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Abstract

Background Climate change has devastating impacts on agriculture, increasing the yield gap for most crops,
especially in developing nations. This is likely to worsen food insecurity in some countries, calling for efforts to close
the yield gap as much as possible. Estimating the yield gap and its drivers is essential for devising strategies

to increase yields. This study quantifies the wheat yield gap in Morocco's five major wheat production regions. It
analyzes the historical sensitivity of wheat yield to temperature, precipitation, and soil moisture, which are important
factors affecting agricultural productivity. Furthermore, it evaluates how these yield gaps impact the revenue of pro-
ducers in these regions. This analysis was conducted using datasets, including the Global Dataset of Historical Yield
(GDHY) for yield gap assessment, soil moisture data, ERAS5 reanalysis data, and CHIRPS datasets for climate assessment
from 1982 to 2016. Pearson correlation and multiple linear regression analyses were employed to reflect the variation
characteristics of wheat yield and to identify the impacts of precipitation, temperature, and soil moisture on wheat
yield.

Results High regional differences in wheat yield gaps were observed, with values ranging from 1.64 t/ha in Casa-
blanca Settat to 4.12 t/ha in Marrakech Safi, and temporal variability ranging from 9 to 18%. Wheat yields were found
to be strongly correlated with rainfall, particularly from December to March. Temperature fluctuations had a signifi-
cant negative impact on wheat yield across the regions. Soil moisture was positively correlated with wheat yields
throughout all growing periods, showing the strongest impacts during the early vegetative development phase.
Additionally, losses due to wheat yield gaps were considerable, ranging between $ 194 and 891 per hectare. The
revenue loss due to Yield Gap | ranged from 49 to 71%, while the loss due to Yield Gap Il ranged from 240 to 444%,
depending on the method used to calculate the wheat yield gap.

Conclusions Results reveal gaps in wheat yield, forming a basis for process-based modeling to understand crop
yield gap drivers. Understanding yield gap drivers will play a pivotal role in evidence-based intervention strategies
to enhance yields. By applying such strategies, it is possible to not only manage and reduce the variability in wheat
production, but also ensure sustainable agricultural practices and achieve food security in Morocco and beyond.
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Introduction

The United Nations Food and Agriculture Organization
(FAO) estimated that 750 million people, about a tenth
of the world’s population, were facing severe food inse-
curity globally in 2019 [29]. Food security is an essential
element for the sustainable development of the world’s
economy and human society [78]. In this context, Zero
Hunger has been identified as one of the Sustainable
Development Goals (SDGs) set by the United Nations,
and its realization contributes to the achievement of
other goals, such as SDG1 (No Poverty). This highlights
the need for increased sustainable food production to
meet the needs of a growing global population against
the backdrop of climate change [30].

Agriculture plays an important role in Moroccan soci-
ety and the economy, employing about 40% of the coun-
try’s population [61]. Cereal crops such as wheat, maize,
oats, barley, and rice, are grown in rotation alongside
other annual crops like legumes, industrial crops, and
fodder crops. These crops are cultivated in various agro-
climatic zones across the country [51]. A significant
portion of cereal farms in Morocco is located in rain-
fed regions of the lowlands and plateaus in the regions
of Casablanca Settat, Rabat Sale Kenitra, Fes Meknes,
Beni Mellal Khenifra, and Marrakech Safi. These rainfed
regions are particularly vulnerable to climate variabil-
ity and change, with recent studies indicating increasing
challenges due to erratic rainfall patterns and rising tem-
peratures [19]. Rapid population growth, urbanization,
and changing diets, among other stressors, affect agri-
culture and, consequently, food security, especially for
cereals. Thus, in a country like Morocco, where cereals,
especially wheat, are among the most important crops
and occupy over 3 million hectares of agricultural land,
they are likely to be adversely affected.

Wheat is one of the three most important food crops;
it is the primary food source for more than 40% of the
world’s population [1]. Thus, changes in wheat produc-
tion greatly impact the global grain production pattern
and food security. For instance, the COVID-19 pandemic
disrupted food systems, exacerbating vulnerabilities, par-
ticularly in low- and middle-income countries [11, 75].
Similarly, the Russia—Ukraine conflict, involving two of
the world’s leading wheat producers, further disrupted
wheat farming operations, worsening the global food
crisis, especially in nations that depend heavily on food
imports [8]. Besides such social factors, wheat yield has
been declining globally, driven by several factors, includ-
ing global change, water depletion, soil fertility decline,
and the threat of emerging diseases [40]. According to
Shiferaw et al. [85], heat stress and water scarcity are pro-
jected to pose more challenges to wheat farming systems,
particularly those in South and West Asia and North
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Africa. The FAO estimates that global food demand will
double by 2050 and that productivity will decline because
of global warming and a rise in CO, concentration [28].
Thus, meeting global food demand will require a 60-70%
increase in production by 2050 [4, 28]. This calls for an
effective food security strategy at the center of which is
reducing agriculture’s environmental footprints and the
limited availability of land suitable for crop production.

In Morocco, wheat is the second most important crop
after olives, with a production value of USD 850 million
[10]. Its consumption has recorded a significant rise,
growing from 138 kg per person in the 1960s to an aver-
age of 255 kg per person by 2016. However, the country’s
food self-sufficiency has decreased. In the 1960s, domes-
tic wheat production met over 80% of the country’s con-
sumption needs, but by the late 1990s, this figure had
fallen to 62%, while imports grew from 20 to 38% over
the same period. In the early 2000s, domestic wheat out-
put met around 60% of domestic demand on average [10].
Before the 1970s, wheat yield in Morocco was relatively
as low as 0.9 t/ha. The situation changed following the
introduction of improved wheat cultivars in the 1980s, a
strategy that significantly increased yield. In recent years,
the average yield for durum wheat has been around 1.5
t/ha, while bread wheat has an average yield of 1.6 t/ha
[10]. Despite these improvements, Morocco’s wheat yield
still faces multiple challenges leading to substantial yield
gaps persist, particularly under rainfed conditions. This
wide range underscores the ongoing challenge of yield
instability and calls for the urgent strategies to narrow
the gap.

Morocco’s wheat yield continues to lag behind the
global and regional benchmarks. The country’s average
yield remains well below the global average of nearly 3 t/
ha, it even falls short of the African average of 2.3 t/ha
[10]. This disparity not only highlights the potential for
improvement but also points to the complex interplay of
factors, mainly climate, that contribute to the persistent
yield gaps. Addressing these challenges requires a com-
prehensive understanding of how these environmen-
tal factors impact wheat productivity across Morocco’s
diverse agricultural landscapes.

Meeting the rising demand for wheat in Morocco
is challenging, particularly as the agricultural sector
remains largely rainfed. Wheat cultivation, which relies
heavily on rainfall, covers over 80% of Morocco’s arable
land, with yields varying significantly in space and time
[56]. Compounding these challenges, Morocco is recog-
nized as a climate change ‘hotspot, with projections indi-
cating a 2 °C temperature increase and a 20% reduction
in rainfall by 2050 [46]. Such changes are likely to exac-
erbate stress on agricultural production, making effective
water management strategies critical to mitigating yield
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gaps. In response to these challenges, the Green Morocco
Plan (PMV) was introduced to boost agricultural produc-
tivity and to ensure the sustainable development of rural
areas. The PMV successfully increased cereal production,
with studies suggesting yield improvements of 10% to
21% through enhanced farming practices [24].

Farm practices, climate, and other biological factors
limit crop yield, creating a gap. This yield gap concept
has often been adopted as a framing instrument for agri-
cultural policy globally, as it significantly impacts policy
actions to either reduce such gaps or implement revenue
security mechanisms to support farmers in years of poor
harvest [9, 27, 91]. Potential yield (PY) is time- and loca-
tion-specific, considering regional differences in growth-
defining variables and the advent of improved cultivars
over time [32, 33, 57, 58, 69]. In Morocco, the impact of
environmental factors on wheat yield is particularly sig-
nificant. Precipitation, temperature, and soil moisture
play critical roles in determining wheat yield, especially
in rainfed systems. However, the precise quantification of
the contribution of climate variables to the yield gap in
Morocco’s diverse agroecological zones remains a chal-
lenge. Furthermore, the spatial and temporal variations
in the yield gap have not been adequately quantified.
This limited analysis hinders the development of targeted
strategies to improve the much needed wheat productiv-
ity in the face of climate variability and change.

Several studies have investigated yield potentials and
quantified yield gaps for a wide range of crops. These
studies encompass major grain crops such as rice, wheat,
and corn [72, 83, 88] as well as various other crops in
diverse agroecological environments [36, 63, 99],van Vugt
et al., 2018; [3, 64, 87, 98, 102]. Furthermore, researchers
have conducted analyses at different spatial scales, rang-
ing from local to global [12, 53, 55, 69, 100].

In the field of yield gap quantification and analysis,
researchers integrate various approaches, including field
surveys, crop simulation models, remote sensing technol-
ogy, and statistical methods, to leverage the strengths of
each technique. Field surveys offer better precision com-
pared to broader provincial, regional, national, or global
studies. However, conducting field surveys over large
areas can be resource-intensive and challenging. Recent
studies (e.g., [18, 22, 86]) demonstrated that remote sens-
ing and statistical data can effectively analyze yield gaps
at provincial, regional, and national levels. These meth-
ods enable rapid trend analysis and support strategic
decision-making.

Research shows that crop production is substantially
affected by regional factors, including socioeconomic,
agricultural, and ecological conditions. Additionally,
the important role of scientific and technological inno-
vations in enhancing the resilience and productivity of
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food systems in Africa has been documented [31, 60,
73]. Evidently, quantifying yield gaps and understand-
ing the factors that influence them are essential for
making informed decisions to enhance future crop pro-
duction [23, 57]. In Morocco, studies by Pala et al. [76],
Devkota & Yigezu [20], and Epule et al. [26], identified
significant yield gaps between rainfed and irrigated
environments in the central wheat-growing region.
Despite the importance of wheat in Morocco, regional-
scale yield studies are limited due to the scarcity of
data. This knowledge gap limits the understanding of
how climatic factors affect wheat yields, especially in
the country’s arid and semi-arid regions, highlighting
the need for more comprehensive research.

This study aims to address these research gaps by
providing a comprehensive analysis of the impact of
precipitation, temperature, and soil moisture on wheat
yield in Morocco at the regional level. Through the
integration of regional-level data, remote sensing, and
climate information, this work quantifies the relative
contributions of environmental factors to wheat yield
across different Moroccan regions. In addition, the
study estimates the economic impact of the quantified
yield gaps, providing an important perspective on their
effects on wheat producers’ revenue.

Data and methods

Study area

Morocco is located in the northwest part of North
Africa, covering approximately 710,850 km? with a
population of about 37 million. The country is divided
into 12 administrative regions. Its climate exhibits high
spatiotemporal variability. The North has a Mediter-
ranean climate, primarily influenced by the Mediter-
ranean Sea. The west experiences a temperate climate,
shaped by the Atlantic Ocean, leading to mild win-
ters, moderate temperatures, and relatively cool sum-
mers. Inland areas are characterized by a Continental
climate, while the southern part of Morocco, border-
ing Mauritania, is impacted by the Saharan desert,
which exerts a significant Sahelian effect on southern
Morocco. Rainfall variability is pronounced across the
country, with approximately 50% of Morocco’s precipi-
tation occurring over just 15% of the total area [81].
Rainfall is mainly recorded in winter, from October to
May, increasing from south to north, ranging from less
than 150 mm to more than 1000 mm [6]. Throughout
the year, the average air temperature ranges from 12 °C
to 14 °C in winter and from 22 °C to 24 °C in summer
[5, 13]. This study focuses on Morocco’s key wheat-pro-
ducing regions (Fig. 1), which are crucial for the coun-
try’s agriculture and overall food security.
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Fig. 1 Morocco a the five major cereal-producing regions in Morocco, and b the spatial distribution of the average 1982-2016 wheat yield

across these regions

Datasets

The study utilized various datasets (Table 1) and crop cal-
endars to understand the timing of agricultural activities.
Figure 2 illustrates the wheat growth cycle in Morocco,
based on Balaghi et al. [6] and Achli et al. [2].

