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Abstract: Developing and disseminating resilient rice cultivars with increased productivity is a
key solution to the problem of limited natural resources such as land and water. We investigated
trends in rice cultivation areas and the overall production in Egypt between 2000 and 2018. This
study identified rice cultivars that showed potential for high productivity when cultivated under
limited irrigation. The results indicated that there were significant annual reductions in both the
rice-cultivated area (−1.7% per year) and the production (−1.9% per year) during the study period.
Among the commonly cultivated varieties, Sakha101 showed the highest land unit productivity,
while Sakha102 showed the highest water unit productivity. The impact of deploying new cultivars
was analyzed by substitution scenarios. The results showed that substituting cultivars Giza179 and
Sakha107 has the potential to increase land productivity by 15.8% and 22.6%, respectively. This
could result in 0.8 million m3 in water savings compared to 2018 water consumption. Long-term
impacts of climate variability on the minimum and maximum temperature, relative humidity, and
average precipitation during on- and off-season for rice productivity were also analyzed using an
autoregressive distributed lag (ARDL) model. The results indicated that climate variability has an
overall negative impact on rice productivity. Specifically, minimum temperature and on- and off-
season precipitation had major long-term impacts, while higher relative humidity had a pronounced
short-term impact on rice yields. The study revealed that short-duration cultivars with higher
yields provided greater net savings in irrigation resources. These analyses are critical to guide the
development of strategic management plans to mitigate short- and long-term climate effects on
overall rice production and for developing and deploying improved rice varieties for sustainable rice
production.

Keywords: ARDL; climate change; rice; sustainable production

1. Introduction

Egypt depends on the Nile River as its main agricultural water source, using approx-
imately 55.5 billion cubic meters (BCM) per year. The gap between demands and the
available water is approximately 13.5 BCM/year, which is covered by official or unofficial
water recycling methods [1,2]. During the last decade, water shortages were one of the
major threats to the agricultural economy in Egypt. An analysis of current climatic trends
indicated that the average mean temperature could increase from 1.4 to 2.5 ◦C between
2050 and 2100 [3]. Higher air temperatures caused by climate variability will result in
more transpiration and evaporative losses [4]. High evapotranspiration losses during the
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cropping season coupled with increasing human demands for water through increased
urbanization will likely result in reduced supplies of irrigation water from the Nile River [5].
This poses a significant threat to Egyptian agriculture, particularly rice production, which
requires season-long flood irrigation. Due to declining freshwater irrigation resources,
there exists a tremendous need to increase water use efficiency in rice and other crops
produced in Egypt and around the world [6,7].

Egypt is considered one of the most vulnerable countries facing the potential impacts
of climate change [8], as the agriculture industry in Egypt consumes ~ 84% of the country’s
water resources [9,10]. Egypt’s agriculture mainly depends on irrigation from only one
major source, the Nile River. With the completion of the Aswan High Dam, Egypt has been
well-positioned to face drought conditions in a given year, but multiyear droughts still
remain a constraint on its agriculture industry.

Rice is an important food crop for the world’s food security [11–13]. Climate change
may have negative impacts on the production of crops and can jeopardize the world’s
food security [14–18]. In Egypt, the rice crop is of further importance to farmers, as it is a
high-income source compared with other summer field crops. In addition, rice is one of
the major field crops in Egypt for domestic consumption. In Egypt, rice was cultivated
on 360.44 thousand hectares (ha) with a total production of 3.15 million tons in 2018 [19].
It is mainly grown in the Nile River Delta, where the climate and soil conditions are
suitable for its cultivation [20,21]. Rice is sensitive to water stress during its vegetative and
reproductive stages, affecting grain yield and quality [22–24]. Several empirical solutions
have been developed to address the temperature and water stress effects in rice. One of the
effective solutions has been developing improved varieties with better genetic make-up,
utilizing modern molecular breeding approaches [25–28]. Disseminating high-yielding rice
varieties with low water consumption is of greater economic value to Egypt, as well as the
rest of the global rice-growing areas.

