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Abstract

Wheat’s nutritional value is critical for human nutrition and food security. However, more
attention is needed, particularly regarding the content and concentration of iron (Fe) and zinc
(Zn), especially in the context of climate change (CC) impacts. To address this, various controlled
field experiments were conducted, involving the cultivation of three wheat cultivars over three
growing seasons at multiple locations with different soil and climate conditions under varying Fe
and Zn treatments. The yield and yield attributes, including nutritional values such as nitrogen
(N), Fe and Zn, from these experiments were integrated with national yield statistics from other
locations to train and test different machine learning (ML) algorithms. Automated ML leveraging a
large number of models, outperformed traditional ML models, enabling the training and testing of
numerous models, and achieving robust predictions of grain yield (GY) (R? > 0.78), N

(R* > 0.75), Fe (R* > 0.71) and Zn (R* > 0.71) through a stacked ensemble of all models. The
ensemble model predicted GY, N, Fe, and Zn at spatial explicit in the mid-century (2020-2050)
using three Global Circulation Models (GCMs): GFDL-ESM4, HadGEM3-GC31-MM, and
MRI-ESM2-0 under two shared socioeconomic pathways (SSPs) specifically SSP2-45 and SSP5-85,
from the downscaled NEX-GDDP-CMIP6. Averaged across different GCMs and SSPs, CC is
projected to increase wheat yield by 4.5%, and protein concentration by 0.8% with high variability.
However, it is expected to decrease Fe concentration by 5.5%, and Zn concentration by 4.5% in the
mid-century (2020-2050) relative to the historical period (1980-2010). Positive impacts of CC on
wheat yield encountered by negative impacts on nutritional concentrations, further exacerbating
challenges related to food security and nutrition.

1. Introduction
Food and nutrition security are the primary motiv-
ators for sustainable development by avoiding both

visible and hidden hunger (Wood et al 2018, Willett

© 2024 The Author(s). Published by IOP Publishing Ltd

et al 2019, Wang et al 2023). During the mid of
20th century the green revolution tripled the pro-
duction outputs with the aid of various technolo-
gical advances (Gould 2017). Such efforts have con-
tinued into the twenty-first century to produce more
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food and reduce hunger (Tilman et al 2011, Asseng
et al 2018, Springmann et al 2018, Van Dijk et al
2021), but nourishment issues (malnutrition) still
require greater attention under the global food secur-
ity agenda. Significant attention should be focused
on increasing crop production by 60% by 2050 to
meet food demand and minimize hunger caused by
high population growth (Godfray et al 2010, Asseng
et al 2020). Another global crisis, hidden hunger, is
a type of undernutrition associated with a lack of
micronutrients, particularly iron (Fe) and zinc (Zn),
affects 2 billion people (Wang et al 2023). Inadequate
levels of Fe and Zn not only reducing yield by slowing
down the rate of photosynthesis (Roosta et al 2018),
but they can also adversely affect human health by
leading to various ailments like tuberculosis, human
immunodeficiency virus, and malaria (Zimmermann
and Hurrell 2007). Crop grain protein contributes
to wheat flour’s nutritional quality, end-use value,
and baking qualities (Shewry and Halford 2002).
However, research on the interplay impacts of nitro-
gen as a source of grain protein, Fe, and Zn on wheat
yield and quality has received little attention thus far.
Furthermore, climate change (CC) has had a signi-
ficant detrimental impact on crop output (Kheir et al
2019, Liu and Dai 2020, Zheng et al 2020, Li et al 2021,
Abbas et al 2023, Watts et al 2023), with little stud-
ies on protein (Asseng et al 2019), while much less
emphasis has been placed on Fe and Zn as key com-
ponents in food and nutritional security (Nelson et al
2014, 2018, Tilman and Clark 2014).

The relationships between amounts and concen-
trations of nutritional values under CC remain uncer-
tain, requiring further attention. These concentra-
tions mainly depend on different combinations of
soil, weather, genotype, and management practices
(Triboi et al 2006, Yan et al 2022), which need to
be considered on the respective approach exploring
future impacts. This letter helps to address such gaps,
reporting results on exploring the impacts of climate
scenarios projected to 2050 that span a wide range of
potential futures on wheat yield as well as on amounts
and concentrations of protein, Fe and Zn.