Global data on actual and potential wheat yields

Wheat yield data were sourced from the Global Dataset
of Historical Yields (GDHY) [43]. The data are a combi-
nation of agricultural census statistics from FAOSTAT
and satellite data to produce historical yield data for
four major crops around the world and have a spatial
resolution of 0.5° for maize, rice, wheat, and soybeans,

Table 1 Summary of datasets used in study

spanning from 1981 to 2016 [44]. Utilized several other
datasets, including satellite products such as GIMMS3g
0.083° bi-monthly leaf area index (LAI) and fraction of
photosynthetically active radiation (FPAR) [101] and
MOD15A2 1-km 8-day LAI and FPAR [71] to develop
this dataset. They also incorporated JRA-55 reanalysis
(0.563° and daily) [52], solar radiation data from JRA-25
reanalysis (1.125° and daily) [74], crop calendar informa-
tion from SAGE [80], harvested area data from M3 Crops
[67], and production share data by cropping season from
USDA. lizumi et al. [45] and lizumi and Sakai [43] pro-
vide details on the methodology used to develop the data.
The data used in this analysis are based on a calibrated

Dataset Data description Resolution Type References
Yield Actual yield data (GDHY) 0.5°%x0.5° Spatial and temporal [43]
Potential yield [69] 0.083°x0.083° Spatial [69]
Wheat area Wheat harvested area 0.083°%0.083° Spatial [77]
Climate Wheat-growing season precipitation 0.05°x0.05° Spatial and temporal [34]
Wheat-growing season temperature 0.1°x0.1° Spatial and temporal [41]
Other Wheat-growing season soil moisture 0.25°%0.25° Spatial and temporal [21]
(38]
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Fig. 2 Wheat calendar in Morocco

version of the yield system (v1.2 and v1.3) compared to
other yield products published earlier. Consequently,
these historical yield data are of better quality and cover
a more extended period to meet scientific research
needs. This study considers the wheat yield derived from
GDHY as the actual yield (Ya), focusing on Morocco’s
primary wheat-producing regions. Using climate analog
techniques, Mueller et al. [69] derived data on poten-
tial yields. Their study analyzed current yields and aver-
age climate and mapped them to a climate space using
geographic coordinates. The climate space was divided
into 100 growing-degree-day precipitation bins with the
harvest area evenly distributed among the 100 growing-
degree-day precipitation bins. The 95th percentile yield
was considered the attainable yield level for each bin, and
this value was applied to all geographical areas within the
same bin. Mueller et al. [69] provide more information
on the methodology used. The PY used in this study is
the average census data between 1997 and 2003, derived
from Mueller et al. [69] with 0.083° resolution (Fig. 3).
The data were preprocessed and extracted for wheat-
growing areas in Morocco, and the accuracy of the wheat
yield data was evaluated using a reliable crop yield data-
set from the Fes-Meknes region and its provinces. This
dataset served as a reference to assess the accuracy of
GDHY v.1.3 at various levels and on an annual basis.

Climate data
Maximum (T,,,,), average (T,,,), and minimum (T,,)
temperature (°C) were obtained from the European 5th
generation reanalysis data (ERA5-land) developed by the
European Centre for Medium-Range Weather Forecasts
(ECMWEF) [70]. The data have a spatial resolution of 0.1°
and temporal coverage from 1959 to the present (2020).
This study used monthly resolution data as our investiga-
tion required monthly frequency data. Figure 4 and Fig. 5
represent the maximum, average, and minimum temper-
atures and the average precipitation recorded between
1982 and 2016.

Monthly precipitation was computed for each wheat-
growing season from October to May to represent in-
crop rainfall using the Climate Hazards Group InfraRed

o>
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Precipitation with Station (CHIRPS) dataset that pro-
vides daily precipitation data at a 0.05° resolution since
1981, combining satellite data on cloud temperatures
and rain gauge information [34]. Verner et al. [93] com-
pared four different datasets and found that CHIRPS
was statistically accurate in identifying drought events
and seasonal precipitation in Morocco. CHIRPS is
selected for use in this study based on the findings of
Verner et al. [93]. These data were interpolated using
the nearest neighbor method into a regular cell of
0.5°%x0.5° to be consistent with yield data. Studies have
shown that droughts during crucial growing stages can
severely reduce crop yield and even lead to crop failure,
while early-season droughts have little impact [37, 54].
By dividing the growing season into calendar months,
it is possible to pinpoint the most sensitive phases for
wheat crops concerning climate variability.
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Soil moisture data

The soil moisture (SM) data used in this study were
obtained from the Climate Change Initiative Soil
Moisture (CCI-SM) datasets released by the Euro-
pean Space Agency (ESA) for the period from 1981
to 2016 (version v07.1) [21, 38]. Specifically, the com-
bined active—passive product (CCI-C) was utilized,
which was aggregated over the wheat-growing sea-
son (November—May) and monthly time steps. The
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Fig. 6 Soil moisture average during wheat-growing season
for the period 1982 to 2016

CCI-SM v07.1 products provide global daily surface
soil moisture content at a spatial resolution of 0.25°.
Previous studies [65, 66] have shown the CCI-C prod-
uct has a higher correlation and lower errors compared
to CCI-A or CCI-P when validated against ground
measurements. The SM data were used by Zhang and
Jia (2013) to calculate the Soil Moisture Condition
Index. Figure 6 shows the average wheat-growing sea-
son soil moisture for the period 1982 to 2016 in the
studied regions.
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Harvested area

Monthly Irrigated and Rainfed Crop Areas data from
MIRCA2000 for the year 2000 were utilized to determine
the wheat harvested area in Morocco. Crop-specific aver-
age planting and harvesting dates in 2000 were compiled
from national and subnational crop progress reports [77].
Irrigated and rainfed agricultural systems were combined
in this study since the GDHY dataset does not differenti-
ate between the two.

Data analyses

This study utilized the locally weighted regression model
(LOWESS) detrending method [17] to eliminate the
effects of technological advancements, errors in report-
ing during the study period, as well as non-climatic fac-
tors, such as genetics and agronomic improvements,
before analyzing the impact of climate on wheat yield.
The same approach was employed by related studies (e.g.,
[62, 84, 89, 96]). The LOWESS is suitable for short time
series and accounts for trend non-linearity compared to
other methods (e.g., linear regression model, smoothing
spline models, and moving average models). The method
is one of the most used methods for crop yield detrend-
ing [59]. After the trend was fitted, the yield time series
were detrended using the additive method that involves
subtracting the trend line from the original data. In con-
trast, the multiplicative method involves computing the
detrended time series as the ratio of the original data to
the trend line values [59]. Moreover, this work deployed
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the Akaike Information Criterion (AIC), which is a sta-
tistical method used to choose between different models.
It measures the balance between a model’s goodness-
of-fit and complexity, providing a way to compare com-
peting models quantitatively. The AIC value is based on
the model’s likelihood function and penalizes models
with more parameters, favoring simpler models that can
explain the data well. The goal is to find the model that
strikes the best balance between explaining the data and
avoiding overfitting. The LOWESS detrending is used to
detrend the data and the AIC is used to compare different
detrending methods using different smoothing param-
eter values ("f" or "span” that determines the degree of
smoothing applied to the data). The detrending methods
with different "f" values are fitted to the data, and the AIC
values are calculated for each fitted model. A lower AIC
value indicates a better fit to the data with a reasonable
balance of complexity. In this study, the AIC values are
calculated for the two detrending methods: additive and
multiplicative detrending.

Framework for wheat yield gap quantification and analysis
Yield gaps were quantified in two ways as presented in
Fig. 7. The first yield gap (YG I) is the difference between
the Ya and the highest achievable yield of the Ya in the
time series (PYmax) (Eq. 1). The second type of yield gap
(YG II) refers to the difference between PY estimated by
Mueller et al. [69] (PY myeller) and Ya (Eq. 2)

Yield (t/ha)

N PY_Mueller
YG I
PY_max
Ya

. YG |

Production situation

Fig. 7 The framework used to estimate the wheat yield gap
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YGI = PYmax — Ya (1)

YGII = PYyyelter — Ya (2)

Correlation analyses were performed to evaluate the
relationships between monthly and growing season
cumulative precipitation, monthly and growing season
soil moisture condition index (SMCI) calculated using
Eq. 3, and detrended wheat yield:

SMi - SMmin

SMCl = —————
SMmax - SMmin

% 100 3)

The SMCI formula normalizes the current soil mois-
ture value (SM;) relative to historical extremes to provide
an indicator of dryness. SM; is scaled as a percentage
between the minimum (SM,;,) and maximum (SM,,,)
soil moisture values from long-term records. SMCI
ranges from 0% at the extreme dry end to 100% at the sat-
urated upper limit. This standardized metric quantifies
moisture status compared to past wet and dry extremes,
supporting agricultural drought monitoring without spe-
cifically referring to soil moisture.

Pearson’s correlation analysis [95] was used to eval-
uate the relationship between climate variables and
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detrended wheat yield. The correlation coefficient’s sign
and magnitude help reveal the relationship’s nature and
strength. Additionally, linear regression analysis was
utilized to assess the effects of temperature variables
(T in» Taverr and T ,.) and precipitation on wheat yield.
This study provides a comprehensive spatiotemporal
assessment of the historical yield gap in the studied
regions by calculating these two types of yield gap. Fur-
thermore, it highlights the impacts of climatic factors
(precipitation and temperature) on wheat crop yield.
Figure 8 illustrates the conceptual framework used in
our analysis.

Multiple linear regression model

A comprehensive regression model (Eq. 4) was
employed to investigate the influence of climatic vari-
ables on crop yield, considering both the entire growing
season and monthly timescales. This approach allows
us to assess intra-annual variability and identify criti-
cal periods within the growing season that significantly
affect wheat yield:

‘ Datasets | | Source ‘ ‘ Variables
Actual yield GDHY Actual yield Yearly , ~55km x 55km 1981-2016
Potential yield EarthStat Potential yield Yearly, ~10km x 10km Average 1997-2003
Land use data EarthStat Harvested area Yearly, ~10km x 10km 2000
Data preparation | Precipitation CHIRPS Monthly precipitation Daily ~5km x 5km 1981-2016
Soil Moisture ESA CCI SMCI Daily 25km x 25km 1981-2016
Temperature ERAS5-Land Min, Mean, and Max Temperature Daily ~9 km x 9km 1981-2016

neighbor method (0.5° x 0.5°).

Interpolate these datasets onto a regular grid using the nearest

Detrending wheat yield data using (LOWESS) detrending method.

‘ Yield gap calculation ‘ Potential yield

Actual yield Yield gap

’ Spatiotemporal pattern ‘

Spatial distribution of yield gap in the five major wheat producing regions

‘ Climate variables impact

-Relationship between wheat growing season cumulative precipitation and wheat yield
-Relationship between wheat growing season soil moisture condition index (SMCI) and wheat yield
-Relationship between wheat growing season min,max, and mean temperature and wheat yield

Fig. 8 The overall methodological framework for yield gap analysis
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Y= fo+ ) (B xX;; Tmin) + » _ (B x X;, Taver)
+ 3 (Br x Xp, Tmax)
+ Z (B; x Xj, precipitation)

+ Z (Bm X Xy, soil moisture) + ¢.
(4)

In the yearly model configuration, Y is wheat yield, 3, is
the model’s intercept indicating the expected yield when
all predictors are zero, and the coefficients B, 3,, s relate
to the annual minimum, mean, and maximum tempera-
tures, respectively. The coefficient [3, is linked to the total
annual precipitation, and s corresponds to the average
annual soil moisture, with € representing the error term
capturing unexplained variability. For the monthly analy-
sis, Y continues to represent the wheat yield. The coeffi-
cients By, By, Ps, Pa Bs are retained but applied to specific
monthly data, making it possible to assess how each
month’s climatic conditions individually affect wheat
yield. This allows the model to dissect intra-annual vari-
ability and pinpoint critical periods within the growing
season that significantly impact wheat yield, such as a
specific B coefficient for each month in the wheat-grow-
ing season, offering month-specific insights into the cli-
matic drivers of crop yield.

