield (%)
(]

10 2 g
- ab I

+1 +2 +4

Increase in mean annual temperature °O)

Figure 3. Relative yield of forage and grain sorghum exposed to increases in mean annual temperature,
compared to the current yields. Current yields are 14.9 Mg ha~! and 9.3 Mg ha™! for forage and
grain sorghum, respectively. Different capital or lowercase letters above error bars indicate significant
differences (p < 0.05) among forage and grain sorghum treatments, respectively.
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3.3. Correlation Analysis between Yields and Days of Water and Nitrogen Stress

Correlation analyses demonstrate that forage and grain sorghum yields are determined by different
types of stress (Table 6). In the case of forage sorghum, yield tended to be negatively associated with
days when plant growth was limited by nitrogen. In contrast, grain sorghum yield was negatively
associated with the days when growth was limited by water stress. In both cases, the days of water
and nitrogen stresses were significantly and negatively correlated.

Table 6. Degree of correlation (Pearson coefficient, r) between simulated yields and the simulated days
of N and water stress, and between both types of stresses.

Forage Sorghum Grain Sorghum
Variable 1 Variable 2
Pearson p-Value Pearson p-Value
Yield N stress —0.94 0.0594 0.98 0.0161
Yield Water stress 0.97 0.0313 -0.99 0.0030
N stress Water stress -0.99 0.0046 -0.97 0.0323

The increase in the mean annual temperature generates an increase in the days in which the plants
limited their growth due to water stress in both types of sorghum (Figure 4a). A linear regression
showed that the slope in the case of forage sorghum is significantly greater than grain sorghum
(p = 0.0049), but with a lower intercept. Conversely, the days when sorghum plants were affected by
nitrogen stress decreased as the mean annual temperature increased (Figure 4b). In this case, the slopes
were also significantly different, being higher in the case of forage sorghum in relation to grain sorghum
(p = 0.0283), with a higher intercept.

60+ 60+

a --@-- Forage sorghum "y b --@-- Forage sorghum
E Y =4.34x + 19.67 E’ N . Y =-3.33x+50.04
g 2=097 2] i SR 2=093
= 40 w 40 —
o 2 p=0.0131 0 o =0.0330
7 s [] ] P
- R - o b f=
& » T =
E, 204 T --m- Grain sorghum §n 204 --m-- Grain sorghum
I Y =147x+29.09 g e Y=-119x+14.49
= £=099 & T £=097
p=0.0040 p=0.0146
O T T T 1 O T T T 1
0 1 2 3 4 0 1 2 3 4
Increase in mean annual temperature (°C) Increase in mean annual temperature (°C)

Figure 4. Average days of (a) water and (b) nitrogen stress during the growth cycle of forage and grain
sorghum under scenarios with increases in the mean annual temperature.

4. Discussion

The ALMANAC model realistically simulated yields of forage and grain sorghum, achieving
means and coefficients of variation similar to the measured yields. Figure 2 demonstrates that the
model was able to capture interannual climate variability, since for the majority of the years the
simulated yields were within the range of measured yields of all hybrids evaluated and within one
standard deviation of their average. This, added to the acceptable values obtained in the statistical
parameters used to validate the model, demonstrate that it is adequate to predict not only long-term
means but also to predict reasonable variability around the means [58]. Previous studies demonstrated
the effectiveness of the ALMANAC model in estimating the yield of grain sorghum in diverse Texas
environments [40,59]. Our results demonstrate that the model was also successful in an environment
with different soil and weather characteristics, not only to estimate the yield of grain but also forage
sorghum. This satisfactory fit between simulated and measured yields is key to this study, where the
model is used to predict changes in forage and grain sorghum yields under different climate change
scenarios of increases in annual mean temperature. The information generated in this study shows
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that forage and grain sorghum yields responded differentially to climate warming and were impacted
by different types of stress. These differences can be explained through the morphophysiological traits
of both types of sorghum.