To study the historical and future impacts of CC
on crop production and nutritional values, an appro-
priate predictive approach is required. Process-based
models have been widely utilized to study and assess
the CC impact on crop growth and development
from local to global scales (Chen et al 2023, Tan
et al 2023, Kheir et al 2023b), but considerably less
emphasis has been placed on nutritional values, des-
pite the fact that this is an important part of food
security (Haddad et al 2016). The main reason of
this less attention is the need to develop such mod-
els in sub-routines by including additional factors
such as Fe and Zn, which require time and high-
quality experimental dataset from multiple environ-
ments. Machine learning (ML) approaches can fill
this gap by linking inputs to responses, allowing
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flexible future predictions of nutritional values under
CC scenarios. ML has shown robust performances in
different applications, among them crop yield pre-
dictions (Kheir et al 2022, Udristioiu et al 2023,
Hailegnaw et al 2024), and CC impacts (Prodhan
et al 2022, Gao et al 2024) with limited studies on
nutrient estimation (Ma et al 2021, You et al 2023).
ML techniques can be either traditional (Attia et al
2022, Kheir et al 2023a) or automatic (Waring et al
2020, Xu et al 2022), which permits training a large
number of algorithms at simultaneously in a short
period and with less computing power. Automatic
ML can compare and deploy high-performance ML
models automatically (Kheir et al 2024), but it has
still received less attention so far. Coupling both tradi-
tional and automatic routines may improve the pre-
diction robustness and reduce uncertainty. For that,
we used hybrid ML approaches (traditional and auto-
mated) to explore the past and future impacts of
CC scenarios from the NASA Earth Exchange Global
Daily Downscaled Projections (Thrasher et al 2022),
from Coupled Model Intercomparison Project Phase
6 (CMIP6) (Eyring et al 2016) on wheat yield and
nutritional values and concentrations (protein, Fe
and Zn) in arid regions. To our knowledge, this is the
first paper investigate the impact of latest CC scen-
arios on crop production and nutritional values (i.e.
protein, Fe and Zn) using hybrid ML approach.

The main objectives to achieve this goal are (I)
investigate the impact of different Fe and Zn treat-
ments on wheat production and grain quality for dif-
ferent genotypes cultivated in varied environments;
(II) train and test hybrid ML technique to predict
wheat yield, protein, Fe and Zn using multi-year
national actual grain yield (GY) (t ha™!), soil char-
acteristics, weather conditions, and topography over
Egypt; and (III) deploy the trained stacked ensemble
of all models (the best model) to predict the histor-
ical (1980-2010) and the future (2020-2050) yield
and nutritional values using three Global Circulation
Models (GCMs) (GFDL-ESM4, HadGEM3-GC31-
MM, and MRI-ESM2-0) and two shared socioeco-
nomic pathways (SSPs) (SSP2-45 and SSP5-85).

2. Materials and methods

Since determining crop yield nutritional values neces-
sitates controlled experiments under varied soil and
weather circumstances, the methodology is divided
into two main sections. The first section is about
field experiments to explore the interrelationships
between GY, yield attributes, and grain nutritional
values for different cultivars grown in multiple loca-
tions and growing seasons. The second part is related
to training, and testing hybrid ML algorithms using
5 years actual dataset of GY and N content in grains
(2015-2019), and deploying the trained models for
predicting yield and nutritional values in historical
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Figure 1. Flowchart summarizes the respective steps for exploring climate change’s impacts on wheat grain nutrition (i.e. N, Fe
and Zn). The field experiments included growing 3 new wheat cultivars (Gizal71, Misr2 and Shandweell), in three agroclimatic
locations (Sakha, Menoufia and Luxor) (figure 2), and different growing seasons (2018/2019, 2019/2020 and 2020/2021) using
four treatments with different forms of foliar application from Fe (200 ppm) and Zn (150 ppm) as control, EDTA, citric, and
mineral. The recommended N fertilizer (180 kg N ha™!) was added at three doses for all treatments. Regression analysis used to
develop functions of estimating Fe and Zn from N. The spatial actual yields from statistics (GY) and N content in grains of 2400
sites over 5 years (2015-2019) were collected from country statistics (Ministry of Agriculture and Land Reclamation 2021) and
used as response in machine learning algorithms (ML). Other responses as nitrogen content (N), iron (Fe) and Zn were calculated
from regression analysis (supplementary figures 3 and 4). Soil physical and chemical dataset were extracted from ISRIC at 250 m
resolution and bias corrected by observations of various location measurements. Daily climate data for 2400 locations during the

5 years included the variables of temperatures, and solar radiation were extracted from reanalysis ERA5 dataset and used along
with soil dataset, elevation, and years as predictors in ML. The trained best estimator of ML algorithm was deployed to predict
GY, N, Fe and Zn using CMIP6 climate scenarios two SSPs (SSP2-45 and SSP5-85) and three GCMs (MRI-ESM2-0,
HadGEM3-GC31-MM and GFDL-ESM4) for historical (1980—2010), and future (2020-2050) time periods.

and future time periods using different CMIP6 cli-
mate scenarios. Detailed information of each section
is explained here and, in the flowchart, (figure 1).

