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Preface

Drought is generally defined as a prolonged period of dry weather caused by a lack of 
precipitation that results in severe water shortages for some activities, populations, 
or ecological systems. The deterioration of the balance between precipitation and 
evaporation and the long duration of this situation can also be considered a drought. 
Drought types, such as meteorological, agricultural, hydrological, and socioeconomic 
droughts, adversely affect many environmental components, including soil processes, 
vegetation growth, wildlife, water quality, and aquatic ecosystems. While drought 
has unfavorable impacts on both surface and groundwater resources, hydrological 
regimes can also be affected by it, changing the chemistry of surface waters and the 
runoff pathway, which can negatively influence water quality.

While drought appears as one of the main consequences of changes in ecosystem and 
climate, the consumption of water used for domestic, industrial, and agricultural 
purposes has increased by 15% in the last two decades. Today, one out of every three 
people is faced with drought and water shortage risk, thus water scarcity and water 
stress. This book presents studies on the various forms and severity of the drought 
that can occur in almost every region of the world as well as their causes and impacts. 
It analyzes in detail the complex drought phenomenon, which has a significant impact 
on water resources, agriculture, energy production, human health, and forest fires.

This edited collection consists of four sections and ten chapters. The first section 
discusses the general concept of hydrological drought. The second section examines 
the effects of climate change on drought and life. The third section evaluates plant 
behaviors under drought conditions. The fourth and final section investigates the 
effects of climate change on drought and therefore on life.  

Murat Eyvaz
Associate Professor,

Department of Environmental Engineering,
Gebze Technical University,

Kocaeli, Turkey 

Ahmed Albahnasawi, Mesut Tekbaş and Ercan Gürbulak
Gebze Technical University, 

Kocaeli, Turkey 
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Chapter 1

Hydrological Drought Index Based
on Discharge
R. Rintis Hadiani, Bambang Suharto, Agus Suharyanto
and Suhardjono

Abstract

Drought is a natural phenomenon causing disasters and its period of occurrence can
be predicted in recent times based on several methods using the same or different
variables. The prediction is usually associated with the climate interactions in the form
of rainfall or discharge patterns which can be analyzed using the return period. There-
fore, this research was conducted in four different stages of data acquisition and vali-
dation, drought analysis method based on the data, drought prediction method based on
hydrology, and sample applications to determine the debit availability in other water-
sheds. Historical rainfall data converted to dependable rainfall at 80% probability were
used as input for the rainfall-discharge analysis while the hydrological drought analysis
was conducted using the drought threshold value. Moreover, the drought was predicted
using an artificial neural network model while historical data were used to verify the
hydrological character of the prediction model. The results of the analysis conducted
were further used to predict the water balance in different river areas due to the fact
that each area has a different hydrological character. Meanwhile, the watersheds used as
case research showed that the model has reliability of up to 80%.

Keywords: drought, rainfall pattern, discharge pattern, hydrological drought,
drought index

1. Introduction

Drought is a condition when there is very little extreme rainfall or no rainfall for a
relatively long period outside the dry season [1, 2]. Its occurrence in a watershed is
recommended to be analyzed using discharge data in addition to the rainfall data [3].
Moreover, the hydrological drought index (HDI) is normally used to describe the
drought severity based on discharge data which is indicated as HDI1, and simulation
which is denoted as HDI2. The discharge prediction model, which is known as the
Artificial Neural Network model, is based on a flexible mathematical structure and has
the ability to identify a complex nonlinear relationship between input and output [4].
The characters of the rainfall and discharge data were also observed to be adaptable to
the method. The purpose of this research is to answer the following questions:

1.What is the estimated discharge calculation model based on rainfall data?
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2.How can the dry duration and deficit be determined?

3.What is the hydrological drought index (HDI) in the watershed of the research
location?

4.What are the HDI criteria in the watershed of the research location?

2. Literature review

2.1 Data statistical analysis

The rainfall data consistency was tested using multiple mass curves [5, 6], while
the discharge data normality test was conducted using probability density function
(pdf) analysis with the criterion being that normally distributed data will form a linear
or straight line. Moreover, the discharge probability was analyzed using the cumula-
tive distribution function (CDF).

The statistical analysis is usually conducted to determine:

1.Threshold (X0) is the limit determined based on the analysis requirements [7]
and according to the selected distribution.

2.X0 as Q50 or Q80 such that Q50 is a normal Q with a probability of 0.5 or data
median, while Q80 is a dependable Q with a probability of 0.2.

The criteria are divided into two, which are as follows:

• The value is dry (D) and wet (W) when Q80 < Q [7].

• The value is extremely dry (ED) and very dry (VD) when Q < Q80 [8].

2.2 Calculation of hydrological drought index (HDI) in data statistical analysis

The drought index is a comparison of the deficit to the watershed area as indicated
in the following Equation [8]:

HDI ¼ deficit
Areal

m3= sec
km2 (1)

HDI is the hydrological drought index, the deficit is the difference between X0 and
Xt (ten daily), X0 is the dry threshold, and Xt is the ten daily periods of discharge.

Drought severity involves the analysis of the duration and deficit in dry conditions.

2.3 Hydrological modeling with artificial neural network (ANN) model

The rainfall and runoff data were simulated through the artificial neural network
method using several inputs and outputs [9, 10]. This method imitates the function of
the human nervous system and works in line with human learning patterns [11]. The
backpropagation using a binary sigmoid activation function has been discovered to be
a good ANNmodel for hydrology. This is due to the fact that the activation function is
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the net (network) of the linear combination of the inputs and their weights. It is
important to note that this model fits the pattern characteristics of the input and
output data which are required to follow a normal distribution in the range of 0–1
(0,10,9) [12, 13].

The determination of the hydrological data requires that the parameters recorded
for January be influenced by the hydrological conditions in January of the previous
year and the same trend is expected to continue from February to December. The data
were also sorted from January to December at the end of the time series and the
estimation was continued for the next few years. Moreover, the runoff model was
designed in line with the rainfall data input based on the analysis of variables in the
HDI analysis. Meanwhile, the architecture and equations of the backpropagation
method used in this research are presented in Figure 1 [14, 15].

Where P1 is the 1st data input, Pn is the nth data input, Z1.1 is the 1st auxiliary
variable in hidden layer 1, Z1.2 is the 2nd auxiliary variable in hidden layer 1, Z2.1 is the
1st auxiliary variable in hidden layer 2, Z2.2 is the 2nd auxiliary variable in hidden layer
2, b (=1) is the specified bias value which is equal to one, and Qn is the nth data
output.

z_net j ¼ v j0 þ
Xn
i¼1

Pivji (2)

Figure 1.
ANN for discharge calculation.
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z j ¼ f z_net j
� � ¼ 1

1þ e�z_net j
(3)

Q_netk ¼ wko þ
Xp

j¼1

z jwkj (4)

Qk ¼ f Q_netkð Þ ¼ 1
1þ e�Q_netk

(5)

2.4 Discharge prediction model analysis

The results from the model analysis were examined based on the theory of runs
which involves the analysis of two processes of sequential and opposite events at a
boundary which is within a certain period [16].

The two kinds of “runs” available are run-length and run-sum with the run-length
usually used for hydrological analysis related to the prediction of time which is also
known as the frequency analysis while the run-sum is for those related to the predic-
tion of rainfall duration and intensity within the analysis season. The overview of
these runs is presented in the following Figure 2.

The run test was conducted on the simulated data, and since m is a positive run-
length while n is a negative run-length as indicated in Figure 2, the total run-length
(r) is m + n. Moreover, the estimated value of r, E(r), was expressed using the
probability (q) for the estimated positive run-length, m, and (p) as the estimated
probability value for the negative run-length, n. This relationship was expressed as
follows [16]:

E rq
� � ¼ 1

q 1� pð Þ ¼
1
pq

(6)

with boundary conditions 0 < q < 1

p ¼ m
mþ n

; ¼ n
mþ n

;�rq ¼ 1
kr

Xkr

j¼1
rq,j (7)

where �rq is the total run-length by q (probability), j = 1, 2, 3, … , kr; and kr is the
total number of run-length.

Figure 2.
Overview of positive run-length, m, positive run-sum, S, negative run-length, n, and negative run-sum, D, on a
discrete series [16].
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It is also important to note that the estimated output in the model analysis is
expected to be within the tolerance limit formulated as follows:

1
pq

� tα=2
pq

p3 þ q3

kr

� �1=2

≤�rq ≤
1
pq

þ tα=2
pq

p3 þ q3

kr

� �1=2

(8)

where α is the tolerance limit (5%) and t is the normal distribution value from the
“t-table.”

2.5 Drought index parameter reliability analysis

The parameter reliability analysis was conducted because the model describes the
sample to be generalized to the population and this led to the application of a sample-
based model suitability test. In mathematical analysis, reliability is the ratio of the

Figure 3.
Concept of research.
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total items to the total variance and was applied to the dry duration and deficit vari-
ables of the applied watershed. The general formula used is the Cronbach’s alpha
equation as follows [17]:

αr ¼ k
k� 1

1� Σσi2

σi2 þ 2 Σσij
� �

" #
(9)

Where ¼ 1
10 i

2 is the number of variances i (the number of diagonals), 1
10 ij is the

covariance of items i and j, σi2 þ 2 Σσij
� �

is the total variance, and αr is the reliability of
the model.

3. Research method

The rationale of the research concept was used with the drought processes
observed to have occurred sequentially starting from meteorological drought,
agronomical drought, hydrological, to socioeconomical droughts, as indicated in
Figure 3 [18–20]. The concept was further used to create an operational research

Figure 4.
Research framework.
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framework that starts from the preparation of the model through the collection and
processing of rainfall, discharge, and climate data of the research location followed by
the modeling and verification as well as the calculation of HDI. The model was later
applied and tested on the selected watershed as presented in Figure 4. The model is
built based on historical data in the observation Catchment Area. Then applied to the
simulation Catchment Area.

4. Results and discussion

4.1 Data consistency and normality

The data from the rainfall stations in the selected watershed area, including
Kedungsangku, Senduro, and Ranupakis stations, were tested for consistency and the
results showed that they are consistent. The same process was conducted on the
rainfall data from the applied watershed, such as Dampit, Poncokusumo, Sengguruh,
Tangkil, and Wagir stations, and the results also showed that the data are consistent.

The normality test was conducted on the discharge data using pdf analysis with the
indicator for the normal distribution being the formation of a straight line when the
data are plotted visually. The results showed that the discharge data at Automatic
Water Level Record (AWLR) and Umbul Dam (observation CA) are not normally
distributed and the same trend was also observed for the data from Sutami Dam
(Simulation CA).

4.2 Data statistical analysis and threshold

The distribution analysis showed that the discharge data from AWLR and Umbul
Dams follow the gamma distribution and the same was also reported for the rainfall
data from Kali Asem Catchment Area and Umbul sub-watersheds as well as the
discharge data from Sutami Dam.

The next analysis conducted based on the gamma distribution showed the follow-
ing results for the Kali Asem and Umbul sub-watersheds:

• Qaw50 = 16.27(m3/sec) which is interpreted as normal discharge in AWLR.

• Qd50 = 21.31(m3/sec) which is interpreted as normal discharge in Umbul Dam.

• Qaw80 = 11.31(m3/sec) which is interpreted as dependable discharge in AWLR.

• Qd80 = 14.32(m3/sec) which is interpreted as dependable discharge in Umbul Dam.

• P50 = 36.84(mm) which means normal rainfall.

The same method was used to obtain the threshold values for Sutami Dam as follows:

• P50 = 30.68(mm) which is interpreted as normal rainfall.

• Q50 = 64.34(m3/sec) which is interpreted as normal discharge in Sutami Dam.

• Q80 = 40.03(m3/sec) which is interpreted as normal discharge in Sutami Dam.
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• WL50 = +267.91(m) which is interpreted as the dependable elevation of the water
level in Sutami Dam.

• WL80 = +264.29(m) which is interpreted as the dependable elevation of the
water level in Sutami Dam.

4.3 Deficit and dry duration observational data

The deficit is the difference between the volume of water shortage and the thresh-
old, while duration is defined as the total time the deficit occurred. The results of the
analysis showed that the duration and deficit do not have the same visual pattern and
this means the deficit value does not describe the duration value and vice versa.

The debit deficit on theVeryDry criteria (based onQaw80), consecutive (run-length)
(d), and the total deficit (run-sum)was recorded from January 3 to October 3, 1991, with
a total deficit of 142,928 (m3/sec. Ten daily) and 27 ten daily followed byMay 1 to Dec 1,
1997 with 15.88 (m3/sec. Ten daily) and 22 ten daily, and Jan 1 to Aug 2, 2003 with 46,725
(m3/sec. Ten daily) and 25 ten daily, respectively, as indicated in Figures 5 and 6.

