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Abstract
Agriculture is directly related to food security as it determines the global food 
supply. Research in agriculture to predict crop productivity and losses helps avoid 
high food demand with little supply and price spikes. Here, we review ten crop 
models and one intercomparison project used for simulating crop growth and 
productivity under various impacts from soil– crop– atmosphere interactions. The 
review outlines food security and production assessments using numerical mod-
els for maize, wheat, and rice production. A summary of reviewed studies shows 
the following: (1) model ensembles provide smaller modeling errors compared 
to single models, (2) single models show better results when coupled with other 
types of models, (3) the ten reviewed crop models had improvements over the 
years and can accurately predict crop growth and yield for most of the locations, 
management conditions, and genotypes tested, (4) APSIM and DSSAT are fast 
and reliable in assessing broader output variables, (5) AquaCrop is indicated to 
investigate water footprint, quality and use efficiency in rainfed and irrigated 
systems, (6) all models assess nitrogen dynamics and use efficiency efficiently, 
excluding AquaCrop and WOFOST, (7) JULES specifies in evaluating food secu-
rity vulnerability, (8) ORYZA is the main crop model used to evaluate paddy rice 
production, (9) grain filling is usually assessed with APSIM, DAISY, and DSSAT, 
and (10) the ten crop models can be used as tools to evaluate food production, 
availability, and security.
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1  |  INTRODUCTION

Food Security (FS) refers to the ability to access safe 
food, the economic possibility to afford it (Tarasuk & 
Mitchell,  2020), and the ability to achieve dietary needs 
(Coleman- Jensen et al., 2021; FAO, 1996; Zhou, 2020). FS 
consists of five important related dimensions (FAO, 1996; 
Zhou,  2020): food availability, which is the most critical 
aspect; supply sustainability, which secures food in suf-
ficient quantity for the future; food quality and safety, 
which assures that dietary needs are met from safe food; 
cultural acceptability, which means that the food meets 
preferences; and the ability to access food, which involves 
the ability of the consumer to afford sufficient and di-
verse foods. The global population determines global food 
consumption, and the quantity of food produced in agri-
culture determines the global food supply. Since the agri-
cultural sector involves various products, grain production 
is one of the few international, continental or regional 
food supply indicators (Kogan,  2019). Sustainable farm 
production, infrastructure, and technology improvement 
with public policies and lower trade costs are also import-
ant for FS.

Eight hundred million people globally suffer from 
food insecurity (FI) (Fahad et al.,  2019). Moreover, peo-
ple in low-  and middle- income countries, poor people, 
young adults, less educated people, women and children, 
Indigenous People, Black People, Hispanic People, Im-
migrants, and Quilombola communities (communities 
of enslaved Afro- Brazilian Descendants) are more prone 
to suffer from FI (Depa et al., 2018; Maluf, 2021; Morales 
et al., 2021; Quandt et al., 2006; Tarasuk & Mitchell, 2020). 
Besides, rural households buy 80% of their food diversity 
intake from the market (Dean & Sharkey, 2011; Sibhatu & 
Qaim, 2017). However, this population is often denied as-
sistance because organizations assume they can produce 
their own food (Minkoff- Zern, 2014).

Historically, global crop producers selected maize, 
wheat, and rice as the principal staple crops for the most 
remarkable adaptation in diverse areas and climates, their 
vast acceptance and consumption by the population, and 
their nutritional status (FAO,  1995). Together, they pro-
vide 60% of global food energy intake (FAO, 1995) as they 
are used as a staple food by more than half of the world's 
population (FAO, 2021a; Haile et al., 2017). Maize is the 
most produced crop in the world (FAO, 2021b). It is a sta-
ple food, feeds livestock, and has industrial uses (Ranum 
et al.,  2014). Rice is important for global caloric intake, 
especially for those below the poverty line (Maclean 
et al., 2014). Wheat is the second most- produced crop in 
the world (FAO,  2021b). This crop is high- yielding and 
easily adapts to diverse climates (de Sousa et al.,  2021). 
Currently, almost one- third of the world's land area is 

used for agriculture. Over 4 billion hectares were dedi-
cated to agriculture in 2019, of which 1.6 billion were ex-
clusively croplands (FAO,  2021a). Of the total cropland, 
1.26 billion hectares are rainfed, while the rest can be con-
sidered marginal land that can be farmed because of irri-
gation (FAO, 2021a), representing 70% of global water use 
(ICID,  2021). Further, more than 4 billion people live in 
urban settings (United Nations, 2019) and rely on others 
to produce their food. Hence, losing the ability to plant 
and harvest maize, wheat, and rice, whether as a result of 
the (re)emergence of a disease or pest, political instabil-
ity, or climate change effects (e.g., flood, drought, storms), 
is likely to increase morbidity and mortality, particularly 
amongst the most vulnerable around the world (Ha-
rari, 2014; Visser et al., 2018).

When shortfalls in food production are detected early, 
mitigation solutions can be found before a significant crisis 
of hunger and famine (Krishnamurthy et al., 2020), avoid-
ing FI impacts on people's mental and physical health 
(Tarasuk & Mitchell,  2020) and therefore, productivity. 
An early warning system could be the answer to prepare 
people and supply chains to (re)adapt to new conditions, 
predicting food productivity, demands, and nutritional 
needs by monitoring, collecting, and modeling agricul-
tural and population data (Barrett,  2013). Crop models 
can accurately predict the crop reality of a site considering 
field management, weather and soil conditions for various 
spatial and temporal resolutions (Aggarwal et al., 1994). 
They are more commonly statistical, dynamic, or multi-
dimensional systems based on the climate, environment, 
niche, or process (Fodor et al.,  2017), focusing on soil- 
water- plant- atmosphere interactions. They run complete 
simulations with relatively few field data. As a critical 
part of food security, food availability is predicted in crop 
models' simulations by grain yield and biomass outputs. 
Simulated grain yield outputs are used to optimize man-
agement (crop and soil) conditions to achieve optimal pro-
ductivity and ensure future food security (see, e.g., Fischer 
et al., 2014; Neupane et al., 2022; Xu, Henry, et al., 2020). 
Crop models generate a better understanding of future 
impacts on crop production from limiting factors, such as 
climate variability (e.g., Newton et al., 2011) through their 
outputs (Webber et al.,  2014). It characterizes how the 
crops respond to those factors, allowing farmer response 
improvement and adaptation, which is crucial for future 
food production and availability (Webber et al.,  2014). 
However, some crop models do not account for yield re-
sponse to temperature stress because they consider daily 
mean temperature. Algorithms can become better respon-
sive to heat stress when considering the daylight air tem-
perature instead of the mean values (Jin et al., 2016), or the 
canopy temperature (Peng et al., 2018). Studies using crop 
models focusing on food security are current and a great 
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method to decrease and avoid global food insecurity in the 
short and long- terms (see, e.g., Alvar- Beltrán et al., 2023; 
Jägermeyr et al.,  2020; Karthikeyan et al.,  2020; Kheir 
et al., 2022; Molotoks et al., 2021).

Researching and investing in predicting crop produc-
tivity, i.e., modeling and predicting types and magnitudes 
of crop yield losses, avoids food shortages and price spikes, 
directly affecting FS (Barrett, 2013). In this perspective, we 
outline the food security assessment of the three main sta-
ple crops: maize, wheat, and rice, through mathematical 
models. This review will focus on one FS dimension, food 
availability. In doing so, it will explore the applicability 
and performance of eight crop models designed to predict 
productivity and loss for maize, rice, and wheat, identify-
ing model constraints, regions of application, and major 
findings.

2  |  CROP MODELS

We identified ten crop models and summarized their ap-
plicability in a conceptual diagram (Figure 1) and tables 

along the text. It shows the most common variables and 
climate change factors modelers have been analyzing and 
the impacts that key weather and climate stressors cause 
on food production.

2.1 | APSIM

Agricultural Production Systems Simulator (APSIM) in-
cludes biophysical processes simulating interactions of 
animals, climate, management, plants, and soil character-
istics at multiple levels from the field to the global scale 
(Holzworth et al., 2014, 2018). The input data required for 
crop phenology are planting date and density, crop variety, 
fertilization and irrigation date and amount; for weather 
are maximum and minimum air temperature, rainfall, and 
solar radiation, all in daily time steps; and, for soil char-
acteristics are water content and upper and lower limits, 
water conductivity, bulk density, pH, texture, organic mat-
ter, and initial nitrogen content (Levitan & Gross, 2018). 
Researchers have used this model worldwide to predict 
crop growth, yield, and productivity.

F I G U R E  1  (a) Conceptual diagram of the most common crop model applicability based on most simulated scenarios, (b) high- intensity 
and extreme climate and weather events, and (c) aspects of crop physiology, development, and production altered by the events described in 
part b.
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APSIM has been changed and adapted to current con-
ditions more than once (Table  1), which improved the 
results of the simulations. In 2012, researchers identi-
fied an underestimation in the results by APSIM, which 
they related to the fact that this model used a triangular 
approach to the thermal period, considering 26°C as the 
peak value, and a considerable period of the season pre-
sented values above 34°C. Yet, they claimed that APSIM 
stood out for having a specific estimation method for se-
nescence speed under extreme heat conditions (Lobell 
et al.,  2012). The model showed a better fit when pre-
dicting the effects of extreme heat on maize production 
in the United States. The authors found APSIM appro-
priate for examining water stress on crops and serving 
as a decision- making tool (Lobell et al., 2013). Two years 
later, a study evaluating the effects of water and nitro-
gen limitation in different wheat cultivars showed that 
APSIM provided good phenological development simu-
lations but overestimated the grain's nitrogen content. 
The authors concluded that this crop model could rea-
sonably simulate grain yield to the wheat cultivars and 
sites studied (Deihimfard et al., 2015).

APSIM is also used to evaluate crop response to atmo-
spheric CO2 (Vanuytrecht & Thorburn, 2017); genomic 
and environmental effects (Millet et al., 2019); drought 
risk (Wang et al.,  2020); to compute the photosynthe-
sis impacts on crop yield with a cross- scale approach 
(Wu et al., 2019); to identify and mitigate management 
influences in yield gaps (Balboa et al.,  2019); to as-
sess impacts on the economy, food security, air qual-
ity, and public health (Balwinder- Singh et al.,  2020); 
and radiation effect of aerosols on crop production 
(Zhao et al.,  2020). Despite showing crop disparities, 
APSIM shows satisfactory and reliable results (Balboa 
et al.,  2019; Millet et al.,  2019; Wu et al.,  2019; Zhao 
et al., 2020). It is a good model to determine soil water 
balance and crop yield at a country level for diverse 
crops (Wang et al.,  2020). In addition, it can be cou-
pled with other models to broaden is applicability (Peng 
et al., 2018; Rodriguez et al., 2018).

It is worth mentioning that, in APSIM version 
2023.5.7206.0, the maize module accounts for yield re-
sponse to water and nitrogen stresses, not temperature. 
In this module, the thermal time is calculated as a func-
tion of daily minimum and maximum temperatures. 
Generic temperature factors do not exist, but the tem-
perature influences radiation use efficiency, grain ni-
trogen content, and senescence (Brown et al., 2014). In 
the wheat module, the temperature factor is a function 
of the daily mean temperature applied from planting to 
harvest dates. In this module, the temperature affects 
crop phenology, root development, radiation and CO2 
effects on biomass accumulation, leaf expansion, grain 

nitrogen content and filling, and vapour pressure defi-
cit calculation (Zheng et al., 2015). More specifically, the 
frost factor causes leaf senescence, but has zero impact as 
default value, demanding alteration from users (Barlow 
et al., 2015; Zheng et al., 2015). Some researchers have im-
plemented methods to account for heat and frost stress in 
APSIM simulations. They categorize temperature events 
to base yield reduction calculations (Bell et al.,  2015), 
shortening time steps to simulate daylight temperature 
(Jin et al.,  2016), calculating the heat stress factor over 
36 and 40◦C at the flag stage (Peng et al.,  2018), and 
using vulnerability curves and extreme heat hazard level 
(Zhang et al., 2021).

According to the studies reviewed, APSIM can ac-
curately predict crop phenological development under 
extreme heat conditions and water stress but can overesti-
mate yield under different nitrogen concentration effects. 
This model can be coupled with interdisciplinary models, 
especially for nitrogen analysis. In summary, APSIM mod-
elers analyzed water availability, temperature changes and 
greenhouse gas concentration as the main key stressors to 
crop production. They mostly aimed to predict crop phe-
nology, alteration in the photosynthesis process, biomass, 
yield gap and/or losses, grain filling and nutrients.

2.2 | AquaCrop

AquaCrop is a software system for a water– crop model 
developed by FAO (Table 2). It modifies an engineering 
approach as a tool for on- farm management decision- 
making. AquaCrop simulates crop growth and yield 
through canopy biomass, focusing mainly on water 
availability's crucial impact on agriculture and crop pro-
duction by affecting crop development. It depicts the 
soil– crop– atmosphere system and analyzes their inter- 
relations in a varied agricultural system at a canopy 
level. Its layered interface benefits new and more experi-
enced users to formulate an accurate, simple, and robust 
model. This model allows the users to compare actual 
to reachable yield values and identify crop production 
limitations (Raes et al.,  2009; Steduto et al.,  2009). The 
air temperature stress in version 7.0 of this model can 
affect crop transpiration, pollination, and harvest index. 
It considers an air temperature stress coefficient and 
indicators, such as growing degrees and minimum and 
maximum air temperatures. This stress can dynamically 
affect the pollination at the time of the stress, further, 
the reduction in pollination can affect flowering and har-
vest index if the conditions do not improve after flower-
ing (Raes et al., 2022). The input requires minimum soil, 
crop, weather, and field management data, such as mini-
mum and maximum temperatures, evapotranspiration, 
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rainfall, CO2 concentration, cultivar parameters, soil tex-
ture, soil water content and conductivity, groundwater 
table depth below the surface, salinity, soil initial fertility 
amount, and irrigation and fertilization date, amount, 
and methods (FAO, 2016). The crop parameters are con-
servative and do not depend on geographic location (Raes 
et al., 2009; Steduto et al., 2009). In 2017 AquaCrop- OS 
was launched. This open- source version allows research-
ers to run this model in diverse programming languages 
and operating systems, which also facilitates its coupling 
with other models (Foster et al., 2017).

AquaCrop has been widely applied in maize, rice, and 
wheat water balance studies, especially in Asia. It is used to 
evaluate crop productivity, evapotranspiration, and water 
use efficiency under water stress (Katerji et al., 2013); crop 
response to different irrigation schemes and water level 
(Maniruzzaman et al.,  2015); crop yield response to soil 
water content, fertilization, soil organic amendments and 
their interactions (Qin et al., 2015); canopy cover, panicle 
biomass, and grain yield under different irrigation and ni-
trogen management levels (Amiri,  2016); yield response 
to climate change scenarios, considering different rainfall 
and temperature (Stevens & Madani, 2016); crop response 
to different irrigation and manure management in high 
altitudes (Babel et al., 2019); crop response to water stress 
(Jalil et al., 2020; Zhu et al., 2021); crop yield, carbon, en-
ergy, and water footprints to understand their impacts 
on food production and solutions to water shortages (Xu, 
Chen, et al.,  2020); and, assessments for food security, 
crop productivity, sustainability and efficiency focusing 
on water availability and consumption for crop produc-
tion (Karandish et al., 2021).

Some studies found inadequate simulations in the 
past, with underestimated values of daily actual evapo-
transpiration for maize in all stages and water stress levels 
(Katerji et al., 2013). Also, acceptable under and overes-
timations in total aboveground biomass, leaf area index, 
and yield (Babel et al.,  2019; Katerji et al.,  2013). Yet, 
most of the studies found adequate accuracy and perfor-
mance in AquaCrop results (Amiri, 2016; Jalil et al., 2020; 
Maniruzzaman et al.,  2015; Qin et al.,  2015; Stevens & 
Madani, 2016; Xu, Chen, et al., 2020; Zhu et al., 2021).

AquaCrop focuses on plant and soil water balance, 
water stress, and irrigation planning simulations. Al-
though this model overestimates yield under water deficit, 
most studies considered it reliable. Even though some of 
the evapotranspiration simulations were unsatisfactory, re-
cent studies show that the results are more accurate as the 
model has improved after updates. In summary, AquaCrop 
modelers analyzed water availability as the main key 
stressor to crop production. They mostly aimed to predict 
crop phenology in rainfed and irrigated systems, ground-
water quality, and yield gap and/or losses.

2.3 | Biome- BGCMuSo

Biome- BGCMuSo is a process- based biogeochemical 
model derived from the terrestrial ecosystem model 
Biome- BGC. These models were developed by the Nu-
merical Terradynamic Simulation Group (NTSG) from 
the University of Montana (Hidy et al., 2016, 2022). Com-
pared to Biome- BGC, Biome- BGCMuSo better simulates 
evapotranspiration, ecosystem respiration and exchange, 
and carbon and water fluxes with a multi- layer soil mod-
ule (Yan et al.,  2019). The minimum required data are 
distributed in four files. The first file is called Initializa-
tion File and includes site- specific physical and climatic 
information, the simulation period, and the names of all 
the files to be used as input and generated as output in the 
simulations. The second file is called Meteorological Data 
File and covers site- specific daily values of daylength, 
rainfall, air temperature, humidity, and radiation. The 
third file is called Ecophysiological Constants File. It con-
tains a site- specific description of the vegetation, consider-
ing allocation ratio, fire and non- fire mortality frequency, 
maximum stomatal conductance, and leaf C/N ratio. The 
last required file is called Soil Properties File. It includes 
particularized information about the soil at the site, such 
as composition, bulk density, water content, nitrogen 
cycle, and decomposition parameters. In addition, there 
are seven optional files; the Management File is the most 
important optional file and includes human intervention, 
e.g., irrigation, fertilization, sowing, and harvesting (Hidy 
et al., 2021).

At first, researchers did not consider this model the best 
option for assessing food production (Dobor et al.,  2022; 
Fodor et al., 2021). However, this model has been signifi-
cantly improved and updated throughout the years. The 
newer version (v6.2) simulates crop development and yield 
similar to mechanistic crop models. Biome- BGCMuSo now 
runs simulations of varied management conditions for fif-
teen crops, including drought, heat and nitrogen stresses 
(Hidy et al., 2021; Hollós et al., 2022). However, most of the 
published studies assessed grasslands and carbon dynam-
ics (Dobor et al., 2022; Hidy et al., 2022; Hollós et al., 2022; 
Huang et al., 2022), which does not qualify for a table of 
studies assessing food security.