Addressing multicollinearity among predictors is cru-
cial to ensure the reliability of our regression analysis.
We assess this using the variance inflation factor (VIF),
which quantifies the increase in variance of an estimated
regression coefficient caused by multicollinearity. A VIF
of 1 indicates no multicollinearity, while values above 5
suggest significant issues, potentially distorting the coef-
ficients and reducing the model’s statistical power. In our
case, we proactively remove predictors with a VIF greater
than 5 to eliminate significant multicollinearity. This
strategy enhances the robustness and accuracy of our
model, ensuring it effectively captures the impact of cli-
matic variables on crop yield. The VIF for each predictor
X, is calculated using Eq. 5:

VIF, =1/(1—R}), (5)

where Rf, is the coefficient of determination from a
regression of predictor p on all other predictors. We first
identify the statistically insignificant predictors to obtain
significant predictors. We then proceed to remove one
insignificant predictor at a time and rerun the model.
This iterative procedure is repeated until all predictors in
the model achieve statistical significance.

Statistical indices
Several statistics were applied at yearly time steps to
assess the accuracy of GDHY v.1.3 and the detrended
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data: coefficient of determination (R?) (Eq. 6), RMSE
(root mean square error, t/ha) (Eq. 7), MAE (mean abso-
lute error, t/ha) (Eq. 8), IA (index of agreement) (Eq. 9),
and NSE (Nash—Sutcliffe efficiency) (Eq. 10):

, 1= (Yi-Y)?

R= Si— 92 ©)
| @)
MAE = w, (8)
n
U P DI R 9)
Yyi =Y+ 1Y = Y]
> (yi — V)2
NSE=1- =" 10
> 01— 9 1o

where 7 refers to the number of samples; yi is the
observed data for the year i;Y is the estimated data for
the year i; Y is the average.

Wheat yield gap impact on the revenue of the producers

There is a need for detailed farm-level expenditure data,
including costs associated with family and hired labor,
nitrogen fertilization, phytosanitary use, mechanization
(including machine rental and fuel costs), and seeds, as
well as regional production costs to measure the impact
of wheat yield gap on farmers. However, obtaining this
data is a significant challenge. In response to this chal-
lenge, this work presents a refined approach to quantify
yield gap losses in wheat production. The confounding
effects of price trends was addressed by applying the
LOWESS method to the FAOSTAT wheat price data to
ensure accurate revenue estimation. This effectively iso-
lates yield-driven revenue variations from market fluc-
tuations. Utilizing detrended yield data, actual revenue
was calculated by multiplying the detrended yield by the
detrended price of wheat. Potential revenue was deter-
mined using two benchmarks: the maximum potential
yield and Mueller’s potential yield, both multiplied by the
detrended price of wheat. Yield gap losses were quantified
as the difference between potential and actual revenues,
based on YG I and YG II The yield gap losses were fur-
ther expressed as percentages of the potential revenues
to enhance the clarity and interpretability of the results.
Specifically, percentage revenue losses were calculated by
dividing the absolute revenue losses by their respective
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potential revenues (maximum potential yield or Mueller’s
potential yield) and multiplying by 100.

Results

GDHY accuracy assessment and detrending

Visual inspection of trend fitting for wheat yield dem-
onstrates that the fitted trend closely follows the under-
lying time-series data pattern (Fig. 9). Locally weighted
regression models provide accurate trend fitting for
both regional and national wheat yield time series. The
national level and Fes Meknes region exhibit the best
model performance among the evaluated regions, with
relatively low RMSE (0.21 t/ha and 0.24 t/ha) and MAE
values (0.18 t/ha and 0.15 t/ha), indicating smaller aver-
age differences between GDHY-derived actual yield and
detrended yield. The high NSE values (68% and 66%) sug-
gest good capture of actual yield variability and strong
agreement between detrended and actual yield (90% and
89%). In contrast, Marrakech Safi, Casablanca Settat, and
Beni Mellal Khenifra show somewhat higher RMSE (0.33
t/ha, 0.47 t/ha, 0.27 t/ha) and MAE values (0.27 t/ha,
0.38 t/ha, 0.17 t/ha), indicating larger average differences
between detrended and actual yield. Their NSE values
(20%, 42%, 60%) suggest moderate model performance
in capturing actual yield variability, though they main-
tain reasonably good agreement between detrended and
actual yield (86%, 82%, 87%). Rabat Sale Kenitra dem-
onstrates the highest discrepancies, with RMSE of 0.68
t/ha and MAE of 0.62 t/ha, and a negative NSE (-44%),

yield (tha)

Page 10 of 23

indicating poor model performance compared to the
mean of observed values. However, it still shows moder-
ate agreement (68%) between detrended and actual yield.
In summary, while the national level and Fes Meknes
region demonstrate superior performance, other regions
exhibit varying degrees of model accuracy and agreement
with actual wheat yield data. Table 2 provides a summary
of these results.

The GDHY performance across different scales reveals
varying levels of accuracy in predicting wheat yield
(Table 3). Taounate demonstrates relatively small aver-
age differences between GDHY-derived and observed
yield, with an RMSE of 0.38 t/ha and an MAE of 0.29 t/
ha. Taza follows with reasonable accuracy (RMSE: 0.42
t/ha, MAE: 0.35 t/ha), while Meknes exhibits higher dis-
crepancies (RMSE: 0.65 t/ha, MAE: 0.51 t/ha). Ifrane
showcases better accuracy with lower RMSE (0.36 t/
ha) and MAE (0.27 t/ha) values. The Fes Meknes region

Table 2 Quantitative measures of trend-fitting results

Region RMSE (t/ha) MAE (t/ha) NSE (%) 1A (%)
National 0.21 0.18 68 90
Fes Meknes 0.24 0.15 66 89
Marrakech Safi 033 0.27 20 86
Casablanca Settat 047 0.38 42 82
Beni Mellal Khenifra  0.27 0.17 60 87
Rabat Sale Kenitra 0.68 0.62 —44 68

Beni Mellal Khenifra

vield (tha)

vield (vha)

year

Fig. 9 GDHY wheat yield (for Morocco) against the detrended wheat yield
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Table 3 Quantitative measures of GDHY accuracy

RMSE (t/ha) MAE (t/ha) R? 1A (%)
Taounate 0.38 0.29 0.58 0.82
Taza 042 0.35 0.71 0.79
Meknes 0.65 0.51 0.68 0.83
Ifrane 0.36 0.27 0.5 0383
Fes Meknes 0.45 037 0.78 0.82
National 0.5 047 0.94 0.76

overall shows intermediate performance (RMSE: 0.45 t/
ha, MAE: 0.37 t/ha). At the national level, the model
achieves acceptable performance with an RMSE of 0.5 t/
ha and an MAE of 0.47 t/ha. The R* values demonstrate
the model’s ability to explain yield data variability, with
higher values observed at regional and national levels.
Overall, the model shows promising results, captur-
ing localized trends and patterns with varying levels of
accuracy across different scales. Based on these findings,
we can incorporate this dataset into our analysis at the
regional level, as it offers significant insights into regional
patterns and trends in wheat yield.

Historical wheat yield gap quantification in Morocco

The wheat yield gap at the national scale is presented
in Fig. 10. YG I ranged from a minimum value of 0 to a
maximum value of 1.17 t/ha. Notably, the coefficient of
variation (CV) for YG I was found to be relatively high
at 57%, indicating significant variability. As for YG II, the
values range from a minimum of 2.56 t/ha to a maximum
of 3.73 t/ha. In contrast to YG I, YG II exhibited a lower
CV at 10%, suggesting a comparatively smaller dispersion
and greater consistency among the data points.

The temporal evolution of the wheat yield gap across
the five studied regions and the national average can be
seen in Fig. 11. For YG II, the Casablanca Settat region
stands out with the lowest yield gap, indicating higher

Yield (t/ha)
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agricultural productivity compared to the other regions,
while Rabat Sale Kenitra closely follows with the second-
lowest yield gap. The remaining three regions exhibit
consistent yield gap patterns, suggesting similar produc-
tivity levels among them. It can be concluded that the
trends and patterns are remarkably similar and closely
aligned. Figure 12 complements the analysis by displaying
the spatial distribution of yield gaps across each region,
and it showed marked spatial variations, enhancing our
understanding of localized productivity variations. The
notable difference between Casablanca Settat and the
others highlights the potential for targeted interventions
to enhance yields in less productive areas.

Figure 13 provides key insights into the minimum and
maximum for YG I and YG II for 35 years (1982-2016)
at the national and regional levels. It is observed that the
minimum yield for YG I is O t/ha in all regions as we con-
sider the maximum in the time series as PY, and ranges
from 1.64 t/ha in Casablanca Settat to 3.02 t/ha in Fes
Meknes for YG II. On the other hand, the maximum
yield gap varies from 1.10 t/ha in Fes Meknes to 1.75 t/
ha in Marrakech Safi for YG I, and from 3.07 t/ha in Cas-
ablanca Settat to 4.12 t/ha in Marrakech Safi for YG II,
representing the highest yield gaps in these regions. Fur-
thermore, the variability of wheat yield over time (repre-
sented by coefficients of variation) is presented for both
variables, with values ranging from 44 to 68% for YG I
and 9% to 18% for YG II.

Impact of precipitation, soil moisture, and temperature

on historical wheat yield

The relationship between wheat yield, monthly wheat-
growing season, and cumulative inter-season precipi-
tation from 1982 to 2016 is presented in Fig. 14. The
correlation between wheat yield and monthly cumula-
tive precipitation across different regions shows certain
patterns and variations. The correlation is consistently
positive in November across all regions (ranging from

YG I
® YGITrend
B PY_mueller
YGII

2015 1980 1990 2000 2010

AY
YG II
e YGII Trend

285 990 99 2005 2010
o Yie
N LETTLITLY
M~ o
985 199
year
Fig. 10 Wheat yield gap at the national level
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Fig. 11 Wheat yield gap (YG | and YG II) time series in the studied regions
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Fig. 12 Average wheat YG Il in the five analyzed regions for the period 1982-2016
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Fig. 13 Wheat yield gap at the regional scale (average PY,, qer in red and PY ., in blue)
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Fig. 14 Box plot and coefficient of correlation of monthly (a) and growing periods (b) cumulative precipitation and wheat yield from 1982 to 2016

0.48 in Beni Mellal Khenifra to 0.54 in Fes Meknes), sug-
gesting that November precipitation is crucial for wheat
agricultural productivity. However, in December, the cor-
relations show some variation among regions, although
most areas still show a positive relationship. All regions
show consistently positive correlations in January (rang-
ing from 0.36 in Casablanca Settat to 0.51 in Beni Mel-
lal Khenifra). While February’s correlations vary slightly,
the general trend is positive (ranging from 0.31 in Fes
Meknes to 0.39 in Rabat Sale Kenitra). Despite small
differences among regions, the correlation in March
remains positive (from 0.41 in Rabat Sale Kenitra to 0.49
in Beni Mellal Khenifra). In most regions, however, nega-
tive correlations (ranging between -0.17 in Beni Mellal
Khenifra and -0.28 in Rabat Sale Kenitra and Casablanca
Settat), are observed in April. This indicates that pre-
cipitation may harm wheat yield during this month. The
results from May reveal mixed results, with correlations
varying somewhat among the regions (from —0.03 in
Marrakech Safi to 0.15 in Fes Meknes). Moreover, study-
ing the relationship between wheat yield and monthly
cumulative precipitation is crucial in rainfed regions,
where rainfall is essential for crop development.