4.4 HDI1 and HDI2 in Kali Asem and Umbul sub-watersheds

The calculation showed that the HDI1 for the Kali Asem sub-watershed at Qaw80 was
0.00, the HDI1 limit at Qaw50 was 0.0180, and at 70% Qaw80 was recorded to
be �0.0123. Moreover, the result for the HDI1 in the Umbul sub-watershed at Qd80 was
found to be 0.00, the HDI1 limits at Qd50 were 0.0200 while at 70% Qd80 was�0.0123.

The discharge prediction simulation model implemented the backpropagation
ANN using the following parameters:

1.The model consists of one input, two hidden, and two output layers.

2.The network was formed using Descant Gradient Learning (trainingdm) with
logsig used for activation in the hidden layer and purelin in the output layer.

Figure 5.
Deficit based on Qaw50 and Qaw80 in the AWLR of the Kali Asem sub-watershed [21].
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3.The model simulation stops at the specified epoh of 1000 epoh or a mean square
error (MSE) of 0.05.

The “scatterplot” of the Qsimulated and Qobserved in Figure 7 shows a straight line
and coincides. This means the simulation data has a statistical character that is not
significantly different from the observation data.

The HDI1 value also ranged from 0.002 to 0.024 while the HDI2 value ranged from
0.001 to 0.022 (Extremely Dry). Moreover, a shift was observed in the dry time and

Figure 6.
Deficit of discharge, Qaw in 1991, 1997, 2003 [21].

Figure 7.
Suitability analysis for the simulation results based on the discharge at Umbul dam [21].
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this means it is difficult for the simulation to accurately predict the start or end time
for the drought condition (see Figure 8).

The calculation showed that the equation can be written in the form of a matrix as
follows:

• Input weight, P ! Z1ð Þ ¼

�2, 434 2, 385

�1, 422 �1, 312

�2, 730 �1, 428

2, 198 �2, 700

1, 798 �0, 613

�0, 823 3, 194

1, 206 �0, 166

�4, 729 �3, 937

2
6666666666666666664

3
7777777777777777775

• Input bias weight, b ¼ 5, 893 5, 369½ �

• Hidden layer weight� 1, Z1 ! Z2ð Þ ¼ 0, 755 7, 685

�7, 359 2, 927

" #

• Hidden layer bias weight� 1, b ¼ �8, 477 �1, 755½ �

• Hidden layer weight� 2 Z2 ! Qð Þ ¼
0, 021 �0, 033 0, 891 0, 762 �0, 087 0, 068 0, 748 �0, 101

�0, 022 0, 562 �0, 739 0, 987 0, 999 �0, 648 �0, 179 0, 332

� �

Figure 8.
FDC analysis on the Q observation and simulation (Qobservation and Qsimulation, as well as IK observation and IK
simulation [21].
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• Hidden layer bias weight� 2 b ¼
0, 713 0, 129 0, 236 0, 267 0, 681 0, 644 0, 389 0, 383½ �

The model was simulated at Umbul Dam for verification and the results showed
that the simulation data is within the tolerance limit (α) of 5% which indicates that it
is not significantly different. A run test was also conducted on the drought parameter.

• The statistical tests conducted using analysis of variance showed that the
statistical value in Levene’s test for the data that was not necessarily normally
distributed was 1.38 with p = 0.123. The p-value α > (0.05) means the null
hypothesis was not rejected and this indicates the same variance.

• The Bartlett test also showed that p = 0.995 > α = 0.05 and this means the
simulation data are not the same as the observation data while the median
analysis conducted using Levene’s test also obtained p = 0.123 > α (0.05) and this
means the null hypothesis was not rejected (same median). Moreover, the run
analysis showed that E(r) Qdsim4 was 4.049 and the E(r)Qdsim was 4.016,
which lies within the tolerance limit of 4.701–3.331 at α of 5%. This means the
simulation data are not the same as the observation data.

4.5 HDI1 in Sutami watershed

The threshold analysis for the Sutami sub-watershed using observational data from
1991 to 2006 showed the value for Q50 was 64.34 m3/sec and Q80 was 40.03 m3/sec.
Meanwhile, HDI1 for Q80 was calculated to be 0.00 while the limit at Q50 was 0.0119
and at 70% Q80 was �0.0059.

The calculation showed that HDI1 ranged from 0.000 to 0.007 while HDI2 was
from 0.000 to 0.007 in line with the severe drought criteria and this means the
simulation was unable to determine the exact time the drought starts and ends.
Moreover, the dry deficit duration calculation showed that the simulation data was
accepted at α = 5% while the median test indicated that the simulation data have the
same characteristics and are not significantly different from the observation data. The
“scatterplot” test of the simulation data presented in Figure 9 and the Flow Duration
Curve test in Figure 10 also showed that there was a match between the observation
and simulation data.

Figure 9.
The suitability analysis of the simulated scatterplot in Sutami dam [21].
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4.6 HDI2 at Sutami sub-watershed

The Z test analysis showed that p = 0.064 > α = 0.05 and this means the simulation
and observation are not the same as the mean test while Mann–Whitney median test
also showed the value of p = 0.0547 > α = 0.05 and this also indicates the same trend as
indicated in Table 1.

The Qsimulation mean value was observed to be within the tolerance range of the
Qobservation while the p-value > α = 0.05 indicates the simulation is not the same as the
observation data but the analysis conducted at Sutami Dam showed that the simula-
tion data can be accepted.

The results showed that the simulation can be used to predict the drought in the
Sutami sub-watershed for 2007–2014 with the dry limit observed to be at 0.000
< HDI < 0.0119, the very dry limit at �0.0059 < HDI < 0.000, and the extremely
dry limit at HDI < �0.0059. The analysis further indicates that the lowest HDI value
that has ever occurred was �0.006 which is included in the extremely dry criteria.

4.7 Reliability of the simulation results in Sutami sub-watershed

The reliability calculated using Eq. (9) showed that the analysis value for Q50 was
79% and Q80 was 81%.

5. Conclusion

The research concludes that:

1.The calculation model for the estimated discharge is based on the ten daily
rainfall data from the selected watershed which includes Kali Asem Catchment

Variable N Mean StDev SE-Mean 95% CI Z P

Q 288 71,676 35,894 2,115 (67,531; 75,821) 0 0,999

Qsim 288 75,603 33,244 2,115 (71,458; 79,748) 1,86 0,064

Table 1.
Results of the Z-test QObservation and QSimulation in Sutami dam [21].

Figure 10.
Flow duration curve conformity analysis of the simulation results at Sutami dam [21].
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Area and Umbul sub-watersheds. This is in the form of a mathematical equation
which is stated as follows

Q1 = �0,021 Z21�0,022 Z22 + 0,713

where:

Z21 = 0,755 Z11 + 7685 Z12–8477

Z22 = � 7359 Z11 + 2927 Z12–1755

And,

Z11 = �2434 P1–1422 P2–2730 P3 + 2198 P4 + 1798 P5–0,823 P6 + 1206 P7–4729
P8 + 5893

Z12 = 2385 P1–1312 P2–1428 P3–2700 P4–0,613 P5 + 3194 P6–0,166 P7–3937
P8 + 5369

Q2 = �0,033 Z21 + 0,562 Z22 + 0,129

Q3 = 0,891 Z21�0,739 Z22 + 0,236

Q4 = 0,762 Z21 + 0,987 Z22 + 0,267

Q5 = �0,087 Z21 + 0,999 Z22 + 0,681

Q6 = 0,068 Z21�0,648 Z22 + 0,644

Q7 = 0,748 Z21�0,179 Z22 + 0,389

Q8 = �0,101 Z21 + 0,332 Z22 + 0,383

The simulation test showed that the model was accepted at α = 5% or 95%
confidence level and the reliability of its parameters, when applied to Sutami
sub-watershed, was found to be only 80%.:

2.The dry duration and deficit were determined based on the threshold value
obtained from historical discharge data using pdf and CDF analysis. The
criteria used were that the watershed is believed to be dry to wet when the
discharge is above the threshold and dry when it is below the threshold.
Moreover, the analysis showed that the data were gamma distributed with a
threshold value of:

• P50 = 36.84 which means the normal rainfall in the analysis period was
36.84 mm/ten daily.

• Qaw50 = 16.27 which means the normal discharge at AWLR during the
analysis period was 16.27 m3/sec. Ten daily.

• Qd50 = 21.31 which means the normal discharge at AWLR in the analysis
period was 16.27 m3/sec. Ten daily.

• Qaw80 = 11.31 which means that the dependable discharge in AWLR in the
analysis period is 11.31 m3/sec. Ten daily.

• Qd80 = 14.32 which means the dependable discharge at Umbul Dam during
the analysis period was 14.32 m3/sec. Ten daily.
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3.HDI for Kali Asem and Umbul sub-watersheds have the following limitations:

• Dry when 0.000 < HDI < 0.018,

• Very Dry when �0.012 < HDI < 0.00,

• Extremely Dry when HDI < �0.012.

HDI in Sutami sub-watershed has the following limits:

• Dry when 0,000 < HDI < 0,012,

• Very Dry when �0,006 < HDI < 0,00,

• Extremely Dry when HDI < �0,006.

4.The criteria for IK at Kali Asem and Umbul sub-watersheds based on the research
results showed the extremely dry (ED) with duration sharpness in zone 2 which
occurred in 1991 and very dry (VD) with a sharpness of zone 2 in 2003.
Meanwhile, the lowest HDI value in 1991 was �0.024 and the duration was 23
ten daily. In 2003, the lowest HDI value was �0.016 with a mean value
of �0.007 and a duration of 23 ten daily. This means the drought occurred twice
during the analysis period, in 1991 and 2003, with a duration sharpness of more
than 7 months which exceeds the usual 6 months for the dry season.
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Chapter 2

Review of Hydrological Drought 
Analysis Status in Ethiopia
Kassa Abera and Admasu Gebeyehu

Abstract

Drought is a complex natural disaster unlike flood, which covers a large area when 
it occurred. This review was conducted on hydrological drought analysis and moni-
toring status in Ethiopia by reviewing the master plan of eight major river basins and 
previous research related to drought. A total of 24 article papers was reviewed and 
it is found that hydrological drought analysis studies cover only 8.33% of all of the 
river basins in Ethiopia. Researchers in the region have focused primarily on meteo-
rological drought (37.5%) rather than hydrological and agricultural drought analysis. 
Although Ethiopia has long been dependent on rainfed agriculture for its economy 
and remains the primary livelihood of the population, the Ethiopian government has 
begun focusing on transitioning to an industrial economy, placing pressure on the 
water resource. In a region plagued by drought, drought analysis, and monitoring, 
drought early warning systems and effective mitigation measures are still limited and 
even lacking in some areas. Therefore, emphasis on hydrological drought analysis and 
development of suitable drought mitigation measurements is important to implement 
strategies for effective and sustainable water resource management by which water 
may remain available during the long dry seasons and the impacts of hydrological 
drought may be lessened.

Keywords: hydrological drought, drought mitigation, Ethiopian river basins

1. Introduction

Drought is a worldwide natural hazard and has a detrimental impact on society, 
the environment, and the economy [1]. Extreme hydrological events both high 
(flood) and low (drought) flow are of particular concern globally. Of these hydrologi-
cal extremes, drought is the most complex and widespread [2]. It is one of the most 
common natural events that has devastating negative impacts on agriculture and 
water resources [3].

There is no universal definition for drought due to its complexity [4]. 
Therefore, meteorologists defined drought as a scarcity of precipitation [5–10]; 
hydrologists have defined hydrological drought as scarcity of surface and sub-
surface water [5, 6, 7–15]; agriculturalists and agronomists defined agricultural 
drought as related to soil moisture deficiency [3, 16, 17] and sociologists and 
economists defined the overall welfare crisis of the society caused by drought to be 
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socioeconomical drought [4, 18–21]. These types of droughts have accumulating 
effects, thus meteorological drought results in losses, such as crop stress, predation 
by pests, and disease due to low moisture, to the agricultural systems while hydro-
logical drought causes the shortage of water supply, decrease in reservoir water 
level and groundwater volume, lower irrigation and hydropower production [14]. 
The accumulation of meteorological and hydrological drought results in socioeco-
nomical drought in which the overall ecosystem will be disturbed and human and 
animal lives will be negatively impacted and even lost [15].

Historically, Ethiopia has faced multiple seasonal drought events due to erratic 
rainfall and climate change [22]. The most drought-prone areas in Ethiopia are in 
Northeast Ethiopia and the Upper Blue Nile basin, including the Northern Tigray 
region, some parts of Amhara regions, such as South Wollo, North Wollo, South 
Gondar, and Afar Region, most parts of Somalia Region, and Eastern parts of Oromia 
Region [1, 3, 23–27]. Drought in Ethiopia occurs at a recurrence interval of 3–10 years 
[1], and even though this frequent recurrence is common, there still lacks any firmly 
established drought mitigation measure for these events. Only short-term response 
efforts are provided in the form of food aid when food supplies have decreased 
significantly due to extended drought.