2.4 | CropSyst

CropSyst is a user- friendly crop model that simulates 
soil water and plant nitrogen balances, crop phenology, 
growth, production and yield, root growth, production 
and decomposition of residues, soil salinity, and soil ero-
sion caused by water. It works in a multi- year and multi- 
crop model over a single portion of uniform soil, including 
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crop rotation. Initially, CropSyst incorporated extreme 
temperature impacts on growing through degree day accu-
mulation, but after improvements, it now considers final 
yield response to heat stress by expressing harvest index 
as a function of harvest index daily increase and grain fill-
ing duration (Moriondo et al., 2011). The model requires 
location and daily weather data, including site latitude, 
rainfall, solar radiation, freezing parameters, and vapour 
pressure; crop- specific parameters to simulate phenology 
and morphology, growth, nitrogen use, and harvest index; 
soil characteristics including cation exchange capacity, 
pH, texture, bulk density, layer thickness, and water con-
tent; and, management data, such as application date, 
amount, and content for irrigation, fertilization, tillage, 
and residue operations. The CropSyst procedure focuses 
on a process- oriented approach, simulating the crop's re-
lations and interactions with management and environ-
mental aspects. The software has a simple interface and 
links to geographic information system mapping tools 
(Stöckle et al., 2003).

CropSyst has been primarily applied in regions of 
Eurasia and North Africa (Table  3). This model could 
accurately assess emergence, flowering, and matu-
rity dates, yield and biomass in a semi- arid site (Singh 
et al., 2008); crop yield response to climate change (Boc-
chiola et al.,  2013; Jalota et al.,  2013), with different ir-
rigation and temperature scenarios, enabling the authors 
to identify the water footprint (Bocchiola et al.,  2013); 
crop response to water deficit and irrigation treatments, 
calculating daily water stress throughout the crop cycle 
(Mazhoud & Chemak,  2021; Noreldin et al.,  2015); crop 
growth, grain yield and water balance in a rotation sys-
tem to determine the soil's actual evapotranspiration and 
significant evaporation losses (Umair et al.,  2017); and, 
atmospheric CO2 impacts on grain yield, biomass, har-
vest index, evapotranspiration, and water use efficiency 
(Castaño- Sánchez et al., 2020).

Throughout the years, developers updated CropSyst 
and included features, such as a grid- based framework 
that allowed the model to analyze at regional levels. This 
model has been coupled with spatially distributed hydro-
logical models, which allowed it to simulate agricultural 
water demand and supply at basin scales. They also spe-
cially designed tools for decision- support analysis. The 
model is faster and easier to use as a software system 
(Stöckle et al., 2014). This new version incorporated the 
Variable Infiltration Capacity (VIC) hydrological model 
and simultaneously simulates agricultural and hydrolog-
ical processes. VIC- CropSyst is potent and capable of pre-
dicting spatial variations in climate, crop, irrigation, soil, 
and topography system (Malek et al., 2020).

CropSyst focuses on water and nitrogen dynamics af-
fecting crop growth and productivity. This model is an 

excellent tool for decision- support analysis regarding 
water and nitrogen management on crop production be-
cause it incorporates hydrological models and shows more 
accurate water footprint results. In summary, CropSyst 
modelers analyzed water availability, temperature changes 
and greenhouse gas concentration as the main key stress-
ors to crop production. They mostly aimed to predict crop 
phenology, water use efficiency in rainfed and irrigated 
systems, biomass, nutrient use efficiency, and yield gap 
and/or losses.

2.5 | DAISY

Daisy is an open- source software system of a one- 
dimensional soil– crop– atmosphere model. This system 
supports the exchange of process model descriptions and 
the linkage with other models, enabling distributed work 
and including various soil columns and inter- cropping 
management. Besides, this system grants a straightfor-
ward implementation of new processes and allows the 
selection of alternative process descriptions. It simulates 
crop production and yield, soil water, heat and organic 
matter balances, and carbon and nitrogen dynamics in 
the soil through various models. Doing so requires daily 
weather, soil, and management data as input, that include 
radiation, air temperature, rainfall, potential evapotran-
spiration, soil tillage, planting date and density, fertiliza-
tion, pesticide and irrigation application date and amount, 
harvest date, and initial conditions. Interestingly, DAISY 
considers soil temperature as a primary factor to influ-
ence crop phenology and development, including freez-
ing or melting impacts on yield. Still, it does not account 
for extreme air temperature stress. Each model inside the 
system demands a different set of data according to its 
objective. However, the system is flexible and allows data 
storage in different library directories for input and output 
definition according to the user's objectives (Abrahamsen 
& Hansen, 2000; Hansen, 2002). A summary of Daisy's ap-
plicability and accuracy is found in Table 4.

Daisy is mainly applied in Europe and Asia (Table 4). 
Mostly, to estimate crop response to nitrogen fertilization 
(Olesen et al.,  2002); crop growth, grain yield, above- 
ground biomass, and harvest index response to climate 
(Palosuo et al. (2011); crop growth and nitrogen dynam-
ics in the soil for monoculture and intercropping sys-
tems (Manevski et al., 2015); impacts of rainfall patterns 
on crop growth, yield, and harvesting dates in semi- arid 
sites, identifying drought stress and yield losses (Beyer 
et al.,  2016); crop yield response to diverse temperature 
and radiation scenarios (Aydın et al., 2018); effects of soil 
organic carbon on nitrogen supply and water availability 
to crop production (Ghaley et al.,  2018); crop yield, soil 
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water drainage, and nitrogen leaching modeling responses 
to multi- weather and single- weather data and varied irri-
gation schemes (Manevski et al., 2019); and nitrogen ex-
port and uptake and transformations in cropping systems 
(Yin, Kersebaum, et al., 2020).

Historically, Daisy overestimated nitrogen uptake 
(Olesen et al., 2002), but is now able to appropriately sim-
ulate crop growth and nitrogen dynamics of mono and 
intercropping systems (Manevski et al., 2015). In 2018, re-
searchers tested Daisy's sensitivity to weather and fertiliza-
tion input parameters on crop yield, nitrogen content in the 
grain at harvest, cumulated evapotranspiration, and nitro-
gen leaching. The authors believe that Daisy could be sim-
plified because 34 out of 128 parameters are influential, and 
many parameters showed minor sensitivity. They stated 
that the cropping season and weather conditions highly in-
fluenced the model results (Jabloun et al., 2018).

Studies with other crops showed a reduced performance 
when simulating grain nitrogen content (Yin et al., 2017). 
However, researchers found satisfying results when sim-
ulating soil water dynamics for white cabbage, working 
as a planning tool for irrigation (Seidel et al.,  2016; Yin 
et al., 2017) and nitrogen content in pea and winter oilseed 
grains. The model predicts better results when simulating 
straight years than a single year for nitrogen content in win-
ter barley, spring oat, and pea grains (Yin et al., 2017).

DAISY numerically represents the soil- crop- atmosphere 
interactions to simulate the effects of climate change, ir-
rigation, and fertilizer management on crop production. 
Although this model underestimated yield and nitrogen 
responses in some studies, researchers considered DAISY 
an excellent method to simulate intercropping systems. In 
summary, DAISY modelers analyzed mainly water and ni-
trogen availability and some assessed temperature changes 
as the main key stressors to crop production. They mostly 
aimed to predict crop phenology, biomass, nitrogen and 
water use efficiency, grain filling, and yield gap and/or 
losses.

2.6 | DSSAT– CERES

DSSAT stands for Decision Support System for Agrotech-
nology Transfer. It is a software system that facilitates crop 
data modeling simulations and model improvement. Its 
current version includes models for more than 42 crops 
in monoculture and crop rotation in single or multiple 
seasons. Each crop has a file with parameters used in 
the simulations. The parameters are coefficients, rates, 
and functions regarding canopy height and width (plant 
crown diameter along and across the row), carbon and 
nitrogen mining and fixation, plant composition, growth 
and partitioning, phenology, photosynthesis, respiration, 

and senescence. In addition to the crop parameters, the 
model requires site- specific data about the management, 
soil, and weather conditions, in addition to plant genet-
ics characteristics. This system considers biotic and abiotic 
factors and simulates crop growth, development, and yield 
under experimental or simulated management conditions 
(Hoogenboom et al., 2019; Jones et al., 2003).

DSSAT is coupled with multiple crop models. CERES 
(Crop Estimation through Resource and Environment 
Synthesis) is the crop model used to simulate maize, 
rice, and wheat production. When building this model, 
the developers aimed to assist with decision- making at 
the farm level, strategic- planning risk analysis, large- 
area yield forecasting, and policy analysis (Ritchie & 
Otter, 1985). It requires site- specific data, such as site lat-
itude, sowing date and depth, plant density, and irriga-
tion date and quantity. Crop genetics data requirements 
include photoperiod sensitivity, stem width, cold hardi-
ness, grain- filling duration and rates, mass- grain con-
version number, and vernalization requirements. Soil 
characteristic data requirements include water- holding 
capacity, initial and saturated soil water content, drain-
age and runoff, evaporation, and rooting preference co-
efficients. Weather data requirements are maximum and 
minimum temperature, solar radiation, and rainfall. It 
uses the input data to create biophysical, hydroclimatic, 
and phenological relationships. However, it does not 
include pest, disease, and weed effects on crop yield 
(Basso et al.,  2016; Ritchie & Otter,  1985; Rodríguez 
et al., 1990). CERES does not consider extreme tempera-
ture impacts directly on grain yield and tends to show 
higher errors in simulations under extreme temperature 
conditions (Basso et al., 2016). However, CERES- Wheat 
has accounted for low temperature damages in crops 
for more than forty years under, what they called, cold 
hardening and winter kill conditions, but not for ex-
treme heat and frost conditions (Ritchie & Otter, 1985). 
CERES- Maize simulates crop phenology by thermal 
accumulation, but it considers a constant thermal time 
as the optimum temperature if higher temperatures 
occur (Lizaso et al.,  2017). The original CERES- Rice 
does consider heat stress when temperatures are above 
35◦C, altering the spikelet fertility, but researchers have 
used a modified heat function to reduce model uncer-
tainty (Jagadish et al.,  2007; Sun et al.,  2022; van Oort 
et al., 2014).

DSSAT is one of the most applied crop models world-
wide (Table  5). Its application involves long- term cul-
tivation yield and nitrogen dynamics in the soil (Liu 
et al., 2011); rainfed crop productivity under soil textures 
impacted by long- term cultivation (He et al.,  2014); crop 
yield under high nitrogen input in the soil and no pests 
and disease effects to analyze the costs of land- use change 
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from wet savannahs to cropland in high carbon production 
and biodiversity (Searchinger et al., 2015); climate change 
effects on crop potential yield and water demand (Tang 
et al., 2018); climate change impacts on crop production, 
yield and nitrogen use (Jiang et al., 2021); drought- tolerant 
crop variety productivity under climate change scenarios 
in the savannas (Tofa et al., 2021); and, crop yield response 
to climate change impacts in a semi- arid environment (Gu-
nawat et al.,  2022). In the past, the model overestimated 
grain yield, nitrogen content, and nitrogen leaching in the 
soil. However, the authors claimed that its yield predictions 
were more adequate than nitrogen ones (Liu et al., 2011). 
It showed higher accuracy in soil moisture predictions 
during the growing season than before seeding or after 
harvest (He et al., 2014). However, the model is constantly 
updated and most of the past issues have been improved 
(Hoogenboom et al., 2019).

This model can be coupled with hydrological models to 
assess regional water supply and management to crop growth 
and regional water requirements (Winter et al.,  2017); to 
socio- economic models, to assess climate, crop, and socio- 
economic impacts on food security by climate change (Nel-
son et al.,  2018); and, to model- independent parameter 
estimation software to estimate crop genetic parameters, 
which allows more agricultural and environmental research 
applications to DSSAT (Ma et al., 2020).

DSSAT can be coupled with diverse interdisciplinary 
models. Some studies found yield and nitrogen overesti-
mated results. However, most studies show the importance 
of calibration to determine the accuracy of results. DSSAT 
modelers analyzed water availability, temperature changes 
and greenhouse gas concentration as the main key stressors 
to crop production. They mostly aimed to predict crop phe-
nology, biomass, soil characteristics and land use changes, 
grain filling, nitrogen and water use efficiency, and yield 
gap and/or losses. Overall, DSSAT is a reliable model for 
planning mitigation strategies.

2.7 | JULES

JULES is the Joint United Kingdom (UK) Land Environ-
ment Simulator. It is a land surface model developed by 
UK researchers under the United Kingdom Meteorologi-
cal Office (UKMO) and the UK Centre for Ecology and Hy-
drology (CEH) coordination. JULES builds a framework 
with land surface processes and interactions, enabling 
impact assessment. It requires meteorological forcings 
as input, such as the downward component of short-
wave and longwave radiation at the surface, rainfall and 
snowfall, wind components, air temperature, air humid-
ity, and surface pressure. The required soil data are bare 
soil albedo, dry soil thermal conductivity and capacity, 

volumetric saturation, soil moisture and wilting point, 
and saturated hydraulic conductivity. It is important to set 
the crop- specific cardinal temperatures for physiological 
processes as they base the growing degree days calcula-
tions on JULES (Best et al., 2011; Clark et al., 2011; Vianna 
et al., 2022).

In 2015, researchers used JULES to find the best crop 
parametrization for maize, rice, soybeans, and wheat on 
a global grid. They found significant differences between 
the simulations and the observed data. However, the model 
did not account for the nitrogen cycle or irrigation at that 
time. The authors suggested an update to consider the yield 
gap and anthropogenic behaviour (Osborne et al.,  2015). 
The latest version of JULES (JULESvn7.2) was released in 
April 2023 and includes all those nitrogen and irrigation 
analyses (see the release notes here). Researchers have ap-
plied JULES globally and regionally (Table  6) to analyze 
the impacts of altering land use to expand crop production 
for food under varied future climatic scenarios, to project 
the terrestrial carbon cycle of natural landscapes, crops, 
and grassland, and to simulate yield under seasonal and re-
gional climatic scenarios (Harper et al., 2018). JULES can 
provide daily net primary productivity for agriculture at 
global or regional scales, which allows planning for future 
food security through vulnerability assessment, plant anal-
ysis, and yield prediction (Singh et al., 2021). As such, it 
helps identify and quantify detrimental events to the envi-
ronment. When coupled with atmospheric models, it is also 
a good method to predict how land use and climate change 
influence carbon and hydrological cycles (Buechel, 2021), 
determine climate change effects on ecosystems, allowing 
mitigation and restoration (Littleton et al., 2021), identify 
drought occurrence and its impact on soil moisture (Zeri 
et al., 2022) find the effects from climate and greenhouse 
gases on crop production (Leung et al.,  2022) compare 
the evaluation of anthropogenic and climatic impacts on 
crop production (Leung et al., 2022) and create an index to 
food security stability from JULES outputs of productivity 
(Singh et al., 2022).

Although JULES was developed to simulate lands in the 
UK, it has been improved and expanded. It is now used 
globally to mainly determine land– atmosphere interac-
tions, food- security- related influences, greenhouse gas ef-
fects on agriculture, and land use implications.

2.8 | ORYZA

ORYZA2000 is a single- crop model for lowland rice devel-
oped by the International Rice Research Institute (IRRI). 
It simulates lowland rice development and growth and 
water balance in potential production or limited by water 
or nitrogen availability. In doing so, it considers impacts on 
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crop phenology under extreme low temperatures, which 
may simulate the crop death if the event happens for more 
than three consecutive days. However, it does not consider 
the effect of disease, pests, and weeds on the yield. After 
some years, IRRI released a new and improved version 
called ORYZA (v3). This new model considers more vari-
ables, environments, and soil- crop- atmosphere dynamics 
on rice development, growth, and yield. It includes root 
growth and carbon and nitrogen balances. It links nitrogen 
uptake to water uptake, connecting the crop limitations re-
garding their availability. Information about the location, 
air temperature, radiation, evapotranspiration, planting 
or transplanting date and density, and water and nitrogen 
management and initial conditions are necessary to run the 
model (Bouman et al., 2001; Li et al., 2017). ORYZA2000's 
and ORYZA's (v3) studies and application summary are 
available in Table 7 and discussed below.

Accordingly, Asia, the world's first rice producer, is 
where this model is most applied (Table  7). It is widely 
used to estimate the impacts of the El Niño and South-
ern Oscillation (ENSO) on rice yield (Zhang et al., 2008); 
water balance, productivity, and nitrogen dynamics in rice 
production (Amiri & Rezaei, 2010); rice production under 
limited nitrogen and water conditions for varied rice gen-
otypes (Sailaja et al.,  2013); best sowing date to achieve 
rainfed rice potential yield under drought events' impacts 
(Li et al., 2015); high- yielding cultivars in different nitro-
gen concentrations, plant densities and seedlings per hill 
(Yuan et al.,  2017); rice growth and yield under salinity 
effects for various genotypes (Radanielson et al.,  2018); 
transferability and predictability in simulating rice 
grain yield for direct- seeded or transplanted rice (Ling 
et al.,  2021); global sensitivity and uncertainty analysis 
for drought stress parameters (Tan et al., 2021); and, yield 
gap, water use efficiency (UE), pesticide UE, nitrogen UE, 
labour UE and energy UE, and associated global warming 
potential in global rice production (Yuan et al., 2021).

ORYZA2000 and its improved version ORYZA (v3) focus 
on analyzing rice production instabilities caused by climate 
changes, soil salinity, drought, water and nitrogen manage-
ment, and environment and genotype interactions. Although 
these models do not consider pests' and weeds' effects, they 
can predict rice growth and yield accurately. In summary, 
ORYZA modelers analyzed water and nitrogen availability as 
the main key stressor to crop production. They mostly aimed 
to predict crop phenology, biomass, nitrogen and water use 
efficiency, salinity, and yield gap and/or losses.

2.9 | STICS

STICS stands for Simulateur mulTIdisciplinaire pour les 
Cultures Standard [multidisciplinary simulator for standard 

crops]. It was developed in 1996 by the French National In-
stitute for Agronomic Research (INRA), teaching institutes, 
and collaborators. The developers aimed to provide outputs 
of quantity and quality related to crop yield, drainage, and 
nitrate leaching, with a focus on environmental conserva-
tion. It is used to simulate soil– crop– atmosphere interac-
tions for single or inter- cropping systems coupled with 
nitrogen and water dynamics, recognizing heat, water, and 
nitrogen stress effects (Brisson et al., 2003, 2008). The heat 
stress causes leaf senescence that alters or stops grain filling, 
impacting yield (Brisson et al., 2003; Webber et al., 2017). 
STICS requires careful calibration of crop parameters, as 
it can underestimate crop development and productivity 
with standard parameters (Beaudoin et al., 2008). However, 
some researchers use standard crop parameters to evalu-
ate the model's performance and maintain its consistency 
(Coucheney et al., 2015; Levavasseur et al., 2021). The input 
data include daily time- step weather, soil, and crop char-
acteristics. The soil data are divided into horizontal layers, 
describing water and nitrogen (mineral and organic) con-
tents. The daily weather data require air temperature, rain-
fall, wind speed, air humidity, and solar radiation during 
the simulation period. The crop ecophysiology and agron-
omy are planting date and depth, fertilization application 
date, type of fertilizer and N rate, irrigation amount and ap-
plication date. Besides, the initial conditions of water and 
nutrient contents in the soil are required to start a simula-
tion (Brisson et al., 2008).