Positive correlations between these factors are signifi-
cant since most wheat cultivation relies on rainfall. Dur-
ing the vegetation growing period (VGP) from November
to February, which is critical for crop development, there
is a correlation ranging from 0.64 in Casablanca Set-
tat to 0.71 in Beni Mellal Khenifra. Similarly, the posi-
tive correlation between cumulative precipitation in the

reproduction and maturity period (RMP) from March
to May ranges from 0.13 in Marrakech Safi and Casa-
blanca Settat to 0.23 in Beni Mellal Khenifra. Throughout
the entire growing season (CGP), there are strong posi-
tive correlations ranging from 0.64 to 0.70, demonstrat-
ing that precipitation plays a major role in determining
wheat yield in rainfed regions in Morocco.

A regression analysis between the wheat yield and the
mean precipitation received during the wheat-growing
season is assessed in Fig. 15.

The analysis of the relationship between average grow-
ing season precipitation and wheat yield from 1982 to
2016 (Fig. 15) through linear regression provides valu-
able insights. The coefficient of determination across dif-
ferent regions indicates that 40% to 49% of the variation
in wheat yield can be explained by average growing sea-
son precipitation. For instance, the Beni Mellal Khenifra
region has an R? value of 0.45, suggesting that 45% of the
variability in wheat yield can be attributed to variations in
average growing season precipitation. Similarly, the Cas-
ablanca Settat region has an R? value of 0.43, indicating
that 43% of the variation in wheat yield can be explained
by average growing season precipitation. Additionally,
positive slopes for all regions signify a positive relation-
ship between precipitation and wheat yield, with different
magnitudes providing estimates of the strength of this
relationship, suggesting that for every increase in aver-
age growing season precipitation, there is a correspond-
ing increase in wheat yield. The study’s low P-values offer
robust evidence to support the assertion that fluctuations
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Fig. 15 Regression analysis between wheat yield and average wheat-growing season precipitation

in the amount of precipitation during the growing season
have a considerable effect on the productivity of wheat.
The results show that changes in precipitation levels have
a direct impact on the yield of wheat crops in the studied
regions, with statistical significance.

The analysis showed positive correlations between
SMCI and wheat yield across all growing periods
(Fig. 16). For the vegetative growing period (VGP) lasting
from November to February, correlation values ranged
from 0.50 in Rabat Sale Kenitra to 0.64 in Marrakech Safi.
This reveals that soil moisture during early development
impacts wheat yields. In the reproduction and maturity
period (RMP) from March to May, correlation values
extend from low (0.23 in Marrakech Safi) to moderate
(0.62 in Casablanca Settat), showcasing varying levels
of correlation strength across regions, the weaker RMP
correlations suggest moisture during heading and grain

@

filling is less critical in some regions. For the full cumu-
lative growing period (CGP) lasting from November to
June, correlations were strongest, varying from 0.58 in
Marrakech Safi to 0.75 in Casablanca Settat. The high
CGP correlations underline the importance of sufficient
moisture throughout the entire wheat cycle. Overall,
while moisture deficits can negatively affect yields, ongo-
ing water sufficiency is most critical early in the growing
season.

The analysis of monthly correlations provides addi-
tional insights into how soil moisture relates to wheat
yield over the growing season. In the early vegetative
months of November—December, correlation coeffi-
cients were moderately positive, ranging from 0.17 in Fes
Meknes to 0.47 in Casablanca Settat. This points to the
importance of adequate moisture during germination
and emergence for crop establishment. In January and

Beni Mellal Khenifra Casablanca Settat Fes Meknes Marrakech Safi Rabat Sale Kenitra
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Fig. 16 Box plot and coefficient of correlation of monthly (a) and growing periods (b) SMCl and wheat yield from 1982 to 2016
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February, correlations increased, varying from 0.33 in
Beni Mellal Khenifra to 0.62 in the same region and Rabat
Sale Kenitra as the wheat entered active tillering and
stem elongation growth phases, which are sensitive to
moisture deficits. During the March—April reproductive
period, correlations were more variable, ranging from
—0.09 in Marrakech Safi to 0.60 in Rabat Sale Kenitra,
indicating moisture stress impacts heading and grain fill-
ing differently across regions. Finally, in the May ripening
stage, correlations ranged from 0.20 in Marrakech Safi to
0.61 in Casablanca Settat, demonstrating soil water sta-
tus continues modulating yield as harvest approaches.
Overall, the monthly correlations highlight that sufficient
moisture is most critical in the December—February span
when the wheat is developing vegetative structures, and
ongoing adequate moisture remains important through
final maturation in May.

The linear regression analysis of the relationship
between temperature and wheat yield has revealed that
the effect of T, ;, T,e» and T, . during the wheat-
growing season on wheat yield differs between regions
(Fig. 17). The Beni Mellal Khenifra region shows a signifi-
cant negative impact with an R? value of 0.17 and a slope
of —0.15 (p-value=0.01). Marrakech Safi also has a nota-
ble negative effect with an R* value of 0.15 and a slope
of —0.27 (p-value=0.02). Casablanca Settat has a moder-
ate impact with a slope of —0.26 (p-value=0.04) and an
R? value of 0.12. Regions like Fes Meknes and Rabat Sale
Kenitra show weaker relationships with negative slopes
of —0.09 (p-value=0.27) and —0.11 (p-value=0.28),

(@)
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respectively, and lower R? values of 0.04. These findings
suggest that the impact of changes in T, ;, on differ-
ent regions of Morocco varies greatly. Specifically, the
regions of Beni Mellal Khenifra and Marrakech Safi seem
to be more sensitive to such changes. In contrast, Fes
Meknes, and Rabat Sale Kenitra are less affected. Simi-
larly, the impact of T, on wheat yield also varies across
regions. Marrakech Safi and Casablanca Settat show the
strongest impact among the regions with a slope of —0.27
(p-value of 0.01 and R? of 0.19 and 0.17, respectively).
Beni Mellal Khenifra, Fes Meknes, and Rabat Sale Keni-
tra also exhibit a moderate impact with negative slopes of
—0.17 (p-value=0.01), —0.14 (p-value=0.06) and —0.16
(p-value =0.05), respectively, and R* values of 0.20, 0.10
and 0.11, respectively. Linear regression did not demon-
strate a measurable predictive relationship at accepted
significance levels (p<0.01) within any of the studied
regions between T, and wheat yield during the growing
season. The R* values range from 0 to 0.3, indicating that
temperature explains about 0% to 3% of wheat yield vari-
ation. The P-values range from 0.31 to 0.87.

The performance of the MLR model (Table 4) across
the five regions demonstrated its ability to explain a
significant portion of the variability in wheat yield over
the entire growing season. The R? values ranged from
53.16% to 66.13%, with adjusted R? values slightly lower,
indicating substantial model fit and explanatory power.
In Beni Mellal Khenifra, soil moisture (SM) and cumu-
lative precipitation (Precip_cum) positively influenced
yield, with coefficients of 0.013 and 0.001, respectively.
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Table 4 Summary of multiple linear regression (MLR) statistics
for the studied regions (average growing season data)

Region S R-sq(%) R-sq(adj)(%) R-sq(pred)(%)
Beni Mellal Khenifra 0211 60.71 5825 5146
Marrakech Saf 0330 53.16 50.23 4433
Fes Meknes 0225 5531 50.98 42.58
Casablanca Settat 0.260 66.13 62.85 55.06
Rabat Sale Kenitra 0214 6238 58.74 51.73

Table 5 Summary of multiple linear regression (MLR) statistics
for the studied regions (monthly data)

Region S R-sq(%) R-sq(adj)(%) R-sq(pred)(%)
Beni Mellal Khenifra  0.182  75.26 68.84 5757
Marrakech Safi 0272 7114 67.29 6332
Fes Meknes 0.179 7537 68.99 58.08
Casablanca Settat 0.269 63.77 60.26 48.79
Rabat Sale Kenitra 0216 6392 57.69 47.92

Marrakech Safi exhibited significant positive effects
from soil moisture (coefficient=0.033) and a negative
effect from mean temperature (T, coefficient=-0.152).
In Fes Meknes, both cumulative precipitation (coef-
ficient=0.001) and soil moisture (coefficient=0.010)
positively impacted yield, while mean temperature had
a negative effect (coefficient=-0.091). Casablanca Set-
tat showed a strong positive influence from cumulative
precipitation (coefficient=0.002) and soil moisture (coef-
ficient=0.010), with mean temperature negatively affect-
ing yield (coefficient=-0.176). In Rabat Sale Kenitra,
soil moisture (coefficient=0.010) and mean temperature
(coefficient =—0.124) were significant predictors, empha-
sizing the importance of soil moisture across all regions
and the detrimental effect of high mean temperatures
during the growing season.

The intra-annual analysis provided further insights
into the critical monthly impacts of temperature and
precipitation on wheat yield (Table 5). In Beni Mellal
Khenifra, the model showed a high R? of 75.26%, driven
by significant predictors such as T, . in January (nega-
tive effect, coefficient=—-0.045), T, ., in February (nega-
tive effect, coefficient=-0.034), and precipitation in
November, December, and January (positive effects,
coefficients=0.004, 0.003, and 0.005, respectively). For
Marrakech Safi, precipitation in November, January,
February, and March had substantial positive impacts
on yield, with March precipitation being particularly
influential (coefficient=0.011). The Fes Meknes region’s
results highlighted the importance of T ; in December
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(positive effect, coefficient=0.040) and T,,, in March
(negative effect, coefficient=-0.047), alongside precipita-
tion in multiple months. Casablanca Settat region dem-
onstrated the significance of November, January, and
March precipitation (positive effects, coefficients =0.006,
0.005, and 0.013, respectively), while Rabat Sale Kenitra
showed notable impacts from T, ,, in December and Feb-
ruary (negative effects, coefficients=—0.042 and —0.029)
and precipitation in November, January, and March.

Impact of yield gaps on revenue

The impact of the yield gap on revenue varies signifi-
cantly across the studied regions (Figs. 18 and 19). In the
Beni Mellal Khenifra region, the average actual revenue
is $ 265 per hectare. The revenue loss attributable to YG
I is 57%, while the loss due to YG II is 363%. In the Casa-
blanca Settat region, the average actual revenue is $ 272
per hectare, with revenue losses of 71% due to YG I and
240% due to YG II. For the Fes Meknes region, the aver-
age actual revenue is $ 275 per hectare, where the rev-
enue loss from YG I is 49% and from YG II is 356%. In
the Marrakech Safi region, the average actual revenue is
$ 227 per hectare, with losses of 153% due to YG I and
444% due to YG II. Finally, in the Rabat Sale Kenitra
region, the average actual revenue is $ 271 per hectare,
with revenue losses of 51% from YG I and 311% from YG
II.

Discussion

This study aimed to quantify the wheat yield gap in
Morocco, including its spatial and temporal variability.
Additionally, it analyzed the effect of climate variables
on wheat yield. The yield gap was quantified using two
approaches (YG I and YG II) over 35 years (1982 to 2016)
at national and regional levels. The results revealed vari-
ations in yield metrics, indicating the presence of yield
gaps across the studied regions. For example, the yield
gap ranged from O t/ha to 1.75 t/ha for YG I and from
1.64 t/ha to 4.12 t/ha for YG IL

We explored the variability of wheat yields over time,
indicated by the CV, which ranged from 44 to 68% for
YG I and 9% to 18% for YG II. The CV values reflected
the degree of yield fluctuations relative to the mean, with
higher values indicating significant variations. The high-
est YG I and YG II values were in the south and south-
west regions, which record low annual precipitation,
while the lowest yield gap was in the north.