2.1. Field experiments and actual spatial yield
Three-field experiment were conducted over Egypt
(area of interest), at different agroclimatic zones such
as Sakha (high latitude, low elevation, and moderate
temperature), Menoufia (middle delta), and Luxor
(low latitude, high elevation and high temperature),
more details are presented in supplementary file and
S. Figure 1).

Actual yield from various places in Egypt
was acquired from national statistics (Ministry of
Agriculture and Land Reclamation 2021) for the
years (2015-2019) and used in conjunction with the
experimental dataset to train and test ML methods
(figure 2). To maintain the consistency of the spatial
dataset used to train the ML models, regression ana-
lysis was performed to create functions for estimating
Fe and Zn elements from N, based on the relevant

measurements from field experiments. Incorporating
principal component analysis (PCA) into our analysis
not only streamlines the dataset but also enhances
the robustness and interpretability of the findings,
identify and highlight the most influential variables
(principal components) affecting wheat yield and
nutritional content. This helps in understanding the
underlying patterns and relationships within the data,
providing clearer insights into how climate variables
impact wheat production.

2.2. ML approaches (training and testing)

2.2.1. Dataset

A diverse dataset of soil, weather, and topography, as
well as various responses such as GY, grain N con-
tent, grain Fe content, and grain Zn content, were
utilized to train and test the ML techniques during
a five-year period (2015-2019). For more than 2000
sites, soil properties (i.e. sand, silt, clay, soil organic
carbon, pH, and bulk density) were downloaded from

3
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Figure 2. Wheat controlled field experiments (triangles), statistics points of actual yield (points), and temperature gradient along
the Nile. Growing seasons mean temperature at 10 km grid resolution and averaged over last 10 years (2010-2020) for Egypt. The
experimental locations were used for exploring the non-linear correlations between yield, nitrogen, iron and zinc content and
concentration over three growing seasons, 2018/19, 2019/20 and 2020/21. Wheat cultivated area were extracted from winter crop
type mapping in the region and used for masking the spatial distribution of yield and nutritional values.

International Soil Reference and Information Centre
(ISRIC) dataset at 250 m resolution (www.isric.org/
explore/isric-soil-data-hub) and calibrated with some
observed dataset over the region. Topography data-
set for the same points were downloaded by MODIS
at 250 m resolution. Because the experimental sites
involved just three locations, and ML trained over
2000 sites that require meteorological dataset for each
site, the average maximum temperature, minimum

temperature, and solar radiation were retrieved from
the ERA5 global reanalysis at 10 km resolution
(Hersbach et al 2020).

2.2.2. ML approaches

Two approaches were considered in the current
work, including traditional ML and automated ML
(AutoML), creating a hybrid approach.

4
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Traditional ML and AutoML are two techniques
to developing predictive models, but they differ
in terms of their processes, complexity, and level
of human intervention. For the traditional ML we
developed four algorithms such as artificial neural
networks (ANN) (van Klompenburg et al 2020), ran-
dom forest (RF) (Xu et al 2020), Support Vector
Regressor (SVR) (Paryani et al 2022), and k-nearest
neighbors (KNN). The ANNs are computational
models that mimic the network of neurons in the
human brain. They consist of layers of nodes (neur-
ons), with each layer connected to the next, and the
output of a neuron y is calculated as:

yf(iWiXier) (1)

i=1

where, Xi are the input features, Wi are the weights,
b is the bias, and f is the activation function (e.g. sig-
moid, ReLU).

RF is an ensemble learning method that con-
structs multiple decision trees during training and
outputs the average prediction of the individual trees,
and the prediction for an input (X) is given by:

T
y=1/TY ht(X) )
=1

where T is the number of trees, and ht is the predic-
tion of the tth tree

The SVR is used for regression problems, aim-
ing to find a hyperplane that best fits the data while
maintaining a margin of tolerance ¢, and the object-
ive function for SVR is:

minl

——— +CY max(0,|yi — (W.Xi +b)[—¢ (3)
2[|wl| o

where C is the regularization parameter, and
€\ epsilone is the margin of tolerance.

KNN predicts the value of a new data point based
on the average of the values of its KNN according the
following equation:

k
y=1/kY yi (4)
i=1

where yi are the target values of the KNN.

In Automatic ML (H,OAutoML) (Ledell and
Poirier 2020), we automatically compared and
deployed high-performance and large number of ML
models. AutoML streamlines the process of applying
ML by automating the se-lection and tuning of mod-
els. H,O AutoML incorporates XGBoost Gradient
Boosting Machines (GBM), H,O GBM, RFs (Default
and Extremely Randomized Tree), deep neural net-
works, and Generalized Linear Models. H,O AutoML
includes a wrapper for the popular XGBoost pro-
gram, allowing us to use this third-party method. We
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utilized H,OAutoML in our study which automates
the model training process by evaluating multiple
algorithms and their hyperparameters, ultimately
selecting the best-performing model according to the
following equation,

Best Model =arg max,, ¢ Performance (m, D) (5)

where M is the set of models and hyperparameters,
D is the dataset, and Performance is a metric such as
accuracy or root mean square error (RMSE).