Meteorological drought analysis has been studied frequently, yet hydrological and 
agricultural drought analysis and monitoring are not studied adequately. It is thought 
that Ethiopia is a water tower in East Africa but water resource management over 
the region is not well developed. This aggravates the natural hazard, such as drought 
impact on human life. Hydrological drought has a great influence on water supply 
irrigation and power production by reducing the availability of surface and subsurface 
water. There are few dams and reservoirs in the country and most of them are hydro-
power plants. But there is a lack of water conservation to reduce drought impact when 
it occurs. Generally, drought monitoring and forecasting studies are untouched and 
need a thorough investigation to alleviate socioeconomic problems related to drought.

The objective of this review chapter is to assess the status of hydrological drought 
studies in Ethiopia by reviewing different previously studied article papers related to 
drought. A total of 24 article papers was reviewed and the master plan of the eight-
river basin was also reviewed. Of these, only two papers were related to hydrological 
drought and the remains were about meteorological and other drought-related topics. 
This implies that hydrological drought studies in Ethiopia require further analysis, 
monitoring, and forecasting investigation. Therefore, it is important to do this kind 
of review to show the gap of drought studies over the region for future researchers, 
stakeholders, and planners to develop a suitable early warning system.

2. Materials and methods

2.1 Description of the study area

Ethiopia has an ample amount of water resources when compared to other 
African countries yet the development is still poor. There are 12 major river basins 
in the country which generate an annual runoff of 123 BM3 (Table 1). From these, 
Aysha and Ogaden river basins are dry and the Mereb and Denakle have insignificant 
streamflow over the year, the border basins from North to East direction (Figure 1). 
Eight river basins have a well-organized master plan, however, only the three river 
basins (Abbay, Awash, and Tekeze) are popularly studied for the development of 
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River basin Area (km2) Annual runoff (BM3) Terminus

Abbay 199,912 52.6 Mediterranean

Awash 110,000 4.6 Within the country

Baro 75,912 23.6 Mediterranean

Genale Dawa 172,259 5.8 Indian Ocean

Omo Gibe 79,000 17.9 Lake Turkana

Tekeze 82,350 7.6 Mediterranean

Rift Valley 52,000 5.6 Chew Bahir

Wabishebele 202,220 4.6 Indian Ocean

Mereb 5900 0.26 Sudanese Wetland

Denakle 64,380 0.86 Within the country

Aysha 2223 0

Ogaden 77,120 0

Total 1,123,276 123.42

Source: River Basin Master Plan; Ministry of Water, Irrigation and Electricity, Ethiopia.

Table 1. 
Characteristics of Ethiopian major river basins.

Figure 1. 
Drought study information of Ethiopian river basins.
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irrigation, water supply, and hydropower projects. Different types of drought studies 
were also relatively studied in these river basins. In the Wabishebele river basin, one 
hydrological drought analysis was studied by Awas [26]. Abbay and Awash basins 
have good hydrometeorological data and are highly invested when compared to other 
river basins. This review is focused on the assessment of hydrological drought analysis 
and the drought mitigation approach of previous research in Ethiopia, related to 
drought.

Spatially, the Abbay river basin is the largest and it covers 43.1% of the surface 
runoff of the country. The general characteristics of each river basin in the country 
are given in Table 1. In Ethiopia, there is a high seasonal flow and rainfall variation. 
As shown in Figures 2 and 3, Abbay and Omo gibe river basins have a high flow when 
compare to other river basins and overall the maximum flow is obtained during the 
summer season from June to August (JJA).

Ethiopia has 12 major river basins, most of which are transboundary rivers except 
the Awash river. The total surface water is estimated at 124 BM3 and the groundwater 
potential is estimated near 30 BM3 [28]. Up to 70% of the surface water is originated 
from the central and western highlands on the western sides of the Great Rift Valley 
flow to the west into the Nile river basin system that covers 39% of the landmass and 
the remaining 30% of surface water originated from eastern highlands flow into east 
that covers 61% of the landmass.

2.2 Historical drought in Ethiopia

Ethiopia is experienced severe drought problems for the last decades. According to 
Mohammed et al., the most drought years in North East Highlands of Ethiopia were 
1984, 1987, 1988, 1992, 1993, 1999, 2003, 2004, 2007, and 2008 [1]. Bayissa et al. also 
found that 1984/85 and 2003/04 were the extreme drought years in the Upper Blue 
Nile basin in Ethiopia [29]. Based on EM-DAT, 2014, the most severe drought years 
in Ethiopia from 1900 to 2013 were 1965, 1969, 1973, 1983, 1987, 1989, 1997, 1998, 
1999, 2003, 2005, 2008, 2009, and 2012 with an average recurrence interval of 4 years 

Figure 2. 
Seasonal variation of streamflow over Ethiopian river basins.



23

Review of Hydrological Drought Analysis Status in Ethiopia
DOI: http://dx.doi.org/10.5772/intechopen.102763

0

100

200

300

400

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

All Basins

Abbay Tekeze Awash Baro

Omo R.Valley Genale Wabishebele

Figure 3. 
Mean monthly rainfall of eight river basins in Ethiopia.

No. Author Title Drought Category

1 Philip et al. [22] Attribution analysis of the Ethiopian 
drought of 2015

General

2 Belayneh et al. [2] Long-term SPI drought forecasting in the 
Awash river basin in Ethiopia using wavelet 
neural network and wavelet support vector 
regression models

Meteorological

3 Yimer et al. 2017 Meteorological drought assessment in 
northeast highlands of Ethiopia

Meteorological

4 Araya and Leo 
Stroosnijder, 2011

Assessing drought risk and irrigation need 
in northern Ethiopia

General

5 Enyew et al. [27] Assessment of the impact of climate change 
on hydrological drought in Lake Tana 
catchment, Blue Nile basin, Ethiopia

Hydrological

6 Edosa et al., 2010 Drought analysis in the Awash river basin, 
Ethiopia

Hydrometeorological

7 USAID Report, 2018 Economics of resilience to drought; 
Ethiopia analysis

Socioeconomic

8 Philip et al. [22] The drought in Ethiopia, 2015 General

9 Jjemba et al. Extreme drought in Ethiopia stretches 
drought management systems

Socioeconomic

10 Gebrehiwot et al. [24] Spatial and temporal assessment of 
drought in the Northern highlands of 
Ethiopia

Meteorological

11 Bayissa et al. [17] Comparison of the performance of six 
drought indices in characterizing historical 
drought for the Upper Blue Nile basin, 
Ethiopia

Meteorological

12 Awass [26] Hydrological drought analysis occurrence, 
severity, risks: the case of Wabishebele 
river basin, Ethiopia

Hydrological

13 EL Kenawy et al., 2016 Changes in the frequency and severity of 
meteorological drought over Ethiopia from 
1960 to 2013

Meteorological
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[30]. Generally, the year 1984 was a bad drought event in Ethiopia and it was globally 
known. Here, all the above-stated drought years were analyzed based on meteorologi-
cal drought indicators, especially standardized precipitation index (SPI) and palm 
drought severity index (PDSI).

2.3 Data collection and analysis

To review the status of hydrological drought conditions in Ethiopia, important 
data were collected from the Ministry of Water, Irrigation, and Electricity, depart-
ment of Basin Development Authority. The river basin master plan was thoroughly 
reviewed and previous drought-related studies in Ethiopia were also assessed.

During this review, 24 articles and conference papers related to drought studies in 
Ethiopia were collected. From these, nine papers are meteorological drought stud-
ies, seven papers are general drought impact studies, and the remaining eight were 
agricultural, hydrological, and socioeconomic drought studies (Tables 2 and 3). 
Surprisingly, except for some general drought studies related to drought impact 
over the country, other drought studies were conducted in some specific parts of the 

No. Author Title Drought Category

14 Bayissa et al. [29] Spatio-temporal assessment of 
meteorological drought under the influence 
of varying record length: the case of Upper 
Blue Nile basin, Ethiopia

Meteorological

15 Zeleke et al. [18] Trend and periodicity of drought over 
Ethiopia

Meteorological

16 Teshome and Zhang [20] Increase of extreme drought over Ethiopia 
under climate warming

General

17 Viste et al. [19] Recent drought and precipitation 
tendencies in Ethiopia

General

18 Getachew et al., 2020 Application of artificial neural networks 
in forecasting a standardized precipitation 
evapotranspiration index for the Upper 
Blue Nile basin

Meteorological

19 Getachew, 2018 Drought and its impacts in Ethiopia Socioeconomic

20 Temam et al., 2019 Long-term drought trends in ethiopia with 
implications for dryland agriculture

Agricultural

21 Dawit et al., 2019 Comparison of meteorological and 
agriculture-related drought indicators 
across Ethiopia

Meteorological and 
agricultural

22 Y.A. Bayissa et al., 2018 Developing a satellite-based combined 
drought indicator to monitor agricultural 
drought: a case study for Ethiopia

Agricultural

23 IDA GRANT-H0280, 
2011

Emergency drought recovery project 
(EDRP) in Ethiopia

General

24 Sara Pantuliano and 
Mike Wekesa, 2008

Improving drought response in pastoral 
areas of Ethiopia

General

Table 2. 
Summary of selected literature related to drought studies in Ethiopia for this review.
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country. Especially meteorological drought studies were highly focused on the Abbay 
river basin (Upper Blue Nile) and Awash river basin. Agricultural and socioeconomic 
drought studies slightly tried to see the overall drought conditions in Ethiopia. 
However, these are also not studied in-depth.

Agricultural and socioeconomic drought studies were not focused on a particular 
river basin. Total 13 articles, including agricultural, socioeconomic, and general 
concepts, and drought impacts in Ethiopia were covered in some parts of the country 
without specifying a particular river basin.

3. Result and discussion

3.1 Hydrological drought status of the country

Ethiopia has been affected by drought many times over the last few centuries. 
However, drought studies and mitigation measurement investigation are still limited. 
Although there are few drought studies in the country; it is insufficient. Especially 
agricultural, hydrological and socioeconomic drought studies are untouched. As 
shown in Table 4 and Figure 4, most drought studies in Ethiopia are focused on 
meteorological drought and other general drought-related impact assessments. 
Meteorological drought is highly varying within the short-period scale in a month 
depending on the precipitation variability. Therefore, drought analysis from a short-
time scale may lead to an erroneous conclusion. But hydrological drought study 

N0. Basin Article related to meteorological 
drought

Articles related to hydrological 
drought

1 Abbay 3 1

2 Awash 2

3 Omo-Gibe 1

4 Rift Valley 1

5 Tekeze 2

6 Wabishebele 1

Table 3. 
Different types of drought studies status in each river basin.

Type of drought Number of studies Percentage (%)

Meteorological drought 9 37.5

Hydrological drought 2 8.33

Agricultural drought 3 12.5

Socioeconomic drought 3 12.5

General related to drought impact 7 29.16

Total articles reviewed 24 100

Table 4. 
Types of drought studies over Ethiopia.
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requires a long-term time scale greater than 6-month cumulative drought conditions 
of the study area. Mostly hydrological drought analysis is conducted annually based 
on and above, which will give some concrete information about the drought situa-
tion of a particular study area. From this review, hydrological drought studies were 
covered only 8.33%, which implies that it needs further study (one article in Abbay 
subbasin and one article from Wabishebele basin). Almost 78% of the study were 
concentrated in North Eastern and Upper Blue Nile basin, Tekeze and Abbay, and 
Awash river basin and which is meteorological drought (Table 3). Two researchers 
have been studied, hydrological drought in Abbay and Wabishebele basins (Table 3). 
But the remaining six basins are still not studied. Now the government of Ethiopia 
is planning to transform from agricultural lead to industrial transformation. This 
will have achieved when the natural resource will be properly managed and utilized. 
Water is the central part of all infrastructures development. However, the master 
plan of major river basins in Ethiopia focused only on the potential assessment of 
irrigation and hydropower, and there is no drought trend analysis and future hydro-
logical drought forecasting. Hydrological drought affects irrigation, water supply, 
hydropower, and other water-related sectors. So, it is important to study the historical 
hydrological drought characteristics, such as frequency, magnitude, duration, sever-
ity, and future probability of the basin streamflow to satisfy all demands.

As far as reviewed from the basins master plan report and previous pieces of 
literature, there is no method adopted to analyze the hydrological drought in the 
region. But for sustainable water resource development, mitigation measurements 
of the extreme hydrological events, such as floods and drought, are impropriated. 
Otherwise, simply constructing any structure in the basin alone may not be a solution 
to improve poverty over the country.