Compared to global-scale analyses, our calculated
yield gaps aligned well with estimates from the GYGA,
especially using YG II. We compared our yield gap anal-
ysis using GDHY as Ya to previous studies, particularly
examining global EarthStat data for Morocco [67, 69].
This revealed strong similarities between our findings
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and those from alternate approaches, with minor differ-
ences likely due to variations in data sources, methods,
and spatial resolution. Furthermore, studies conducted
in Morocco have reported potential yields ranging from
as low as 1.53 t/ha during drought years to as high as
5.99 t/ha in favorable years [19]. These findings further

illustrate the significant variability in wheat yield driven
by climatic factors.

The extensive benchmarking against global and local
analyses supports the validity of our yield gap assess-
ment for Moroccan wheat. Mueller’s PY appears prefer-
able to using the maximum attainable yield as a proxy
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for potential yield. Spatial and temporal fluctuations
remained consistent despite variations. These insights
show that YG II is the best approach since Mueller’s
technique determines potential yield, whereas YG I
considers only the current maximum attainable yield.
Overall, Mueller’s approach estimates agricultural pro-
ductivity more robustly, improving yield gap assessment
and recommendations by avoiding the limitations of
using attainable yields alone.

The wheat productivity in Morocco is below its poten-
tial, with rainfed areas producing only about 25% of the
achievable yield and irrigated areas producing around
60% [76]. Benaouda and Balaghi [7] reported that by
2050, 71% of Morocco’s land will be unsuitable for
wheat cultivation. We can measure the extent of under-
performance and prioritize areas for improvement by
quantifying the yield gap. Analyzing the impact of cli-
mate variables helps us recognize the specific climatic
constraints affecting wheat growth and yield formation.
This information can inform the implementation of tai-
lored strategies to address these limitations, such as
introducing heat-tolerant varieties or optimizing water
management techniques, and encourage stakeholders to
collaborate on increasing wheat yield, particularly in rain-
fed systems across various regions. This effort requires
immediate attention due to the difficulties of a growing
population, soil degradation, and climate change. Hence,
although Ya in Morocco has stagnated over the years,
there appears to be room for further yield improvement.

Furthermore, we discussed the impact of climatic vari-
ables (precipitation, maximum, minimum, and average
temperature) on wheat yield using linear regression and
Pearson correlation to detect relationships and trends.
Positive (negative) correlations indicate that increases
(decreases) in climate variables tend to raise (lower)
yields. Significant correlations were noted between wheat
yield and climate variables during the growing season.

Although a warming trend was observed for the wheat
growth season in the studied regions, only an increase in
Tin Was statistically significant at p<0.01. The increase
in T_;, was greater than in T ,,, while no significant
change was noted in precipitation. Wheat crops thrive in
temperate climates, and high temperatures can negatively
impact them during various stages of growth. Tempera-
tures exceeding 30 °C can damage leaves and photosyn-
thesis, accelerating aging (Wilcox et al., 2014; [47]). Kajla
et al. [48] indicated that rising temperatures might signif-
icantly impact global wheat production, especially during
flowering [82].

Changes in precipitation can have mixed effects;
increased rainfall benefits water-scarce areas but can
harm regions with heavy precipitation by causing soil sat-
uration and nutrient loss. In semi-arid and arid regions
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like Morocco, rainfall is crucial. This aligns with Yacoubi
et al. [103], who found significant correlations between
cereal yields and rainfall. Consistent with Tafoughalti
et al. [90] in the Fes Meknes region, results show an over-
all positive and significant correlation between precipi-
tation and wheat yield. However, April rainfall showed
weaker correlations (coefficients -0.17 to -0.28) due to
potential waterlogging and increased disease risk during
wheat maturation.

This study underscores the critical role of precipitation
and temperature in influencing wheat yield, particularly
during key growth stages such as germination, tiller-
ing, and grain filling. Adequate rainfall in months like
November, January, and March is vital for maintaining
optimal soil moisture levels, which support healthy wheat
growth. This positive impact is evident in the Beni Mellal
Khenifra, Marrakech Safi, Fes Meknes, and Casablanca
Settat regions, where precipitation during these months
significantly boosts yield. However, as highlighted by
Mamassi et al. [60] the Mediterranean climate’s frequent
droughts and variable rainfall patterns complicate these
dynamics, exacerbated by suboptimal crop management
practices. This underscores the need for both climate-
adaptive measures and improvements in farming prac-
tices to effectively close yield gaps. Conversely, high
temperatures in January, February, and March can lead to
heat stress, reducing tillering and grain filling, and ulti-
mately decreasing yield. This negative effect of high tem-
peratures is reflected in the results for several regions,
highlighting the importance of local climate conditions,
soil types, and farming practices. Understanding these
dynamics is essential for developing tailored agricultural
practices that suit local conditions, especially in regions
dependent on rainfed agriculture. In areas where high
temperatures negatively impact yield, strategies such as
adjusting planting dates or adopting heat-tolerant wheat
varieties could mitigate adverse effects. In addition, opti-
mizing irrigation practices to ensure adequate water sup-
ply during critical growth periods can enhance yields in
regions where precipitation has a substantial positive
effect. This study emphasizes the need for region-spe-
cific strategies to increase wheat resilience to climate
variability.

Multi-scale studies have shown that soil moisture avail-
ability notably influences wheat yields under water-lim-
ited conditions. A study in the predominantly rainfed
wheat-growing regions of Morocco demonstrated wheat
production relies heavily on adequate soil moisture, as
well as other factors [14]. More localized analysis in two
key Moroccan wheat provinces highlighted soil moisture
as a primary statistical driver of observed yield variability
[39]. Additional work in nearby Mediterranean districts
showed soil moisture, along with other climatic factors,
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plays a major role in determining yields when rainfall is
low (Gaona et al. 2022. Collectively, these findings indi-
cate soil moisture is a key constraint on rainfed wheat
when water is scarce. These studies follow our findings,we
have shown a good correlation between wheat yield data
and soil moisture. In irrigated areas, water supply is con-
trolled, and increased soil moisture improves wheat yield.
Proper irrigation helps maintain good soil moisture,
which is important for plant growth, nutrient utilization,
and overall crop health. During critical stages of develop-
ment such as seedling and flowering, adequate soil mois-
ture is essential for wheat crops. Inadequate rainfall and
low soil moisture can lead to reduced yields and yield
stress, especially during the dry season. Precipitation
timing and amount impact moisture availability, but soil
water content in the crop root zone emerges as a proxi-
mal factor critical for limiting wheat growth and yields
under water limitation. The consistent moisture—yield
relationship implies practices like conservation tillage
[68] and supplemental irrigation may be needed where
rainfall alone is insufficient, as exemplified by using irri-
gation to supplement rainfall in Moroccan agriculture to
maintain crop yields. This irrigation method is used to
offset any delay or lack of precipitation during the grow-
ing season to meet agricultural water demands. This is
a key component of the regulation and management of
production, both quantitatively and qualitatively. Conse-
quently, the increase in wheat yield is based on the orien-
tation of irrigation towards the most critical phases, since
the crop expresses special water needs at various stages
of development. Productivity is negatively affected by
water shortage during these crucial periods, as it can lead
to a decrease in productivity. Furthermore, to manage
wheat irrigation, it is important to identify the develop-
ment phases that are susceptible to water scarcity.
Morocco’s efforts to increase wheat productivity and
reduce reliance on imports are driven by the need to
become self-sufficient. Currently, almost 40% of the
country’s wheat supply is imported (FAO, 2020). By clos-
ing yield gaps in both rainfed and irrigated environments,
Morocco can achieve its goal of relying on its wheat pro-
duction. To this end, irrigated areas must be expanded
to cover 21% of the total wheat area [76], which can be
achieved by providing supplemental irrigation in rainfed
areas. The Green Morocco Plan (PMV) and National Pro-
gram for Saving Water in Irrigation (PNEEI) initiatives
aimed at promoting sustainable agriculture, integrat-
ing smallholder farming into a growth-oriented strategy,
reducing rural poverty, and promoting efficient water
use. However, the economic benefits of the PMV are
unevenly distributed, often favoring external investors
over local farmers, raising concerns about long-term sus-
tainability and equity [25]. Furthermore, the PMV’s focus
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on intensification risks exacerbating resource depletion,
particularly water, as increased irrigation demands could
lead to significant groundwater extraction [24].

Conclusion

This study analyzed wheat yield gaps across Morocco’s
primary production regions and examined the impact of
climate variability on yields. Our findings revealed signif-
icant yield variations, with yield gaps averaging 1.75 t/ha
for YG I and 4.12 t/ha for YG II, while actual wheat yields
remain low. Precipitation, soil moisture, and temperature
emerged as crucial factors influencing yield dynamics,
with increased temperatures in arid and semi-arid areas
causing water stress and impairing wheat grain develop-
ment during critical growth stages.

There is need for a multifaceted approach to address
these challenges. Investing in climate-resilient agri-
culture through the development of heat-tolerant and
drought-resistant wheat varieties is essential. Implement-
ing comprehensive water management policies and pro-
moting efficient irrigation practices can help mitigate
water scarcity issues. Enhancing climate information ser-
vices, including improved weather forecasting and early
warning systems, can aid farmers in making informed
decisions about planting dates and crop management.
Furthermore, promoting the adoption of precision agri-
culture techniques, such as soil moisture sensors and
variable-rate irrigation systems, can optimize resource
allocation. Strengthening agricultural research and
extension services is crucial to addressing study limita-
tions and disseminating climate-smart farming practices.
Developing region-specific adaptation strategies tailored
to the unique challenges of different agroecological zones
within Morocco is also recommended.

These findings and recommendations provide a foun-
dation for future process-based modeling studies to
assess the impacts of various drivers on yield gaps in
Morocco. Ultimately, implementing these strategies
can contribute to sustainable and economical increases
in wheat production, helping to close yield gaps and
enhance food security in the face of climate variability.

Notably, the results of this research are not without
uncertainties. Firstly, the findings would benefit greatly
from having access to cropland masks detailing annual
changes in planting areas. As a result of the lack of yearly
data in this study, we were limited to analyzing planting
masks for the year 2000, which imposes limitations on
the robustness of our findings. Secondly, utilizing data
with a spatial resolution of 0.5° could introduce some
limitations in capturing subtle variations. Lastly, when
quantifying YG II, utilizing average census data spanning
from 1997 to 2003, we note that over time there may have
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been variations and developments, and this should be
considered in interpretation.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540066-024-00509-w.

[ Additional file 1 }

Acknowledgements
The support from the Yield Gap project known as‘Imaging4Agriculture’is
acknowledged.

Author contributions

LO: conceptualization, methodology, data curation, formal analysis, investiga-
tion, visualization. LO, TE, VO, SB, AA, AC: conceptualization, writing—review
and editing. All authors read and approved the final manuscript.

Funding
This study was conducted in the Framework of the PAMOCPP-APRA project
grant number 14DPRAO01, funded by the OCP Foundation.

Availability of data and materials
The datasets generated during and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for Publication
The authors agree to publication in the Journal.

Competing interests
The authors have no relevant financial or non-financial interests to disclose.

Author details

!International Water Research Institute, Mohammed VI Polytechnic University,
Benguerir, Morocco. “Unité de Recherche Et Développement en Agroalimen-
taire, Université du Québec en Abitibi-Témiscamingue, Notre-Dame-du-Nord,
79 Rue CétéBureau 204, Québec JOZ 3B0, Canada. *Faculty of Science, LabSIV
Laboratory, Department of Computer Science, Ibn Zohr University, Agadir,
Morocco. *Center for Remote Sensing Applications, Mohammed VI Polytech-
nic University, Benguerir, Morocco.

Received: 7 March 2024 Accepted: 7 October 2024
Published online: 03 January 2025

References

1. Acevedo M, Zurn JD, Molero G, Singh P, He X, Aoun M, Juliana P, Bockle-
man H, Bonman M, El-Sohl M, Amri A, Coffman R, McCandless L. The
role of wheat in global food security. In: Nagothu US, Bloem E, Borrell
A, editors. Agricultural development and sustainable intensification.
London: Routledge; 2018.