Tantawi and Ghanem [2] reported that varietal substitutions with newly developed
short-duration cultivars could save approximately 10–20% of irrigation water in Egypt,
corresponding to 1.4–2.5 BCM. An extra reduction in irrigation water could be achieved
faster by the utilization of modern technologies and developing new cultivars that require
comparatively fewer irrigations without any reduction in grain yield and quality traits [29].
Newly improved rice varieties hold great promise toward sustainable rice production in
Egypt [30].

Recently, several investigations were conducted to study the impact of climate change
on yield, agriculture, and economic value of cereal crops using several techniques [31–34].
Ali et al. [35] examined the response of agricultural production time-series data between
1960 and 2014 to climatic change and its short- and long-term effects on economic growth
in Pakistan using the autoregressive distributed lag (ARDL) model. The findings estimated
that a 1% increase in barley and sorghum production decreases carbon dioxide emissions
by 3% and 4%, respectively. Furthermore, the pairwise Granger causality test shows
unidirectional causality of cotton, milled rice, and sorghum production with carbon dioxide
emissions. A similar approach was applied by several researchers to study the impacts
of climate change on agricultural production in different countries [36–40]. To the best
of our knowledge, no empirical investigation about the effects of climate change on rice
productivity has been conducted in the context of Egypt. This study fills that knowledge
gap.

We studied the impact of the newly developed rice varieties on the overall rice pro-
duction in Egypt from 2000 to 2018. Furthermore, we compared water consumption among
the most popular rice cultivars and the newly developed varieties. Several substitution
scenarios are presented with the newly released high yielding varieties to aid in selecting
the most appropriate variety for a specific situation to produce economically viable yields
using minimal irrigation water. We also investigated the effect of climate variability on rice
productivity utilizing an ARDL model.
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2. Materials and Methods
2.1. Study Area and Data Sources

Rice growing governorates or regions in Egypt are located in the Nile River Delta
in northern Egypt. The main governorates are Kafr El Sheikh, Ash Sharqia, Damietta,
Dakahlia, El Beheira, and Gharbia and recently, some areas in Alexandria, Ismalia, and
Portsaid were added (Figure 1). These rice production areas are located at the last stretch
of the Nile River just before it converges with the Mediterranean Sea. Thus, these rice-
growing areas face water shortages commonly during the cropping season. Furthermore,
there is a need to grow crops, such as rice, in these areas to mitigate salinity issues due to
Mediterranean Sea water intrusions. Rice crop is considered one of the major cash crops for
farmers in this area, as well as a strategic crop for the country’s economy and food security.
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Figure 1. The location of the study area where the rice crop is cultivated in Egypt. (a) Egypt location on the northern part of
the African continent; (b) location of the Nile River Delta in northern Egypt; and (c) the study areas in the rice-growing
governorates. The figure was generated using google maps; https://www.google.com/maps (accessed on 3 April 2021).

We collected all relevant data related to rice production, economics, and water use
from the Central Administration of Agricultural Economics, Economic Agricultural Affairs
sector at Ministry of Agriculture and Land Reclamation and Central Agency for Public
Mobilization and Statistics CAPMAS, Egypt (https://www.capmas.gov.eg/ (accessed on 3
February 2021)). The data sources included all published and unpublished available data
from the agency.

2.2. Economic Indicators of Land and Water Productivity of Rice Cultivars

Raw time series data of cultivated areas and yield for popular rice varieties between
2000 and 2018 were collected. Descriptive statistics and trend analyses were performed
using SPSS software (SPSS Inc. Released 2008. SPSS Statistics for Windows, Version 17.0.:
SPSS Inc., Chicago, IL, USA). To identify the best cultivated variety during the study
period in terms of land and water productivity, we estimated several economic indicators
described in the equations below:

1. Average varietal land productivity (ton/ha) = average varietal total rough rice grain
production (ton)/average total cultivated area (ha).

2. Average varietal water use (ton/thousand m3) = average varietal land productivity
(ton/ha)/average varietal water requirement (thousand m3 of water used /ha).