3.2 Meteorological and agricultural drought

From the reviewed papers, 37.5% was covered meteorological drought analysis and 
monitoring studies, and agricultural drought studies were covered 12.5% (Table 4). 
Ethiopia is highly dependent on rainfed agriculture; so, meteorological and 

Figure 4. 
Percentage of drought studies in Ethiopia (MD = meteorological drought, HD = hydrological drought,  
AD = agricultural drought, SED = socioeconomical drought, and GD = general drought-related studies).
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agricultural drought analysis, monitoring, and early warning system development are 
crucial. But still, there is no well-adopted drought analysis technique for a nationwide 
or a regional level. As a result, the development of drought early warning system has 
lacked. At the same time, hydrological drought analysis and monitoring is also key 
point for river basin development and water resource management. But due to its 
large input data requirement, hydrological drought study is not further investigated.

3.3 General drought-related studies

The socioeconomic of Ethiopia is continuously affected by frequent drought 
disasters. It is difficult to cope with subsequent years after drought has occurred. Up 
to 29.16% of the reviewed papers were related to drought impact, attribution, eco-
nomics resilience to drought, extreme drought assessment, trend, and periodicity of 
drought in Ethiopia [4, 18–20]. Except for some articles, most of the reviewed articles 
were conducted in some parts of the country and did not give good information about 
the effect of drought in the country.

4. Conclusion

During any river basin master planning, considering extreme hydrological events, 
such as floods and drought, are the important issues for sustainable water resource 
development. Otherwise, simply focusing on the investigation and assessment of the 
available natural resources in a specific river basin and utilization of the resource will 
never bring development. Particular attention is to be given to drought-affected areas 
and conjunctive use of ground and surface water is encouraged. Aridity is the general 
characteristic of an arid climate and represents a (relatively) permanent condition, 
while drought is temporary. In an arid climate, drought can still occur when local 
conditions are even drier than normal. But 90% of the reviewed studies in Ethiopia 
were conducted on arid and semiarid areas of the region. Generally, hydrological 
drought study lacked in the country. Therefore, in the future, it is important to focus 
on hydrological drought monitoring and forecasting to achieve the sustainable utiliza-
tion of available water resources in Ethiopia.

Acknowledgements

All the river basin master plan documents were freely accessed from the Ministry 
of Water, Irrigation, and Electricity of Ethiopia. Therefore, great gratitude is given 
to all the staff members of the ministry, especially for Basin Development Authority 
Department.

Conflict of interest

We declared that we have no known competing financial interests or personal 
relationships that could have appeared to influence the work reported in this chapter.



Drought - Impacts and Management

28

Author details

Kassa Abera1,2* and Admasu Gebeyehu2

1 Wollo University, Kombolcha Institute of Technology, KIoT, Ethiopia

2 Addis Ababa University, Addis Ababa Institute of Technology, AAiT, Ethiopia

*Address all correspondence to: kassaabera21@gmail.com

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Review of Hydrological Drought Analysis Status in Ethiopia
DOI: http://dx.doi.org/10.5772/intechopen.102763

29

References

[1] Mohammed Y, Yimer F, Tadesse M, 
Tesfaye K. Meteorological drought 
assessment in north east highlands of 
Ethiopia. International Journal of Climate 
Change Strategies and Management. 
2018;10:142-160

[2] Belayneh A, Adamowski J, Khalil B, 
Ozga-zielinski B. Long-term SPI 
drought forecasting in the Awash river 
basin in Ethiopia using wavelet neural 
network and wavelet support vector 
regression models. Journal of Hydrology. 
2014;508:418-429

[3] Araya A, Stroosnijder L. Assessing 
drought risk and irrigation need in 
northern Ethiopia. Agricultural and 
Forest Meteorology. 2011;151:425-436

[4] Mera GA. Drought and its impacts in 
Ethiopia. Weather and Climate Extremes. 
2018;22:24-35

[5] Keskin ME, Terzi Ö, Taylan ED, 
Küçükyaman D. Meteorological drought 
analysis using artificial neural networks. 
Academic Journals. 2011;6:4469-4477

[6] Shen H, Yuan FEI, Ren L, Kong HAO, 
Tong RUI. Regional drought assessment 
using a distributed hydrological model 
coupled with standardized runoff index. 
Remote Sensing and GIS for Hydrology 
and Water Resources (IAHS Publ). 
2015;368:397-402

[7] Svoboda MD, Fuchs BA. Handbook of 
Drought Indicators and Indices. Geneva: 
World Meteorological Organization 
(WMO); 2017. ISBN 9781351967525

[8] Pashiardis S, Michaelides S. 
Implementation of the standardized 
precipitation index (SPI) and the 
reconnaissance drought index (RDI) 
for regional drought assessment: 

A case study for. European Water. 
2008;23:57-65

[9] Mohammed Y. Meteorological 
drought assessment in north east 
highlands of Ethiopia. International 
Journal of Climate Change Strategies and 
Management. 2018;10(1):121-141. DOI: 
10.1108/IJCCSM-03-2017-0059

[10] Zargar A, Sadiq R, Naser B, Khan FI. 
A review of drought indices. NRC 
Research Press. Environmental Reviews. 
2004;19:333-349

[11] Khanna M. Hydrological Drought 
Indices. New Delhi, India: Water Technol. 
Centre, Indian Agric. Res; 2010

[12] Trambauer P, Werner M, 
Winsemius HC, Maskey S, Dutra E, 
Uhlenbrook S. Hydrological drought 
forecasting and skill assessment for the 
Limpopo river basin, Southern Africa. 
Hydrology and Earth System Sciences. 
2015;19:1695-1711

[13] Abcdef IWY, Adef MB. Hydrological 
Drought Index Based on Reservoir 
Capacity—Case Study of Batujai Dam 
in Lombok Island. Indonesia: West Nusa 
Tenggara; 2018

[14] Van Loon AF. Hydrological drought 
explained. Wiley Interdisciplinary 
Reviews Water. 2015;2:359-392

[15] Boudad B, Sahbi H, Manssouri I. 
Analysis of meteorological and 
hydrological drought based in SPI 
and SDI index in the Inaouen Basin 
(Northern Morocco). Journal of 
Materials and Environmental Sciences. 
2018;9:219-227

[16] Tsige DT, Uddameri V,  
Forghanparast F. Comparison of 



Drought - Impacts and Management

30

meteorological and agriculture-related 
drought indicators across Ethiopia. Basel, 
Switzerland: MDPI Water; 2019

[17] Bayissa Y, Maskey S, Tadesse T, van 
Andel SJ, Moges S, van Griensven A, 
et al. Comparison of the performance 
of six drought indices in characterizing 
historical drought for the upper Blue 
Nile basin, Ethiopia. Geosciences.  
2018;8:81

[18] Zeleke TT. Trend and periodicity 
of drought over Ethiopia. International 
Journal of Climatology. 2017. DOI: 
10.1002/joc.5122

[19] Viste E, Korecha D, Sorteberg A. 
Recent drought and precipitation 
tendencies in Ethiopia. Theoretical and 
Applied Climatology. 2013. DOI: 10.1007/
s00704-012-0746-3

[20] Teshome A. Increase of extreme 
drought over Ethiopia under climate 
warming. Hindawi: Advances in 
Meteorology. 2019;2019:18. DOI: 
10.1155/2019/5235429 

[21] Ali A. Economics of Resilience 
to Drought—Somalia Analysis. USA: 
USAID; 2017. pp. 1-45

[22] Philip S, Kew SF, van Oldenborgh GJ, 
Otto F, O’Keefe S, Haustein K, et al. 
Attribution analysis of the Ethiopian 
drought of 2015. Journal of Climate. 
2018;31:2465-2486

[23] Chemeda D, Mukand E, Babel S. 
Drought analysis in the Awash river 
basin, Ethiopia. Water Resources 
Management. 2010;24:1441-1460

[24] Gebrehiwot T, van der Veen A, 
Maathuis B. Spatial and temporal 
assessment of drought in the Northern 
highlands of Ethiopia. International 
Journal of Applied Earth Observation 
and Geoinformation. 2011;13:309-321

[25] Gissila T, Black E, Grimes DIF, 
Slingo JM. Seasonal forecasting 
of the Ethiopian summer rains. 
International Journal of Climatology. 
2004;24:1345-1358

[26] Awass AA. Hydrological Drought 
Analysis—Occurrence, Severity, Risks: 
The Case of Wabi Shebele River Basin. 
German: University of Siegen; 2009 
[Dissertation]

[27] Van Lanen HAJ, Enyew B. 
Assessment of the impact of climate 
change on hydrological drought in 
Lake Tana catchment, Blue Nile basin, 
Ethiopia. Journal of Geosciences.  
2014;03:174

[28] Berhanu B, Seleshi Y, Melesse AM. 
Nile River Basin: Ecohydrological 
Challenges, Climate Change and 
Hydropolitics. Switzerland: Springer 
International Publishing. pp. 1-718

[29] Bayissa YA, Moges SA, Xuan Y, Van 
Andel SJ, Maskey S, Solomatine DP, et al. 
Influence de la durée des chroniques 
météorologiques sur la caractérisation 
des sécheresses météorologiques du 
bassin supérieur du Nil Bleu (Ethiopie). 
Hydrological Sciences Journal. 2015;60: 
1927-1942

[30] Masih I, Maskey S, Trambauer P. 
A Review of Droughts in the African 
Continent: A Geospatial and Long-Term 
Perspective. European Geosciences 
Union. Hydrology and Earth System 
Sciences. Copernicus Publications; 2014



31

Section 2

Climate Change and Drought





33

Chapter 3

Climate Change: A Real Danger to 
Human and Animal Survival
Godwill Makunde, Nation Chikumba, Walter Svinurai  
and Xavier Mhike

Abstract

Some countries in Southern Africa where hit by either a storm or cyclone or both 
in 2019 alone manifesting a changing climate. Infrastructure and cropping land was 
destroyed, both animal and human lives were lost due to the flooding events. Drought 
is a common phenomenon in this region, often occurring once in three years. This 
has affected food, feed and nutritional security of both humans and livestock. Saline 
soils unsuitable for agriculture, other animal and plant life are expanding fast due 
to insufficient precipitation. Soil degradation is on the rise, leaving soils with poor 
water holding capacity to support sustainable agriculture. Climate change is changing 
the environment and new pests and diseases for both crops and livestock are emerg-
ing. World governments, industries and general populace should find better ways of 
reducing air pollution by greenhouse gases which have a net effect of damaging the 
ozone layer and increasing atmospheric temperatures. At the same time, plant and 
animal breeding should aim at improving crop cultivars and animal breeds that resist 
to the constraints such as drought and heat stress brought by climate change. The 
human population is increasing at an alarming rate and need both food and nutri-
tional security.

Keywords: drought, floods, heat stress, animal diseases, plant pests

1. Introduction

The whole earth’s climate systems are changing in the atmosphere, the oceans, 
ice floes and on the land. Some of the changes such as increases in temperature, rise 
in carbon dioxide, drought and floods are already in motion now, while others like 
continued sea level rise are already irreversible for centuries to millennia ahead. The 
impact of climate change makes lives of both humans, animals, and plants unbear-
able. The main drivers of climate change are attributed on human activities in the 
following economic sectors, transport (road, air, rail, and sea), energy industries 
(electricity, heat, power) and agriculture [1]. Agriculture alone contributes to almost 
32% of all greenhouse gases that contribute to climate change. Human population is 
increasing in the world and assuring an increase in demand for food, shelter, water, 
and clothing.
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Africa is one of the world’s most vulnerable regions due to the fragility of its econo-
mies. It is now evident that global warming in the 21st century will be more intense in 
Africa compared to the rest of the world [1, 2], Global warming and increased climate 
variability will severely affect crop and livestock production systems in Africa. Some 
of the harsh realities of climate change has been felt in Southern Africa in recent years 
but the worst scenarios of Storm Desmond (January 23, 2019, in central Mozambique), 
Cyclone Idai (March 14, 2019, in central Mozambique, Zimbabwe, Malawi and north-
ern Madagascar) (Cyclone Idai: Wikipedia) and cyclone Kenneth (April 25, 2019). A 
total of 100,000 homes were destroyed and more than 1000 people were killed during 
the cyclones and storm. Figure 1. shows the areas that were affected by cyclone Idai in 
southern Africa while Figure 2. shows some of the damage done in Mozambique.