2. Achli'S, Epule TE, Dhiba D, Chehbouni A, Er-Raki S. Vulnerability of bar-
ley, maize, and wheat yields to variations in growing season precipita-
tion in Morocco. Appl Sci. 2022;12(7):3407.

3. Adiele JG, Schut AGT, van den Beuken RPM, Ezui KS, Pypers P, Ano AO,
Giller KE. Towards closing cassava yield gap in West Africa: agronomic
efficiency and storage root yield responses to NPK fertilizers. Field Crops
Res. 2020. https://doi.org/10.1016/j.fcr.2020.107820.

22.

Page 20 of 23

Alexandratos, N. & Bruinsma, J. (2012) World agriculture towards
2030/2050: the 2012 revision. ESA Working paper No. 12-03. Rome,
FAQ.

Balaghi R, Jlibene M, Tychon B, Eerens H. Agrometeorological cereal
yield forecasting in Morocco. Nat Inst Agron Res Rabat, Morocco. 2013.
https://doi.org/10.13140/RG.2.1.3645.6805.

Balaghi R, Tychon B, Eerens H, Jlibene M. Empirical regression models
using NDV/, rainfall, and temperature data for the early predic-

tion of wheat grain yields in Morocco. Int J Appl Earth Obs Geoinf.
2008;10(4):438-52. https://doi.org/10.1016/}jag.2006.12.001.

Benaouda H. and Balaghi R. (2002). Les changements climatiques :
Impact sur I'agriculture au Maroc. Partie I: stratégie de développement
agricole durable.

Ben Hassen T, El Bilali H. Impacts of the Russia-Ukraine war on global
food security: towards more sustainable and resilient food systems?
Foods. 2022;11(15):2301.

Beza E, Silva JV, Kooistra L, Reidsma P. Review of yield gap explaining
factors and opportunities for alternative data collection approaches.
Eur J Agron. 2017;82:206-22. https://doi.org/10.1016/j.ja.2016.06.016.
Bishaw Z, Yigezu YA, Niane A, Telleria RJ, Najjar D, editors. Political
economy of the wheat sector in Morocco: seed systems, varietal adop-
tion, and impacts. Beirut, Lebanon: International center for agricultural
research in the dry areas; 2019. p. 300.

Bloem JR, Farris J. The COVID-19 pandemic and food security in low-
and middle-income countries: a review. Agric Food Secur. 2022;11:55.
https://doi.org/10.1186/540066-022-00391-4.

Boling AA, Tuong TP, van Keulen H, Bouman BAM, Suganda H, Spiertz
JHJ.Yield gap of rainfed rice in farmers'fields in Central Java, Indonesia.
Agric Syst. 2010;103:307-15. https://doi.org/10.1016/j.agsy.2010.02.003.
Boudhar A, Boulet G, Hanich L, Sicart JE, Chehbouni A. Energy fluxes
and melt rate of a seasonal snow cover in the Moroccan High Atlas.
Hydrol Sci J. 2016;61(5):931-43. https://doi.org/10.1080/02626667.2014.
965173.

Bouras EH, Jarlan L, Er-Raki S, Albergel C, Richard B, Balaghi R, Khabba S.
Linkages between rainfed cereal production and agricultural drought
through remote sensing indices and a land data assimilation system: a
case study in Morocco. Remote Sens. 2020;12(24):4018. https://doi.org/
10.3390/r512244018.

Bouras EH, Jarlan L, Er-Raki S, Balaghi R, Amazirh A, Richard B, Khabba S.
Cereal yield forecasting with satellite drought-based indices, weather
data, and regional climate indices using machine learning in Morocco.
Remote Sens. 2021;13(16):3101. https://doi.org/10.3390/rs13163101.
Braun HJ, Atlin G, Payne T. Multi-location testing as a tool to identify
plant response to global climate change. In: Reynolds MP, editor.
Climate change and crop production. Wallingford: CABI; 2010.
Cleveland WS, Devlin SJ. Locally weighted regression: an approach to
regression analysis by local fitting. J Am Stat Assoc. 1988;83(403):596—
610. https://doi.org/10.1080/01621459.1988.10478639.

Dehkordi PA, Nehbandani A, Hassanpour-bourkheili S, Kamkar B. Yield
gap analysis using remote sensing and modelling approaches: wheat in
the Northwest of Iran. Int J Plant Prod. 2020;14:443-52. https://doi.org/
10.1007/542106-020-00095-4.

Devkota KP, Bouasria A, Devkota M, Nangia V. Predicting wheat yield
gap and its determinants combining remote sensing, machine
learning, and survey approaches in rainfed Mediterranean regions of
Morocco. Eur J Agron. 2024;158: 127195. https://doi.org/10.1016/j.eja.
2024.127195.

Devkota M, Yigezu YA. Explaining yield and gross margin gaps for sus-
tainable intensification of the wheat-based systems in a Mediterranean
climate. Agric Syst. 2020;185: 102946. https://doi.org/10.1016/j.agsy.
2020.102946.

Dorigo WA, Wagner W, Albergel C, Albrecht F, Balsamo G, Brocca L,
Chung D, Ertl M, Forkel M, Gruber A, Haas E, Hamer DP, Hirschi M,
lkonen J, De Jeu R, Kidd R, Lahoz W, Liu YY, Miralles D, Lecomte P. ESA
CCl Soil Moisture for improved Earth system understanding: State-of-
the art and future directions. Remote Sens Environ. 2017;203:185-215.
https://doi.org/10.1016/j.rse.2017.07.001.

Djurfeldt G, Hall O, Jirstrom M, Bustos MA, Holmquist B, Nasrin S. Using
panel survey and remote sensing data to explain yield gaps for maize in
sub-Saharan Africa. J Land Use Sci. 2018;13:344-57. https://doi.org/10.
1080/1747423X.2018.1511763.


https://doi.org/10.1186/s40066-024-00509-w
https://doi.org/10.1186/s40066-024-00509-w
https://doi.org/10.1016/j.fcr.2020.107820
https://doi.org/10.13140/RG.2.1.3645.6805
https://doi.org/10.1016/j.jag.2006.12.001
https://doi.org/10.1016/j.eja.2016.06.016
https://doi.org/10.1186/s40066-022-00391-4
https://doi.org/10.1016/j.agsy.2010.02.003
https://doi.org/10.1080/02626667.2014.965173
https://doi.org/10.1080/02626667.2014.965173
https://doi.org/10.3390/rs12244018
https://doi.org/10.3390/rs12244018
https://doi.org/10.3390/rs13163101
https://doi.org/10.1080/01621459.1988.10478639
https://doi.org/10.1007/s42106-020-00095-4
https://doi.org/10.1007/s42106-020-00095-4
https://doi.org/10.1016/j.eja.2024.127195
https://doi.org/10.1016/j.eja.2024.127195
https://doi.org/10.1016/j.agsy.2020.102946
https://doi.org/10.1016/j.agsy.2020.102946
https://doi.org/10.1016/j.rse.2017.07.001
https://doi.org/10.1080/1747423X.2018.1511763
https://doi.org/10.1080/1747423X.2018.1511763

Ousayd et al. Agriculture & Food Security

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

(2024) 13:55

Eash L, Fonte SJ, Sonder K, Honsdorf N, Schmidt A, Govaerts B, Verhulst
N. Factors contributing to maize and bean yield gaps in Central
America vary with site and agroecological conditions. J Agric Sci.
2019;157:300-17. https://doi.org/10.1017/50021859619000571.

El Ansari L, Chenoune R, Yigezu YA, Komarek AM, Gary C, Belhouchette
H. Intensification options in cereal-legume production systems gener-
ate trade-offs between sustainability pillars for farm households in
northern Morocco. Agric Syst. 2023;212: 103769. https://doi.org/10.
1016/j.agsy.2023.103769.

Elder AD. The green Morocco plan in boudnib: examining effects on
rural livelihoods. J Environ Develop. 2022;31(3):275-99. https://doi.org/
10.1177/10704965221098149.

Epule TE, Chehbouni A, Dhiba D, Etongo D, Achli S, Salih W, Er-Raki

S. Identifying gaps in actual and simulated/potential yield and
growing season precipitation in Morocco. Environ Sci Pollut Res.
2022,29(56):84844-60. https://doi.org/10.1007/511356-022-21671-3.
Evans LT, Fisher RA. Yield potential: its definition, measurement, and
significance. Crop Sci. 1999;39(6):1544-51. https://doi.org/10.2135/
Cropsci1’999.3961544x.

FAO. FAO's director-general on how to feed the world in 2050. Popul
Develop Rev. 2009;35(4):837-9.

Fao, IFAD, Unicef, Wfp, WHO. 2020. The state of food security and
nutrition in the World 2020. Transforming food systems for affordable
healthy diets. Rome: FAO

FAO (2023). Global food security challenges and its drivers: conflicts and
wars in Ukraine and other countries, slowdowns and downturns, and
climate change. Council, Hundred and Seventy-second Session, Rome,
24-28 April 2023. CL 172/5. Rome. www.fao.org/3/nl652en/nl652en.pdf
Accessed 10 Dec 2023

Fedoroff NV. Food in a future of 10 billion. Agric Food Secur. 2015;4:11.
https://doi.org/10.1186/540066-015-0031-7.

Fischer RA. Definitions and determination of crop yield, yield gaps,

and rates of change. Field Crop Res. 2015;182:9-18. https://doi.org/10.
1016/j.fcr.2014.12.006.

Fresco LO. Issues in farming systems research. Neth J Agric Sci.
1984;32:253-61.

Funk C, Peterson P, Landsfeld M, Pedreros D, Verdin J, Shukla S,
Michaelsen J. The climate hazards infrared precipitation with stations—
a new environmental record for monitoring extremes. Sci Data. 2015.
https://doi.org/10.1038/sdata.2015.66.

Gaona J, Benito-Verdugo P, Martinez-Ferndndez J, Gonzélez-Zamora A,
Almendra-Martin L, Herrero-Jiménez CM. Predictive value of soil mois-
ture and concurrent variables in the multivariate modeling of cereal
yields in water-limited environments. Agric Water Manag. 2023;282:
108280. https://doi.org/10.1016/j.agwat.2023.108280.

Geerts S, Raes D, Garcia M, Taboada C, Miranda R, Cusicanqui J, Vacher
J. Modeling the potential for closing quinoa yield gaps under vary-

ing water availability in the Bolivian Altiplano. Agri Water Manage.
2009;96:1652-8. https://doi.org/10.1016/j.agwat.2009.06.020.
Goldblum D. Sensitivity of corn and soybean yield in lllinois to air
temperature and precipitation: the potential impact of future climate
change. Phys Geogr. 2009;30(1):27-42. https://doi.org/10.2747/0272-
3646.30.1.27.

Gruber A, Scanlon T, van der Schalie R, Wagner W, Dorigo W. Evolution
of the ESA CCI Soil Moisture climate data records and their underlying
merging methodology. Earth Syst Sci Data. 2019;11:717-39. https://doi.
0rg/10.5194/essd-11-717-2019.

Hakam O, Baali A, Azennoud K, Lyazidi A, Bourchachen M. Assessments
of drought effects on plant production using satellite remote sensing
technology, GIS and observed climate data in northwest morocco, case
of the lower Sebou basin. Int J Plant Product. 2023;17:267-82. https://
doi.org/10.1007/542106-023-00236-5.