3. Average varietal water productivity (thousand m3/ton) = average varietal water
requirement (thousand m3 of water used /ha)/average varietal land unit productivity
(ton/ha).

https://www.google.com/maps
https://www.capmas.gov.eg/
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2.3. Economic Projections of Water Saving by Substituting Newly Developed Rice Varieties

We employed the projections of varietal substitutions to estimate the expected amount
of water and land savings. These projection scenarios were developed using the following
equations:

1. Total varietal water consumed in rice fields in 2018 as the base year (m3) = average
varietal water requirements for 2018 (m3/ha) × total varietal cultivated area (ha) for
2018.

2. Projected water savings (m3) = projected varietal water consumption for the total
cultivated area in 2018 (m3) − water consumption in rice fields for 2018 (m3).

3. Equivalent cultivated area from the water savings (ha) = projected water savings
(m3)/varietal requirements per hectare (m3/ha).

4. Equivalent production from the saved water (ton) = varietal land productivity (ton/ha)
× equivalent cultivated area from the water savings (ha).

5. Production after substitution (ton) = average new varietal land productivity (ton/ha)
× total substituted cultivated area in 2018 (ha).

6. Increase in production due to substitutions (ton) = projected production after substi-
tutions (ton) − actual production in 2018 (ton).

7. Increase in production percentage (%) = [increase in production due to substitutions
(ton)/actual production in 2018 (ton)] × 100.

8. Number of beneficiary people from the projected increase in production = increase in
production due to substitutions (ton)/average per capita rice consumption (ton/person).

2.4. Estimating the Impact of Climate Variability on Rice Productivity

We applied an ARDL model to examine possible cointegrations of long- and short-term
relationships among rice productivity and climate change-related parameters, including
minimum and maximum temperatures, relative humidity, and average precipitation during
on- and off-season throughout the study period from 2000 to 2018. The climate data were
acquired from the NASA POWER project for agricultural needs (https://power.larc.nasa.
gov/ (accessed on 28 January 2021)). The bounds test was primarily computed based on
the predestined error correction version of the ARDL model by the ordinary least square
estimator [41,42]. ARDL modeling was conducted following the standard protocols and
procedures previously developed [36,43,44]. Pesaran et al. [42] suggested using stability
tests known as the cumulative sum (CUSUM) and cumulative sum of squares (CUSUMSQ)
described by Brown et al. [45] to test the stability of the coefficient in the estimated models.
Accordingly, we conducted diagnostic and stability tests to ensure the goodness of the
ARDL model. Finally, the data were analyzed using the Eviews 10 software package to
generate the ARDL equations following the users’ guidelines [46].

3. Results and Discussion
3.1. Cultivated Area and Annual Production of Popular Rice Cultivars

The cultivated rice area was divided into two categories: total rice production area
and total area under popular cultivars, identified by historic adaptation, growers’ choice,
climate resiliency, and market value. There was a slight increase in rice-cultivated areas
between 2000 and 2008, followed by a sharp decrease until 2010, then a slight increase until
2017, and a sharp decrease from 2017 to 2018 (Table 1). These fluctuations in the cultivated
area were mainly due to the water regulations imposed by the government based on the
local needs and freshwater availability. As water shortages became a more significant
threat in Egypt, more restrictions to rice irrigation were imposed in 2018, probably causing
a sharp decline in the cultivated area to a record minimum of 347.53 thousand hectares
(Figure 2a).

https://power.larc.nasa.gov/
https://power.larc.nasa.gov/
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Table 1. Descriptive statistics for annual rice-cultivated area and rice production in Egypt between 2000 and 2018.

Variable Minimum Maximum Mean Skewness Kurtosis

Cultivated rice area (103 ha) 347.532 716.238 572.057 −0.949 1.905
Total rice production (103 ton) 3121.860 7240.520 5664.447 −0.892 1.739

Rice land productivity (ton/ha) 8.983 10.463 9.869 −0.675 0.985
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Overall, there was a significant decrease in the rice-cultivated area, with an annual
reduction rate of 1.7%. The cultivated area under popular cultivars showed a similar trend
(Figure 2b).