STICS has primarily been used in Europe (Table  8). 
This model is a good method to determine the impacts of 
different sites, soil characteristics, and irrigation strategies 
on rainfed and irrigated crop systems (Khila et al., 2014). 
Notably, this model can assess multiple categories at once 
by simulating biophysical processes and yield compo-
nents and quality considering varied management strat-
egies (Constantin et al.,  2015). Researchers apply STICS 
to assess water deficit, irrigation and water use efficiency 
(Constantin et al.,  2015; Katerji et al.,  2010), irrigation 
strategies and soil properties (Khila et al., 2014), soil water 
and nitrogen dynamics (Coucheney et al., 2015), crop pro-
duction under climate change (Yang et al., 2019), crop ro-
tation and nitrogen dynamics (Yin, Beaudoin, et al., 2020), 
and fertilization (Levavasseur et al., 2021).

In summary, STICS can predict crop development, fer-
tilization and irrigation practices, nitrogen leaching, and 
crop yield response to different management and water 
availability. It is primarily applied in Europe and Canada.

2.10 | WOFOST

WOFOST stands for World Food Studies. It is a model 
developed by the Centre for World Food Studies in 
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cooperation with the Wageningen University & Research 
in the Netherlands to simulate yield and its variations 
through risk analysis and climate change assessment. It 

also examines and quantifies land use. The input data are 
divided into general, timer, and reruns which are edit-
able files, and crop, weather, and soil files that the user 

T A B L E  7  Summary of the reviewed studies assessing food security in rice using the lowland rice model ORYZA2000 and ORYZA (v3).

Study Location (# sites) Evaluation criteria
Model performance & major 
findings

Zhang et al. (2008) China (29, provincial level, 
Tianjin, Hebei, Shandong, 
Henan, Shanxi, Shaanxi, 
Ningxia, and Gansu; and, 
field level, Zunhua, Gushi, 
Xinyang, Yinchuan)

El Niño/Southern Oscillation (ENSO) 
impacts on rice yield

ORYZA2000 accurately simulated 
rice yield under ENSO for 
three rice varieties

Amiri and 
Rezaei (2010)

Iran (1, experimental site, field 
level, Rice Research Institute 
of Iran, Guilan province)

Water balance and productivity and 
nitrogen dynamics in rice

ORYZA2000 adequately 
predicted total aboveground 
biomass and yield

Sailaja et al. (2013) India (1, experimental site, 
field level, Rajendranagar, 
Hyderabad)

ORYZA2000 validation under limited 
nitrogen and water scenarios

The model overestimated the 
leaf area index but showed 
satisfactory results when 
varying rice genotype, 
fertilization and water 
management

Li et al. (2015) Asia (6, gridded 5 × 5 arc 
minutes)

Drought impacts on rainfed rice ORYZA2000 could accurately 
simulate drought stress in 
rice production after detailed 
calibration and validation in 
South Asia

Yuan et al. (2017) China (1, experimental site, field 
level, Dajin County, Wuxue 
City, Hubei Province)

ORYZA (v3) evaluation and application 
for high- yielding cultivars under 
different management

ORYZA (v3) overestimated 
nitrogen content on the leaf 
but accurately estimated rice 
biomass, leaf area index and 
yield

Radanielson 
et al. (2018)

Philippines (2, experimental site, 
field level, Los Baños and 
Infanta Quezon)

Rice growth and yield under salinity 
effects, comparison between ORYZA 
(v3) and APSIM- Oryza models, osmotic 
stress, and ion toxicity stress

ORYZA (v3) and APSIM- Oryza 
results showed similar 
and adequate accuracy for 
aboveground biomass, leaf 
area index, grain yield for 
various genotypes and soil 
salinity levels.

Lu et al. (2020) China (9 experimental sites with 
3 counties each, Jiangsu 
Province, regional)

ORYZA (v3) evaluation for rice varieties 
under different management

ORYZA (v3) performed 
simulations of rice biomass 
and leaf area index 
appropriately

Ling et al. (2021) China (1, experimental site, field 
level, Zhougan Village, Dajin 
Town, Wuxue County, Hubei 
Province)

ORYZA (v3) transferability and 
predictability simulating yield under 
different management

Parameters for direct- seeded rice 
were suitable to simulate yield 
in transplanted rice system, 
but the opposite did not work 
well without modifications

Tan et al. (2021) China (1, experimental site, field 
level, Nanchang, Jiangxi 
Province)

ORYZA (v3) sensitivity and uncertainty 
analysis for drought parameters

Simulations under severe drought 
levels overestimated yield

Yuan et al. (2021) Global (country level), Asia (8),
Africa (6),
Australia (1)
North America (1),
South America (2)

Yield gap, water, pesticides, nitrogen, 
labour and energy use efficiency, and 
associated global warming potential

ORYZA2000 and ORYZA (v3) 
were reliable tools when 
well- calibrated
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adds. Required data include maximum and minimum air 
temperatures, global radiation, windspeed, vapour pres-
sure, evapotranspiration, and rainfall, soil type and tex-
ture, soil water content and conductivity, free drainage, 
and groundwater influence, and initial conditions. Model 
outputs are presented in map formats of yield simulations. 
Although it does not account for heat and frost stresses yet 
(de Wit & Boogaard, 2021), this model generates results 
for diverse annual field crops with a dynamic and explora-
tory approach at a farmer level (Boogaard et al., 2014; Bou-
man et al., 1996).

WOFOST has most commonly been applied in Asia 
and Europe for crop simulations (Table  9). Researchers 
mostly use this model to analyze climatic yield potential 
and yield gaps, nitrogen uptake, rice response to fertilizer 
management and nitrogen use efficiency in long- term 
crop cultivation (Dobermann et al.,  2000); crop growth, 
yield (Bussay et al., 2015; Shekhar et al., 2008) and soil- 
crop water balance (Bussay et al., 2015); crop phenology 
response to different sowing dates and varieties (Wu 
et al., 2017); crop response to rising temperatures (Biswas 
et al., 2018); crop quality, development, and yield during 
low, medium, and high- yielding years under extreme 
events (van der Velde et al., 2018).

Researchers found more accurate phenology and yield 
predictions at regional levels when coupling this model 
with the Crop Yield Forecasting System. However, they 
found significant errors in wet locations in Europe, which 
implies that this model performs well in dry places (Ceglar 
et al.,  2019). The model also fails to simulate heat stress 
impacts on photosynthesis and grain yield (Jin et al., 2016). 
Studies assimilating remote sensing data into WOFOST can 
also improve this model's accuracy, enhancing crop yield 
predictions at the regional level (e.g. Zhuo et al., 2022). The 
authors compared simulations with and without assim-
ilated data to official statistical yield forecasts, and simu-
lations with assimilated data showed lower relative errors 
and higher correlations, which the authors concluded to 
improve the yield forecasting accuracy.

WOFOST analyzes crop yield, land use and risk fac-
tors to food security. This model can better estimate crop 
growth and development than yield. This model's per-
formance improves with remotely sensed data input. In 
summary, WOFOST modelers analyzed water availability 
and temperature changes as the main key stressors to crop 
production. They mostly aimed to predict crop phenology, 
biomass, and yield gap and/or losses.

2.11 | AgMIP

The Agricultural Model Intercomparison and Improve-
ment Project (AgMIP) links climate, crop, and economic 

modeling. This project focuses on defining global FS and 
agricultural production over climate change, mitigating 
the potential adverse effects on the sector, and intensifying 
resilience and adaptability in developing and developed 
countries. Researchers have evaluated agriculture and 
FS from multi- disciplinary, multi- model, and multi- scale 
frameworks (Rosenzweig et al.,  2013). Researchers have 
compared models within this project to reduce modeling 
uncertainties and work with an exploratory approach. 
When simulating crop production and food security, they 
use the median of the ensemble crop models of total grow-
ing season output, such as yield, biomass at maturity, and 
maturity date, to assess climate and management impacts 
on yield trends. Researchers found that this crop model's 
intercomparison results are more accurate and reproduce 
observed data response and relationships better than a sin-
gle model. It has also decreased the effect of cultivar in-
formation on yield trends (Asseng et al., 2013, 2015; Bassu 
et al.,  2014). Many studies use this path to assess maize, 
wheat and rice yield projections that can evaluate food 
security (Table 10). This collaborative approach has ben-
efited shareholders and communities by allowing decision- 
making and problem- solving of climate change impacts on 
food security at all scales (Jat et al., 2016).

Authors state that the multi- model ensemble is reliable 
for predicting climate impacts on the world's food security. 
However, global- scale results are not suitable for regional 
or local scales (Liu et al., 2016). Furthermore, the number 
of models added to the ensemble determines the reliability 
of the median results (Zhao et al., 2016). Accordingly, the 
number of models necessary to increase the accuracy of 
the median value can be statistically assessed (see Asseng 
et al., 2013). Besides, Porfirio et al. (2018) claimed that the 
AgMIP database is limited regarding an optimistic CO2 
reduction. The authors also noted that settling an actual 
optimistic CO2 mitigation could be challenging. And so, 
researchers do not assess it frequently. Finally, Rattalino 
Edreira et al.  (2021) compared two data collection and 
modeling approaches. The top- down takes gridded input 
data and estimates potential yield. The bottom- up takes 
input from representative sites in the crop area and calcu-
lates the potential yield for each site or country level. Their 
results showed a disagreement between the methods. They 
remarked that AgMIP top- down approach uses a data set 
that relies on a coarse world's crop calendar and may simu-
late an area's non- representative or inexistent crop system, 
such as wrong sowing period. However, the other method 
performs with a generic coefficient without a proper vali-
dation for the systems analyzed. They concluded that the 
top- down approach presents a subjective result that in-
cludes the errors for areas with no interest. At the same 
time, finding the correct data set of climates, crop system, 
and soil for the bottom- up approach is challenging. Thus, 
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using interpolated data from the top- down approach could 
be a good solution.

The Gridded Crop Models (GCMs) used by AgMIP, pre-
viously mentioned as the top- down approach, are spatially 
distributed versions of single and multi- crop models. They 
may differ in methodology, input, and minimum data 
structure and requirements. Thus, the simulations perform 
differently. Yet, the spatial distribution allows modelers to 
contribute with datasets and analysis worldwide (Müller 
et al., 2019). But, for the most part, the GCMs may simplify 
and assume sowing date, soil characteristics and genetic 
variety data homogeneously for large areas, especially for 
areas where historical crop production data is unavailable. 
This practice does not contemplate input data variability, 
mainly at the farm and regional levels, where the weather, 
labour and machinery highly impact crop management 
(Müller et al., 2017). Hence, considering that crop variet-
ies and management technologies change throughout the 
years, including human interactions, remote sensing data 
and the farmer's behaviour, improve the results when an-
alyzing future production and impacts on crop yield based 
on historical data (Han et al.,  2019; Müller et al.,  2017; 
Wallach et al., 2006).

Methodological improvements have vastly enhanced 
how GCMs reproduce data variability for maize, wheat, 
and rice. Therein, spatial variability predominates over 
time since the data varies more between regions than in 
years (Müller et al., 2017). Some researchers are combin-
ing statistical (based on historical data) and process- based 
(based on crop phenology) approaches in GCMs as a sta-
tistical emulation to find yield projections under different 
CO2 concentrations, temperatures, and water and nitro-
gen availability, linking to their impacts on agriculture 
(Franke et al., 2020) (see more about statistical emulators 
from GCMs in Blanc, 2017). Studies show that the emu-
lators are flexible on crop models, performing well with 
various climate sensitivities. Their errors are primarily in-
significant and happen in non- agricultural land. Hence, 
emulators promote potent improvements to model com-
parisons and impact assessments, easing crop yield esti-
mation, especially in the long term (Blanc, 2017; Franke 
et al., 2020).

But, although the GCMs have shown reliable results, im-
provements may be necessary at regional levels and for ex-
treme events. Folberth et al.  (2019) used machine learning 
to predict maize yield from simulated crop model outputs. 
They found that over and underestimating crop yields are 
rare at large scales. However, results show under and over-
estimations at regional scales. Even so, they stated that the 
difference in results did not impact the predictions' reliability. 
Further, Heinicke et al. (2022) observed that most GCMs de-
tected extreme event signals, such as heat waves and droughts' 
impacts on yield simulation. But there was an apparent 

underestimation of yield decrease for wheat and rice produc-
tion, which did not reproduce losses accurately.

According to the studies reviewed, the AgMIP is re-
liable for assessing global food security and agricultural 
production under climate change impacts. This project 
provides fewer modeling errors by comparing models 
and creating model ensembles. Most studies focused on 
climate change and its impacts on agriculture and crop 
production, mostly globally. They aimed to predict yield 
gaps and/or losses and impacts on food security caused 
by a rise in temperature, water deficit, and elevated green-
house gas emissions.

3  |  FINAL CONSIDERATIONS AND 
CONCLUSION

Having reviewed all ten crop models and associated lit-
erature, while all crop models described can assess yield 
and thus be used as a tool to examine food production, 
availability, and security, APSIM and DSSAT allow the 
assessment of more outputs than the other crop models 
described. Researchers have used both models globally 
and at the regional and field levels, predominantly in the 
northern hemisphere. AquaCrop specializes in water bal-
ance and is the most indicated to investigate water foot-
print, quality and use efficiency in rainfed and irrigated 
systems, especially in Asia. But, besides evaluating ir-
rigation, CropSyst and STICS also weigh fertilization ef-
fects on crop production and are reliable models to apply 
to the northern hemisphere. Biome- BGCMuSo has ex-
panded as a crop model and will bring new studies in the 
following years. With respect to fertilization, most of the 
models described analyze nitrogen dynamics and its use 
efficiency. Modelers have not used AquaCrop exclusively 
for this purpose. WOFOST is also used for such analysis. 
APSIM, DAISY, and DSSAT modelers have assessed grain 
filling and nutrient content, which are very important to 
research nutrient requirements and, therefore, food secu-
rity. JULES focuses on food security assessment through 
vulnerability, land use, carbon and water cycles. ORYZA 
is specialized in paddy rice in Asia and, thus, was the only 
crop model that modelers used to verify salinity toxicity 
for the crop. Most of the studies focused on the northern 
hemisphere, hence more studies focusing on new areas 
and countries are necessary to broaden the shareholders' 
knowledge and improve the adaptation and impact miti-
gation in crop production.

We verified that all crop models reviewed are inter-
disciplinary, focused on soil– water– plant– atmosphere 
interactions. They require crop genetics, field man-
agement, soil characteristics, and weather data to run, 
which are sometimes challenging to gather. Comparing 
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models and creating model ensembles provide fewer 
modeling errors than single models. Hence, AgMIP pro-
vides reliable outputs to assess global food production. 
Crop model simulations are fast and reliable methods 
for assessing food availability, which is crucial to pre-
venting food insecurity. However, this dimension is not 
sufficient to mitigate and solve food insecurity. Studies 
that integrate the five dimensions of FI and their inter-
actions, instabilities, and out- farm approaches are nec-
essary to help alleviate the issue.

ACKNOWLEDGEMENTS
This manuscript was funded by Global Water Futures and 
the Natural Sciences and Engineering research Council of 
Canada Discovery Grant.

CONFLICT OF INTEREST STATEMENT
The authors declare no competing interests.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this review since no new 
data were analyzed in this study.