For hybridization, we followed the ensemble
learning approach, which combines predictions from
multiple models to create a more robust and poten-
tially more accurate model. This method leverages
the strengths of different models to improve overall
performance. Specifically, by combining predictions
from AutoML models with those from traditional
models, we harnessed the diverse strengths of both
approaches, thereby enhancing the overall predict-
ive performance and robustness of the final model.
This integration led to a superior model that effect-
ively capitalized on the strengths of both traditional
and AutoML techniques. The best estimator (stacked
ensemble model) of all models was considered for
future predictions.

2.2.3. Data processing, feature selections and hyper
parameter tuning

To avoid the impacts of different scaling, the scikit-
learn StandardScaler algorithm uses the means and
standard deviation of the variables was considered as
the first stage of pre-processing in the data to stand-
ardize them. The developed data include only topo-
graphy, weather, and soil which is considered enough
for training and testing ML approaches with suitable
fitting, thus feature selection is not necessary here.
The default approach was used to test the ML mod-
els by randomly splitting the whole dataset to 80% for
training and 20% for testing. To optimize the hyper-
parameters of the ML algorithms (Zeng et al 2022) the
grid search technique with a 5-fold cross-validation
approach (Pedregosa et al 2011) is used. Grid search
is a comprehensive strategy that can attempt to locate
all potential hyperparameter combinations in order
to secure the best decision (appendix A). Maintaining
high performance and showcasing diversity are essen-
tial for choosing the ideal model. Despite needing
more hyper-parameter tuning, neural networks often
yield better performance, so we used them in both
automated and conventional ML techniques.

2.2.4. Assessment of ML models

To assess the trained ML model, different equations
were used and included determination coefficient
(R?), RMSE, relative bias (RB), and mean absolute
error (MAE). The R? value shows the degree to which
the fitted regression line and the data are similar. In
multiple regression, it is sometimes referred to as the
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coefficient of determination or the coefficient of mul-
tiple determination. It can be defined as the propor-
tion of the response variable’s variance that a linear
model can account for. It is always in the range of
0-1, with numbers closer to 1 denoting increased
accuracy,

(6)

where Y, Y1, and n are actual, estimated, and a num-
ber of data points respectively.

Bias in RB considers the influences on the out-
come that happen at any point during the analyt-
ical process and are systematic over time. It is helpful
when the absolute bias is proportionate to the ana-
lyte concentration, and it is intended to use the pre-
cise bias estimate at various concentration levels,

Y1-X
X

RB

x 100 (7)

where Y1 is the estimated and X is the observed value.

The MAE provides a measure of the average
magnitude of errors between predicted and true
values, the lower value the robust model accur-
acy. The formula for calculating the MAE is as
follows:

MAE =n1) i =In|X—Y1|. (8)

MAE calculates the absolute difference between
each predicted value X and its corresponding true
value Y1, averages these absolute differences across
all observations, and provides a single, interpretable
value.

The RMSE is another commonly used metric to
measure the accuracy of predictions by quantifying
the average magnitude of errors. It is particularly
useful for assessing the predictive performance of a
model, and it is closely related to the mean squared
error. The formula for calculating the RMSE is as fol-
lows:

> (X 1)
RMSE= Y=~ 9)
n
where 7 is the number of observations, X is the estim-

ated and Y is the observation.

2.3. CC scenarios

To explore the future impact of CC on wheat yield and
nutritional values, two SSPs (SSP245 and SSP585)
and three GCMs (MRI-ESM2-0, HadGEM3-GC31-
MM and GFDL-ESM4) for historical (1980-2010),
and future (2020-2050) were used. We chose these
three GCMs (MRI-ESM2-0, HadGEM3-GC31-MM,
and GFDL-ESM4) due to their extensive use in stud-
ies focusing on the Middle East and North Africa
region, including Egypt, albeit under CMIP5 scen-
arios (Asseng et al 2018). By applying these models
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with the most recent CMIP6 scenarios, we enhance
the relevance and reliability of our projections and
findings. Additionally, these models cover a range
of climate sensitivities, offering a comprehensive
spectrum of potential future climate scenarios. This
diversity ensures that our analysis accounts for a
wide array of possible impacts on wheat produc-
tion and nutritional quality, thereby strengthening
the robustness and applicability of our results. The
scenarios were extracted from the downscaled NEX-
GDDP-CMIP6 at 25 km resolution. The R package
(RclimChange) was used to download daily GCM
data from NCCS THREDDS NEX-GDDP-CMIP6.