Cultivars Giza177, Giza178, Sakha101, Sakha102, and Sakha104 were among the most
popular varieties during the study period, as their relative popularity was reflected by
an average of 91.92% of the total cultivated area. Sakha101, a japonica variety, showed
the highest relative popularity among all the cultivars based on the cultivated area and
consumer preference for short grains over long grain rice. A significant cultivated area
increase was detected for the cultivars Giza178 and Sakha104, while the cultivated area
of Sakha101 and Sakha102 decreased significantly (Figure 2b). In contrast, no significant
increase in cultivated area was observed for the cultivar Giza177 (Figure 2b).

Trends in the rice-cultivated areas were reflected in annual rice production during
the study period, as validated by a strong association between rice-cultivated area and
its total production (98.7%). The highest and lowest annual rice production estimates
were recorded during 2008 and 2018, with 7240.52 and 3121.86 thousand tons, respectively
(Figure 3).
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A significant annual decline (1.9%) in total rice production was reported during the
last two decades (Figure 3a). The total annual rice production from the most popular
rice cultivars was found to significantly contribute to the total rice production (Figure 3a).
Among these cultivars, annual production was the highest for Sakha101, followed by
Giza178. It is interesting to note that cultivar Sakha101 showed a significant decline rate of
4.7% from its overall annual mean production of 1905.3 thousand tons. This was due to
the decrease in its corresponding cultivated area. Giza177 and Giza178 had nonsignificant
increased production, reflecting their non-fluctuating production estimates during the
study period (Figure 3b).

3.2. Economic Indicators of Land and Water Productivity of Rice Cultivars

With the increase in population, the demand for rice, being a staple food, is increas-
ing as well. Unfortunately, this increased demand has to be fulfilled with decreasing
cultivable areas and limited irrigation water resources. Varietal improvement of rice cul-
tivars plays a pivotal role in increasing productivity per unit land area and water used
for its production [47,48]. The average annual land productivity and water use efficiency,
and water productivity of popular Egyptian rice cultivars were analyzed in this study
(Table 2). The average land productivity of these cultivars was estimated as 9.58 tons
per hectare, while the cultivars Sakha101 and Giza177 recorded the highest and lowest
average productivity per hectare, respectively. These results also indicated that Sakha101
represents 2.19% higher productivity compared with the average of popular cultivars.
This is equivalent to increasing rice production by 32.58 thousand tons annually. Recently,
Gaballah et al. [30] reported that Sakha101 and Giza179 were the best performing inbred
genotypes in a study that was conducted under water stress conditions. On the other hand,
the average water use efficiency for the cultivars under the current study was estimated
to be 0.78 ton/thousand m3. Cultivar Sakha102 averaged the highest water use efficiency
with a total annual water savings of approximately 0.06 ton/1000 m3 over the average
value (Table 2), which could be due to its high yielding ability with shorter days to maturity
compared to the other cultivars. These results are consistent with the findings of other
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studies that estimate the potential of water savings up to 140 mm by using delayed rice
plantings with short-duration varieties [49].

Table 2. Average land productivity, water use efficiency, and water productivity of popular rice cultivars in Egypt.

Cultivar

Land Productivity 1 Water Use Efficiency 1 Water Productivity 1

Ton/ha % of the Mean Ton/Thousand m3 % of the Mean Thousand
m3/ton % of the Mean

Giza177 9.26 96.66 0.81 103.85 1.24 96.88
Giza178 9.62 100.42 0.77 98.72 1.30 101.56

Sakha101 9.79 102.19 0.73 93.59 1.37 107.03
Sakha102 9.62 100.42 0.84 107.69 1.19 92.97
Sakha104 9.62 100.42 0.77 98.72 1.30 101.56

Mean 9.58 100.00 0.78 100.00 1.28 100.00

Data Source: Annual Reports of Agricultural Economic Affairs Sector, Ministry of Agriculture and Land Reclamation, Egypt. 1 Calculated
by utilizing the equations explained in Section 2.2.