ORCID
Yohanne Larissa Gavasso- Rita   https://orcid.
org/0000-0001-8658-4243 
Simon Michael Papalexiou   https://orcid.
org/0000-0001-5633-0154 
Amin Elshorbagy   https://orcid.
org/0000-0002-5740-8029 
Corinne Schuster- Wallace   https://orcid.
org/0000-0003-0187-0326 

REFERENCES
Abrahamsen, P., & Hansen, S. (2000). Daisy: An open soil- crop- 

atmosphere system model. Environmental Modelling & 
Software, 15(3), 313–330. https://doi.org/10.1016/S1364 
- 8152(00)00003 - 7

Aggarwal, P. K., Kalra, N., Singh, A. K., & Sinha, S. K. (1994). 
Analyzing the limitations set by climatic factors, geno-
type, water and nitrogen availability on productivity of 
wheat I. The model description, parametrization and val-
idation. Field Crops Research, 38(2), 73–91. https://doi.
org/10.1016/0378- 4290(94)90002 - 7

Alvar- Beltrán, J., Dibari, C., Ferrise, R., Bartoloni, N., & Marta, A. 
D. (2023). Modelling climate change impacts on crop produc-
tion in food insecure regions: The case of Niger. European 
Journal of Agronomy, 142, 126667. https://doi.org/10.1016/j.
eja.2022.126667

Amiri, E. (2016). Calibration and testing of the aquacrop model for 
rice under water and nitrogen management. Communications 
in Soil Science and Plant Analysis, 47(3), 387–403. https://doi.
org/10.1080/00103 624.2015.1123719

Amiri, E., & Rezaei, M. (2010). Evaluation of water– nitrogen schemes 
for rice in Iran, using ORYZA2000 model. Communications in 

Soil Science and Plant Analysis, 41(20), 2459–2477. https://doi.
org/10.1080/00103 624.2010.511377

Asseng, S., Ewert, F., Martre, P., Rötter, R. P., Lobell, D. B., 
Cammarano, D., Kimball, B. A., Ottman, M. J., Wall, G. W., 
White, J. W., & Reynolds, M. P. (2015). Rising temperatures 
reduce global wheat production. Nature Climate Change, 5(2), 
143–147. https://doi.org/10.1038/nclim ate2470

Asseng, S., Ewert, F., Rosenzweig, C., Jones, J. W., Hatfield, J. 
L., Ruane, A. C., Boote, K. J., Thorburn, P. J., Rötter, R. P., 
Cammarano, D., & Brisson, N. (2013). Uncertainty in simulat-
ing wheat yields under climate change. Nature Climate Change, 
3(9), 827–832. https://doi.org/10.1038/nclim ate1916

Aydın, M., Özmen, İ., Altınbaş, N., Çaldağ, B., & Şaylan, L. (2018). 
Determination of sensitivity of the winter wheat crop to meteo-
rological factors by DAISY model. International Journal of Crop 
Science and Technology, 4(2), 44–48. https://doi.org/10.26558/ 
ijcst.365366

Babel, M. S., Deb, P., & Soni, P. (2019). Performance evaluation of 
AquaCrop and DSSAT- CERES for Maize under different irri-
gation and manure application rates in the Himalayan region 
of India. Agricultural Research, 8(2), 207–217. https://doi.
org/10.1007/s4000 3- 018- 0366- y

Balboa, G. R., Archontoulis, S. V., Salvagiotti, F., Garcia, F. O., 
Stewart, W. M., Francisco, E., Prasad, P. V., & Ciampitti, I. A. 
(2019). A systems- level yield gap assessment of maize- soybean 
rotation under high-  and low- management inputs in the 
Western US Corn Belt using APSIM. Agricultural Systems, 174, 
145–154. https://doi.org/10.1016/j.agsy.2019.04.008

Balwinder- Singh, Shirsath, P. B., Jat, M. L., McDonald, A. J., 
Srivastava, A. K., Craufurd, P., Rana, D. S., Singh, A. K., 
Chaudhari, S. K., Sharma, P. C., Singh, R., Jat, H. S., Sidhu, H. S., 
Gerard, B., & Braun, H. (2020). Agricultural labor, COVID- 19, 
and potential implications for food security and air quality in 
the breadbasket of India. Agricultural Systems, 185, 102954. 
https://doi.org/10.1016/j.agsy.2020.102954

Barlow, K. M., Christy, B. P., O'Leary, G. J., Riffkin, P. A., & 
Nuttall, J. G. (2015). Simulating the impact of extreme heat 
and frost events on wheat crop production: A review. Field 
Crops Research, 171, 109–119. https://doi.org/10.1016/j.
fcr.2014.11.010

Barrett, C. B. (2013). Food or consequences: food security and its im-
plications for global sociopolitical stability. Food security and 
sociopolitical stability. Oxford University Press. https://doi.
org/10.1093/acpro f:oso/97801 99679 362.003.0001

Basso, B., Liu, L., & Ritchie, J. T. (2016). A comprehensive review 
of the CERES- wheat, - maize and- rice models' performances. In 
Advances in agronomy (Vol. 136, pp. 27–132). Elsevier. https://
doi.org/10.1016/bs.agron.2015.11.004

Bassu, S., Brisson, N., Durand, J.- L., Boote, K., Lizaso, J., Jones, J. W., 
Rosenzweig, C., Ruane, A. C., Adam, M., Baron, C., Basso, B., 
Biernath, C., Boogaard, H., Conijn, S., Corbeels, M., Deryng, D., 
de Sanctis, G., Gayler, S., Grassini, P., … Waha, K. (2014). How 
do various maize crop models vary in their responses to cli-
mate change factors? Global Change Biology, 20(7), 2301–2320. 
https://doi.org/10.1111/gcb.12520

Beaudoin, N., Launay, M., Sauboua, E., Ponsardin, G., & Mary, B. 
(2008). Evaluation of the soil crop model STICS over 8 years 
against the “on farm” database of Bruyères catchment. 
European Journal of Agronomy, 29(1), 46–57. https://doi.
org/10.1016/j.eja.2008.03.001

 20483694, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.503 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [28/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0001-8658-4243
https://orcid.org/0000-0001-8658-4243
https://orcid.org/0000-0001-8658-4243
https://orcid.org/0000-0001-5633-0154
https://orcid.org/0000-0001-5633-0154
https://orcid.org/0000-0001-5633-0154
https://orcid.org/0000-0002-5740-8029
https://orcid.org/0000-0002-5740-8029
https://orcid.org/0000-0002-5740-8029
https://orcid.org/0000-0003-0187-0326
https://orcid.org/0000-0003-0187-0326
https://orcid.org/0000-0003-0187-0326
https://doi.org/10.1016/S1364-8152(00)00003-7
https://doi.org/10.1016/S1364-8152(00)00003-7
https://doi.org/10.1016/0378-4290(94)90002-7
https://doi.org/10.1016/0378-4290(94)90002-7
https://doi.org/10.1016/j.eja.2022.126667
https://doi.org/10.1016/j.eja.2022.126667
https://doi.org/10.1080/00103624.2015.1123719
https://doi.org/10.1080/00103624.2015.1123719
https://doi.org/10.1080/00103624.2010.511377
https://doi.org/10.1080/00103624.2010.511377
https://doi.org/10.1038/nclimate2470
https://doi.org/10.1038/nclimate1916
https://doi.org/10.26558/ijcst.365366
https://doi.org/10.26558/ijcst.365366
https://doi.org/10.1007/s40003-018-0366-y
https://doi.org/10.1007/s40003-018-0366-y
https://doi.org/10.1016/j.agsy.2019.04.008
https://doi.org/10.1016/j.agsy.2020.102954
https://doi.org/10.1016/j.fcr.2014.11.010
https://doi.org/10.1016/j.fcr.2014.11.010
https://doi.org/10.1093/acprof:oso/9780199679362.003.0001
https://doi.org/10.1093/acprof:oso/9780199679362.003.0001
https://doi.org/10.1016/bs.agron.2015.11.004
https://doi.org/10.1016/bs.agron.2015.11.004
https://doi.org/10.1111/gcb.12520
https://doi.org/10.1016/j.eja.2008.03.001
https://doi.org/10.1016/j.eja.2008.03.001


24 of 31 |   GAVASSO- RITA et al.

Bell, L. W., Lilley, J. M., Hunt, J. R., & Kirkegaard, J. A. (2015). 
Optimising grain yield and grazing potential of crops across 
Australia's high- rainfall zone: A simulation analysis. 1. 
Wheat. Crop and Pasture Science, 66(4), 332–348. https://doi.
org/10.1071/CP14230

Best, M. J., Pryor, M., Clark, D. B., Rooney, G. G., Essery, R., Ménard, 
C. B., Edwards, J. M., Hendry, M. A., Porson, A., Gedney, N., 
& Mercado, L. M. (2011). The Joint UK Land Environment 
Simulator (JULES), model description– Part 1: Energy and 
water fluxes. Geoscientific Model Development, 4(3), 677–699. 
https://doi.org/10.5194/gmd- 4- 677- 2011

Betts, R. A., Alfieri, L., Bradshaw, C., Caesar, J., Feyen, L., 
Friedlingstein, P., Gohar, L., Koutroulis, A., Lewis, K., 
Morfopoulos, C., Papadimitriou, L., Richardson, K. J., 
Tsanis, I., & Wyser, K. (2018). Changes in climate extremes, 
fresh water availability and vulnerability to food insecurity 
projected at 1.5°C and 2°C global warming with a higher- 
resolution global climate model. Philosophical Transactions 
of the Royal Society A: Mathematical, Physical and Engineering 
Sciences, 376(2119), 20160452. https://doi.org/10.1098/
rsta.2016.0452

Beyer, M., Wallner, M., Bahlmann, L., Thiemig, V., Dietrich, J., & 
Billib, M. (2016). Rainfall characteristics and their implications 
for rain- fed agriculture: A case study in the Upper Zambezi 
River Basin. Hydrological Sciences Journal, 61(2), 321–343. 
https://doi.org/10.1080/02626 667.2014.983519

Biswas, R., Banerjee, S., & Bhattacharyya, B. (2018). Impact 
of temperature increase on performance of kharif rice at 
Kalyani, West Bengal using WOFOST model. Journal of 
Agrometeorology, 20(1), 28–30. https://doi.org/10.54386/ jam.
v20i1.498

Blanc, É. (2017). Statistical emulators of maize, rice, soybean and 
wheat yields from global gridded crop models. Agricultural 
and Forest Meteorology, 236, 145–161. https://doi.org/10.1016/j.
agrfo rmet.2016.12.022

Bocchiola, D., Nana, E., & Soncini, A. (2013). Impact of climate 
change scenarios on crop yield and water footprint of maize 
in the Po valley of Italy. Agricultural Water Management, 116, 
50–61. https://doi.org/10.1016/j.agwat.2012.10.009

Boogaard, H. L., Van Diepen, C. A., Rötter, R. P., Cabrera, J. M. C. 
A., & Van Laar, H. H. (2014). In A. J. W. De Wit & J. A. te Roller 
(Eds.), WOFOST control centre 2.1 and WOFOST 7.1.7: User's 
guide for the WOFOST control centre 2.1 and WOFOST 7.1.7 crop 
growth simulation model. Wageningen University & Research 
Centre. https://csdms.color ado.edu/w/image s/User_manual_
WOFOST_CONTR OL_CENTRE_2_1_v2.pdf

Bouman, B. A. M., Kropff, M. J., Tuong, T. P., Wopereis, M. C. S., 
Berge, T. H. F. M., & Laar, V. H. H. (2001). ORYZA2000: 
Modeling lowland rice. IRRI. Retrieved January 26, 2022, from 
http://libra ry.wur.nl/WebQu ery/wurpu bs/122286

Bouman, B. A. M., van Keulen, H., van Laar, H. H., & Rabbinge, 
R. (1996). The ‘School of de Wit’ crop growth simulation 
models: A pedigree and historical overview. Agricultural 
Systems, 52(2– 3), 171–198. https://doi.org/10.1016/0308- 
521X(96)00011 - X

Brisson, N., Gary, C., Justes, E., Roche, R., Mary, B., Ripoche, D., 
Zimmer, D., Sierra, J., Bertuzzi, P., Burger, P., & Bussière, F. 
(2003). An overview of the crop model stics. European Journal 
of Agronomy, 18(3), 309–332. https://doi.org/10.1016/S1161 
- 0301(02)00110 - 7

Brisson, N., Launay, M., Mary, B., & Beaudoin, N. (2008). 
Conceptual basis, formalisations and parameterization 
of the STICS crop model. Collection “update Science and 
Technologies”, 1, 1–298.

Brown, H. E., Teixeira, E. I., Huth, N. I., & Holzworth, D. P. (2014). 
The APSIM Maize Model. Crop Module Documentation. 
https://www.apsim.info/wp- conte nt/uploa ds/2019/09/Wheat 
Docum entat ion.pdf

Buechel, M. (2021). Understanding hydrological change with land 
surface models. Nature Reviews Earth & Environment, 2(12), 
824. https://doi.org/10.1038/s4301 7- 021- 00241 - 0

Bussay, A., van der Velde, M., Fumagalli, D., & Seguini, L. (2015). 
Improving operational maize yield forecasting in Hungary. 
Agricultural Systems, 141, 94–106. https://doi.org/10.1016/j.
agsy.2015.10.001

Castaño- Sánchez, J. P., Rotz, C. A., Karsten, H. D., & Kemanian, 
A. R. (2020). Elevated atmospheric carbon dioxide effects 
on maize and alfalfa in the Northeast US: A comparison of 
model predictions and observed data. Agricultural and Forest 
Meteorology, 291, 108093. https://doi.org/10.1016/j.agrfo 
rmet.2020.108093

Ceglar, A., Van der Wijngaart, R., De Wit, A., Lecerf, R., Boogaard, 
H., Seguini, L., Van den Berg, M., Toreti, A., Zampieri, M., 
Fumagalli, D., & Baruth, B. (2019). Improving WOFOST model 
to simulate winter wheat phenology in Europe: Evaluation and 
effects on yield. Agricultural Systems, 168, 168–180. https://doi.
org/10.1016/j.agsy.2018.05.002

Clark, D. B., Mercado, L. M., Sitch, S., Jones, C. D., Gedney, N., 
Best, M. J., Pryor, M., Rooney, G. G., Essery, R. L., Blyth, E., & 
Boucher, O. (2011). The Joint UK Land Environment Simulator 
(JULES), model description– Part 2: Carbon fluxes and vegeta-
tion dynamics. Geoscientific Model Development, 4(3), 701–722. 
https://doi.org/10.5194/gmd- 4- 701- 2011

Coleman- Jensen, A., Rabbitt, M. P., Gregory, C. A., & Singh, A. 
(2021). Household Food Security in the United States in 2020. 
Retrieved November 30, 2021, from http://www.ers.usda.gov/
publi catio ns/pub- detai ls/?pubid =102075

Confalonieri, R., Acutis, M., Bellocchi, G., & Donatelli, M. (2009). 
Multi- metric evaluation of the models WARM, CropSyst, and 
WOFOST for rice. Ecological Modelling, 220(11), 1395–1410. 
https://doi.org/10.1016/j.ecolm odel.2009.02.017

Constantin, J., Willaume, M., Murgue, C., Lacroix, B., & Therond, O. 
(2015). The soil- crop models STICS and AqYield predict yield 
and soil water content for irrigated crops equally well with 
limited data. Agricultural and Forest Meteorology, 206, 55–68. 
https://doi.org/10.1016/j.agrfo rmet.2015.02.011

Coucheney, E., Buis, S., Launay, M., Constantin, J., Mary, B., de 
Cortázar- Atauri, I. G., Ripoche, D., Beaudoin, N., Ruget, F., 
Andrianarisoa, K. S., & Le Bas, C. (2015). Accuracy, robustness 
and behavior of the STICS soil– crop model for plant, water 
and nitrogen outputs: Evaluation over a wide range of agro- 
environmental conditions in France. Environmental Modelling 
& Software, 64, 177–190. https://doi.org/10.1016/j.envso 
ft.2014.11.024

de Sousa, T., Ribeiro, M., Sabença, C., & Igrejas, G. (2021). The 
10,000- Year Success Story of Wheat! Foods, 10(9), 2124. https://
doi.org/10.3390/foods 10092124

de Wit, A., & Boogaard, H. (2021). A gentle introduction to WOFOST. 
Wageningen Environmental Research https://www.wur.nl/en/
show/A- gentl e- intro ducti on- to- WOFOST.htm

 20483694, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.503 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [28/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1071/CP14230
https://doi.org/10.1071/CP14230
https://doi.org/10.5194/gmd-4-677-2011
https://doi.org/10.1098/rsta.2016.0452
https://doi.org/10.1098/rsta.2016.0452
https://doi.org/10.1080/02626667.2014.983519
https://doi.org/10.54386/jam.v20i1.498
https://doi.org/10.54386/jam.v20i1.498
https://doi.org/10.1016/j.agrformet.2016.12.022
https://doi.org/10.1016/j.agrformet.2016.12.022
https://doi.org/10.1016/j.agwat.2012.10.009
https://csdms.colorado.edu/w/images/User_manual_WOFOST_CONTROL_CENTRE_2_1_v2.pdf
https://csdms.colorado.edu/w/images/User_manual_WOFOST_CONTROL_CENTRE_2_1_v2.pdf
http://library.wur.nl/WebQuery/wurpubs/122286
https://doi.org/10.1016/0308-521X(96)00011-X
https://doi.org/10.1016/0308-521X(96)00011-X
https://doi.org/10.1016/S1161-0301(02)00110-7
https://doi.org/10.1016/S1161-0301(02)00110-7
https://www.apsim.info/wp-content/uploads/2019/09/WheatDocumentation.pdf
https://www.apsim.info/wp-content/uploads/2019/09/WheatDocumentation.pdf
https://doi.org/10.1038/s43017-021-00241-0
https://doi.org/10.1016/j.agsy.2015.10.001
https://doi.org/10.1016/j.agsy.2015.10.001
https://doi.org/10.1016/j.agrformet.2020.108093
https://doi.org/10.1016/j.agrformet.2020.108093
https://doi.org/10.1016/j.agsy.2018.05.002
https://doi.org/10.1016/j.agsy.2018.05.002
https://doi.org/10.5194/gmd-4-701-2011
http://www.ers.usda.gov/publications/pub-details/?pubid=102075
http://www.ers.usda.gov/publications/pub-details/?pubid=102075
https://doi.org/10.1016/j.ecolmodel.2009.02.017
https://doi.org/10.1016/j.agrformet.2015.02.011
https://doi.org/10.1016/j.envsoft.2014.11.024
https://doi.org/10.1016/j.envsoft.2014.11.024
https://doi.org/10.3390/foods10092124
https://doi.org/10.3390/foods10092124
https://www.wur.nl/en/show/A-gentle-introduction-to-WOFOST.htm
https://www.wur.nl/en/show/A-gentle-introduction-to-WOFOST.htm


   | 25 of 31GAVASSO- RITA et al.

Dean, W. R., & Sharkey, J. R. (2011). Food insecurity, social capital and 
perceived personal disparity in a predominantly rural region of 
Texas: An individual- level analysis. Social Science & Medicine, 72(9), 
1454–1462. https://doi.org/10.1016/j.socsc imed.2011.03.015

Deihimfard, R., Mahallati, M. N., & Koocheki, A. (2015). Yield gap 
analysis in major wheat growing areas of Khorasan province, 
Iran, through crop modelling. Field Crops Research, 184, 28–38. 
https://doi.org/10.1016/j.fcr.2015.09.002

Depa, J., Gyngell, F., Müller, A., Eleraky, L., Hilzendegen, C., & 
Stroebele- Benschop, N. (2018). Prevalence of food insecurity 
among food bank users in Germany and its association with 
population characteristics. Preventive Medicine Reports, 9, 96–
101. https://doi.org/10.1016/j.pmedr.2018.01.005

Deryng, D., Elliott, J., Folberth, C., Müller, C., Pugh, T. A., Boote, 
K. J., Conway, D., Ruane, A. C., Gerten, D., Jones, J. W., & 
Khabarov, N. (2016). Regional disparities in the beneficial 
effects of rising CO2 concentrations on crop water produc-
tivity. Nature Climate Change, 6(8), 786–790. https://doi.
org/10.1038/nclim ate2995

Dobermann, A., Dawe, D., Roetter, R. P., & Cassman, K. G. (2000). 
Reversal of rice yield decline in a long- term continuous crop-
ping experiment. Agronomy Journal, 92(4), 633–643. https://
doi.org/10.2134/agron j2000.924633x

Dobor, L., Barcza, Z., Hlásny, T., & Fodor, N. (2022). Improving the 
accuracy of simulated solar radiation: Robust post- processing 
method and implications for ecosystem modeling. SSRN 
Scholarly Paper. https://doi.org/10.2139/ssrn.4237351

Fahad, S., Adnan, M., Noor, M., Arif, M., Alam, M., Khan, I. 
A., Ullah, H., Wahid, F., Mian, I. A., Jamal, Y., & Basir, A. 
(2019). Major constraints for global rice production. In M. 
Hasanuzzaman, M. Fujita, K. Nahar, & J. K. Biswas (Eds.), 
Advances in rice research for abiotic stress tolerance (pp. 1–
22). Woodhead Publishing. https://doi.org/10.1016/B978- 0- 
12- 81433 2- 2.00001 - 0

Fan, F., Henriksen, C. B., & Porter, J. (2018). Long- term effects of 
conversion to organic farming on ecosystem services– a model 
simulation case study and on- farm case study in Denmark. 
Agroecology and Sustainable Food Systems, 42(5), 504–529. 
https://doi.org/10.1080/21683 565.2017.1372840

FAO. (1995). An atlas of food and agriculture. Food and Agriculture 
organization of the United Nations.