2.4. Uncertainty and structural equation models
Uncertainty was calculated using the coefficient of
variation by means and standard deviation between
observations (Asseng et al 2013). To test the pres-
ence of collinearities among variables, the variance
inflation factor (VIF) analysis was applied and vari-
ables with VIF > 5 were excluded. We employed
SEM to investigate how wheat GY is influenced by
plant nutrient concentration (e.g. grain N and Zn) as
well as environmental factors (e.g. latitude, slope, and
minimum and maximum temperatures). The con-
ceptual SEM included the direct impacts of grain
N and Zn concentrations, latitude, slope, minimum
temperature, and maximum temperature on wheat
GY and the indirect impacts where latitude, slope,
minimum temperature, and maximum temperature
affected wheat GY via changing grain N and Zn
concentrations. The conceptual SEM also included
the indirect impacts of latitude on wheat GY and
its N and Zn concentrations via altering minimum
and maximum temperatures. The ‘lavaan’ package
in R was applied to test the SEM, and the con-
ceptual model was evaluated by the goodness- of-
fit statistics [comparative fit index (CFI) = 0.999,
and Tucker-Lewis index = 0.996, and RMSE of
Approximation = 0.039].

3. Results

3.1. Wheat yield and nutritional values from
controlled field experiments

The PCA revealed significant correlations between
treatments (EDTA and Citric) and various wheat
yield and nutritional values, including GY, biomass
yield, and grain nutrient content (figure 3). Grain Fe
and Zn were significantly correlated with each other
but less so with grain N across different seasons, loc-
ations, and cultivars (supplementary figures 3 and 4).
Regression analysis supported these findings (supple-
mentary figures 5-7), enabling equations to estimate
Fe and Zn from measured N with acceptable accuracy.
Rising mean temperatures during the growing season
reduced GY and contents of N, Fe, and Zn, with vari-
ability between cultivars and treatments. The cultivar
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Figure 3. Principal component analysis (PCA) of wheat yield and yield attributes subjected to different variables. The variables
include (a) three different treatments of Fe and Zn (EDTA, citric and mineral) for (b) three wheat cultivars (Gizal71, Misr2 and
Shandweell) in (c) three successive growing seasons (2018/2019, 2019/2020 and 2020/2021), and (d) three locations (Sakha,
Menoufia and Luxor). The figure contains the first two principal components, PC1 and PC2, and their respective scores
explaining variation within the data. The variables included grain yield (GY), biomass yield (BY), grain number per m2 (G#m2),
grain N content (GN), maximum leaf area index (LAIx), chlorophyll content (Chol), grain weight (GZ), grain Fe content (GFe),
grain Zn content (GZn), anthesis date (Anth) and maturity date (Mat).

Gizal71 and the use of Fe and Zn as EDTA mitigated
the negative effects of rising temperatures.

3.2. Training and testing hybrid ML

The traditional ML algorithms including ANN, RE,
SVR, and KNN showed robust training and valida-
tion to estimate GY, grain N content, grain Fe content
and grain Zn content (supplementary figures 10—13).
The trained ML had a higher R* (>0.65) and lower
RMSE, RB, and MAE for predicting yield and nutri-
tional values (N, Fe and Zn), whereas ANN and RFR
outperformed SVR and KNN. On the other hand,
H,0 AutoML presently provides the same automatic
data preprocessing as all H,O supervised learning
algorithms. This contains automatic imputation, nor-
malizing (when needed), and one-hot encoding for
XGBoost models. H,O tree-based models (GBM,
RFs) accept categorical variable grouping, allowing
categorical data to be handled natively. This also
enables GPU-accelerated training. To achieve robust
accuracy, we combined AutoML and traditional ML

by incorporating the same traditional models into
AutoML, resulting in a hybrid approach. The AutoML
approach used approximately 180 models (appendix
A), selecting the best 30 models with higher accuracy,
and aggregating them into a single ensemble model,
which attained the highest accuracy. Compared with
traditional ML models, the stacked ensemble model
from the hybrid approach showed higher accuracy of
predicting wheat GY (R? = 0.78), grain protein con-
tent (R* = 0.75), grain Fe and Zn contents (R? = 0.71)
(figure 4). This suggests that this approach has the
potential to be used to predict wheat production and
nutritional attributes in a variety of spatiotemporal
ways even under CC, as current models are trained
on diverse locations and years of data across Egypt.