Villages, towns, infrastructure, cropped land were destroyed, and livestock died 
during the cyclone events. One in every five years, agricultural and ecological drought 
often affects most countries in southern Africa, sometimes leading to 100% crop 
failure depending on timing, intensity, and severity. Definition of drought varies with 
for different water users. Meteorological, Hydrological and Agricultural drought is a 
prolonged period with shortage of precipitation/below average precipitation, surface 
water or soil moisture. Climate change effects develop slow over time and their impact 
underestimated—negative impact on vegetation, animals, and people. Livestock and 
wild animals also suffer from crop and veld failure. The natural production of water 
(water cycle) is intensified by climate change and brings intense rainfall and associ-
ated flooding and intense drought in some regions. The rainfall patterns and distribu-
tion are affected. Significant economic (loss of employment, decreased agricultural 
and industrial production) and social disasters, such as famine, forced migration, and 
conflict over few remaining resources, health related- lack of water, poor nutrition 
and famine are some of the negative effects of drought.

Figure 1. 
Areas in southern Africa which were affected by cyclone Idai in march 2019, destroying infrastructure and crops as 
well as killing people and animals (source: Cyclone Idai: Wikipedia).
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Climate change causes warming up of the earth resulting in severe heat waves in 
some regions. Hotter days by 6 to 15°C are expected in some countries while other will 
suffer colder days. All the changes in temperature and environment give rise to new 
pests and diseases for both humans and animals. Serious crop and animal yield losses 
to emerging pests and diseases will lead to starving populations.

Climate change affects prediction of the future and is an indication that the past is 
over. It is still difficult to assess the extent and nature of such changes in the future.

2. Agriculture and climate change

Agriculture in its various forms anchors the core component of human life. Vital is 
crop and livestock production to the agricultural sector. Worldwide, agriculture is the 
largest economic sector and in Africa as well as Asia employs between 70 and 90% of 
the total labour force as well as supplying up to 50% of household food requirements 
and household incomes [3].

2.1 Livestock and crop production in Africa

Livestock production contributes between 30 and 50% of agricultural gross 
domestic production, mainly from the production of beef cattle, dairy cattle, goats, 
sheep, and chickens [4]. Africa has about 250 million Tropical Livestock Unit (TLU) 
equivalents [3] that support 70% of the rural livelihoods and provide income to over 
200 million people. Livestock production is increasing throughout Africa, due to 
rising human population, urbanisation, and demand for meat. Total human popula-
tion in the world is expected to reach 8.6 billion by 2035 and 9.8 billion by 2050 [5]. In 
addition to provision of food security and income, livestock provide draught power, 
transport, and manure in mixed crop-livestock systems. Also, livestock is socially and 
culturally important for payment of dowry, celebrations, and gifts to family mem-
bers, and as a means of savings [6].

Figure 2. 
Flooded villages and destroyed crop lands in Mozambique in 2019 (source: Cyclone Idai: Wikipedia).
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The livestock sector is widely constrained by a lack of regulation, which leads to 
negative externalities such as land degradation, water pollution, loss of biodiversity 
and emission of greenhouse gases (GHGs). Greenhouse gasses are the major causes of 
climate change, and the consensus is that climate change and global warming are real 
due to increased GHG emissions into the atmosphere.

2.2 Impact of climate change on livestock and crop/forage yields and quality

Livestock production depends on natural resources, which in much of Africa, 
primarily means pasture and water [7, 8]. The transition towards drier and hotter 
regimes with climate change is expected to have several adverse impacts on the 
quantity and quality of animal feeds. Grazing areas will be affected by changes in 
herbage growth brought about by changes in atmospheric carbon dioxide concentra-
tions and temperature [9]. In terms of field crops, climate change has affected yield 
in several places. Some crop yields have increased in some places and decreased in 
others. Yield of some crops such sorghum has increased by 0.7% in sub-Saharan 
Africa and 0.9% in Asia due to favourable environments created by climate change 
[10]. In other instances, yield of some world staples such as rice and wheat are 
reducing on average by 0.3 and 0.9% respectively. In some studies, climate change 
was reducing food calories by 1% for the top 10 global crops. The food calory reduc-
tion is happening throughout the world, both in rich industrialised countries and 
poor countries.

2.3 Effects of heat stress

Heat stress is defined as the rise in air temperature above a threshold level for 
a significant amount of time to cause damage to normal growth and develop-
ment [11]. Heat stress limit plant growth and productivity even in the presence of 
adequate soil moisture. Just like drought, heat stress can happen at any stage of crop 
growth and its negative effect varies with the onset, intensity, and duration during 
plant growth. Field crops which give flowers, pollen, tassels, silking, grain filling, 
storage root formation and bulking are most susceptible to heat stress at reproduc-
tive stages due to flower drop. Yield losses can reach 100 percent depending on 
intensity and duration of the heat. In addition, an increase in air temperature results 
in raised soil temperatures which can be higher than air temperature when soil 
moisture is limited. Root development is severely affected in both field crops and 
forage/pastures for animals.

The vulnerability of livestock to heat stress varies according to species, genetic 
potential, life stage and nutritional status. The projected warmer temperatures 
expected in sub-Saharan Africa are likely to cause heat stress in beef cattle raised 
under extensive production systems. Heat stress in extensive beef cattle production 
systems will likely reduce foraging time, feed intake, growth performance and carcass 
quality. Reproductive performance will also be compromised, for example, concep-
tion rates will decrease, calving intervals will increase, and spermatogenesis and 
semen quality will be impaired. Heat-induced reduction in feed intake will result in a 
decline in milk yields in dairy cattle [12].

The effect of heat stress is not likely to be as adverse in small ruminants, due to the 
small body weight, well developed water retention in the kidney and lower metabolic 
rates of smaller ruminant species. Goats are more likely to cope with, and adapt to, 
the increasingly hot and dry conditions expected in the region compared to sheep and 
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cattle, because of their low feed and water requirements, ability to exploit low quality 
forage and disease resistance. Goats can survive harsher climates than cattle and 
require less space [12].

2.4 Availability of water and its usage

Climate change will amplify existing stress on water availability in  agricultural 
systems of semi-arid environments [13]. Rising temperatures may increase irriga-
tion water requirements of major crops [14] and drive-up water demand by livestock 
[9, 15]. For example, the increased reliance on groundwater in the future in Botswana 
for the cattle sector could lead to problems associated with the sustainability of 
water resources in the country [16]. Global warming and accompanying hydrologi-
cal changes are also likely to affect soils in complex ways, including soil fertility and 
propensity for erosion [14]. Additionally, much prime agricultural land located in the 
coastal plains of Southern Africa might be lost to rising sea-levels [17]. Most of staple 
foods consumed in sub-Saharan Africa are grown under rain fed conditions largely by 
small scale farmers who have limited capacities to effect supplementary irrigation in 
cases of drought. Southern Africa and West Africa have a one rainfall season in a year 
and suffer drought episodes.

2.5 Disease and pest outbreaks on livestock and crops

Several studies have shown that the impact of climate change on the transmission 
and geographical distribution of animal diseases will vary according to the ecosystem, 
the type of land use, disease-specific transmission dynamics, susceptibility of the 
populations at risk and sensitivity of the pathogen to temperature and humidity [3, 
18]. Climate change is expected to alter transmission rates between hosts by affect-
ing the survival of the pathogens or parasites or the intermediate vectors, but also by 
other, indirect, forces that may be hard to predict with accuracy. For example, a series 
of droughts in East Africa between 1993 and 1997 resulted in pastoral communities 
moving their cattle to graze in areas normally reserved for wildlife. This resulted in 
cattle infected with a mild lineage of rinderpest transmitting disease both to other 
cattle and to susceptible wildlife such as buffalo and impala, causing severe disease, 
and devastating certain populations [19].

Climate change is also expected to affect the abundance or distribution of hosts 
or the predators of vectors and influence patterns of disease in ways that cannot be 
predicted from the direct effects of climate change alone [20]. Climate change-related 
disturbances of ecological relationships, driven perhaps by agricultural changes, 
overgrazing, deforestation, construction of dams and loss of biodiversity, could give 
rise to new mixtures of different species/strains, thereby exposing hosts to novel 
pathogens and vectors and causing the emergence of new diseases [21].

2.5.1 Influence on pathogen diversity and virulence

Higher temperatures may influence some pathogens and parasites through acceler-
ated development on their life cycle outside their hosts. Pathogens and parasites that 
are sensitive to moist or dry conditions may be affected by changes to precipitation, 
soil moisture and the frequency of floods [20]. Changing wind patterns could affect 
the spread of certain pathogens and vectors, particularly the infective spores of 
anthrax and blackleg, the wind-borne dermatophilosis [22].
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2.5.2 Influence on animal and crop hosts

Climate change may bring about substantial shifts in diseases distribution, 
and outbreaks of severe diseases could occur in previously unexposed animal and 
plant populations. While livestock often have evolved genetic resistance to diseases 
to which they are commonly exposed, they may be highly susceptible to ‘new 
diseases’ [3]. For example, mammalian cell immunity level may be suppressed fol-
lowing a sharp exposure of light of ultraviolet B nature because of expected ozone 
layer depletion [23]. Ultraviolet B depletes specific lymphocyte cells and animals 
become susceptible to some pathogens such as viruses; rickettsia (such as Cowdria 
and Anaplasma, and some bacteria, such as Brucella [18]. Continued depletion 
of ozone layer would, therefore, possibly impact some animal diseases in future. 
Endemic stability of animals is likely to be disrupted for tick borne diseases such 
as anaplasmosis, babesiosis and cowdriosis that exhibit endemic stability [24]. If 
climate change drives such diseases to new areas, non-immune individuals of all 
ages in these regions will be newly exposed, and outbreaks of severe disease could 
follow [18].

2.5.3 Influence on disease vectors

Changes in moisture and temperature regimes may impose limits on the distribu-
tion and the abundance of vectors. Often, low temperatures limit vector distribution 
because of high winter mortality and a relatively slow rate of population recovery 
during warmer seasons [20]. This is different with high temperatures as, limiting 
occurs when there is excessive moisture loss. Therefore, cooler, and high-altitude 
regions which were previously too cold for certain vectors may begin to allow them 
to flourish with climate change. Warmer regions could become even warmer and yet 
remain permissive for vectors if there is also increased precipitation or humidity. For 
example, biting midges and mosquito-borne diseases outbreaks have been linked to 
the occurrence of ENSO [25–27].

2.5.4 Additional effects of climate change on animal and crop productivity

Climate change, in conjunction with other forms of land use fosters the emergence 
of new diseases as it changes the structure of the ecosystems in relation to species 
composition and diversity in favour of livestock pathogens and vectors [28]. Similarly, 
the preponderance of diseases due to climate change occurs through tendencies of 
animals to migrate in masses, overgraze and congest around pastures, during times of 
droughts, a common phenomenon during this climate change era [3]. High rains on 
the other hand positively correlate with disease outbreaks in both livestock and crops. 
In field crops, diversity will be lost, and pathogens will rely on a few crop species, 
leading to increases in diseases such as leaf spots, root rots, blights, and cankers. In 
livestock production, apart from increases in internal and external parasites, dis-
eases like dermatophytosis, anthrax and foot rot will rapidly occur and spread. This 
way, areas with limited disease occurrences may end up experiencing high crop and 
livestock disease occurrences. Changing international trade patterns, local animal 
and crop transportation, farm size and human migrations are all factors that may 
be driven in part by climate change, and which may impact negatively on disease 
transmission.
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3. Strategies for adaptation to climate change in the livestock sector

For long, there have been widely publicised calls to mitigate and adapt to climate 
change issues and efforts are evident worldwide, however, this may be at the expense 
of natural ways of adaption and fears are that there could be the possibility of the 
emergency of new unforeseen challenges on the environment [3]. Adaptation typi-
cally refers to longer-term changes in behaviour and practices which are more likely 
to reduce underlying vulnerability to climate change [29]. Commonly documented 
livestock adaptation strategies include diversifying livestock activities, diversify-
ing livestock types, supplementing livestock feed, and developing niche markets to 
preserve indigenous breeds.

3.1 Niche breeding of locally adapted animals

Indigenous livestock breeds have an adaptive to their native localities advantage 
than the exotic ones. Characteristics such of drought resistance, disease tolerance are 
crucial for sustainability of livestock in the face of climate change and indigenous 
breeds are inherently superior in this regard. In Africa, there are higher levels of 
inbreeding of local breeds and these animals are often found in small-scale and pas-
toralist farming setups. Apart from having an adaptive advantage, knowledge of the 
ways of survival of such breeds ensures an effective way of maintaining the natural 
environments in which they dwell in with limited chances of negatively affecting 
them. The success of pasture and rangeland conservation lies in part on the availabil-
ity of livestock breeds that can effectively utilise the environment [30].

3.2 Animal diversification at farm level

Diversification of animal species provides a means through which a broad range of 
plant species may be utilised. As climate change influences temporal and spatial varia-
tions in the vegetation nature with respect to species diversity, quantity and quality of 
the biomass and having a diversified herd of animals may help to close this gap. Places 
rich in shrubs for example may be better suited for goats while those with grasses may 
be well suited for cattle and diversification in this scenario offers complete utilisation 
of the available vegetation [31].