3.3. Economic Projection of Water Savings by Substituting the Newly Developed Rice Cultivars

Several rice cultivars were developed in Egypt during the study period to overcome
different biotic and abiotic stresses. Considering water as one of the current major threats
to Egyptian rice cultivation, several rice varieties were released during the last decade
that have lower water requirements. Giza179, Sakha107, and Sakha108 are high yielding
rice cultivars with varying maturity days that were released in 2012, 2016, and 2018
(Supplementary Table S1). We investigated the effects of improved varieties by providing
projections of the possible substitutions of all cultivars with the cultivars that had been
recently released as well as the popular cultivar Sakha102, which had shown significant
water savings in the past. The projection scenarios were realized for the total annual
cultivated area and production for 2018 as the base year.

3.3.1. Projections for Substituting Rice Cultivation with Sakha102 or Similar Cultivars

Sakha102 was one of the old popular cultivars used during the study period and
was released for cultivation in the late 1990s. It was concluded from the previous section
that Sakha102 was the best in terms of water use efficiency (Table 2). Accordingly, we
projected a substitution of all cultivars with Sakha102 and investigated the effect of cultivar
substitution on yield and water consumption. Evidently, the substitution had a positive
effect, saving approximately 291.79 thousand m3 of water (Figure 4 and Table 3), sufficient
to produce approximately 227.96 thousand more tons of rice. We estimated that this
substitution would increase the overall rice production by 9.25% (equivalent to 0.29 million
tons), with the potential to feed 6.32 million more people.

3.3.2. Projection of Substitution with the Newly Released Cultivars

Giza179, Sakha107, and Sakha108 are among the newly released rice varieties in
Egypt. To investigate the role of genetic improvements in decreasing water consumption
and increasing water use efficiency, we projected the impacts of the substitution of such
cultivars on water savings and overall rice production. Substitution of Giza179 or Sakha107
was found to save approximately 795.55 thousand m3 of water (Table 3 and Figure 4),
which is sufficient to produce an additional 621.53 thousand tons of rice annually. These
water savings can be utilized to irrigate an additional 63.29 thousand hectares of rice
fields. Substituting rice cultivation in Egypt with Giza179 or Sakha107 has the potential
to increase rice production by approximately 0.71 and 0.50 million tons, respectively,
which is approximately 22.60% and 15.79% higher than the current annual production
levels (Figure 4 and Table 3). Such an increase can allow feeding an additional 15.44 and
10.79 million people when analyzed and compared with the per capita consumption in the
country. The results of the latest rice cultivars are comparable or even better to those for
the older popular cultivar Sakha102 in both projected production and water consumption
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(Figure 4). In one case where the projected substitution of the newly released high yielding
Sakha108 cultivar showed less projected water savings than that of Sakha102, a probable
reason may be differences in days required for maturity (135 days for Sakha108 vs. 125 days
for Sakha102, Supplementary Table S1). However, Sakha108 showed higher projected grain
production after the substitution, with a 22.60% increase in current production.

An overall conclusion from the projected substitution analysis indicated a positively
higher grain production with less water consumption, which will lead to securing more
food for 6.32 (cv. Sakha102), 10.79 (cv. Sakha107), 15.44 (cv. Giza179) and 15.44 (cv.
Sakha108) million additional people. Moreover, the study also revealed that short du-
ration cultivars with higher yield potential provided greater net savings in irrigation
resources.
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Table 3. Projections of various scenarios of cultivar substitution with Sakha102 and newly released cultivars.

Variables 1 Sakha102 Sakha107 Giza179 Sakha108

Average land productivity (ton/ha) 9.62 10.20 10.80 10.80
Water savings after substitution (thousand m3) 291.79 795.55 795.55 274.19

Equivalent production of the saved water due to the substitution
(thousand tons) 227.96 621.52 621.52 214.21

Equivalent area of the saved water (thousand hectares) 23.40 63.29 63.29 22.01
Production of the equivalent area (thousand tons) 228.98 661.66 700.58 241.46

Production after substitution (million tons) 3.44 3.65 3.86 3.86
Increased production amount (million tons) 0.29 0.50 0.71 0.71
Percentage of the increased production (%) 9.25 15.79 22.60 22.60

Equivalent increase in the number of beneficiaries (million people) 6.32 10.79 15.44 15.44
1 Calculated by utilizing the equations explained in Sections 2.2 and 2.3.