Helman D, Bonfil DJ. Six decades of warming and drought in the world's
top wheat-producing countries offset the benefits of rising CO, to yield.
Sci Rep. 2022;12:7921. https://doi.org/10.1038/541598-022-11423-1.
Hersbach H, Bell B, Berrisford P, Hirahara S, Horanyi A, Mufioz-Sabater

J, Thépaut JN. The ERAS5 global reanalysis. Quart J Royal Meteorol Soc.
2020;146(730):1999-2049. https://doi.org/10.1002/qj.3803.
Hauggaard-Nielsen H, Gooding M, Ambus P, Corre-Hellou G, Crozat

Y, Dahlmann C, Jensen ES. Pea—barley intercropping for efficient
symbiotic N2-fixation, soil N acquisition and use of other nutrients in

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 21 of 23

European organic cropping systems. Field Crops Res. 2009;113(1):64-
71. https://doi.org/10.1016/j.fcr.2009.04.009.

lizumi T, Sakai T. The global dataset of historical yields for major crops
1981-2016. Scientific Data. 2020;7(1):97. https://doi.org/10.1038/
s41597-020-0433-7.

lizumi, T. (2019). Global dataset of historical yields v1.2 and v1.3 aligned
version. PANGAEA, https://doi.org/10.1594/PANGAEA.909132

lizumi T, Yokozawa M, Sakurai G, Travasso MI, Romanenkov V, Oettli P,
Furuya J. Historical changes in global yields: major cereal and legume
crops from 1982 to 2006. Global Ecol Biogeogr. 2014;23(3):346-57.
https://doi.org/10.1111/geb.12120.

IPCC (2022). Climate change 2022: impacts, adaptation and vulnerabil-
ity. Contribution of working group Il to the sixth assessment report of
the intergovernmental panel on climate Change. In: Portner HO, Rob-
erts DC, Tignor M, Poloczanska ES, Mintenbeck K, Alegria A, M. Craig,
Langsdorf S, Loschke S, Méller V, Okem A, B. Rama (eds). Cambridge
University Press. UK. https://doi.org/10.1017/9781009325844

Janjua PZ, Samad G, Khan NU. Impact of climate change on wheat
production: a case study of Pakistan. Pak Dev Rev. 2010;49(4):799-822.
Kajla M, Yadav VK, Chhokar RS, Sharma RK. Management practices

to mitigate the impact of high temperature on wheat. J Wheat Res.
2015;7:1.

Karrou M, Oweis T. Assessment of the severity and impact of drought
spells on rainfed cereals in Morocco. Afr J Agric Res. 2014;9(49):3519-30.
https://doi.org/10.5897/2014.9130.

Kim W, lizumi T, Nishimori M. Global patterns of crop production losses
associated with droughts from 1983 to 2009. J Appl Meteorol Climatol.
2019;58(6):1233-44. https://doi.org/10.1175/JAMC-D-18-0174.1.
Knippertz P, Christoph M, Speth P. Long-term precipitation variability in
Morocco and the link to the large-scale circulation in recent and future
climates. Meteorol Atmos Phys. 2003;83(1-2):67-88. https://doi.org/10.
1007/500703-002-0561-y.

Kobayashi S, Ota Y, Harada Y, Ebita A, Moriya M, Onoda H, Takahashi K.
The JRA-55 reanalysis: General specifications and basic characteristics. J
Meteorol Soc Japan Ser II. 2015;93(1):5-48. https://doi.org/10.2151/jmsj.
2015-001.

Lawes R, Chen C, Whish J, Meier E, Ouzman J, Gobbett D, Vadakattu G,
Ota N, van Rees H. Applying more nitrogen is not always sufficient to
address dryland wheat yield gaps in Australia. Field Crop Res. 2021;262:
108033. https://doi.org/10.1016/j.fcr.2020.108033.

Lesk C, Rowhani P, Ramankutty N. Influence of extreme weather disas-
ters on global crop production. Nature. 2016;529(7584):84-7. https.//
doi.org/10.1038/nature16467.

Licker R, Johnston M, Foley JA, Barford C, Kucharik CJ, Monfreda C,
Ramankutty N. Mind the gap: how do climate and agricultural manage-
ment explain the 'yield gap’ of croplands around the world? Glob Ecol
Biogeogr. 2010;19(6):769-82. https://doi.org/10.1111/).1466-8238.2010.
00563.x.

Lionboui H, Benabdelouahab T, Htitiou A, LebriniY, Boudhar A, Hadria
R, Elame F. Spatial assessment of losses in wheat production value: a
need for an innovative approach to guide risk management policies.
Remote Sens Appl. 2020;18: 100300. https://doi.org/10.1016/j.rsase.
2020.100300.

Lobell DB, Cassman KG, Field CB. Crop yield gaps: their importance,
magnitudes, and causes. Annu Rev Environ Resour. 2009;34:179-204.
https://doi.org/10.1146/annurev.environ.041008.093740.

Lobell DB, Ortiz-Monasterio JI. Regional importance of crop yield con-
straints: Linking simulation models and geostatistics to interpret spatial
patterns. Ecol Model. 2006;196:173-82. https://doi.org/10.1016/j.ecolm
0del.2005.11.030.

Lu J, Carbone GJ, Gao P. Detrending crop yield data for spatial visualiza-
tion of drought impacts in the United States, 1895-2014. Agric For
Meteorol. 2017,237:196-208. https://doi.org/10.1016/j.agrformet.2017.
02.001.

Mamassi A, Balaghi R, Devkota KP, et al. Modeling genotype X environ-
ment X management interactions for a sustainable intensification
under rainfed wheat cropping system in Morocco. Agric Food Secur.
2023;12:22. https://doi.org/10.1186/540066-023-00428-2.

MAPMDREF (2018). Agriculture en chiffres 2018 [Agriculture in

figures 2018]. Ministére de I'agriculture et de la péche maritime, du
development rural et deseaux et foréts (MAPMDREF), Rabat. https://


https://doi.org/10.1017/S0021859619000571
https://doi.org/10.1016/j.agsy.2023.103769
https://doi.org/10.1016/j.agsy.2023.103769
https://doi.org/10.1177/10704965221098149
https://doi.org/10.1177/10704965221098149
https://doi.org/10.1007/s11356-022-21671-3
https://doi.org/10.2135/cropsci1999.3961544x
https://doi.org/10.2135/cropsci1999.3961544x
http://www.fao.org/3/nl652en/nl652en.pdf
https://doi.org/10.1186/s40066-015-0031-7
https://doi.org/10.1016/j.fcr.2014.12.006
https://doi.org/10.1016/j.fcr.2014.12.006
https://doi.org/10.1038/sdata.2015.66
https://doi.org/10.1016/j.agwat.2023.108280
https://doi.org/10.1016/j.agwat.2009.06.020
https://doi.org/10.2747/0272-3646.30.1.27
https://doi.org/10.2747/0272-3646.30.1.27
https://doi.org/10.5194/essd-11-717-2019
https://doi.org/10.5194/essd-11-717-2019
https://doi.org/10.1007/s42106-023-00236-5
https://doi.org/10.1007/s42106-023-00236-5
https://doi.org/10.1038/s41598-022-11423-1
https://doi.org/10.1002/qj.3803
https://doi.org/10.1016/j.fcr.2009.04.009
https://doi.org/10.1038/s41597-020-0433-7
https://doi.org/10.1038/s41597-020-0433-7
https://doi.org/10.1594/PANGAEA.909132
https://doi.org/10.1111/geb.12120
https://doi.org/10.1017/9781009325844
https://doi.org/10.5897/2014.9130
https://doi.org/10.1175/JAMC-D-18-0174.1
https://doi.org/10.1007/s00703-002-0561-y
https://doi.org/10.1007/s00703-002-0561-y
https://doi.org/10.2151/jmsj.2015-001
https://doi.org/10.2151/jmsj.2015-001
https://doi.org/10.1016/j.fcr.2020.108033
https://doi.org/10.1038/nature16467
https://doi.org/10.1038/nature16467
https://doi.org/10.1111/j.1466-8238.2010.00563.x
https://doi.org/10.1111/j.1466-8238.2010.00563.x
https://doi.org/10.1016/j.rsase.2020.100300
https://doi.org/10.1016/j.rsase.2020.100300
https://doi.org/10.1146/annurev.environ.041008.093740
https://doi.org/10.1016/j.ecolmodel.2005.11.030
https://doi.org/10.1016/j.ecolmodel.2005.11.030
https://doi.org/10.1016/j.agrformet.2017.02.001
https://doi.org/10.1016/j.agrformet.2017.02.001
https://doi.org/10.1186/s40066-023-00428-2
https://www.agriculture.gov.ma/sites/default/files/19-00145-book_agricultures_en_chiffres_def.pdf

Ousayd et al. Agriculture & Food Security

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

(2024) 13:55

www.agriculture.gov.ma/sites/default/files/19-00145-book_agricultur
es_en_chiffres_def.pdf Accessed 12 Mar 2023

Mavromatis T. Drought index evaluation for assessing future wheat
production in Greece. Int J Climatol. 2007,27(7):911-24. https://doi.org/
10.1002/joc.1444.

Mayberry D, Ash A, Prestwidge D, Godde CM, Henderson B, Duncan A,
Herrero M. Yield gap analyses to estimate attainable bovine milk yields
and evaluate options to increase production in Ethiopia and India.
Agric Syst. 2017;155:43-51. https://doi.org/10.1016/j.agsy.2017.04.007.
Mayberry D, Ash A, Prestwidge D, Herrero M. Closing yield gaps in
smallholder goat production systems in Ethiopia and India. Livest Sci.
2018;214:238-44. https://doi.org/10.1016/jlivsci.2018.06.015.

McNally A, Shukla S, Arsenault KR, Wang S, Peters-Lidard CD, Verdin

JP. Evaluating ESA CCl soil moisture in East Africa. Int J Appl Earth Obs
Geoinf. 2016;48:96-109. https://doi.org/10.1016/}jag.2016.01.001.

Min X, Li D, Shangguan Y, Tian S, Shi Z. Characterizing the accuracy of
satellite-based products to detect soil moisture at the global scale.
Geoderma. 2023;432: 116388. https://doi.org/10.1016/j.geoderma.2023.
116388.

Monfreda C, Ramankutty N, Foley JA. Farming the planet: 2 geographic
distribution of crop areas, yields, physiological types, and net primary
production in the year 2000. Global Biogeoche Cycles. 2008. https://doi.
0rg/10.1029/2007GB002947.

Moussadek R, Laghrour M, Mrabet R, Van Ranst E. Crop yields under
climate variability and no-tillage system in dry areas of Morocco. Ecol
Eng Environ Technol. 2023;1:221-32. https://doi.org/10.1291/27197050/
155024.

Mueller ND, Gerber JS, Johnston M, Ray DK, Ramankutty N, Foley JA.
Closing yield gaps through nutrient and water management. Nature.
2012,490:254. https://doi.org/10.1038/nature11420.

Munoz-Sabater J, Dutra E, Agusti-Panareda A, Albergel C, Arduini G,
Balsamo G, Boussetta S, Choulga M, Harrigan S, Hersbach H, Martens B,
Miralles DG, Piles M, Rodriguez-Ferndndez NJ, Zsoter E, Buontempo C,
Thépaut J-N. ERA5-Land: a state-of-the-art global reanalysis dataset for
land applications. Earth Syst Sci Data. 2021;13:4349-83. https://doi.org/
10.5194/essd-13-4349-2021.

Myneni, R; Knyazikhin, Y; Park, T (2015): MOD15A2 MODIS/Terra Leaf
Area Index/FPAR 8-Day L4 Global Tkm SIN Grid. Land Processes Distrib-
uted Active Archive Center (LP DAAQ), https://ladsweb.modaps.eosdis.
nasa.gov/filespec/MODIS/5/MOD15A2

Nhamo N, Rodenburg J, Zenna N, Makombe G, Luzi-Kihupi A. Narrow-
ing the rice yield gap in East and Southern Africa: using and adapting
existing technologies. Agric Syst. 2014;131:45-55. https://doi.org/10.
1016/j.agsy.2014.08.003.

Ocwa A, Harsanyi E, Széles A, et al. A bibliographic review of climate
change and fertilization as the main drivers of maize yield: implications
for food security. Agric Food Secur. 2023;12:14. https://doi.org/10.1186/
540066-023-00419-3.