3.3 Adopting livestock production as an adaptation strategy

The integration of livestock farming with crop production, where some of the 
crops grown at the farm serve as livestock feed has been a common practice across 
the globe. This however in most cases depends is a function of matching the correct 
livestock type with the feed available, the ability of the animal in question to survive 
on crop residues or disease resistance.

Poultry production has since been one of the enterprises engaged by many farmers 
in collaboration with crop production in many countries, [32]. Poultry can effectively 
utilise crop-based feeds such as soya beans and maize with high production success 
rates. Many indigenous chicken breeds can even survive under free range production 
systems with little or no feed supplementation. Similarly, locally adapted breeds have 
high disease resistance rates corresponding to a limited need for prophylactic and 
therapeutic disease management. Poultry are particularly especially in Africa a means 
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of controlling the effects of climate change as they require minimal production space 
and can thrive on household waste.

3.4 Reviving and creation of markets for indigenous breeds

The maintenance of local adapted breeds plays a pivotal role to produce breeds 
adapted to the changes in climate in future. These advantages are however now being 
eroded by the rising need by breeders to produce breeds with high performing traits, 
especially characteristics of economic importance. About 11 and 2% of mammalian 
and avian breeds, respectively have been reported to be extinct in recent years with a 
further 210 cattle breeds and 179 sheep breeds classified under the critically endan-
gered species [33]. Maintaining local breeds requires a multi-pronged approach, start-
ing with respect for the rights of local custodians of these breeds and support for their 
production systems.

The quest of maintaining local breeds is inevitable in the face of climate change 
however for these breeds to be competitive, niche markets through improving 
production; processing and value addition of their products is an area of prime 
focus. Such markets are already in existence although there is still much to be done to 
smoothen the intervention. Performing SWOT analysis is an important strategy for 
driving the evolution towards identification of promising niche markets. The most 
important domain of the process is to organise local people who have the breeds of 
interest and ensuring that they are directly involved in the process.

4. Adaptation strategies in the crops sector to climate change

Apart from agronomic measures such as water harvesting, irrigation, mulching 
and growing of well adapted crops and varieties, plant breeding offers more sustain-
able and widespread answers to a changing climate. Plant breeding goals should meet 
the changing climate. Major goals should include the following:

4.1 Minimization of postharvest losses

Plant breeding programs should include postharvest durability in their product 
profiles. Huge losses of between 40 and 70% of cereals and legumes harvested in the 
world are lost to grain pests mainly weevils and moths. In fruit and vegetable sector, 
25–50% of the produce is lost at postharvest stage, while 20–40% of cassava is lost to 
post physiological deterioration and sweetpotato to moulds. The control or manage-
ment of postharvest losses is the easiest way to double food availability in Africa. With 
increased temperatures due to climate change, anticipated losses could be higher than 
mentioned.

4.2 Heat tolerance

Heat stress during reproductive, grain filling, storage root formation and root 
bulking leads to severe yield losses in field crops. Heat stress has damaging effects 
irrespective availability of other factors required for normal plant growth. Breeding 
for heat tolerance in field crops is one of the strategies of coping with high tempera-
tures induced by climate change. Climate model predictions and simulations pointed 
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to an increase between 1.8 and 4 degrees Celsius in temperature in the 21st century 
with high increases in southern Africa and Southeast Asia [2].

4.3 Drought tolerance

Climate change alters the precipitation amount, patterns, and distribution. 
The occurrence of drought and its severity has already been felt in some regions of 
the world and is expected to significantly rise soon. Food and nutrition security 
is threatened by frequent droughts in Southern Africa. The release of cultivars 
with improved tolerance to drought will reduce the impact of drought on many 
nations in southern Africa whose economies are already struggling from COVID-19 
pandemic and political disturbances. Many methods and techniques are available 
for breeding programs to utilise in the development of drought tolerant cultivars. 
Genomic selection tools and emergence of different bodies ready to capacitate 
breeding programs in modernization and operational excellence would help in the 
identification of drought tolerant genotypes for respective. Water use efficiency 
is one mechanism for drought tolerance which should be explored in breeding 
programs.

4.4 Salinity tolerance

The earth is receiving lesser rainfall than before and experiencing more evapora-
tion making it impossible to dilute salts in the soil. In addition, sea encroachment is 
recorded due to rising seas and is depositing a lot of salt in agricultural land. Breeding 
for salt tolerance should be considered high priority in nations receiving less precipi-
tation due to climate change.

4.5  Tolerance to low soil fertility especially nitrogen and phosphorus 
requirements

Soils are continuously depleted and there is higher need for crops with high 
efficiency in the use of nitrogen and phosphorus. Legume crops with high capacity of 
nitrogen fixation bred and released for commercialization should be compatible with 
free living N fixing bacteria, Rhizobia. This helps restore nitrogen in the soils which 
could benefit staple cereal crops in subsequent crop rotations.

4.6 Pest and disease resistance

Climate change brings in new pest and diseases in a similar manner to livestock. 
Plant breeding need to continuously match the evolving pests and diseases that would 
reduce crop productivity and produce quality.

4.7 Recommendations

Communities as well as nations are likely going to fight for water resources, 
pastures, and other few comfortable places to live due to diminishing natural 
resources particular rainfall and water. There is an on-going tension between Egypt 
and Ethiopia over water resources from Nile River. Conflict resolution skills and 
techniques should be endowed in leaders at all levels and should be taken seriously. 
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Focussed niche breeding especially for targeted production environments should be 
encouraged in both animal and crop breeding programs. Global campaigns to reduce 
emissions of greenhouse gases should be led by governments and multilateral compa-
nies. Innovative ways of food and feed conservation should be developed and adapted 
to reduce post-harvest losses.

5. Conclusions

Climate change is a reality and solutions to reduce its effect on humans, animal 
and the environment should be put in place and be adapted by all nations. In 
summary, Africa’s agricultural sector and human population will suffer the effects 
of climate change in a multitude of ways:

• frequent droughts caused by reduced precipitation and shifts in growing seasons 
particularly in Southern Africa.

• occasional floods caused by too much rainfall with short periods of time. This is 
witnessed more in Southern Africa most affected countries being Madagascar, 
Mozambique, Zimbabwe, and Malawi.

• rise in temperatures and becoming uncomfortable for life for both humans and 
animals. Crop and animal growth will be affected severely reducing productivity 
and production.

• forced migrations by both animals and humans. This will exert a lot of pressure 
on habitable environments and economies.

• emergence of new diseases and pests to both humans and animals which might 
be difficult to cure.

• the cost of food and feed will increase due to decreased productivity and 
 production in certain environments.
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Chapter 4

Reducing the Effects of Drought 
and Degradation of Agricultural 
Soils, in the Context of Climate 
Change, through the Application 
of Regenerative Ecological 
Technologies
Eugen Popescu, Florin Nenciu and Valentin Nicolae Vladut

Abstract

The agricultural sector has a limited capacity for expansion, consequently, 
deficient technologies based on the widespread use of synthetic chemicals have 
been implemented in the last decades, having a major negative impact on natural 
ecosystems, biodiversity, and environmental services. Desertification, land 
degradation, and drought, combined with human activity and environmental 
changes, cause important soil losses and a reduction in natural defenses against 
droughts and floods. The combined impact of climate change, land mismanagement 
and unsustainable freshwater use has long been affecting agricultural productivity, 
the most common cause being unsustainable land management practices. This 
chapter aims to briefly assess the most effective strategies for reducing the impact 
of climate change on agricultural crops, as well as to prevent or reverse the process 
of desertification and systematic loss in food quality and quantity. Regenerative 
management practices such as minimum tillage technologies, cover crops and 
mulching, inoculation with microorganisms, nutrients cycling, the balance of the 
organic fertilizers or foliar application help farmers in managing healthy soils, 
capable of growing rich and ecological crops without the use of chemical hazardous 
substances.

Keywords: climate change, regenerative ecological technologies, desertification,  
land degradation and drought

1. Introduction

Regenerative agriculture is a farming and land management concept based on 
several principles and techniques that strengthen and restore ecosystem functions 
and health. Long-term usage of regenerative agriculture has shown many benefits in 
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terms of quality and profitability for farmers, as well as improving the environment 
and contributing to the maintenance of a healthy agricultural landscape. Given that 
it is not always very clear how each action contributes to better agricultural manage-
ment and drought mitigation, this chapter aims to recall the key elements that farmers 
must consider in regenerative agriculture in order to have the best results. It should 
be noted that there is more than one approach that may differ depending on local 
circumstances, however, the elements described in this chapter serve as a starting 
point for practitioners and academics who wish to learn more or deepen one of the 
related domains.

The existence of life is largely dependent on the richness and health of soils, which 
is why soil structure, together with water availability are the most valuable resources 
for humanity. The annual degradation of the agricultural lands puts even more 
pressure on farmers, forcing them to use more chemical inputs and these practices 
may eventually lead to extreme phenomena such as drought, floods, and eventually 
soil abandonment [1]. However, both farmers and policymakers continue to be 
neglecting the need for soil health preservation and they do not take firm restoration 
measures even when the situation becomes concerning.

Water, minerals, and organic matter combine to make the soil in a natural process. 
Soil minerals are produced in the process of natural erosion, while the organic matter 
is formed by the decomposition of plants and other organisms that have died. Many 
scientists consider soiling a finite resource that cannot be renewed during a human 
lifespan. We propose, in the present chapter, several techniques used and validated 
for faster restoration of soil properties, which may help recovery in very shorter time 
periods, depending on the degree of soil impairment.

Degraded soil is described as a change in the physical, chemical, and biological 
characteristics that results in a reduced capacity to support plant growth. The most 
common phenomena that usually occur are related to the fact that soil loses the 
capacity to deliver nutrients and water, while toxic compounds restrict plant growth, 
topsoil lacks of organic matter content, subsoil resources are insufficient to support 
plant roots, the compaction rate is substantially increased, drainage occurs with 
difficulty, and many of the needed microorganisms are absent.

In most common cases, the quality of the soil decreases as a result of the anthro-
pogenic intervention, while some natural causes are aggravating the circumstances, 
often leading to erosion. Human activity is the most frequent cause of agricultural 
soil degradation and for accelerating natural soil erosion. Agriculture has deteriorated 
the Earth’s soils during the last 100 years, with disastrous consequences, David R. 
Montgomery [2] estimates that humanity is losing 0.3% of our global food production 
each year due to soil erosion and degradation. Soil degradation and loss has been a 
problem since the beginning of agriculture and played a major role in the demise of 
past civilization including Mesopotamia, Antic Greece, and the Rome Empire. The 
element that contributes probably the most to the negative damage to the soil, more 
important even than deforestation is the plowing activity. Stanford University in a 
study from 2015 estimated the degradation rate of topsoil worldwide at a rate of 70%, 
with margins between 54% in Africa and 74% in North America [3]. At this time, 
there is no allotted restoration period, since we are eroding soil 20 times faster than 
we are regenerating it.

Degraded soils have a poor health state, reducing the ecosystem’s ability to provide 
water and nutrients to plants, and affecting the soil nutrient web. Degraded soils have 
a weak structure attributable to a lack of soil biodiversity, which causes flooding, 
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erosion, and low production. Water cannot penetrate inferior soil structures, so the 
rains follow the flow of gravity, transporting major amounts of minerals and salts to 
the groundwater, rivers, or lakes. During a drought period, there will be no moisture, 
and groundwater will not be replenished easily. Plants will be stressed, and yields will 
decrease very fast. In the tropics especially on fertile land, soil deterioration is preva-
lent. Natural erosion caused by wind, sun, severe rainfall, and poor human manage-
ment are the most common causes.

It is critical to understand that poor agricultural management before and during a 
drought has a synergetic effect on soil properties. Land degradation in arid, semiarid, 
and sub-humid areas may be generated by various external factors including climate 
change, and draught may lead to desertification. Desertification may be irreversible if 
not intervened in time, especially when the environment becomes too dry and the soil 
becomes further degraded through erosion and compaction.

One of the most important hazardous environmental events in recent history was 
the American Dust Bowl during the years 1930–1936, when large dust storms swept 
topsoil from significant land areas, making 75% of the original topsoil quality to be 
lost [4]. Commenting on the American Dust Bowl, US President Franklin D. Roosevelt 
said “The nation that destroys its soil, destroys itself”, a remark that is still relevant to 
modern crop management practices.

Storms, torrential rains, floods, and droughts are becoming more frequent and 
intense as a result of climate change. Every year, soil deterioration worsens, plants get 
stressed, and yields decrease. Soil management is, therefore, an essential element of 
sustainable agriculture.