FAO. (1996). Rome declaration on world food security (World food 
summit). FAO. Retrieved December 16, 2021, from https://
www.fao.org/3/w3548 e/w3548 e00.htm

FAO. (2016). Required Input for simulations with AquaCrop. 
FAO. https://www.fao.org/docum ents/card/en/c/be588 
190- df00- 4f76- 9f09- 5364a 9583b df/

FAO. (2021a). Land use statistics and indicators: Global, regional 
and country trends 1990– 2019. FAO. Retrieved December 
13, 2021, from https://www.fao.org/docum ents/card/en/c/
cb6033en

FAO. (2021b). FAOSTAT statistical database. Food and Agriculture 
Organization of the United Nations. Retrieved January 15, 
2022, from https://www.fao.org/faost at/en/#data/FS

Fischer, T., Byerlee, D., & Edmeades, G. (2014). Crop yields and global 
food security: Will yield increase continue to feed the world? 
ACIAR Monograph No. 158. Australian Centre for International 
Agricultural Research. Canberra. https://www.resea rchga 
te.net/profi le/Derek - Byerl ee/publi catio n/28271 3287_Crop_
yields_and_global_food_secur ity_will_yield_incre ase_conti 

nue_to_feed_the_world_ACIAR_Monog raph_No_158_Austr 
alian_Centre_for_Inter natio nal_Agric ultur al_Resea rch/links/ 
561fb 21508 ae703 15b55 0bab/Crop- yield s- and- globa l- food- secur 
ity- will- yield - incre ase- conti nue- to- feed- the- world - ACIAR 
- Monog raph- No- 158- Austr alian - Centr e- for- Inter natio nal- Agric 
ultur al- Resea rch.pdf

Fodor, N., Challinor, A., Droutsas, I., Ramirez- Villegas, J., Zabel, 
F., Koehler, A.- K., & Foyer, C. H. (2017). Integrating plant 
science and crop modeling: Assessment of the impact of cli-
mate change on soybean and maize production. Plant and 
Cell Physiology, 58(11), 1833–1847. https://doi.org/10.1093/
pcp/pcx141

Fodor, N., Pásztor, L., Szabó, B., Laborczi, A., Pokovai, K., Hidy, D., 
Hollós, R., Kristóf, E., Kis, A., Dobor, L., & Kern, A. (2021). 
Input database related uncertainty of Biome- BGCMuSo agro- 
environmental model outputs. International Journal of Digital 
Earth, 14(11), 1582–1601. https://doi.org/10.1080/17538 
947.2021.1953161

Folberth, C., Baklanov, A., Balkovič, J., Skalský, R., Khabarov, N., & 
Obersteiner, M. (2019). Spatio- temporal downscaling of grid-
ded crop model yield estimates based on machine learning. 
Agricultural and Forest Meteorology, 264, 1–15. https://doi.
org/10.1016/j.agrfo rmet.2018.09.021

Foster, T., Brozović, N., Butler, A. P., Neale, C. M., Raes, D., Steduto, 
P., Fereres, E., & Hsiao, T. C. (2017). AquaCrop- OS: An open 
source version of FAO's crop water productivity model. 
Agricultural Water Management, 181, 18–22. https://doi.
org/10.1016/j.agwat.2016.11.015

Franke, J. A., Müller, C., Elliott, J., Ruane, A. C., Jägermeyr, J., 
Snyder, A., Dury, M., Falloon, P. D., Folberth, C., François, 
L., & Hank, T. (2020). The GGCMI Phase 2 emulators: Global 
gridded crop model responses to changes in CO2, tempera-
ture, water, and nitrogen (version 1.0). Geoscientific Model 
Development, 13(9), 3995–4018. https://doi.org/10.5194/
gmd- 13- 3995- 2020

Ghaley, B. B., Wösten, H., Olesen, J. E., Schelde, K., Baby, S., Karki, 
Y. K., Børgesen, C. D., Smith, P., Yeluripati, J., Ferrise, R., 
Bindi, M., Kuikman, P., Lesschen, J. P., & Porter, J. R. (2018). 
Simulation of soil organic carbon effects on long- term winter 
wheat (Triticum aestivum) production under varying fertilizer 
inputs. Frontiers in Plant Science, 9, 1158. Retrieved February 
2, 2022, from https://www.front iersin.org/artic le/10.3389/
fpls.2018.01158

Guest, G., Kröbel, R., Grant, B., Smith, W., Sansoulet, J., Pattey, 
E., Desjardins, R., Jégo, G., Tremblay, N., & Tremblay, G. 
(2017). Model comparison of soil processes in eastern 
Canada using DayCent, DNDC and STICS. Nutrient Cycling 
in Agroecosystems, 109(3), 211–232. https://doi.org/10.1007/
s1070 5- 017- 9880- 8

Gunawat, A., Sharma, D., Sharma, A., & Dubey, S. K. (2022). 
Assessment of climate change impact and potential adaptation 
measures on wheat yield using the DSSAT model in the semi- 
arid environment. Natural Hazards, 111, 2077–2096. https://
doi.org/10.1007/s1106 9- 021- 05130 - 9

Haile, M. G., Wossen, T., Tesfaye, K., & von Braun, J. (2017). Impact of 
climate change, weather extremes, and price risk on global food 
supply. Economics of Disasters and Climate Change, 1(1), 55–75. 
https://doi.org/10.1007/s4188 5- 017- 0005- 2

Han, C., Zhang, B., Chen, H., Wei, Z., & Liu, Y. (2019). Spatially 
distributed crop model based on remote sensing. Agricultural 

 20483694, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.503 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [28/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.socscimed.2011.03.015
https://doi.org/10.1016/j.fcr.2015.09.002
https://doi.org/10.1016/j.pmedr.2018.01.005
https://doi.org/10.1038/nclimate2995
https://doi.org/10.1038/nclimate2995
https://doi.org/10.2134/agronj2000.924633x
https://doi.org/10.2134/agronj2000.924633x
https://doi.org/10.2139/ssrn.4237351
https://doi.org/10.1016/B978-0-12-814332-2.00001-0
https://doi.org/10.1016/B978-0-12-814332-2.00001-0
https://doi.org/10.1080/21683565.2017.1372840
https://www.fao.org/3/w3548e/w3548e00.htm
https://www.fao.org/3/w3548e/w3548e00.htm
https://www.fao.org/documents/card/en/c/be588190-df00-4f76-9f09-5364a9583bdf/
https://www.fao.org/documents/card/en/c/be588190-df00-4f76-9f09-5364a9583bdf/
https://www.fao.org/documents/card/en/c/cb6033en
https://www.fao.org/documents/card/en/c/cb6033en
https://www.fao.org/faostat/en/#data/FS
https://www.researchgate.net/profile/Derek-Byerlee/publication/282713287_Crop_yields_and_global_food_security_will_yield_increase_continue_to_feed_the_world_ACIAR_Monograph_No_158_Australian_Centre_for_International_Agricultural_Research/links/561fb21508ae70315b550bab/Crop-yields-and-global-food-security-will-yield-increase-continue-to-feed-the-world-ACIAR-Monograph-No-158-Australian-Centre-for-International-Agricultural-Research.pdf
https://www.researchgate.net/profile/Derek-Byerlee/publication/282713287_Crop_yields_and_global_food_security_will_yield_increase_continue_to_feed_the_world_ACIAR_Monograph_No_158_Australian_Centre_for_International_Agricultural_Research/links/561fb21508ae70315b550bab/Crop-yields-and-global-food-security-will-yield-increase-continue-to-feed-the-world-ACIAR-Monograph-No-158-Australian-Centre-for-International-Agricultural-Research.pdf
https://www.researchgate.net/profile/Derek-Byerlee/publication/282713287_Crop_yields_and_global_food_security_will_yield_increase_continue_to_feed_the_world_ACIAR_Monograph_No_158_Australian_Centre_for_International_Agricultural_Research/links/561fb21508ae70315b550bab/Crop-yields-and-global-food-security-will-yield-increase-continue-to-feed-the-world-ACIAR-Monograph-No-158-Australian-Centre-for-International-Agricultural-Research.pdf
https://www.researchgate.net/profile/Derek-Byerlee/publication/282713287_Crop_yields_and_global_food_security_will_yield_increase_continue_to_feed_the_world_ACIAR_Monograph_No_158_Australian_Centre_for_International_Agricultural_Research/links/561fb21508ae70315b550bab/Crop-yields-and-global-food-security-will-yield-increase-continue-to-feed-the-world-ACIAR-Monograph-No-158-Australian-Centre-for-International-Agricultural-Research.pdf
https://www.researchgate.net/profile/Derek-Byerlee/publication/282713287_Crop_yields_and_global_food_security_will_yield_increase_continue_to_feed_the_world_ACIAR_Monograph_No_158_Australian_Centre_for_International_Agricultural_Research/links/561fb21508ae70315b550bab/Crop-yields-and-global-food-security-will-yield-increase-continue-to-feed-the-world-ACIAR-Monograph-No-158-Australian-Centre-for-International-Agricultural-Research.pdf
https://www.researchgate.net/profile/Derek-Byerlee/publication/282713287_Crop_yields_and_global_food_security_will_yield_increase_continue_to_feed_the_world_ACIAR_Monograph_No_158_Australian_Centre_for_International_Agricultural_Research/links/561fb21508ae70315b550bab/Crop-yields-and-global-food-security-will-yield-increase-continue-to-feed-the-world-ACIAR-Monograph-No-158-Australian-Centre-for-International-Agricultural-Research.pdf
https://www.researchgate.net/profile/Derek-Byerlee/publication/282713287_Crop_yields_and_global_food_security_will_yield_increase_continue_to_feed_the_world_ACIAR_Monograph_No_158_Australian_Centre_for_International_Agricultural_Research/links/561fb21508ae70315b550bab/Crop-yields-and-global-food-security-will-yield-increase-continue-to-feed-the-world-ACIAR-Monograph-No-158-Australian-Centre-for-International-Agricultural-Research.pdf
https://www.researchgate.net/profile/Derek-Byerlee/publication/282713287_Crop_yields_and_global_food_security_will_yield_increase_continue_to_feed_the_world_ACIAR_Monograph_No_158_Australian_Centre_for_International_Agricultural_Research/links/561fb21508ae70315b550bab/Crop-yields-and-global-food-security-will-yield-increase-continue-to-feed-the-world-ACIAR-Monograph-No-158-Australian-Centre-for-International-Agricultural-Research.pdf
https://www.researchgate.net/profile/Derek-Byerlee/publication/282713287_Crop_yields_and_global_food_security_will_yield_increase_continue_to_feed_the_world_ACIAR_Monograph_No_158_Australian_Centre_for_International_Agricultural_Research/links/561fb21508ae70315b550bab/Crop-yields-and-global-food-security-will-yield-increase-continue-to-feed-the-world-ACIAR-Monograph-No-158-Australian-Centre-for-International-Agricultural-Research.pdf
https://doi.org/10.1093/pcp/pcx141
https://doi.org/10.1093/pcp/pcx141
https://doi.org/10.1080/17538947.2021.1953161
https://doi.org/10.1080/17538947.2021.1953161
https://doi.org/10.1016/j.agrformet.2018.09.021
https://doi.org/10.1016/j.agrformet.2018.09.021
https://doi.org/10.1016/j.agwat.2016.11.015
https://doi.org/10.1016/j.agwat.2016.11.015
https://doi.org/10.5194/gmd-13-3995-2020
https://doi.org/10.5194/gmd-13-3995-2020
https://doi.org/10.3389/fpls.2018.01158
https://doi.org/10.3389/fpls.2018.01158
https://doi.org/10.1007/s10705-017-9880-8
https://doi.org/10.1007/s10705-017-9880-8
https://doi.org/10.1007/s11069-021-05130-9
https://doi.org/10.1007/s11069-021-05130-9
https://doi.org/10.1007/s41885-017-0005-2


26 of 31 |   GAVASSO- RITA et al.

Water Management, 218, 165–173. https://doi.org/10.1016/j.
agwat.2019.03.035

Hansen, S. (2002). Daisy, a flexible soil- plant- atmosphere system 
model (No. 615) (p. 47). Department of Agricultural Sciences.

Harari, Y. N. (2014). Sapiens: A brief history of humankind. Random 
House.

Harper, A. B., Powell, T., Cox, P. M., House, J., Huntingford, C., 
Lenton, T. M., Sitch, S., Burke, E., Chadburn, S. E., Collins, 
W. J., Comyn- Platt, E., Daioglou, V., Doelman, J. C., Hayman, 
G., Robertson, E., van Vuuren, D., Wiltshire, A., Webber, C. P., 
Bastos, A., … Shu, S. (2018). Land- use emissions play a critical 
role in land- based mitigation for Paris climate targets. Nature 
Communications, 9(1), 2938. https://doi.org/10.1038/s4146 7- 
018- 05340 - z

Hasegawa, T., Fujimori, S., Havlík, P., Valin, H., Bodirsky, B. L., 
Doelman, J. C., Fellmann, T., Kyle, P., Koopman, J. F., Lotze- 
Campen, H., & Mason- D'Croz, D. (2018). Risk of increased 
food insecurity under stringent global climate change mitiga-
tion policy. Nature Climate Change, 8(8), 699–703. https://doi.
org/10.1038/s4155 8- 018- 0230- x

He, Y., Hou, L., Wang, H., Hu, K., & McConkey, B. (2014). A mod-
elling approach to evaluate the long- term effect of soil tex-
ture on spring wheat productivity under a rain- fed condition. 
Scientific Reports, 4(1), 5736. https://doi.org/10.1038/srep0 
5736

Heinicke, S., Frieler, K., Jägermeyr, J., & Mengel, M. (2022). Global 
gridded crop models underestimate yield responses to droughts 
and heatwaves. Environmental Research Letters, 17(4), 44026. 
https://doi.org/10.1088/1748- 9326/ac592e

Hidy, D., Barcza, Z., Hollós, R., Dobor, L., Ács, T., Zacháry, D., Filep, T., 
Pásztor, L., Incze, D., Dencső, M., & Tóth, E. (2022). Soil- related 
developments of the Biome- BGCMuSo v6.2 terrestrial ecosys-
tem model. Geoscientific Model Development, 15(5), 2157–2181. 
https://doi.org/10.5194/gmd- 15- 2157- 2022

Hidy, D., Barcza, Z., Hollós, R., Thornton, P. E., Running, S. W., & 
Fodor, N. (2021). User's guide for Biome- BGCMuSo (Vol. 6, p. 
2). ELTE. https://nimbus.elte.hu/~bzoli/ publi c/OUTGO ING/
muso6 2beta 23/Manual_BBGC_MuSo_v6.2.pdf

Hidy, D., Barcza, Z., Marjanović, H., Ostrogović Sever, M. Z., 
Dobor, L., Gelybó, G., Fodor, N., Pintér, K., Churkina, G., 
Running, S., & Thornton, P. (2016). Terrestrial ecosystem 
process model Biome- BGCMuSo v4.0: Summary of improve-
ments and new modeling possibilities. Geoscientific Model 
Development, 9(12), 4405–4437. https://doi.org/10.5194/
gmd- 9- 4405- 2016

Hollós, R., Fodor, N., Merganičová, K., Hidy, D., Árendás, T., 
Grünwald, T., & Barcza, Z. (2022). Conditional interval reduction 
method: A possible new direction for the optimization of process 
based models. Environmental Modelling & Software, 158, 105556. 
https://doi.org/10.1016/j.envso ft.2022.105556

Holzworth, D., Huth, N. I., Fainges, J., Brown, H., Zurcher, E., 
Cichota, R., Verrall, S., Herrmann, N. I., Zheng, B., & Snow, 
V. (2018). APSIM Next Generation: Overcoming challenges 
in modernising a farming systems model. Environmental 
Modelling & Software, 103, 43–51. https://doi.org/10.1016/j.
envso ft.2018.02.002

Holzworth, D. P., Huth, N. I., deVoil, P. G., Zurcher, E. J., Herrmann, 
N. I., McLean, G., Chenu, K., van Oosterom, E. J., Snow, V., 
Murphy, C., & Moore, A. D. (2014). APSIM– Evolution to-
wards a new generation of agricultural systems simulation. 