3.3. CC impacts on wheat GY, and nutritional
values

The trained stacked ensemble ML model was
deployed to predict wheat GY, grain N content, grain
Fe and Zn contents across the historical (1980-2010)

7
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Figure 4. Predicted against observed wheat grain yield (a), wheat grain N content (b), wheat grain Fe content (c), and wheat grain
Zn content (d) using the ensemble hybrid machine learning model. Across 2006 sites five years of actual yield (2015-2019) and
nitrogen were used as response while soil, weather and topography were used as predictors. Values of Fe and Zn were estimated

from N (supplementary figure 7) and used herein also as response for training ML models. The default training approach was
used by randomly splitting 80% from the whole dataset for training and 20% for testing.

and future (2020-2050) time periods considering
3 GCMs and two SSPs. The concentration of grain
protein, Fe and Zn were calculated from the main
contents and GY and considered hereinafter in the
analysis.

The SEM analysis revealed that grain N and
Zn concentrations were the key factors controlling
wheat GY, whereby wheat GY increased signific-
antly with increasing grain N concentration but
decreased significantly with increasing grain Zn con-
centration (figure 5). Wheat GY increased signific-
antly with increasing the slope and decreasing the
maximum temperature. Our SEM also showed that
increased maximum temperature and decreased min-
imum temperature indirectly enhanced wheat GY
by increased grain N concentration and decreased
grain Zn concentration (p < 0.001). Higher latitude

also increased wheat GY through reducing the max-
imum temperature, but also can decrease wheat GY
through increasing grain Zn concentration directly
or indirectly by increasing the minimum temperature
(p < 0.001). The controlling factors in combination
explained the 99%, 87%, and 24% variation of wheat
GY, grain N concentration, and grain Zn concentra-
tion, respectively. In general, climatic change had a
beneficial impact on wheat yield, protein yield, and
protein concentration, while negatively affecting Fe
and Zn concentrations (figures 6 and 7). The Shared
Socioeconomic Pathway scenario, SSP8.5, which is
distinguished by high population growth, slow eco-
nomic development, and a high reliance on fossil
fuels, resulted in a greater reduction in yield and pro-
tein content but a lower reduction in Fe and Zn con-
centrations than the scenario SSP45 (figure 7).
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Iron and zinc concentrations declined by 4.8%
and 4.5% respectively under SSP45 and SSP85
(figure 7) with less uncertainty between GCMs
under historical and future decades (figures 8-10).
The overall uncertainty in yield, and concentra-
tions of protein, Fe and Zn during the historical
period (figure 8), was higher than that in the future
under SSP85 (figure 10) scenario, passing by that
in the SSP45 scenario (figure 9). During the his-
torical decades, uncertainty ranged (15.6%-30.5%),
(5.9%-6.7%), (15.8%-26.3%), and (12.5%-18.6%)
for GY, protein concentration, Fe concentration, and
Zn concentration respectively (figure 8). Such values
decreased to (5.1%-11.5%), (3.7%-4.9%), (8.8%—
15.6%), and (7%—11%) under SSP45 (figure 9), while
SSP85 showed moderate uncertainty between histor-
ical and future SSP45 (figure 10). The spatial change
maps (S. figure 18) reveal a pronounced reduction
in GY, protein, and micronutrient concentrations (Fe
and Zn) across key agricultural areas, particularly
under the SSP5-85 scenario. Under both SSP2-45 and

SSP5-85 scenarios, there is a consistent spatial pattern
of decline in crop nutritional quality, with significant
hot spots of nutrient loss concentrated in the south-
ern and central regions, underscoring the potential
impact of future CC on food security.

CC has a more variable impact on grain pro-
tein concentration, which is affected by both grain
and protein yield (figure 11(a)). Impact of CC on
the concentrations of Fe and Zn (figures 11(b) and
(c)) was less variable than protein concentration.
Distribution densities confirmed the positive impacts
of CC on yield (figure 11(d)), and protein concen-
tration (figure 11(f)), and the negative impacts on
Fe concentration (figure 11(e)) and Zn concentration
(figure 11(g)).

4. Discussion
At the center of the global agenda for food and nutri-

tion security is the elimination of both overt and cov-
ert hunger (Wang et al 2023). However, the overall
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Figure 6. Circular chord diagram illustrating the impacts of climate change on wheat yield and nutritional content: This diagram
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content (protein yield [PC], protein concentration [Pcn], Fe concentration [Fecn], Zn concentration [Zncn]). The color of each
arc corresponds to a specific variable for easy identification. The bands connecting the arcs illustrate the relationships between
these variables. The thickness and color intensity of the bands indicate the strength of these relationships. Positive correlations are
shown by bands connecting climate variables to GY, PC, and Pcn, whereas negative correlations are shown by bands connecting
climate variables to Fecn and Zncn. The diagram clearly shows that increased tasmax, tasmin, and rsds (climate variables) are
positively correlated with higher GY (wheat yield), PC (protein yield), and Pcn (protein concentration). This is indicated by the
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strong, brightly colored bands connecting these variables. Conversely, the negative impacts on Fe and Zn concentrations are
highlighted by the bands connecting tasmax, tasmin, and rsds to Fecn and Zncn. These bands indicate a reduction in these
micronutrients as a result of increased temperature and solar radiation.