Proper regenerative soil management will slow down or stop soil degradation and 
start to rebuild soil fertility. Management should be focused on obtaining healthy and 
superior plants that do not need intense chemical treatments since it is proven that 
a high immunity system protects crops from diseases and insect attacks. Increasing 
plant immunity will be pointed out in high yields, quality products, plants will get 
increased resistance to diseases and pest attacks. At the same time soil will become 
healthier, full of nutrients with an active and rich soil food web. Healthy soils with a 
balanced nutrients ratio, promote biological high activity and replenish groundwater, 
and will help the plants to withstand better the drought. To stop soil degradation, 
special attention must be paid to the phenomena that produce natural erosion, and 
rejuvenate the soil, while human activities have to change rapidly. Soil regeneration 
practices sequester an important part of the required amount of carbon in the soil, 
allowing mankind to maintain control over climate change. Soil carbon allows the land 
structure to function as a sponge, each gram of carbon-absorbing 8 grams of water. In 
addition to the positive effect on the mineralization process, carbon helps to build the 
soil structure, which aids in the supply of air, water, and nutrients to plants. Plants, in 
response, emit liquid carbon from their roots, increasing, even more, the synergies and 
water absorption. This phenomenon occurs more frequently when aggressive tilling 
works are avoided, and the synthetic fertilizer and synthetic biocides application are 
not used. The techniques, if they are applied indiscriminately have the opposite result, 
eliminating the carbon. Figure 1 depicts the most common approach to regenerative 
agriculture at three levels of management: acknowledge the objectives and benefits, 
comprehend the fundamental concepts, and put the best practices into action.

Regenerative agriculture requires a complete redesign of the farming system, as 
well as a shift in the procedures and metrics used in traditional agriculture, and a 
longer-term commitment of farmers.
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2. Main causes of soil degradation

FAO [5] defines soil degradation as a change in the soil health status, resulting 
in a diminished capacity of the ecosystem to provide goods and services for its 
beneficiaries. Degraded soils have a state of health that prevents them from 
generating the standard products and services in a given ecosystem. Soil degradation 
is caused by unfavorable interaction between physical, biological, and chemical soil 
characteristics, accelerating erosion, and leading to poor drainage, salinization, 
nutrient imbalance, decrease in soil organic matter, and suppressing biology. Physical 
soil deterioration includes changes in soil structure (crusting, compaction, etc.), 
imbalance in water content and air ratio, leading to extreme surface temperatures. 
Chemical soil deterioration includes nutrient leaching, fertility depletion, or even 
toxicity. Biological deterioration includes a decrease in the microorganism population 
and a drop in their activity, as well as, a severe reduction of organic matter content. 
Degraded soil is being studied at specialist institutions in nearly every country, and 
warnings are coming from all across the scientific world [6–8].

Major causes of soil degradation are divided into natural, as climate variations 
(soil degradation caused by wind, sun, drought, or heavy rains favoring the fertile 
soil to be washed away) and anthropogenic activities (overgrazing, deforestation, 
excessive use of chemicals fertilizers, pesticides, herbicides, bare soils, excess of 
tillage, overdraft of groundwater, etc.) [9].

Conventional agriculture is considered to be one of the biggest contributors to soil 
degradation [10]. After Second World War, the Chemical Industry provide agriculture 
with new and advanced chemical formulas used as fertilizers, herbicides, and 
pesticides. The first results showed great success for everyone; however, the long-term 
effects were not anticipated since they have affected over time the soil structure and 
soil food web. Over few decades, the soil became degraded, plants are now mostly 
unhealthy, animals and humans experience unexplained medical conditions, and 
yields are going down every year. Chemicals use and tillage technology are producing 
the most detrimental influence on soil deterioration; as a result, their usage must be 
closely monitored and, if possible, avoided.

Figure 1. 
A simplified approach to regenerative agriculture implementation.
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2.1 Bad practices that negatively influence the quality of agricultural soil

Farmers, working in conventional agriculture, that usually apply intensive 
chemical technologies, come across many harmful practices like those described 
below. The practices described in this section aim to draw attention to the most 
common activities that farmers do voluntarily or unknowingly, which may lead to soil 
degradation and floods.

2.1.1 Lack of efficient soil parameters evaluation

In Romania only a few farmers perform soil analysis annually, the majority of 
them use a standardized technology learned from books or advice from chemical 
companies. Soil parameters analyzed in a laboratory report do not contain enough 
information, the evaluation gives most often information regarding land chemis-
try, but ignores several important physical and biological properties. Sustainable 
agriculture changes the view of soil performance and soil quality [11]. Farmers 
need to invest more in complete soil assessment and perform some measurements 
by themselves, like soil acidity (pH) or soil conductivity (EC). The Haney report 
is another good analysis report that offers information about soil health, microbial 
respiration, water-extractable organic carbon, water-extractable nitrogen, etc. 
Haney soil test report offers farmers additional values to improve plant-available 
nutrients and estimate the soil health as related to carbon (C), nitrogen (N), and 
phosphorus (P) cycling [12].

2.1.2 Leaving the soil uncovered

Topsoil is being washed and lose its properties, microorganisms die, while its 
structure degrades. Uncovered soil favors natural soil erosion generated by rains, 
sun, or wind [13]. Soil loss of moisture and high soil temperature suppress bacteria 
and fungi living in the soil. In this environment, weeds germinate easily, and farmers 
cannot control them without using highly aggressive herbicides [14].

2.1.3 Excess of soil tillage

Tillage works as plowing and disking suppress the fungi network, appear losses 
the soil moisture, and may destroy soil structure [15]. Plowing is creating the hardpan 
at 15–30 cm deep. Hardpan is a compact layer of soil below the soil surface that 
inhibits roots movements through the soil [16]. Water is moving gravitationally on the 
hardpan, forming ponds, and soil gets salted [17].

2.1.4 Excess of synthetic fertilizers

Synthetic fertilizers suppress biology [18], contributing to soil compacting, loss 
of fertility, and humus total rate decrease. Plants are using only 15–30% of total 
inorganic fertilizers, while the rest is leaching in lakes, rivers, groundwater, etc. 
Accumulation of nitrogen in groundwater has different sources, being caught in 
irrigation lakes [19, 20]. As groundwater is the main source of drinking water, con-
tamination poses several human health problems. At present in the United States of 
America, there are used 20 times more chemicals than in the American Dust Bowl 
period, and soil degradation continues dramatically.
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2.1.5 Excess of one specific nutrient

Using in excess a specific nutrient especially N in a cation form, inhibits 
absorbing others nutrients cations as calcium (Ca), potassium (K), sodium (Na). 
The nutrient balance is one of the most important factors in plant nutrition 
[21–23], when plants receive too much N, during a 24 h photosynthesis process, 
N under forms of nitrate (NO3) or ammonium (NH4), is not transformed into 
proteins and became attractive for insects [24]. Excesses of N develop elongation, 
delay maturity, change biochemistry, cause plant stress and make plants vulnerable 
to drought [25].

2.1.6 Monoculture technology

Monoculture is not resilient to climate change, soil is losing carbon, while 
carbon dioxide (CO2) is increasing in the atmosphere. Monoculture is a source 
of scarcity because the diversity principle is strongly affected [26]. Monoculture 
combined with bare soil practices decreases the fertility of agricultural lands 
dramatically [27].

2.1.7 Overdraft of groundwater

Groundwater overdraft is related to a dry aquifer, loss of water in streams and 
lakes, soil compacting, and polluted groundwater [27, 28].

2.1.8 Neglecting the soil’s biology

If the biology of the soil is ignored in drought years, is a major problem, since the 
soil loses nutrients and water, putting plants under a high level of stress. The plant’s 
nature enables to fill in the gap of water and nutrients. In recent decades, scientists 
from many laboratories have studied the interactions between microorganisms and 
plants, and they have concluded that the soil food web plays the most important role 
in plant nutrition [29].

2.1.9 Micronutrients are underused

In the last decades’ scientific reports demonstrated that micronutrients are 
as important as major elements, the only difference is the needed quantity. 
Micronutrient deficiency is widespread in the world due to low organic matter, bicar-
bonate content in irrigation water, long time of drought, and imbalanced application 
of fertilizers. Micronutrients application contribute to plant health, soil health, and 
increase yield by up to 15–50% [30–32].

2.1.10 Too much importance given to quantity and not to quality

There is no special interest nowadays in the quality of the products obtained in 
conventional agriculture [33]. Healthy plants that are resistant to illnesses, insect 
attacks, and drought are used to produce high-quality products, while also improving 
yields. Highly nutritional plants have a substantial positive impact on soil health [34], 
animal, and human health.
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3. Principles of restoring soil and plants health

Regenerative Agriculture is organic agriculture, using only natural available 
resources. In organic agriculture, farmers are certified if they produce non-GMO 
plants without using synthetic chemicals, approaching soil conservation and 
preservation for biodiversity. Farmers are allowed to use only inputs from certified 
organic agriculture. In 2018, at Rodale Institute was introduced for the first time 
a new higher standard for the farmers working in a regenerative system called 
Regenerative Organic Certified (ROC) [35]. Regenerative Agriculture is the way to 
sustainable farming practice, regenerate soil fertility, grow healthy plants that create 
healthy soils, less sensible to draught. Using methods from Regenerative Agriculture 
technology, carbon is sequestered in the soil, soil structure and soil fertility improve, 
water retention, and crop yield increase, while drought and flood ameliorate [36]. 
Regenerative agriculture can be defined by a holistic system approach that starts 
with the soil characteristics and also includes the health of the plants, animals, 
farmers, and community. The main aims envisage to regenerate topsoil, restoring 
degraded soil biodiversity, enhancing ecosystem services, improving water cycling 
and improving the resilience of soil to extreme weather. Regenerative Agriculture 
focuses on improving soil health by following four main mandatory principles and 
one optional. All specialists in Regenerative Agriculture accept the four principles that 
include soil cover, living roots, biodiversity, and minimalizing soil disturbance. The 
last principle which is the integration of animals is partially accepted and can be even 
more important in a few specific situations.

Everything plants need is cycled by soil microorganisms before becoming avail-
able to plants’ roots. Earth life is based on photosynthesis, a process that transforms 
photonic energy into chemical energy. It varies, depending on the availability of light, 
water, carbon dioxide, chlorophyll concentration, and plant nutrition. Photosynthesis 
is the most efficient cycle and sustainable process in nature [37, 38], and it is the 
engine we can rely in Regenerative Agriculture. Farmers know that water, nitrogen, 
and high-temperature influence the photosynthesis process. During drought, plants 
switch from photosynthesis to photo-respiration process, when are consuming their 
reserve of proteins [39]. To avoid this happening, proper management has to be used 
that optimize nutrition. When monitoring fields frequently, one should notice nature 
needs [40].

3.1 Limited soil disturbance

Only a limited mechanical, chemical, and physical disturbance of soil is permitted. 
Tillage destroys soil structure, resulting in bare or compacted soil that is destructive 
to soil microorganisms and creates a hostile environment for them. Soil stability 
is a quantitative indicator of soil health that is based on a mix of biotic and abiotic 
soil parameters. The impact of physic and chemical qualities on soil resistance and 
resilience is mediated by the microbial community [41]. Living organisms in soil 
improve the structure, create pore spaces that allow water and air to infiltrate the soil. 
Intensive tillage destroys macro and microorganism habitat, disrupt the fungi hyphae 
and soil aggregate.

Synthetic fertilizers, herbicides, pesticides, and fungicides suppress life in the soil, 
having a negative impact on soil fertility. Inputs application disrupts the symbiotic 
relationships between fungi, bacteria, and plants roots. Overgrazing is a form of 
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biological disturbance that reduces roots mass, increases soil temperature and runoff. 
All forms of soil disturbances affect microorganisms and diminish the soil food web.

3.2 Soil protection (defensive armor)

The principle is oriented toward keeping soil covered at all times, especially by 
setting up cover crops or intercropping. This is a critical step toward rebuilding soil 
health because bare soil is not a normal state, nature always works to cover the soil 
surface. When providing a natural vegetal shield, the soil is protected from wind and 
water erosion, while providing foods and a habitat for macro- and microorganisms 
[42]. It will also prevent moisture evaporation, reduces temperature, intercepts 
raindrops, and reduces germination of weed seeds. Soil cover offers a habitat for soil 
food web members that spend some of their time above ground. Keeping the soil 
cover on allows microorganisms to break down leftovers while recycling nutrients 
back into the soil.