Environmental Modelling & Software, 62, 327–350. https://doi.
org/10.1016/j.envso ft.2014.07.009

Hoogenboom, G., Porter, C., Boote, K., Sheila, V., Wilkens, P. L., 
& Singh, U. (2019). The DSSAT crop modeling ecosystem. 
Burleigh Dodds Science Publishing | Agricultural Science 
in Print and Online Retrieved December 9, 2021, from 
https://shop.bdspu blish ing.com/store/ bds/detai l/produ ct/3- 
190- 97817 86765185

Huang, X., Yao, B., Liu, X., & Chen, C. (2022). Temporal and spatial 
dynamics of carbon storage in qinghai grasslands. Agronomy, 
12(5), 1201. https://doi.org/10.3390/agron omy12 051201

ICID. (2021). Agricultural water management for sustainable rural 
development (Annual report) (p. 96). International Commission 
on Irrigation and Drainage. Retrieved November 8, 2022, from 
https://icid- ciid.org/icid_data_web/ar_2021.pdf

Jabloun, M., Li, X., Zhang, X., Tao, F., Hu, C., & Olesen, J. E. (2018). 
Sensitivity of simulated crop yield and nitrate leaching of the 
wheat- maize cropping system in the North China Plain to 
model parameters. Agricultural and Forest Meteorology, 263, 
25–40. https://doi.org/10.1016/j.agrfo rmet.2018.08.002

Jagadish, S., Craufurd, P., & Wheeler, T. (2007). High tempera-
ture stress and spikelet fertility in rice (Oryza sativa L.). 
Journal of Experimental Botany, 58(7), 1627–1635. https://doi.
org/10.1093/jxb/erm003

Jägermeyr, J., Robock, A., Elliott, J., Müller, C., Xia, L., Khabarov, N., 
Folberth, C., Schmid, E., Liu, W., Zabel, F., Rabin, S. S., Puma, 
M. J., Heslin, A., Franke, J., Foster, I., Asseng, S., Bardeen, C. 
G., Toon, O. B., & Rosenzweig, C. (2020). A regional nuclear 
conflict would compromise global food security. Proceedings of 
the National Academy of Sciences, 117(13), 7071–7081. https://
doi.org/10.1073/pnas.19190 49117

Jalil, A., Akhtar, F., & Awan, U. K. (2020). Evaluation of the AquaCrop 
model for winter wheat under different irrigation optimization 
strategies at the downstream Kabul River Basin of Afghanistan. 
Agricultural Water Management, 240, 106321. https://doi.
org/10.1016/j.agwat.2020.106321

Jalota, S. K., Kaur, H., Kaur, S., & Vashisht, B. B. (2013). Impact of 
climate change scenarios on yield, water and nitrogen- balance 
and - use efficiency of rice– wheat cropping system. Agricultural 
Water Management, 116, 29–38. https://doi.org/10.1016/j.
agwat.2012.10.010

Jat, M. L., Dagar, J. C., Sapkota, T. B., Govaerts, B., Ridaura, S. L., 
Saharawat, Y. S., Sharma, R. K., Tetarwal, J. P., Jat, R. K., Hobbs, 
H., & Stirling, C. (2016). Climate change and agriculture: adap-
tation strategies and mitigation opportunities for food security 
in South Asia and Latin America. In D. L. Sparks (Ed.), Advances 
in agronomy (Vol. 137, pp. 127–235). Academic Press. https://
doi.org/10.1016/bs.agron.2015.12.005

Jiang, R., He, W., He, L., Yang, J. Y., Qian, B., Zhou, W., & He, P. 
(2021). Modelling adaptation strategies to reduce adverse im-
pacts of climate change on maize cropping system in Northeast 
China. Scientific Reports, 11(1), 810. https://doi.org/10.1038/
s4159 8- 020- 79988 - 3

Jin, Z., Zhuang, Q., Tan, Z., Dukes, J. S., Zheng, B., & Melillo, J. M. 
(2016). Do maize models capture the impacts of heat and 
drought stresses on yield? Using algorithm ensembles to identify 
successful approaches. Global Change Biology, 22(9), 3112–3126. 
https://doi.org/10.1111/gcb.13376

Jones, J. W., Hoogenboom, G., Porter, C. H., Boote, K. J., Batchelor, 
W. D., Hunt, L. A., Wilkens, P. W., Singh, U., Gijsman, A. J., 

 20483694, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.503 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [28/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.agwat.2019.03.035
https://doi.org/10.1016/j.agwat.2019.03.035
https://doi.org/10.1038/s41467-018-05340-z
https://doi.org/10.1038/s41467-018-05340-z
https://doi.org/10.1038/s41558-018-0230-x
https://doi.org/10.1038/s41558-018-0230-x
https://doi.org/10.1038/srep05736
https://doi.org/10.1038/srep05736
https://doi.org/10.1088/1748-9326/ac592e
https://doi.org/10.5194/gmd-15-2157-2022
https://nimbus.elte.hu/%7Ebzoli/public/OUTGOING/muso62beta23/Manual_BBGC_MuSo_v6.2.pdf
https://nimbus.elte.hu/%7Ebzoli/public/OUTGOING/muso62beta23/Manual_BBGC_MuSo_v6.2.pdf
https://doi.org/10.5194/gmd-9-4405-2016
https://doi.org/10.5194/gmd-9-4405-2016
https://doi.org/10.1016/j.envsoft.2022.105556
https://doi.org/10.1016/j.envsoft.2018.02.002
https://doi.org/10.1016/j.envsoft.2018.02.002
https://doi.org/10.1016/j.envsoft.2014.07.009
https://doi.org/10.1016/j.envsoft.2014.07.009
https://shop.bdspublishing.com/store/bds/detail/product/3-190-9781786765185
https://shop.bdspublishing.com/store/bds/detail/product/3-190-9781786765185
https://doi.org/10.3390/agronomy12051201
https://icid-ciid.org/icid_data_web/ar_2021.pdf
https://doi.org/10.1016/j.agrformet.2018.08.002
https://doi.org/10.1093/jxb/erm003
https://doi.org/10.1093/jxb/erm003
https://doi.org/10.1073/pnas.1919049117
https://doi.org/10.1073/pnas.1919049117
https://doi.org/10.1016/j.agwat.2020.106321
https://doi.org/10.1016/j.agwat.2020.106321
https://doi.org/10.1016/j.agwat.2012.10.010
https://doi.org/10.1016/j.agwat.2012.10.010
https://doi.org/10.1016/bs.agron.2015.12.005
https://doi.org/10.1016/bs.agron.2015.12.005
https://doi.org/10.1038/s41598-020-79988-3
https://doi.org/10.1038/s41598-020-79988-3
https://doi.org/10.1111/gcb.13376


   | 27 of 31GAVASSO- RITA et al.

& Ritchie, J. T. (2003). The DSSAT cropping system model. 
European Journal of Agronomy, 18(3), 235–265. https://doi.
org/10.1016/S1161 - 0301(02)00107 - 7

Karandish, F., Nouri, H., & Brugnach, M. (2021). Agro- economic 
and socio- environmental assessments of food and virtual water 
trades of Iran. Scientific Reports, 11(1), 15022. https://doi.
org/10.1038/s4159 8- 021- 93928 - 9

Karthikeyan, L., Chawla, I., & Mishra, A. K. (2020). A review of 
remote sensing applications in agriculture for food security: 
Crop growth and yield, irrigation, and crop losses. Journal 
of Hydrology, 586, 124905. https://doi.org/10.1016/j.jhydr 
ol.2020.124905

Katerji, N., Campi, P., & Mastrorilli, M. (2013). Productivity, 
evapotranspiration, and water use efficiency of corn and to-
mato crops simulated by AquaCrop under contrasting water 
stress conditions in the Mediterranean region. Agricultural 
Water Management, 130, 14–26. https://doi.org/10.1016/j.
agwat.2013.08.005

Katerji, N., Mastrorilli, M., & Cherni, H. E. (2010). Effects of corn 
deficit irrigation and soil properties on water use efficiency. 
A 25- year analysis of a Mediterranean environment using the 
STICS model. European Journal of Agronomy, 32(2), 177–185. 
https://doi.org/10.1016/j.eja.2009.11.001

Kheir, A. M. S., A. Ammar, K., Attia, A., Elnashar, A., Ahmad, S., 
El- Gioushy, S. F., & Ahmed, M. (2022). Cereal crop modeling 
for food and nutrition security. In M. Ahmed (Ed.), Global ag-
ricultural production: resilience to climate change (pp. 183–195). 
Springer International Publishing. https://doi.org/10.1007/978- 
3- 031- 14973 - 3_6

Khila, S. B., Douh, B., Mguidiche, A., Ruget, F., Mohsen, M., & 
Boujelben, A. (2014). Application of STICS model in assess-
ment of the effects of irrigation practices and soil properties 
on yield of a durum wheat (Triticum durum Desf.) cultivar in 
the irrigated area of Oued Rmel in Tunisia. Annual Research 
& Review in Biology, 4(5), 747–765. https://doi.org/10.9734/
ARRB/2014/5053

Kogan, F. (2019). Food security: The twenty- first century issue. In 
F. Kogan (Ed.), Remote sensing for food security (pp. 9–22). 
Springer International Publishing. https://doi.org/10.1007/978- 
3- 319- 96256 - 6_2

Krishnamurthy, P. K., Choularton, R. J., & Kareiva, P. (2020). 
Dealing with uncertainty in famine predictions: How complex 
events affect food security early warning skill in the Greater 
Horn of Africa. Global Food Security, 26, 100374. https://doi.
org/10.1016/j.gfs.2020.100374

Leung, F., Sitch, S., Tai, A. P. K., Wiltshire, A. J., Gornall, J. L., 
Folberth, G. A., & Unger, N. (2022). CO2 fertilization of crops 
offsets yield losses due to future surface ozone damage and 
climate change. Environmental Research Letters, 17(7), 74007. 
https://doi.org/10.1088/1748- 9326/ac7246

Leung, F., Williams, K., Sitch, S., Tai, A. P., Wiltshire, A., Gornall, J., 
Ainsworth, E. A., Arkebauer, T., & Scoby, D. (2020). Calibrating 
soybean parameters in JULES 5.0 from the US- Ne2/3 FLUXNET 
sites and the SoyFACE- O3 experiment. Geoscientific Model 
Development, 13(12), 6201–6213. https://doi.org/10.5194/
gmd- 13- 6201- 2020

Levavasseur, F., Mary, B., & Houot, S. (2021). C and N dynamics with 
repeated organic amendments can be simulated with the STICS 
model. Nutrient Cycling in Agroecosystems, 119(1), 103–121. 
https://doi.org/10.1007/s1070 5- 020- 10106 - 5

Levitan, N., & Gross, B. (2018). Utilizing collocated crop growth 
model simulations to train agronomic satellite retrieval algo-
rithms. Remote Sensing, 10(12), 1968. https://doi.org/10.3390/
rs101 21968

Li, T., Angeles, O., Marcaida, M., Manalo, E., Manalili, M. P., 
Radanielson, A., & Mohanty, S. (2017). From ORYZA2000 to 
ORYZA (v3): An improved simulation model for rice in drought 
and nitrogen- deficient environments. Agricultural and Forest 
Meteorology, 237– 238, 246–256. https://doi.org/10.1016/j.agrfo 
rmet.2017.02.025

Li, T., Angeles, O., Radanielson, A., Marcaida, M., & Manalo, E. 
(2015). Drought stress impacts of climate change on rainfed 
rice in South Asia. Climatic Change, 133(4), 709–720. https://
doi.org/10.1007/s1058 4- 015- 1487- y

Ling, X., Yuan, S., Peng, S., & Li, T. (2021). Transferability of rec-
ommendations developed for transplanted rice to direct- seeded 
rice in ORYZA model. Agronomy Journal, 113(6), 5612–5622. 
https://doi.org/10.1002/agj2.20864

Littleton, E. W., Dooley, K., Webb, G., Harper, A. B., Powell, T., 
Nicholls, Z., Meinshausen, M., & Lenton, T. M. (2021). 
Dynamic modelling shows substantial contribution of 
ecosystem restoration to climate change mitigation. 
Environmental Research Letters, 16(12), 124061. https://doi.
org/10.1088/1748- 9326/ac3c6c

Littleton, E. W., Harper, A. B., Vaughan, N. E., Oliver, R. J., 
Duran- Rojas, M. C., & Lenton, T. M. (2020). JULES- BE: 
Representation of bioenergy crops and harvesting in the Joint 
UK Land Environment Simulator vn5.1. Geoscientific Model 
Development, 13(3), 1123–1136. https://doi.org/10.5194/
gmd- 13- 1123- 2020

Liu, B., Asseng, S., Müller, C., Ewert, F., Elliott, J., Lobell, D. B., 
Martre, P., Ruane, A. C., Wallach, D., Jones, J. W., & Rosenzweig, 
C. (2016). Similar estimates of temperature impacts on global 
wheat yield by three independent methods. Nature Climate 
Change, 6(12), 1130–1136. https://doi.org/10.1038/nclim 
ate3115

Liu, H. L., Yang, J. Y., Drury, C. A., Reynolds, W. D., Tan, C. S., Bai, Y. 
L., He, P., Jin, J., & Hoogenboom, G. (2011). Using the DSSAT- 
CERES- Maize model to simulate crop yield and nitrogen cy-
cling in fields under long- term continuous maize production. 
Nutrient Cycling in Agroecosystems, 89(3), 313–328. https://doi.
org/10.1007/s1070 5- 010- 9396- y

Lizaso, J. I., Ruiz- Ramos, M., Rodríguez, L., Gabaldon- Leal, C., 
Oliveira, J. A., Lorite, I. J., Rodríguez, A., Maddonni, G. A., & 
Otegui, M. E. (2017). Modeling the response of maize phenol-
ogy, kernel set, and yield components to heat stress and heat 
shock with CSM- IXIM. Field Crops Research, 214, 239–254. 
https://doi.org/10.1016/j.fcr.2017.09.019

Lobell, D. B., Hammer, G. L., McLean, G., Messina, C., Roberts, M. 
J., & Schlenker, W. (2013). The critical role of extreme heat for 
maize production in the United States. Nature Climate Change, 
3(5), 497–501. https://doi.org/10.1038/nclim ate1832

Lobell, D. B., Sibley, A., & Ivan Ortiz- Monasterio, J. (2012). 
Extreme heat effects on wheat senescence in India. Nature 
Climate Change, 2(3), 186–189. https://doi.org/10.1038/
nclim ate1356

Lu, B., Yu, K., Wang, Z., Wang, J., & Shan, J. (2020). Adaptability 
evaluation of ORYZA (v3) for single- cropped rice under dif-
ferent establishment techniques in eastern China. Agronomy 
Journal, 112(4), 2741–2758. https://doi.org/10.1002/agj2.20258

 20483694, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.503 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [28/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/S1161-0301(02)00107-7
https://doi.org/10.1016/S1161-0301(02)00107-7
https://doi.org/10.1038/s41598-021-93928-9
https://doi.org/10.1038/s41598-021-93928-9
https://doi.org/10.1016/j.jhydrol.2020.124905
https://doi.org/10.1016/j.jhydrol.2020.124905
https://doi.org/10.1016/j.agwat.2013.08.005
https://doi.org/10.1016/j.agwat.2013.08.005
https://doi.org/10.1016/j.eja.2009.11.001
https://doi.org/10.1007/978-3-031-14973-3_6
https://doi.org/10.1007/978-3-031-14973-3_6
https://doi.org/10.9734/ARRB/2014/5053
https://doi.org/10.9734/ARRB/2014/5053
https://doi.org/10.1007/978-3-319-96256-6_2
https://doi.org/10.1007/978-3-319-96256-6_2
https://doi.org/10.1016/j.gfs.2020.100374
https://doi.org/10.1016/j.gfs.2020.100374
https://doi.org/10.1088/1748-9326/ac7246
https://doi.org/10.5194/gmd-13-6201-2020
https://doi.org/10.5194/gmd-13-6201-2020
https://doi.org/10.1007/s10705-020-10106-5
https://doi.org/10.3390/rs10121968
https://doi.org/10.3390/rs10121968
https://doi.org/10.1016/j.agrformet.2017.02.025
https://doi.org/10.1016/j.agrformet.2017.02.025
https://doi.org/10.1007/s10584-015-1487-y
https://doi.org/10.1007/s10584-015-1487-y
https://doi.org/10.1002/agj2.20864
https://doi.org/10.1088/1748-9326/ac3c6c
https://doi.org/10.1088/1748-9326/ac3c6c
https://doi.org/10.5194/gmd-13-1123-2020
https://doi.org/10.5194/gmd-13-1123-2020
https://doi.org/10.1038/nclimate3115
https://doi.org/10.1038/nclimate3115
https://doi.org/10.1007/s10705-010-9396-y
https://doi.org/10.1007/s10705-010-9396-y
https://doi.org/10.1016/j.fcr.2017.09.019
https://doi.org/10.1038/nclimate1832
https://doi.org/10.1038/nclimate1356
https://doi.org/10.1038/nclimate1356
https://doi.org/10.1002/agj2.20258


28 of 31 |   GAVASSO- RITA et al.

Ma, H., Malone, R. W., Jiang, T., Yao, N., Chen, S., Song, L., Feng, 
H., Yu, Q., & He, J. (2020). Estimating crop genetic param-
eters for DSSAT with modified PEST software. European 
Journal of Agronomy, 115, 126017. https://doi.org/10.1016/j.
eja.2020.126017

Maclean, J., Hardy, B., & Hettel, G. (2014). Rice almanac (4th ed.). 
International Rice Research Institute.

Malek, K., Reed, P., Adam, J., Karimi, T., & Brady, M. (2020). Water 
rights shape crop yield and revenue volatility tradeoffs for ad-
aptation in snow dependent systems. Nature Communications, 
11(1), 3473. https://doi.org/10.1038/s4146 7- 020- 17219 - z

Maluf, R. S. J. (2021). Food Insecurity and Covid- 19 in Brazil (National 
Survey of Food Insecurity in the Context of the Covid- 19 
Pandemic in Brazil) (p. 17). http://olhep araaf ome.com.br/VIGIS 
AN_AF_Natio nal_Survey_of_Food_Insec urity.pdf

Manevski, K., Børgesen, C. D., Andersen, M. N., & Kristensen, I. S. 
(2015). Reduced nitrogen leaching by intercropping maize with 
red fescue on sandy soils in North Europe: A combined field 
and modeling study. Plant and Soil, 388(1), 67–85. https://doi.
org/10.1007/s1110 4- 014- 2311- 6

Manevski, K., Børgesen, C. D., Li, X., Andersen, M. N., Zhang, X., 
Shen, Y., & Hu, C. (2019). Modelling agro- environmental 
variables under data availability limitations and scenario 
managements in an alluvial region of the North China Plain. 
Environmental Modelling & Software, 111, 94–107. https://doi.
org/10.1016/j.envso ft.2018.10.001

Maniruzzaman, M., Talukder, M. S. U., Khan, M. H., Biswas, J. 
C., & Nemes, A. (2015). Validation of the AquaCrop model 
for irrigated rice production under varied water regimes in 
Bangladesh. Agricultural Water Management, 159, 331–340. 
https://doi.org/10.1016/j.agwat.2015.06.022

Mazhoud, H., & Chemak, F. (2021). Farming practices and irrigated 
durum wheat performance: A biophysical model: Pratiques 
culturales et performances de la culture du blé dur en irrigué: 
Une approche biophysique. African Scientific Journal, 3(6), 300. 
https://doi.org/10.5281/zenodo.5650097

Millet, E. J., Kruijer, W., Coupel- Ledru, A., Alvarez Prado, S., 
Cabrera- Bosquet, L., Lacube, S., Charcosset, A., Welcker, C., 
van Eeuwijk, F., & Tardieu, F. (2019). Genomic prediction 
of maize yield across European environmental conditions. 
Nature Genetics, 51(6), 952–956. https://doi.org/10.1038/s4158 
8- 019- 0414- y

Minkoff- Zern, L.- A. (2014). Hunger amidst plenty: Farmworker 
food insecurity and coping strategies in California. Local 
Environment, 19(2), 204–219. https://doi.org/10.1080/13549 
839.2012.729568

Molotoks, A., Smith, P., & Dawson, T. P. (2021). Impacts of land use, 
population, and climate change on global food security. Food and 
Energy Security, 10(1), e261. https://doi.org/10.1002/fes3.261