Forage sorghum yield increased by 0.53 Mg ha! for each degree increase in mean annual
temperature, reaching the highest yield of 17.1 Mg ha™! at the warmest scenario. This represents an
increase of 15% in relation to the yield obtained in the current scenario. Our result agrees with those
published by Pembleton et al. [22], who reported increases of up to 14% in 4 °C increase in mean
annual temperature scenario without changes in annual precipitation. Forage sorghum has greater
tolerance to water and heat stresses [7,9,10], and higher base temperature and leaf area than grain
sorghum. Therefore, despite decreases in soil water availability, increases in temperature accelerate the
leaf area growth, increasing the nitrogen demand. This explains why nitrogen is the most limiting
factor for forage yield (Table 6), and that yields increase with temperature since in warmer scenarios
the availability of this nutrient increases due to the higher mineralization rates [31].

Conversely, grain sorghum was negatively affected by climate warming, reducing its yield by
0.27 Mg ha™! for each degree increase in mean annual temperature. These results are also consistent
with previous studies conducted in different types of environments [7,20,21,23,24,32], and can be
explained through various mechanisms. On the one hand, temperature could directly affect yield,
through (a) the shortening of the growth cycle due to a rapid accumulation of growing degree days [60];
and (b) plants are more exposed to heat stress, reducing photosynthesis rates during anthesis and
grain filling, and pollen germination affecting its fertility [61,62]. In fact, the days with maximum
temperatures above the optimum temperature increased by 31, 58, and 124% in scenarios of 1, 2,
and 4 °C increase in mean annual temperature (data not shown). On the other hand, temperature
can indirectly affect grain yield through an increase in evapotranspiration loss and a reduction in
soil organic carbon which affects soil structure and available nutrients and water capacity [20,32,53].
Direct and indirect effects of temperature lead to a reduction of phenological phase duration, grain set,
grain number and size, grain-filling duration, and hence yield [50]. Our results demonstrate that the
lower water availability in the soil as a consequence of the increase in temperature was more limiting
for grain yield than the nitrogen availability.

The simulations carried out in this study evaluated the impact of climate warming on sorghum
yield under the current input levels, planting dates and densities, and hybrids. The information
generated allows anticipating future changes in crop management and genetic improvement programs
in order to reduce the yield vulnerability. For instance, breeding varieties where the crop phenology
remains at current levels even as the temperature increases would avoid the reduction in grain
yields [32]. The sowing dates should be reconsidered, with the aim of looking for those hybrids that
expose the crop to the least number of days with water stress, mainly during the reproductive stages.
In the case of forage sorghum, rates of N fertilization could be increased since N has a high impact on
yield. Although the N availability is expected to increase due to the greater mineralization of organic
matter, the application of N fertilization at intermediate doses would avoid negative soil balances [63].
However, it should be considered that this would entail more economic investment. This information
can not only be useful for management decision-making in Argentina but also in other regions with
similar projections of climate change, such as some regions of Australia [16]. It is important to highlight
that the implications arising from this study should be interpreted with caution, considering the
limitations of the model. A major limitation of this study is that it does not consider possible future
variations in the frequency of extreme weather events and increases in air CO, concentration [64,65].
Finally, the possibility of changes in the projections provided by current and/or future climate change
models should be considered. For example, if changes in the amount of precipitation are predicted,
the use of ALMANAC or other similar growth simulation models will be necessary to assess the impact
on sorghum yield.
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5. Conclusions

Our results demonstrate that the ALMANAC model can be considered as an appropriate tool
to study the impact of climate warming on forage and grain sorghum yields. Its use in the Pampas
Region of Argentina indicates that increases in mean annual temperature are projected to be positive
for the forage yield and negative for the grain yield of sorghum. The variations detected in yields
would not only be related to direct effects of temperature on plant growth, but also to indirect effects
through changes in water and nitrogen availability [66]. The use of simulation models in different
agroecosystems worldwide to assess the effect of climate change on diverse crops and then food and
forage production generates valuable information to make management decisions. Among others,
the sowing dates, planted area, genotypes used, fertilization rates, and objectives in the genetic
improvement projects can be modified. A combination of these strategies could significantly buffer the
impacts of climate warming, mainly in those crops with low tolerance to water and heat stress, such as
grain sorghum, maize, rice, and wheat [67].
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