3.4. Impact of Climate Change on Rice Crop Productivity in Egypt

Climate change is one of the main threats facing rice production worldwide. Its
impacts include an increased frequency of flooding events due to highly erratic rainy
seasons, flash droughts due to extended periods without precipitation, and rising ambient
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temperatures during rice growing seasons [50]. The influence of climate change on agri-
culture is complex, as several patterns of climatic changes could occur and influence the
outcome in any given year. We investigated the effects of four different variables related
to climate change: minimum and maximum temperature, relative humidity, and average
precipitation during on- and off-seasons on rice productivity (statistical profiles of the data
are reported in Table 4 and Supplementary Table S2) by using the Phillips–Perron (PP) unit
root test for the variable’s stationarity and the ARDL model. The results from time-series
analyses of the studied variables are presented in Table 5.

Table 4. Descriptive statistics for the seasonal climate change variables under study during the period 2000–2018.

Variable * Minimum Maximum Mean Standard
Deviation Skewness Kurtosis

Minimum temperature (◦C) 16.230 19.740 17.603 0.854 0.684 0.657
Maximum temperature (◦C) 35.890 39.290 37.552 0.854 0.000 0.022

Relative humidity (%) 57.360 58.980 58.109 0.520 0.038 −1.281
Precipitation off-season (mm/day) 0.640 26.560 13.524 5.521 0.030 1.902
Precipitation on-season (mm/day) 0.040 7.390 1.531 1.855 1.985 4.591

* Seasonal climate data by years are in the Supplementary Table S2.

Table 5. Long-term and short-term coefficients from the ARDL (1,0,0,1,0,0) model.

Dependent Variable Is: lnY

Regressors Coefficient Standard Error t-Ratio Probability

Panel A: long-term estimation
lnX1 −0.425509 * 0.202408 −2.102233 0.0649
lnX2 −0.321857 0.416219 −0.773289 0.4592
lnX3 −0.561716 1.455002 −0.386058 0.7084
lnX4 0.051253 ** 0.021499 2.383938 0.0410
lnX5 −0.026170 ** 0.010630 −2.461969 0.0360

C 6.819653 5.535767 1.231926 0.2492
Panel B: short-term estimation

∆lnX3 −0.897679 *** 0.274232 −3.273427 0.0096
ECMt − 1 −0.379013 *** 0.049276 −7.691577 0.0000

Panel C: residual diagnostic tests
Adjusted R-squared 0.8969 CUSUM stable
F-statistic 20.890 *** CUSUMSQ stable
Durbin–Watson stat 1.8607
Log likelihood 56.662

*** Significance at alpha = 0.001; ** significance at alpha = 0.05; * significance at alpha = 0.01; X1—minimum temperature; X2—maximum
temperature; X3—relative humidity; X4—off-season precipitation; and X5—on-season precipitation.

The unit root test of the variables was conducted to ensure that there were no variables
that were integrated in order of I (2) to prevent false outcomes [51]. The estimated results
of the Phillips–Perron (PP) unit test, including at the levels of variables and at the first
differences, are reported in Supplementary Table S3. We found that all variables considered
in this study were stationary at I (1). These results are in agreement with those of Gershon
et al., who studied the effect of climate change and agricultural production in Nigeria [52].
This result suggests a robust long-term association among the variables and supports the
application of an ARDL model.

A bounds test was also conducted to assess this long-term relationship. The bounds
test calculated an F-statistical value of 5.07 for the annual rice mean productivity of Egyptian
cultivars. It is found to be higher than the critical values of the lower and upper bounds
of the tabulated F at the significance level of 1.0% (Supplementary Table S4), explaining
the rejection of the null hypothesis. These results support the alternate hypothesis, i.e., the
presence of the long-term association between productivity and the climate variables.
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While estimating the long-term coefficients of the ARDL model for rice crop pro-
ductivity and the associated climate change parameters, the estimated F value was 20.89,
explaining the high significance of the ARDL model 1,0,0,1,0,0 (Table 5). A strong rela-
tionship between the climate variables and the explanatory variables was evident from
the value of the adjusted coefficient of determination (R2 = 82.10%). This means that the
changes in the productivity per hectare of rice were due to the change in the independent
variables that were included in the ARDL model (Table 5).