Morales, D. X., Morales, S. A., & Beltran, T. F. (2021). Racial/Ethnic 
disparities in household food insecurity during the COVID- 19 
pandemic: A Nationally Representative Study. Journal of Racial 
and Ethnic Health Disparities, 8(5), 1300–1314. https://doi.
org/10.1007/s4061 5- 020- 00892 - 7

Moriondo, M., Giannakopoulos, C., & Bindi, M. (2011). Climate 
change impact assessment: The role of climate extremes in crop 
yield simulation. Climatic Change, 104(3), 679–701. https://doi.
org/10.1007/s1058 4- 010- 9871- 0

Müller, C., Elliott, J., Chryssanthacopoulos, J., Arneth, A., Balkovic, 
J., Ciais, P., Deryng, D., Folberth, C., Glotter, M., Hoek, S., 

& Iizumi, T. (2017). Global gridded crop model evalua-
tion: Benchmarking, skills, deficiencies and implications. 
Geoscientific Model Development, 10(4), 1403–1422. https://doi.
org/10.5194/gmd- 10- 1403- 2017

Müller, C., Elliott, J., Kelly, D., Arneth, A., Balkovic, J., Ciais, P., 
Deryng, D., Folberth, C., Hoek, S., Izaurralde, R. C., Jones, C. 
D., Khabarov, N., Lawrence, P., Liu, W., Olin, S., Pugh, T. A. M., 
Reddy, A., Rosenzweig, C., Ruane, A. C., … Yang, H. (2019). The 
Global Gridded Crop Model Intercomparison phase 1 simula-
tion dataset. Scientific Data, 6(1), 50. https://doi.org/10.1038/
s4159 7- 019- 0023- 8

Nelson, G., Bogard, J., Lividini, K., Arsenault, J., Riley, M., Sulser, 
T. B., Mason- D'Croz, D., Power, B., Gustafson, D., Herrero, 
M., & Wiebe, K. (2018). Income growth and climate change 
effects on global nutrition security to mid- century. Nature 
Sustainability, 1(12), 773–781. https://doi.org/10.1038/s4189 
3- 018- 0192- z

Neupane, D., Adhikari, P., Bhattarai, D., Rana, B., Ahmed, Z., 
Sharma, U., & Adhikari, D. (2022). Does climate change af-
fect the yield of the top three cereals and food security in 
the world? Earth, 3(1), 45–71. https://doi.org/10.3390/earth 
3010004

Newton, A. C., Johnson, S. N., & Gregory, P. J. (2011). Implications 
of climate change for diseases, crop yields and food secu-
rity. Euphytica, 179(1), 3–18. https://doi.org/10.1007/s1068 
1- 011- 0359- 4

Noreldin, T., Ouda, S., Mounzer, O., & Abdelhamid, M. T. (2015). 
CropSyst model for wheat under deficit irrigation using sprin-
kler and drip irrigation in sandy soil. Journal of Water and 
Land Development, 26(1), 57–64. https://doi.org/10.1515/
jwld- 2015- 0016

Olesen, J. E., Petersen, B. M., Berntsen, J., Hansen, S., Jamieson, P. 
D., & Thomsen, A. G. (2002). Comparison of methods for sim-
ulating effects of nitrogen on green area index and dry matter 
growth in winter wheat. Field Crops Research, 74(2), 131–149. 
https://doi.org/10.1016/S0378 - 4290(01)00204 - 0

Osborne, T., Gornall, J., Hooker, J., Williams, K., Wiltshire, A., 
Betts, R., & Wheeler, T. (2015). JULES- crop: A parametrisa-
tion of crops in the joint UK Land Environment Simulator. 
Geoscientific Model Development, 8(4), 1139–1155. https://doi.
org/10.5194/gmd- 8- 1139- 2015

Palosuo, T., Kersebaum, K. C., Angulo, C., Hlavinka, P., 
Moriondo, M., Olesen, J. E., Patil, R. H., Ruget, F., Rumbaur, 
C., Takáč, J., & Trnka, M. (2011). Simulation of winter wheat 
yield and its variability in different climates of Europe: A 
comparison of eight crop growth models. European Journal 
of Agronomy, 35(3), 103–114. https://doi.org/10.1016/j.
eja.2011.05.001

Peng, B., Guan, K., Chen, M., Lawrence, D. M., Pokhrel, Y., Suyker, 
A., Arkebauer, T., & Lu, Y. (2018). Improving maize growth pro-
cesses in the community land model: Implementation and eval-
uation. Agricultural and Forest Meteorology, 250– 251, 64–89. 
https://doi.org/10.1016/j.agrfo rmet.2017.11.012

Porfirio, L. L., Newth, D., Finnigan, J. J., & Cai, Y. (2018). Economic 
shifts in agricultural production and trade due to climate 
change. Palgrave Communications, 4(1), 1–9. https://doi.
org/10.1057/s4159 9- 018- 0164- y

Prudente Junior, A. C., Souza Vianna, M., Willians, K., Galdos, M. V., 
& Marin, F. R. (2023). Application of the Jules- crop model and 
agrometeorological indicators for forecasting off- season maize 

 20483694, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.503 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [28/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.eja.2020.126017
https://doi.org/10.1016/j.eja.2020.126017
https://doi.org/10.1038/s41467-020-17219-z
http://olheparaafome.com.br/VIGISAN_AF_National_Survey_of_Food_Insecurity.pdf
http://olheparaafome.com.br/VIGISAN_AF_National_Survey_of_Food_Insecurity.pdf
https://doi.org/10.1007/s11104-014-2311-6
https://doi.org/10.1007/s11104-014-2311-6
https://doi.org/10.1016/j.envsoft.2018.10.001
https://doi.org/10.1016/j.envsoft.2018.10.001
https://doi.org/10.1016/j.agwat.2015.06.022
https://doi.org/10.5281/zenodo.5650097
https://doi.org/10.1038/s41588-019-0414-y
https://doi.org/10.1038/s41588-019-0414-y
https://doi.org/10.1080/13549839.2012.729568
https://doi.org/10.1080/13549839.2012.729568
https://doi.org/10.1002/fes3.261
https://doi.org/10.1007/s40615-020-00892-7
https://doi.org/10.1007/s40615-020-00892-7
https://doi.org/10.1007/s10584-010-9871-0
https://doi.org/10.1007/s10584-010-9871-0
https://doi.org/10.5194/gmd-10-1403-2017
https://doi.org/10.5194/gmd-10-1403-2017
https://doi.org/10.1038/s41597-019-0023-8
https://doi.org/10.1038/s41597-019-0023-8
https://doi.org/10.1038/s41893-018-0192-z
https://doi.org/10.1038/s41893-018-0192-z
https://doi.org/10.3390/earth3010004
https://doi.org/10.3390/earth3010004
https://doi.org/10.1007/s10681-011-0359-4
https://doi.org/10.1007/s10681-011-0359-4
https://doi.org/10.1515/jwld-2015-0016
https://doi.org/10.1515/jwld-2015-0016
https://doi.org/10.1016/S0378-4290(01)00204-0
https://doi.org/10.5194/gmd-8-1139-2015
https://doi.org/10.5194/gmd-8-1139-2015
https://doi.org/10.1016/j.eja.2011.05.001
https://doi.org/10.1016/j.eja.2011.05.001
https://doi.org/10.1016/j.agrformet.2017.11.012
https://doi.org/10.1057/s41599-018-0164-y
https://doi.org/10.1057/s41599-018-0164-y


   | 29 of 31GAVASSO- RITA et al.

yield in Brazil. SSRN Scholarly Paper. https://doi.org/10.2139/
ssrn.4349477

Qin, W., Wang, D., Guo, X., Yang, T., & Oenema, O. (2015). 
Productivity and sustainability of rainfed wheat- soybean sys-
tem in the North China Plain: Results from a long- term ex-
periment and crop modelling. Scientific Reports, 5(1), 17514. 
https://doi.org/10.1038/srep1 7514

Quandt, S. A., Shoaf, J. I., Tapia, J., Hernández- Pelletier, M., Clark, H. 
M., & Arcury, T. A. (2006). Experiences of latino immigrant fam-
ilies in North Carolina help explain elevated levels of food inse-
curity and hunger. The Journal of Nutrition, 136(10), 2638–2644. 
https://doi.org/10.1093/jn/136.10.2638

Radanielson, A. M., Gaydon, D. S., Li, T., Angeles, O., & Roth, 
C. H. (2018). Modeling salinity effect on rice growth and 
grain yield with ORYZA v3 and APSIM- Oryza. European 
Journal of Agronomy, 100, 44–55. https://doi.org/10.1016/j.
eja.2018.01.015

Raes, D., Steduto, P., Hsiao, T. C., & Fereres, E. (2009). AquaCrop— 
The FAO crop model to simulate yield response to water: II. 
Main algorithms and software description. Agronomy Journal, 
101(3), 438–447. https://doi.org/10.2134/agron j2008.0140s

Raes, D., Steduto, P., Hsiao, T. C., & Fereres, E. (2022). Chapter 3, 
Calculation Procedures– AquaCrop, Version 7.0. In Reference 
Manual– AquaCrop, Version 7.0. https://www.fao.org/3/br248 
e/br248e.pdf

Ranum, P., Peña- Rosas, J. P., & Garcia- Casal, M. N. (2014). Global 
maize production, utilization, and consumption. Annals of the 
New York Academy of Sciences, 1312(1), 105–112. https://doi.
org/10.1111/nyas.12396

Rattalino Edreira, J. I., Andrade, J. F., Cassman, K. G., van Ittersum, 
M. K., van Loon, M. P., & Grassini, P. (2021). Spatial frameworks 
for robust estimation of yield gaps. Nature Food, 2(10), 773–779. 
https://doi.org/10.1038/s4301 6- 021- 00365 - y

Ritchie, J. R., & Otter, S. (1985). Description and performance of 
CERES- Wheat: A user- oriented wheat yield model. ARS–
United States Department of Agriculture, Agricultural 
Research Service (USA). Retrieved January 25, 2022, from 
file:///C:/Users/yohan/Documents/Yohanne/Yohanne/
USASK/TESE/Assessing%20food%20security%20in%20crops/
model/1985RitchieandOtterchapter10Descriptionandperfor-
manceofCERESwheat.pdf.

Rodríguez, A., Trapp, J. N., Walker, O. L., & Bernardo, D. J. (1990). A 
wheat grazing systems model for the US Southern Plains: Part 
I— Model description and performance. Agricultural Systems, 
33(1), 41–59. https://doi.org/10.1016/0308- 521X(90)90069 - 3

Rodriguez, D., de Voil, P., Hudson, D., Brown, J. N., Hayman, P., 
Marrou, H., & Meinke, H. (2018). Predicting optimum crop 
designs using crop models and seasonal climate forecasts. 
Scientific Reports, 8(1), 2231. https://doi.org/10.1038/s4159 8- 
018- 20628 - 2

Rosenzweig, C., Jones, J. W., Hatfield, J. L., Ruane, A. C., Boote, K. J., 
Thorburn, P., Antle, J. M., Nelson, G. C., Porter, C., Janssen, S., 
& Asseng, S. (2013). The Agricultural Model Intercomparison 
and Improvement Project (AgMIP): Protocols and pilot studies. 
Agricultural and Forest Meteorology, 170, 166–182. https://doi.
org/10.1016/j.agrfo rmet.2012.09.011

Saadi, S., Pattey, E., Jégo, G., & Champagne, C. (2022). Prediction 
of rainfed corn evapotranspiration and soil moisture using the 
STICS crop model in eastern Canada. Field Crops Research, 287, 
108664. https://doi.org/10.1016/j.fcr.2022.108664

Sailaja, B., Voleti, S. R., Subrahmanyam, D., Nathawat, M. S., & 
Rao, N. H. (2013). Validation of Oryza2000 model under com-
bined nitrogen and water limited situations. Indian Journal of 
Plant Physiology, 18(1), 31–40. https://doi.org/10.1007/s4050 
2- 013- 0001- 7

Searchinger, T. D., Estes, L., Thornton, P. K., Beringer, T., 
Notenbaert, A., Rubenstein, D., Heimlich, R., Licker, R., 
& Herrero, M. (2015). High carbon and biodiversity costs 
from converting Africa's wet savannahs to cropland. Nature 
Climate Change, 5(5), 481–486. https://doi.org/10.1038/
nclim ate2584

Seidel, S. J., Werisch, S., Barfus, K., Wagner, M., Schütze, N., & 
Laber, H. (2016). Field evaluation of irrigation scheduling 
strategies using a mechanistic crop growth model. Irrigation 
and Drainage, 65(2), 214–223. https://doi.org/10.1002/
ird.1942

Shekhar, C., Singh, D., Singh, R., & Rao, V. (2008). Prediction of 
wheat growth and yield using WOFOST model. Journal of agro-
meteorology, 10, 400–402.

Sibhatu, K. T., & Qaim, M. (2017). Rural food security, subsistence 
agriculture, and seasonality. PLOS ONE, 12(10), e0186406. 
https://doi.org/10.1371/journ al.pone.0186406

Singh, A. K., Tripathy, R., & Chopra, U. K. (2008). Evaluation of 
CERES- Wheat and CropSyst models for water– nitrogen inter-
actions in wheat crop. Agricultural Water Management, 95(7), 
776–786. https://doi.org/10.1016/j.agwat.2008.02.006

Singh, R. K., Joshi, P. K., Sinha, V. S. P., & Kumar, M. (2022). Indicator 
based assessment of food security in SAARC nations under the 
influence of climate change scenarios. Future Foods, 5, 100122. 
https://doi.org/10.1016/j.fufo.2022.100122

Singh, R. K., Sinha, V. S. P., Joshi, P. K., & Kumar, M. (2021). Mapping 
of agriculture productivity variability for the SAARC nations 
in response to climate change scenario for the year 2050. In P. 
Kumar, H. Sajjad, B. S. Chaudhary, J. S. Rawat, & M. Rani (Eds.), 
Remote sensing and GIScience: Challenges and future directions 
(pp. 249–262). Springer International Publishing. https://doi.
org/10.1007/978- 3- 030- 55092 - 9_14

Steduto, P., Hsiao, T. C., Raes, D., & Fereres, E. (2009). AquaCrop— 
The FAO Crop Model to Simulate Yield Response to Water: I 
Concepts and Underlying Principles. Agronomy Journal, 101(3), 
426–437. https://doi.org/10.2134/agron j2008.0139s

Stevens, T., & Madani, K. (2016). Future climate impacts on maize 
farming and food security in Malawi. Scientific Reports, 6(1), 
36241. https://doi.org/10.1038/srep3 6241

Stöckle, C. O., Donatelli, M., & Nelson, R. (2003). CropSyst, a 
cropping systems simulation model. European Journal of 
Agronomy, 18(3), 289–307. https://doi.org/10.1016/S1161 
- 0301(02)00109 - 0

Stöckle, C. O., Kemanian, A. R., Nelson, R. L., Adam, J. C., Sommer, 
R., & Carlson, B. (2014). CropSyst model evolution: From field 
to regional to global scales and from research to decision sup-
port systems. Environmental Modelling & Software, 62, 361–369. 
https://doi.org/10.1016/j.envso ft.2014.09.006

Sun, Q., Zhao, Y., Zhang, Y., Chen, S., Ying, Q., Lv, Z., Che, X., & 
Wang, D. (2022). Heat stress may cause a significant reduction 
of rice yield in China under future climate scenarios. Science of 
The Total Environment, 818, 151746. https://doi.org/10.1016/j.
scito tenv.2021.151746

Tan, J., Zhao, S., Liu, B., Luo, Y., & Cui, Y. (2021). Global sensitivity 
analysis and uncertainty analysis for drought stress parameters 

 20483694, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.503 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [28/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.2139/ssrn.4349477
https://doi.org/10.2139/ssrn.4349477
https://doi.org/10.1038/srep17514
https://doi.org/10.1093/jn/136.10.2638
https://doi.org/10.1016/j.eja.2018.01.015
https://doi.org/10.1016/j.eja.2018.01.015
https://doi.org/10.2134/agronj2008.0140s
https://www.fao.org/3/br248e/br248e.pdf
https://www.fao.org/3/br248e/br248e.pdf
https://doi.org/10.1111/nyas.12396
https://doi.org/10.1111/nyas.12396
https://doi.org/10.1038/s43016-021-00365-y
https://doi.org/10.1016/0308-521X(90)90069-3
https://doi.org/10.1038/s41598-018-20628-2
https://doi.org/10.1038/s41598-018-20628-2
https://doi.org/10.1016/j.agrformet.2012.09.011
https://doi.org/10.1016/j.agrformet.2012.09.011
https://doi.org/10.1016/j.fcr.2022.108664
https://doi.org/10.1007/s40502-013-0001-7
https://doi.org/10.1007/s40502-013-0001-7
https://doi.org/10.1038/nclimate2584
https://doi.org/10.1038/nclimate2584
https://doi.org/10.1002/ird.1942
https://doi.org/10.1002/ird.1942
https://doi.org/10.1371/journal.pone.0186406
https://doi.org/10.1016/j.agwat.2008.02.006
https://doi.org/10.1016/j.fufo.2022.100122
https://doi.org/10.1007/978-3-030-55092-9_14
https://doi.org/10.1007/978-3-030-55092-9_14
https://doi.org/10.2134/agronj2008.0139s
https://doi.org/10.1038/srep36241
https://doi.org/10.1016/S1161-0301(02)00109-0
https://doi.org/10.1016/S1161-0301(02)00109-0
https://doi.org/10.1016/j.envsoft.2014.09.006
https://doi.org/10.1016/j.scitotenv.2021.151746
https://doi.org/10.1016/j.scitotenv.2021.151746


30 of 31 |   GAVASSO- RITA et al.

in the ORYZA (v3) model. Agronomy Journal, 113(2), 1407–
1419. https://doi.org/10.1002/agj2.20580

Tang, X., Song, N., Chen, Z., Wang, J., & He, J. (2018). Estimating 
the potential yield and ETc of winter wheat across Huang- 
Huai- Hai Plain in the future with the modified DSSAT model. 
Scientific Reports, 8(1), 15370. https://doi.org/10.1038/s4159 8- 
018- 32980 - 4

Tarasuk, V., & Mitchell, A. (2020). Household food insecurity in 
Canada, 2017- 18 (pp. 299–312). Research to identify policy 
options to reduce food insecurity (PROOF). Retrieved January 
16, 2022, from https://proof.utoro nto.ca/wp- conte nt/uploa 
ds/2020/03/House hold- Food- Insec urity - in- Canad a- 2017- 2018- 
Full- Repor tpdf.pdf