security of nourishment under CC remains uncertain.
Few studies have investigated the nutritional value
of wheat crops (Asseng et al 2019), focusing mainly
on wheat protein and overlooking essential elements
like Fe and Zn. This study emphasizes the impact of
recent CMIP6 climate scenarios on wheat yield, pro-
tein, Fe, and Zn in Egypt through the mid-century.
Field trials validated prediction tools by demonstrat-
ing the interrelationships between yield, yield attrib-
utes, phenology, and nutritional values. Foliar applic-
ation of Fe and Zn improved wheat yield and qual-
ity, as Zn and Fe are vital for regulating cellular pro-
cesses in plants (Zou et al 2012, Cakmak and Kutman
2018). To explore yield and nutritional values spa-
tially, we supplemented experimental datasets with
national statistics from 2015 to 2019.

Further, regression analysis was used to develop
functions of predicting Fe and Zn from N in the
other locations to be consistent with the yield data-
set. In our initial analysis, we assumed a linear rela-
tionship between nitrogen (N) and zinc (Zn)/iron
(Fe) concentrations, based on preliminary empir-
ical evidence and existing literature (Caliskan et al
2008, Singh et al 2018) suggesting a correlation under
controlled experimental conditions. To investigate
the validity of this assumption further, we conduc-
ted additional analyses exploring potential non-linear
relationships. Specifically, we employed polynomial

regression models and compared their performance
against the linear models by calculating and analyz-
ing the respective residuals (supplementary figures 8
and 9). This approach enabled us to visualize resid-
uals, deviations and inspect the differences between
the models. Our findings revealed that while the poly-
nomial regression models slightly improved predict-
ive accuracy for certain datasets, the overall trends
remained consistent with those captured by the lin-
ear models. The linear models provided a satisfact-
ory fit under the controlled conditions of our experi-
ments, capturing the essential dynamics without sig-
nificant loss of generality. However, we acknowledge
the potential limitations of assuming a linear rela-
tionship. This assumption may not reliably gener-
alize across different spatial and temporal dimen-
sions, especially in future scenarios. Therefore, we
emphasize the importance of validating these rela-
tionships with more diverse datasets encompassing
various regions and time periods as well as exper-
iments under elevated CO,. Such efforts will be
crucial for confirming the robustness and applic-
ability of our findings in broader contexts. While
iron and zinc content share a strong linear relation-
ship with protein content, our use of ML aimed to
explore whether CC introduces non-linear effects or
complex interactions that could influence nutrient
content beyond protein levels alone. By modeling
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Figure 7. Changes of wheat grain yield, protein yield, protein concentration, iron concentration and zinc concentration in the
mid century (2020-2050) relative to historical period under different GCMs as GFDL-ESM4 (GCM1), HadGEM3-GC31-MM
(GCM2), and MRI-ESM2-0 (GCM3) and SSPs (SSP2-45, left and SSP5-85, right). Predictions were done using the stacked

ensemble machine learning algorithm (best of family).

nutrient content directly, we aimed to capture these
potential variations, providing a more comprehens-
ive understanding of climate impacts on crop nutri-
tion. This approach ensures that subtle but significant
climate-induced changes in nutrient uptake are not
overlooked.

CC impacts could be studied using different
tools including crop models (Asseng et al 2020,
Fan 2023) which showed robust predictions with

11

less uncertainty. However, such studies focused only
on crop production and protein, neglecting other
important nutritional values such as Fe and Zn. The
main reason for such limitation is that all crop mod-
els including only nitrogen factor, while Fe and Zn are
absent in the model sub-routine. Furthermore, devel-
oping Fe and Zn models needs a global, high-quality
dataset from diverse environments and cultivars, a
time-consuming and costly process requiring global
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(lower row).

funding. We bridged this gap by incorporating ML
technologies that might be successfully employed for
similar goals while saving time and money. Here,
the trained stacked ensemble of ML from the hybrid
approach demonstrated robust prediction of GY pro-
tein content, Fe content and Zn content. ML has
recently been employed to predict crop yields under
CC consequences (Grell et al 2021, Tsai et al 2021).
Nonetheless, expanding the application of ML on

investigating CC impacts on crop nutritional values
has received less attention thus far.