Onogi K, Tsutsui J, Koide H, Sakamoto M, Kobayashi S, Hatsu-

shika H, Taira R. The JRA-25 reanalysis. J Meteorol Soc Japan Ser II.
2007;85(3):369-432.

Onyeaka H, Tamasiga P, Nkoutchou H, et al. Food insecurity and out-
comes during COVID-19 pandemic in sub-Saharan Africa (SSA). Agric
Food Sec. 2022;11:56. https://doi.org/10.1186/540066-022-00394-1.
Pala, M., Oweis, T, Benli, B, De Pauw, E., El Mourid, M., Karrou, M,
Zencirci, N. 2011. Assessment of wheat yield gap in the mediterranean:
case studies from morocco, Syria and Turkey. international center for
agricultural research in the dry areas (ICARDA), Aleppo, Syria.

Portmann FT, Siebert S, Dol P. MIRCA2000—Global monthly irrigated
and rainfed crop areas around the year 2000: a new high-resolution
data set for agricultural and hydrological modeling. Global Biogeochem
Cycles. 2010. https://doi.org/10.1029/2008GB003435.

Pérez-Escamilla R. Food security and the 2015-2030 sustainable devel-
opment goals: from human to planetary health. Current Dev Nutrit.
2017;1(7): e000513. https://doi.org/10.3945/cdn.117.000513.

Ray DK, Gerber JS, MacDonald GK, West PC. Climate variation explains
a third of global crop yield variability. Nat Commun. 2015;6(1):5989.
https://doi.org/10.1038/ncomms6989.

Sacks WJ, Deryng D, Foley JA, Ramankutty N. Crop planting dates: an
analysis of global patterns. Glob Ecol Biogeogr. 2010;19(5):607-20.
https://doi.org/10.1111/j.1466-8238.2010.00551 x.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

101.

Page 22 of 23

Salhi A, Martin-Vide J, Benhamrouche A, Benabdelouahab S, Himi M,
Benabdelouahab T, Casas Ponsati A. Rainfall distribution and trends

of the daily precipitation concentration index in northern Morocco:

a need for an adaptive environmental policy. SN Appl Sci. 2019;1:277.
https://doi.org/10.1007/542452-019-0290-1.

Semenov M, Shewry P. Modelling predicts that heat stress, not drought,
will increase vulnerability of wheat in Europe. Scientific Reports.
2011;1:66. https://doi.org/10.1038/srep00066.

Senapati N, Semenov MA. Large genetic yield potential and genetic
yield gap estimated for wheat in Europe. Glob Food Sec. 2020;24:
100340. https://doi.org/10.1016/j.gfs.2019.100340.

ShiW, Tao F. Vulnerability of African maize yield to climate change and
variability during 1961-2010. Food Sec. 2014,6:471-81. https://doi.org/
10.1007/512571-014-0370-4.

Shiferaw B, Smale M, Braun HJ, Duveiller E, Reynolds M, Muricho G.
Crops that feed the world 10. Past successes and future challenges to
the role played by wheat in global food security. Food Sec. 2013;5:2291-
317. https://doi.org/10.1007/512571-013-0263-y.

Silva JV, Reidsma P, Laborte AG, van Ittersum MK. Explaining rice yields
and yield gaps in Central Luzon, Philippines: an application of stochas-
tic frontier analysis and crop modeling. Eur J Agron. 2017,82:223-41.
https://doi.org/10.1016/j.€ja.2016.06.017.

Souza P, Farias VDD, Pinto JVN, Nunes H, Souza EBD, Fraisse CW. Yield
gap in cowpea plants as function of water deficits during reproductive
stage. Rev Bras de Eng Agric Ambient. 2020;24:372-8. https://doi.org/
10.1590/1807-1929/agriambi.v24n6p372-378.

Stuart AM, Pame ARP, Silva JV, Dikitanan RC, Rutsaert P, Malabayabas
AJB, Singleton GR. Yield gaps in rice-based farming systems: insights
from local studies and prospects for future analysis. Field Crops Res.
2016;194:43-56. https://doi.org/10.1016/j.fcr.2016.04.039.

Sun L, Mitchell SW, Davidson A. Multiple drought indices for agricultural
drought risk assessment on the Canadian prairies. Int J Climatol.
2012;32(11):1628-39. https://doi.org/10.1002/joc.2385.

Tafoughalti K, EI Faleh EM, Moujahid Y, Ouargaga F. Climate change
impact on rainfall: how will threaten wheat yield? E3S Web of Conf. EDP
Sci. 2018. https://doi.org/10.1051/e3sconf/20183703001.

van Ittersum MK, Rabbinge R. Concepts in production ecology for
analysis and quantification of agricultural input-output combinations.
Field Crop Res. 1997;52(3):197-208. https://doi.org/10.1016/50378-
4290(97)00037-3.

Van Vugt D, Franke AC. Exploring the yield gap of orange-fleshed sweet
potato varieties on smallholder farmers'fields in Malawi. Field Crop Res.
2018;221:245-56. https://doi.org/10.1016/jfcr2017.11.028.

Verner Dorte, Treguer David, Redwood John, Christensen Jens, McDon-
nell Rachael, Elbert Christine, Konishi Yasuo, Belghazi Saad. Climate
variability, drought, and drought management in Morocco's agricultural
sector. Washington: World Bank; 2018.

Wilcox J, Makowski D. A meta-analysis of the predicted effects of cli-
mate change on wheat yields using simulation studies. Field Crop Res.
2014;156:180-90. https://doi.org/10.1016/j.fcr.2013.11.008.

Wilks, D. S. (2011). Statistical methods in the atmospheric sciences (Vol.
100). Academic Press. https://doi.org/10.1016/C2017-0-03921-6

Wu H, Wilhite DA. An operational agricultural drought risk assessment
model for Nebraska, USA. Nat Hazards. 2004;33:1-21. https://doi.org/10.
1023/B:NHAZ.0000034994.44357.75.

Zhang A, Jia G. Satellite observed reversal in trends of tropical and sub-
tropical water availability. Int J Appl Earth Obs Geoinf. 2020;86: 102015.
https://doi.org/10.1016/j,jag.2019.102015.

Zhang D,Wang C, Li X, Yang X, Zhao L, Xia S. Correlation of production
constraints with the yield gap of apple cropping systems in Luochuan
County, China. J Integr Agric. 2019;18:1714-25. https://doi.org/10.1016/
52095-3119(18)62098-2.

Zhang Z, Lu J, Cong R, Ren T, Li X. Evaluating agroclimatic constraints
and yield gaps for winter oilseed rape (Brassica napus L.) - A case study.
Sci Rep. 2017. https://doi.org/10.1038/541598-017-08164-x.

Zhao'Y, Chen X, Cui Z, Lobell DB. Using satellite remote sensing to
understand maize yield gaps in the North China Plain. Field Crop Res.
2015;183:31-42. https://doi.org/10.1016/j.fcr.2015.07.004.

Zhu Z,BiJ, PanY, Ganguly S, Anav A, Xu L, Myneni RB. Global data sets
of vegetation leaf area index (LAI) 3g and fraction of photosynthetically
active radiation (FPAR) 3g derived from global inventory modeling


https://www.agriculture.gov.ma/sites/default/files/19-00145-book_agricultures_en_chiffres_def.pdf
https://www.agriculture.gov.ma/sites/default/files/19-00145-book_agricultures_en_chiffres_def.pdf
https://doi.org/10.1002/joc.1444
https://doi.org/10.1002/joc.1444
https://doi.org/10.1016/j.agsy.2017.04.007
https://doi.org/10.1016/j.livsci.2018.06.015
https://doi.org/10.1016/j.jag.2016.01.001
https://doi.org/10.1016/j.geoderma.2023.116388
https://doi.org/10.1016/j.geoderma.2023.116388
https://doi.org/10.1029/2007GB002947
https://doi.org/10.1029/2007GB002947
https://doi.org/10.1291/27197050/155024
https://doi.org/10.1291/27197050/155024
https://doi.org/10.1038/nature11420
https://doi.org/10.5194/essd-13-4349-2021
https://doi.org/10.5194/essd-13-4349-2021
https://ladsweb.modaps.eosdis.nasa.gov/filespec/MODIS/5/MOD15A2
https://ladsweb.modaps.eosdis.nasa.gov/filespec/MODIS/5/MOD15A2
https://doi.org/10.1016/j.agsy.2014.08.003
https://doi.org/10.1016/j.agsy.2014.08.003
https://doi.org/10.1186/s40066-023-00419-3
https://doi.org/10.1186/s40066-023-00419-3
https://doi.org/10.1186/s40066-022-00394-1
https://doi.org/10.1029/2008GB003435
https://doi.org/10.3945/cdn.117.000513
https://doi.org/10.1038/ncomms6989
https://doi.org/10.1111/j.1466-8238.2010.00551.x
https://doi.org/10.1007/s42452-019-0290-1
https://doi.org/10.1038/srep00066
https://doi.org/10.1016/j.gfs.2019.100340
https://doi.org/10.1007/s12571-014-0370-4
https://doi.org/10.1007/s12571-014-0370-4
https://doi.org/10.1007/s12571-013-0263-y
https://doi.org/10.1016/j.eja.2016.06.017
https://doi.org/10.1590/1807-1929/agriambi.v24n6p372-378
https://doi.org/10.1590/1807-1929/agriambi.v24n6p372-378
https://doi.org/10.1016/j.fcr.2016.04.039
https://doi.org/10.1002/joc.2385
https://doi.org/10.1051/e3sconf/20183703001
https://doi.org/10.1016/S0378-4290(97)00037-3
https://doi.org/10.1016/S0378-4290(97)00037-3
https://doi.org/10.1016/j.fcr.2017.11.028
https://doi.org/10.1016/j.fcr.2013.11.008
https://doi.org/10.1016/C2017-0-03921-6
https://doi.org/10.1023/B:NHAZ.0000034994.44357.75
https://doi.org/10.1023/B:NHAZ.0000034994.44357.75
https://doi.org/10.1016/j.jag.2019.102015
https://doi.org/10.1016/S2095-3119(18)62098-2
https://doi.org/10.1016/S2095-3119(18)62098-2
https://doi.org/10.1038/s41598-017-08164-x
https://doi.org/10.1016/j.fcr.2015.07.004

Ousayd et al. Agriculture & Food Security (2024) 13:55 Page 23 of 23

and mapping studies (GIMMS) normalized difference vegetation index
(NDVI3g) for the period 1981 to 2011. Remote Sens. 2013;5(2):927-48.
https://doi.org/10.3390/rs5020927.

102. Zu Q Mi G, Liu D, He L, Kuang Z, Fang Q, Zhang F. Spatio-temporal
distribution of sugarcane potential yields and yield gaps in Southern
China. Eur J Agron. 2018;92:72-83. https://doi.org/10.1016/j.eja.2017.10.
005.

103. Yacoubi M, El Mourid M, Chbouki N, Stockle CO. Typologie de la sécher-
esse et recherche d'indicateurs d'alerte en climat semi-aride marocain.
Scie changements planétaires/Sécheresse. 1999;9(4):269.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.3390/rs5020927
https://doi.org/10.1016/j.eja.2017.10.005
https://doi.org/10.1016/j.eja.2017.10.005

	The impact of precipitation, temperature, and soil moisture on wheat yield gap quantification: evidence from Morocco
	Abstract 
	Background 
	Results 
	Conclusions 

	Introduction
	Data and methods
	Study area
	Datasets
	Global data on actual and potential wheat yields
	Climate data
	Soil moisture data
	Harvested area

	Data analyses
	Framework for wheat yield gap quantification and analysis
	Multiple linear regression model
	Statistical indices
	Wheat yield gap impact on the revenue of the producers


	Results
	GDHY accuracy assessment and detrending
	Historical wheat yield gap quantification in Morocco
	Impact of precipitation, soil moisture, and temperature on historical wheat yield
	Impact of yield gaps on revenue

	Discussion
	Conclusion
	Acknowledgements
	References