Tofa, A. I., Kamara, A. Y., Babaji, B. A., Akinseye, F. M., & Bebeley, J. 
F. (2021). Assessing the use of a drought- tolerant variety as ad-
aptation strategy for maize production under climate change in 
the savannas of Nigeria. Scientific Reports, 11(1), 8983. https://
doi.org/10.1038/s4159 8- 021- 88277 - 6

Tui, S. H.- K., Descheemaeker, K., Valdivia, R. O., Masikati, P., Sisito, 
G., Moyo, E. N., Crespo, O., Ruane, A. C., & Rosenzweig, C. 
(2021). Climate change impacts and adaptation for dryland 
farming systems in Zimbabwe: a stakeholder- driven integrated 
multi- model assessment. Climatic Change, 168(1– 2), 10–21. 
https://doi.org/10.1007/s1058 4- 021- 03151 - 8

Umair, M., Shen, Y., Qi, Y., Zhang, Y., Ahmad, A., Pei, H., & Liu, 
M. (2017). Evaluation of the CropSyst model during wheat- 
maize rotations on the North China Plain for identifying soil 
evaporation losses. Frontiers in Plant Science, 8, 1–14. Retrieved 
February 10, 2022, from https://www.front iersin.org/artic 
le/10.3389/fpls.2017.01667

United Nations. (2019). World urbanization prospects: The 2018 revi-
sion. Department of Economic and Social Affairs. Population 
Division. https://popul ation.un.org/wup/Publi catio ns/Files/ 
WUP20 18- Report.pdf

van der Velde, M., Baruth, B., Bussay, A., Ceglar, A., Garcia Condado, 
S., Karetsos, S., Lecerf, R., Lopez, R., Maiorano, A., Nisini, L., 
Seguini, L., & van den Berg, M. (2018). In- season performance 
of European Union wheat forecasts during extreme impacts. 
Scientific Reports, 8(1), 15420. https://doi.org/10.1038/s4159 8- 
018- 33688 - 1

van Oort, P. A. J., Saito, K., Zwart, S. J., & Shrestha, S. (2014). A 
simple model for simulating heat induced sterility in rice 
as a function of flowering time and transpirational cooling. 
Field Crops Research, 156, 303–312. https://doi.org/10.1016/j.
fcr.2013.11.007

Vanuytrecht, E., & Thorburn, P. J. (2017). Responses to atmospheric 
CO2 concentrations in crop simulation models: A review of 
current simple and semicomplex representations and options 
for model development. Global Change Biology, 23(5), 1806–
1820. https://doi.org/10.1111/gcb.13600

Vianna, M. S., Williams, K. W., Littleton, E. W., Cabral, O., Cerri, C. 
E., De Jong van Lier, Q., Marthews, T. R., Hayman, G., Zeri, M., 
Cuadra, S. V., & Challinor, A. J. (2022). Improving the repre-
sentation of sugarcane crop in the Joint UK Land Environment 
Simulator (JULES) model for climate impact assessment. 
GCB Bioenergy, 14(10), 1097–1116. https://doi.org/10.1111/
gcbb.12989

Visser, J., McLachlan, M. H., Maayan, N., & Garner, P. (2018). 
Community- based supplementary feeding for food insecure, 
vulnerable and malnourished populations– An overview of 

systematic reviews. Cochrane Database of Systematic Reviews, 
2018(11), 1–84. https://doi.org/10.1002/14651 858.cd010 578.
pub2

Wallach, D., Makowski, D., Jones, J., & Brun, F. (2006). Working with 
dynamic crop models: Evaluation, analysis, parameterization, and 
applications (1st ed.). Elsevier Science & Technology. Retrieved 
October 10, 2022, from http://ebook centr al.proqu est.com/lib/
ucalg ary- ebook s/detail.actio n?docID =270348

Wang, E., Martre, P., Zhao, Z., Ewert, F., Maiorano, A., Rötter, R. 
P., Kimball, B. A., Ottman, M. J., Wall, G. W., White, J. W., 
Reynolds, M. P., Alderman, P. D., Aggarwal, P. K., Anothai, 
J., Basso, B., Biernath, C., Cammarano, D., Challinor, A. J., de 
Sanctis, G., … Asseng, S. (2017). The uncertainty of crop yield 
projections is reduced by improved temperature response 
functions. Nature Plants, 3(8), 1–13. https://doi.org/10.1038/
nplan ts.2017.102

Wang, Y., Lv, J., Wang, Y., Sun, H., Hannaford, J., Su, Z., Barker, L. 
J., & Qu, Y. (2020). Drought risk assessment of spring maize 
based on APSIM crop model in Liaoning province, China. 
International Journal of Disaster Risk Reduction, 45, 101483. 
https://doi.org/10.1016/j.ijdrr.2020.101483

Webber, H., Gaiser, T., & Ewert, F. (2014). What role can crop 
models play in supporting climate change adaptation de-
cisions to enhance food security in Sub- Saharan Africa? 
Agricultural Systems, 127, 161–177. https://doi.org/10.1016/j.
agsy.2013.12.006

Webber, H., Martre, P., Asseng, S., Kimball, B., White, J., Ottman, 
M., Wall, G. W., De Sanctis, G., Doltra, J., Grant, R., & Kassie, 
B. (2017). Canopy temperature for simulation of heat stress in 
irrigated wheat in a semi- arid environment: A multi- model 
comparison. Field Crops Research, 202, 21–35. https://doi.
org/10.1016/j.fcr.2015.10.009

Winter, J. M., Young, C. A., Mehta, V. K., Ruane, A. C., Azarderakhsh, 
M., Davitt, A., McDonald, K., Haden, V. R., & Rosenzweig, C. 
(2017). Integrating water supply constraints into irrigated ag-
ricultural simulations of California. Environmental Modelling 
& Software, 96, 335–346. https://doi.org/10.1016/j.envso ft. 
2017.06.048

Wolf, J., Hessel, R., Boogaard, H., de Wit, A., Akkermans, W., & van 
Diepen, K. (2015). Modeling winter wheat production across 
Europe with WOFOST- the effect of two new zonations and two 
newly calibrated model parameter sets. In L. R. Ahuja & L. Ma 
(Eds.), Advances in agricultural systems modeling (pp. 297–326). 
American Society of Agronomy and Soil Science Society of 
America. https://doi.org/10.2134/advag ricsy stmod el2.11

Wu, A., Hammer, G. L., Doherty, A., von Caemmerer, S., & Farquhar, 
G. D. (2019). Quantifying impacts of enhancing photosyn-
thesis on crop yield. Nature Plants, 5(4), 380–388. https://doi.
org/10.1038/s4147 7- 019- 0398- 8

Wu, L., Feng, L., Zhang, Y., Gao, J., & Wang, J. (2017). Comparison of 
five wheat models simulating phenology under different sow-
ing dates and varieties. Agronomy Journal, 109(4), 1280–1293. 
https://doi.org/10.2134/agron j2016.10.0619

Wu, S., Yang, P., Ren, J., Chen, Z., & Li, H. (2021). Regional win-
ter wheat yield estimation based on the WOFOST model 
and a novel VW- 4DEnSRF assimilation algorithm. Remote 
Sensing of Environment, 255, 112276. https://doi.org/10.1016/j.
rse.2020.112276

Xu, J., Henry, A., & Sreenivasulu, N. (2020). Rice yield formation 
under high day and night temperatures— A prerequisite to 

 20483694, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.503 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [28/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/agj2.20580
https://doi.org/10.1038/s41598-018-32980-4
https://doi.org/10.1038/s41598-018-32980-4
https://proof.utoronto.ca/wp-content/uploads/2020/03/Household-Food-Insecurity-in-Canada-2017-2018-Full-Reportpdf.pdf
https://proof.utoronto.ca/wp-content/uploads/2020/03/Household-Food-Insecurity-in-Canada-2017-2018-Full-Reportpdf.pdf
https://proof.utoronto.ca/wp-content/uploads/2020/03/Household-Food-Insecurity-in-Canada-2017-2018-Full-Reportpdf.pdf
https://doi.org/10.1038/s41598-021-88277-6
https://doi.org/10.1038/s41598-021-88277-6
https://doi.org/10.1007/s10584-021-03151-8
https://doi.org/10.3389/fpls.2017.01667
https://doi.org/10.3389/fpls.2017.01667
https://population.un.org/wup/Publications/Files/WUP2018-Report.pdf
https://population.un.org/wup/Publications/Files/WUP2018-Report.pdf
https://doi.org/10.1038/s41598-018-33688-1
https://doi.org/10.1038/s41598-018-33688-1
https://doi.org/10.1016/j.fcr.2013.11.007
https://doi.org/10.1016/j.fcr.2013.11.007
https://doi.org/10.1111/gcb.13600
https://doi.org/10.1111/gcbb.12989
https://doi.org/10.1111/gcbb.12989
https://doi.org/10.1002/14651858.cd010578.pub2
https://doi.org/10.1002/14651858.cd010578.pub2
http://ebookcentral.proquest.com/lib/ucalgary-ebooks/detail.action?docID=270348
http://ebookcentral.proquest.com/lib/ucalgary-ebooks/detail.action?docID=270348
https://doi.org/10.1038/nplants.2017.102
https://doi.org/10.1038/nplants.2017.102
https://doi.org/10.1016/j.ijdrr.2020.101483
https://doi.org/10.1016/j.agsy.2013.12.006
https://doi.org/10.1016/j.agsy.2013.12.006
https://doi.org/10.1016/j.fcr.2015.10.009
https://doi.org/10.1016/j.fcr.2015.10.009
https://doi.org/10.1016/j.envsoft.2017.06.048
https://doi.org/10.1016/j.envsoft.2017.06.048
https://doi.org/10.2134/advagricsystmodel2.11
https://doi.org/10.1038/s41477-019-0398-8
https://doi.org/10.1038/s41477-019-0398-8
https://doi.org/10.2134/agronj2016.10.0619
https://doi.org/10.1016/j.rse.2020.112276
https://doi.org/10.1016/j.rse.2020.112276


   | 31 of 31GAVASSO- RITA et al.

ensure future food security. Plant, Cell & Environment, 43(7), 
1595–1608. https://doi.org/10.1111/pce.13748

Xu, Z., Chen, X., Liu, J., Zhang, Y., Chau, S., Bhattarai, N., Wang, 
Y., Li, Y., Connor, T., & Li, Y. (2020). Impacts of irrigated ag-
riculture on food– energy– water– CO2 nexus across metacou-
pled systems. Nature Communications, 11(1), 5837. https://doi.
org/10.1038/s4146 7- 020- 19520 - 3

Yan, M., Li, Z., Tian, X., Zhang, L., & Zhou, Y. (2019). Improved sim-
ulation of carbon and water fluxes by assimilating multi- layer 
soil temperature and moisture into process- based biogeochem-
ical model. Forest Ecosystems, 6(1), 12. https://doi.org/10.1186/
s4066 3- 019- 0171- 5

Yang, C., Fraga, H., van Ieperen, W., Trindade, H., & Santos, J. A. 
(2019). Effects of climate change and adaptation options on 
winter wheat yield under rainfed Mediterranean conditions in 
southern Portugal. Climatic Change, 154(1), 159–178. https://
doi.org/10.1007/s1058 4- 019- 02419 - 4

Yin, X., Beaudoin, N., Ferchaud, F., Mary, B., Strullu, L., 
Chlébowski, F., Clivot, H., Herre, C., Duval, J., & Louarn, G. 
(2020). Long- term modelling of soil N mineralization and 
N fate using STICS in a 34- year crop rotation experiment. 
Geoderma, 357, 113956. https://doi.org/10.1016/j.geode 
rma.2019.113956

Yin, X., Kersebaum, K. C., Beaudoin, N., Constantin, J., Chen, F., 
Louarn, G., Manevski, K., Hoffmann, M., Kollas, C., Armas- 
Herrera, C. M., & Baby, S. (2020). Uncertainties in simulating 
N uptake, net N mineralization, soil mineral N and N leach-
ing in European crop rotations using process- based models. 
Field Crops Research, 255, 107863. https://doi.org/10.1016/j.
fcr.2020.107863

Yin, X., Kersebaum, K. C., Kollas, C., Manevski, K., Baby, S., 
Beaudoin, N., Öztürk, I., Gaiser, T., Wu, L., Hoffmann, M., & 
Charfeddine, M. (2017). Performance of process- based mod-
els for simulation of grain N in crop rotations across Europe. 
Agricultural Systems, 154, 63–77. https://doi.org/10.1016/j.
agsy.2017.03.005

Yuan, S., Linquist, B. A., Wilson, L. T., Cassman, K. G., Stuart, A. 
M., Pede, V., Miro, B., Saito, K., Agustiani, N., Aristya, V. E., 
Krisnadi, L. Y., Zanon, A. J., Heinemann, A. B., Carracelas, G., 
Subash, N., Brahmanand, P. S., Li, T., Peng, S., & Grassini, P. 
(2021). Sustainable intensification for a larger global rice bowl. 
Nature Communications, 12(1), 7163. https://doi.org/10.1038/
s4146 7- 021- 27424 - z

Yuan, S., Peng, S., & Li, T. (2017). Evaluation and application of 
the ORYZA rice model under different crop managements 
with high- yielding rice cultivars in central China. Field 
Crops Research, 212, 115–125. https://doi.org/10.1016/j.
fcr.2017.07.010

Zeri, M., Williams, K., Cunha, A. P., Cunha- Zeri, G., Vianna, M. 
S., Blyth, E. M., Marthews, T. R., Hayman, G. D., Costa, J. M., 

Marengo, J. A., & Alvalá, R. C. (2022). Importance of including 
soil moisture in drought monitoring over the Brazilian semiarid 
region: An evaluation using the JULES model, in situ observa-
tions, and remote sensing. Climate Resilience and Sustainability, 
1(1), e7. https://doi.org/10.1002/cli2.7

Zhang, Q., Han, J., & Yang, X. (2021). Effects of direct heat stress 
on summer maize and risk assessment. Theoretical and Applied 
Climatology, 146(1), 755–765. https://doi.org/10.1007/s0070 4- 
021- 03769 - 9

Zhang, T., Zhu, J., Yang, X., & Zhang, X. (2008). Correlation changes 
between rice yields in North and Northwest China and ENSO 
from 1960 to 2004. Agricultural and Forest Meteorology, 148(6– 
7), 1021–1033. https://doi.org/10.1016/j.agrfo rmet.2008.01.018

Zhao, C., Piao, S., Wang, X., Huang, Y., Ciais, P., Elliott, J., Huang, 
M., Janssens, I. A., Li, T., Lian, X., Liu, Y., Müller, C., Peng, S., 
Wang, T., Zeng, Z., & Peñuelas, J. (2016). Plausible rice yield 
losses under future climate warming. Nature Plants, 3(1), 1–5. 
https://doi.org/10.1038/nplan ts.2016.202

Zhao, J., Kong, X., He, K., Xu, H., & Mu, J. (2020). Assessment of 
the radiation effect of aerosols on maize production in China. 
Science of The Total Environment, 720, 137567. https://doi.
org/10.1016/j.scito tenv.2020.137567

Zheng, B., Chenu, K., Doherty, A., & Chapman, S. (2015). The APSIM- 
Wheat Module (7.5 R3008). Crop Module Documentation. 
https://www.apsim.info/wp- conte nt/uploa ds/2019/09/Wheat 
Docum entat ion.pdf

Zhou, Z.- Y. (2020). Global food security: What matters? Routledge, 
Taylor and Francis Group.

Zhu, X., Xu, K., Liu, Y., Guo, R., & Chen, L. (2021). Assessing the vul-
nerability and risk of maize to drought in China based on the 
AquaCrop model. Agricultural Systems, 189, 103040. https://
doi.org/10.1016/j.agsy.2020.103040

Zhuo, W., Fang, S., Gao, X., Wang, L., Wu, D., Fu, S., Wu, Q., & 
Huang, J. (2022). Crop yield prediction using MODIS LAI, 
TIGGE weather forecasts and WOFOST model: A case study for 
winter wheat in Hebei, China during 2009– 2013. International 
Journal of Applied Earth Observation and Geoinformation, 106, 
102668. https://doi.org/10.1016/j.jag.2021.102668

How to cite this article: Gavasso- Rita, Y. L., 
Papalexiou, S. M., Li, Y., Elshorbagy, A., Li, Z., & 
Schuster- Wallace, C. (2023). Crop models and their 
use in assessing crop production and food security: 
A review. Food and Energy Security, 00, e503. 
https://doi.org/10.1002/fes3.503

 20483694, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.503 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [28/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/pce.13748
https://doi.org/10.1038/s41467-020-19520-3
https://doi.org/10.1038/s41467-020-19520-3
https://doi.org/10.1186/s40663-019-0171-5
https://doi.org/10.1186/s40663-019-0171-5
https://doi.org/10.1007/s10584-019-02419-4
https://doi.org/10.1007/s10584-019-02419-4
https://doi.org/10.1016/j.geoderma.2019.113956
https://doi.org/10.1016/j.geoderma.2019.113956
https://doi.org/10.1016/j.fcr.2020.107863
https://doi.org/10.1016/j.fcr.2020.107863
https://doi.org/10.1016/j.agsy.2017.03.005
https://doi.org/10.1016/j.agsy.2017.03.005
https://doi.org/10.1038/s41467-021-27424-z
https://doi.org/10.1038/s41467-021-27424-z
https://doi.org/10.1016/j.fcr.2017.07.010
https://doi.org/10.1016/j.fcr.2017.07.010
https://doi.org/10.1002/cli2.7
https://doi.org/10.1007/s00704-021-03769-9
https://doi.org/10.1007/s00704-021-03769-9
https://doi.org/10.1016/j.agrformet.2008.01.018
https://doi.org/10.1038/nplants.2016.202
https://doi.org/10.1016/j.scitotenv.2020.137567
https://doi.org/10.1016/j.scitotenv.2020.137567
https://www.apsim.info/wp-content/uploads/2019/09/WheatDocumentation.pdf
https://www.apsim.info/wp-content/uploads/2019/09/WheatDocumentation.pdf
https://doi.org/10.1016/j.agsy.2020.103040
https://doi.org/10.1016/j.agsy.2020.103040
https://doi.org/10.1016/j.jag.2021.102668
https://doi.org/10.1002/fes3.503

	Crop models and their use in assessing crop production and food security: A review
	Abstract
	1|INTRODUCTION
	2|CROP MODELS
	2.1|APSIM
	2.2|AquaCrop
	2.3|Biome-BGCMuSo
	2.4|CropSyst
	2.5|DAISY
	2.6|DSSAT–CERES
	2.7|JULES
	2.8|ORYZA
	2.9|STICS
	2.10|WOFOST
	2.11|AgMIP

	3|FINAL CONSIDERATIONS AND CONCLUSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