Another merit of this work is employing the
most recent climatic scenarios (CMIP6) in Egypt,
rather than using CMIP5 previously (Ali et al 2020,
Asseng et al 2018). CMIP6 represents a more recent
set of simulations, covering a broader time have
higher spatial resolution, providing more detailed
information about regional climate patterns. Thus,
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CMIP6 builds on CMIP5 with improved models,
higher resolution, and a more integrated framework.
These improvements aim to enhance our under-
standing of future CCs and their impacts (Tebaldi
et al 2021). In Egypt, where spring-irrigated wheat
is prevalent, prior CC studies based on CMIP5 scen-
arios indicated favorable benefits on wheat yield in
the mid-century (2050) relative to baseline (Asseng
et al 2018). The same trend has been observed here
with CMIP6 scenarios, demonstrating an increase

of wheat yield in response to CC. This aligns with
global studies showing CC benefits for crop produc-
tion, especially in irrigated and high-latitude regions
(Rosenzweig et al 2014). Grain protein, Fe, and Zn
concentrations, the ratio of grain quantities to GY,
are significant characteristics influencing nutritional
quality, although their behavior under CC remains
unknown. Here, ML approach estimated an increase
in GY and protein concentration. The increase in
protein concentration under CC may be attributed

13
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to reduced starch accumulation under rising tem-
peratures (Triboi and Triboi-Blondel 2002). Other
factors that influence grain protein concentrations
include crop genotype, soil, crop management, atmo-
spheric CO, concentration, and weather conditions.
Accordingly, grain protein concentrations differ in
spring wheat than winter wheat and in irrigated than
rainfed wheat. In the present study, a spring irrig-
ated wheat with unlimited N fertilization, consider

a virtual adaptation which enhanced grain protein
concentration under CC. Unlike, protein concentra-
tion which increased with CC, iron and zinc concen-
trations decreased with CC. A diluting effect, gen-
erated by a greater rise in grain production than
in grain nutrient accumulation, might result in a
drop in Fe and Zn concentrations (Oury et al 2006,
Morgounov et al 2007, Fan et al 2008). The observed
increase in wheat yields and the concurrent decrease
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Figure 11. Impact of climate change on the relationship between grain yield and protein Concentration (a), grain yield and iron
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in Fe and Zn concentrations under CC can be attrib-
uted to several physiological and ecological mechan-
isms. Elevated temperatures accelerate wheat growth,
shortening the grain-filling period and reducing the
time for nutrient accumulation in grains (Zahra et al
2023). Higher CO, levels enhance photosynthesis,

carbon assimilation and biomass production, poten-
tially increasing GYs but at the same time dilut-
ing micronutrient concentrations due to the ‘CO,
fertilization effect (Gojon et al 2023). Soil micro-
bial activity, essential for nutrient cycling, may also
impacted by CC, altering Fe and Zn availability. Faster
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organic matter decomposition rates in warmer con-
ditions may initially increase nutrient release but
could lead to long-term depletion (Robinson et al
2022). Moreover, nutrient interactions, such as high
nitrogen levels, can enhance growth while diluting
micronutrient concentrations. To address these chal-
lenges, future research should focus on breeding
nutrient-efficient wheat varieties, optimizing fertil-
ization strategies, and improving soil management
to ensure micronutrient availability. These strategies
can help mitigate the negative impacts of CC on
wheat nutritional quality. The ML uncertainty varied
across locations, while the GCM uncertainty showed
less spatial variation, due to the higher heterogeneity
between locations in soil properties and temperature
gradient.

The study highlights the impact of CC on key
nutritional elements using ML but notes some lim-
itations for future consideration. While increased
atmospheric CO, can enhance photosynthesis and
plant growth, its effect on wheat’s nutritional value,
especially Fe and Zn concentrations, remains uncer-
tain and needs further investigation. CC increased
wheat and protein yields but reduced Fe and Zn
levels, requiring adaptation efforts like integrating
Genotype x Environment X Management interac-
tions. Combining process-based models with ML
approaches could improve understanding of Fe and
Zn dynamics in soil and plants, though this integra-
tion needs development to include these elements as
currently done with N.

5. Conclusion

In the current study, coupling high quality observa-
tions with national dataset helped to develop differ-
ent functions for wheat yield and nutritional values,
developing a hybrid ML approach for future predic-
tions. The hybrid ML approached was trained and
tested using diverse dataset, showed robust predic-
tion of wheat yield, protein, Fe and Zn concentrations
under different CC scenarios. Although CC increased
wheat and protein yields, it reduced Fe and Zn con-
centrations, putting further pressures on food secur-
ity and nutrition. Further adaptations are required to
enhance wheat nutritional values in a country suf-
fering from rapid population growth and increasing
food demand.
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