On a long-term basis, there was a statistically significant negative impact of both
minimum temperature and on-season precipitation. An increase in each of those variables
by 10% resulted in a decrease in rice productivity by 4.26% and 0.26%, respectively. In
general, an increase in ambient temperatures leads to increased evaporative water losses
coupled with increased water demand for transpiration [3]. Furthermore, the climate in
Egypt during the cropping season is generally dry, and the precipitation during the summer
season results mainly from water vapor and fog. It should be noted that several disease
incidences are increased at high humidity and high temperature. The ARDL modeling
showed a positive impact of off-season precipitation. Egypt receives its major off-season
precipitation in the form of rainfall during the winter season. The model estimated that
for every 10% increase in winter rainfall, there was a 0.51% increase in rice productivity
(Table 5). This off-season rainfall might increase the availability of more water during the
cropping season and decrease soil salinity in the root zone by flushing excess salt and
replenishing the groundwater table in the region [53]. These results are in line with those
obtained by Chandio et al. [36], who estimated the long-term impacts of climate change
on agriculture in China. In our study, the results from the ARDL model show that climate
change has a negative impact on rice crop productivity during the study period. A 10%
change in each climate variable may lead to a decrease in rice productivity of as much as
12.84%.

Furthermore, we also studied the short-term relationship between crop productivity
and the climate variables and found a negative but significant relationship. A 10% increase
in relative humidity might result in a reduction in rice productivity by 8.9% (Table 5). We
checked the stability of the generated ARDL model using cumulative sum (CUSUM) and
the cumulative sum of squares (CUSUMSQ) tests. The CUSUM and CUSUMSQ tests were
employed on the recursive regression residuals as described by Brown et al. [45]. The
results indicated the stability of the generated ARDL model as explained by the critical
bounds at a 5% significance level (Figure 5).
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4. Conclusions

We investigated the annual rice-cultivated area and production in Egypt during the
period from 2000 to 2018. A significant declining trend was observed in the cultivated
area, with a declining annual rate of 1.7% during the study period. The reduction in the
cultivated area was also reflected in the total production of rice crops in the country, as
there was a significant declining trend of approximately 1.90% of the annual average.

Cultivars Giza177, Giza178, Sakha101, Sakha102, and Sakha104 were among the most
popular cultivars during the study period accounting for 91.92% of the total rice-cultivated
area. Sakha101 was the best in terms of land unit productivity, while Sakha102 had the
highest average water unit productivity. Cultivar Sakha102, a shorter duration variety,
required a low amount of irrigation water and maintained higher water productivity.
Economic projections of cultivar substitution scenarios indicated that water savings from
the newly released rice cultivars such as Giza179 and Sakha107, which are shorter duration
and comparatively better yields, could save approximately 0.8 million m3 water per rice
season.

The effects of climate variability on the annual productivity of Egyptian rice cultivars
during the study period (2000–2018) were estimated using the ARDL model. The results
indicated a significant negative long-term relationship between crop productivity per
hectare and the climate variables. Even a 10% change in each climate variable would
result in adverse effects on rice productivity. This long-term impact was mainly due to the
minimum ambient temperature and on-season precipitation, while lower relative humidity
was the main cause of negative effects on short-term rice productivity.

The results emphasize a need for more robust rice breeding programs for incorporating
abiotic stress tolerance in rice, especially for water and heat stress tolerance, to mitigate
the negative impacts of climate change on grain yields and safeguard food security in a
sustainable manner by conserving natural resources.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agriculture11090865/s1, Table S1: Days to maturity of the studied rice cultivars; Table S2:
Average minimum temperature, maximum temperature, precipitation, relative humidity, and pre-
cipitation on- and off-season of the rice-cultivated area in Egypt during cropping seasons of the
study period; Table S3: Phillips–Perron (PP) unit test results of the rice productivity and the climate
change variables; Table S4: The bounds test for the existence of a long-term relationship between rice
productivity and climate factors.
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