3.3 Diversity

Nature aims for the diversity of both plant and animal species. Farmers should 
do the same, since monocultures are present only where humans have established 
them. The preservation, conservation, and restoring biodiversity should be a priority 
nowadays. Biodiversity is a major determinant in ecosystem stability, productivity, 
and nutrients dynamics. High diversity can be twice as productive as monoculture 
[43]. Different plant species use carbohydrates to feed certain microorganisms in 
return for water and nutrients via their roots. Biodiversity of plants is required to 
support the biodiversity of microbes. Each microorganism plays a specific role in 
maintaining soil health, and diversity enhances ecosystem functioning [44]. The 
key to improving soil health consists in a soil food web that is populated with several 
types of plants and animals. A fully functioning soil food web provides nutrients, 
water, energy, and allows the soil to express its full potential. The diversity has to be 
increased using crop rotation and cover crops.

3.4 Living root maintenance

Living roots have to be maintained in soil as long as possible because they are 
feeding soil biology by providing basic food source carbohydrates [45]. This biology 
feeds plants with water and nutrients, having the capacity to store nutrients and water 
that will be provided during drought. Farmers within conventional agriculture used 
to think there are 120 days to rest soil until the growing season. It is now considered 
wrong since living plants continue growing into early winter and break biological 
dormancy earlier in the spring. Their roots are feeding soil organisms and keep the 
biological population at a high rate. Healthy soil is dependent upon how well the food 
web is fed. Providing food to soil microbes helps them cycle nutrients that plants 
needed to grow.

3.5 Integrated animals

Nature does not function well without animal organisms. Integrated livestock into 
an operation provides many benefits. The major benefit is that grazing stimulates 
the plants to pump more carbon into the soil. This drives nutrient cycling by feeding 
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biology, also has a major positive impact on climate change by cycling more carbon 
out of the atmosphere and putting it into the ground. Pasture cropping is another 
way of practicing regenerative agriculture for growing food and restoring degraded 
soil. Farmers should provide a home and habitat not only for farm animals but also 
for pollinators, predator insects, earthworms, and all the microbiology that drive 
ecosystem function.

3.6 Monitoring

Monitoring the field every day is also a key factor in keeping plants healthy. 
Checking the soil compaction, earthworm activity, soil structure, erosion risks, poor 
crop growth, etc., and keeping a recording of everyday activity helps the agricultural 
management system. Minimum information recorded are data, weather, fertility and 
irrigation program, yield, insects attack, diseases, etc.

There are different technologies according to these principles that are already 
used by some farmers. The most commonly used are the NO-TILL or STRIP-TILL, 
but they are rather used for profit maximized than for reducing drought effect and 
regenerating soil health. NO-TILL is studied in many countries, over a long period 
of years, concluded that is a big step forward [46]. However, these technologies are 
included in regenerative agriculture methods of growing plants during drought. A 
special part that is additional to these methods in regenerative agriculture, concerns 
breaking the hardpan and biological inoculation.

4.  Methods to control draught by using the principles of regenerative 
agriculture

Drought stress is reduced when plants are healthy and thrive in healthy soil. 
For plants to overcome the draught on degraded soils, a new management strategy 
is required. Water, balanced nutrients, and biology are the three most important 
requirements for plants. Plants that are well-managed produce soil that is rich in 
humus. Growing healthy plants to overcome the drought and the elements that impact 
the process are provided in the appropriate sequence.

4.1 Weeds management

The field control has to begin in the autumn before the new agricultural year 
begins. Weeds like quack grass and foxtail can be found in dry clay soil, indicating 
calcium deficits and compact soil. Mow the grasses and compost the cuttings into 
the soil to help with calcium deficits. Broadleaf weeds, like ragweed, indicate copper 
deficiencies problem, and a phosphate/potassium imbalance. The rate between 
phosphate and potassium should be 2/1 for row crops and 4/1 for grass crops. 
Succulent weeds increase soil water capacity, replenish carbonate ions while covering 
the ground to protect against soil erosion. Weeds role is to deposit nutrients and 
metabolites in the soil or rearrange the nutrients existing in the soil. There is plenty 
of information in the literature about weeds role and weeds usage as a soil indicator 
[47–49]. This information is important to design a fertilization plan, in order to 
balance the nutrients. Herbicides must be avoided as much as possible since weeds get 
resistant to synthetic inputs, plants get unhealthy while the microbial population will 
decrease. Brix index in plants leaf must be measured before foliar application and 2 h 
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after. After a few foliar applications, the crop will thrive and weeds will be attacked 
by insects and diseases, and not the established culture. As the nutrients are balanced, 
pH changes and weeds are under control.

4.2 Hardpan management

Hardpan management is the compact layer of soil just below the ground surface. 
Excess plowing leads to soil moisture loss by evaporation [50]. Avoiding working with 
moldboard plows, farmers must use instead a strip subsoil breaker in the first year 
to break the hardpan and apply a NO-TILL technology in the next years. Hardpan 
reduces the soil depth for plants roots and enhances soil waterlog. Plant roots grow in 
the surface layer reducing access to water and nutrients.

Well, aggregate soils are rarely found, usually, soils are crusted, compacted in 
layers or plow pans [51]. The agricultural year start in autumn and farmers first issue 
should be checking the hardpan with a penetrometer. After that, has to be measured 
the distance from soil surface to hardpan and hardpan thickness. If hardpan thickness 
is more than 5cm, then must be used a subsoil strip breaker. Soil improvement usually 
includes subsoil adding biological fertilization to break the hardpan and inoculate 
with microorganisms (bacteria, fungi) at the same time. Breaking the hardpan will 
allow water and nutrients to infiltrate deep in the ground, while microorganisms 
will keep the moisture and nutrients for a long period. Underground water and 
nutrients are stored naturally and through capillarity, the plants have access to water 
and nutrients during the drought period. In order to maintain the microbiology 
alive, they should be multiplied by feeding them and keeping constant moisture 
and temperature in the soil. In time, they will improve the soil structure, porosity, 
and the humus percentage will increase. In the photosynthesis process plants secret 
carbohydrates (sugar) and protein through the roots, which are food for bacteria and 
fungi. Bacteria and fungi are eaten by bigger microorganisms like nematodes and 
protozoa. Plants are thriving in such an environment even in drought conditions. 
With a restored soil food web, plants can control the water and nutrients cycling in 
the rhizosphere neighborhood. A restored food web reduces irrigation and tillage 
requirements, provides protection against pests and diseases and inhibits weeds. 
Pesticides and herbicides are not required, since applying these methods yields and 
farms profitability will be increasing.

Living life provides soil structure that resists wind and rain erosion. The first step 
will be in accordance with principles to use no plowing or disking, by implementing 
a no-till system. Figure 2 compares three types of agricultural soil processing: in the 
first plan the work was performed with soil loosening equipment, in the second plan 
it is proposed the minimal processing technology by breaking the hardpan, and in the 
third plan a plowed land is highlighted.

The proposed technology within INMA institute is performed with an equip-
ment that can be carried by an agricultural tractor, that cut the soil linearly without 
overturning the furrow, break the hardpan, and inoculate the ground with beneficial 
microorganisms. An active microorganism life restores the soil food web, which keep 
the pore open. This could be the first phase in rebuilding a healthy soil and ecosystem.

4.2.1 Amendment and treatments

Amendment and treatments have a significant effect on soil’s physical and chemi-
cal properties and increase microbial activity. Amendments improve soil water 
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retention and soil structure as permeability, drainage, air holding capacity, etc. Soil 
acidity is potentially serious land degradation, acid soil is crusted and compacted, 
requires calcium, phosphorus, and minerals. The recommendation is to apply on 
soil a minimum 200 kg of lime and 200 kg of soft rock phosphates per hectare 
every autumn and spring during the first 2–3 years. These small quantities are rec-
ommended only in soils with degraded food web, or if microorganisms are being 
incorporated into the soil. Microorganisms are highly important because they break 
down the amendments and make them available to plants. High quantities of minerals 
suppress microorganisms. The amendments are spread best in autumn, before plant-
ing the cover crops and in spring before planting the main crop. Any other nutrient 
must be added as a result of the soil analysis. Organic amendments like compost or 
vermicompost have a benefic effect, increasing macro and micronutrient, organic 
matter, physical, and chemical soil properties like pH and EC. Humic acid found 
inside vermicompost, improves phytoremediation of soils contaminated with heavy 
metals [52]. Vermicompost soil amendments combined with foliar fertilizer, based on 
vermicompost, reduces the period to regenerate the soil fertility. Vermicompost can 
be produced in every farm, is cheap and have a tremendous effect on plants that grow 
during draught.

4.2.2 Mineral nutrients addition

Plants need minimum 17 mineral nutrients divided into macro- and micronutri-
ents to grow and complete plants’ life cycle. Each of the nutrients perform specific 
functions within the plant and the amount of each needed by the plant depends on 
what role the plant has each element [53, 54]. Microelements are needed in a small 
amount, but they are as important as macro-elements. Micronutrient deficiencies 
induce stress in plants, cause yield losses, resulting in poor health for animals and 
humans [29]. Supplying plants with micronutrients, through soil application or foliar 
spray, increases yields, produces higher quality, but also increases macronutrient use 
efficiencies. Micronutrients application is cheaper and needs less labor and transport 
because there are small quantities to manipulate. There are nine macronutrients 
nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulfur 
(S), carbon (C), oxygen (O), and hydrogen (H) from which conventional agriculture 
is using six, but focus only on three N, P, K. Farmers in conventional agriculture, 

Figure 2. 
Comparison between three types of agricultural soil processing: soil loosening equipment (first plan); minimal 
processing technology-hardpan breaking (second plan); plowing (third plan).
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concentrating on NPK, can deliver excellent yields in irrigated conditions or rainy 
years, but less quality is usually obtained. Finite products, full of nutrients, for 
healthy animals and humans, are obtained when plants absorb balanced nutrients. To 
design a fertilizer plan, one need proper knowledge of the interaction between nutri-
ents [55]. The key to controlling the mineral nutrients is restoring the soil food web. 
First-year must fertilize with biofertilizers and 70% of the recommended macronu-
trients N and P to obtain better yields and better-quality crops, low nitrate and nitrite 
levels in crops [56]. In two-three years, with a soil food web restored, microorganisms 
will takecare of plant nutrition, bacteria will fix the nitrogen in the soil, while other 
specific bacteria will solubilize the needed minerals. Biofertilizer is keeping beneficial 
microorganisms in the soil healthy and allow plants to overcome the drought [57].

4.2.3 Organic fertilizer

Organic fertilizer is added to the soil to improve soil structure, feed both the plants 
and microorganisms. Microorganisms break down the organic materials and release 
nutrients slowly to the plants. Organic fertilizers increase soil’s ability to hold water 
and nutrients. Solid organic fertilizer made from bat guano, fish meal, or manure can 
be spread on the soil before planting the main crop. Liquid fertilizer can be sprayed 
on soil or leaves. Chelated liquid fertilizer should be used for a slow-release technique. 
A cheap method is to spread the fertilizers in furrows, in this way, it will produce the 
same effect, but the quantity needed is much less (approximately 20–30% of the total 
quantity needed).

4.2.4 Seed inoculation

Seed inoculation is a cheap and beneficial tool to grow healthy plants, consider-
ing that each plant has a group of bacteria or fungi that work in association with the 
plant roots. The colonization of plants roots by associated bacteria and fungi result 
in better performance than plants colonized by the wild population of microorgan-
isms [58]. Inoculations have to be performed for both the main crop and cover crop. 
Inside the cover crop, there have to be various legume seeds that can be inoculated 
with nitrogen-fixing bacteria. No need to fertilize the soil with nitrogen if seeds are 
inoculated with these types of bacteria [59, 60]. Biological control agents protect 
seedlings from disease as fusarium, pythium, etc. [61]. Arbuscular mycorrhizal fungi 
play an important role in plant growth. Corn inoculated with arbuscular mycorrhizal 
have a higher phosphorus absorption, increases vegetative biomass and grain yield, 
especially in low or medium available phosphorus [62].

4.2.5 Soil food web

Soil food web is a new model of soil fertility based on biology. This new model 
works better, presenting a lower cost, preventing diseases, do not pollute and use 
minimal chemical inputs [63]. Microorganisms are the link between water, nutrients 
and plants. Plants are in control of a viable soil food web, and exudates, in the form of 
carbohydrates and proteins, attracting specific bacteria and fungi. Bacteria and fungi 
consuming root exudates are at the bottom of the soil food web. Bigger microbes, 
nematodes, and protozoa are consuming bacteria and fungi, and are excreted as 
nutrients right in the rhizosphere. Protozoa and nematodes are eaten by arthropods. 
Arthropods may eat other arthropods or they might be eaten by snakes, birds, moles, 
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etc. Worms, insect larvae, and moles are moving through the soil, in search of food, 
creating pathways and letting water and air enter. Members of the soil food web bind 
soil particles together, create tunnels for air and water to help create soil structure. 
Soil food web has a natural design and presents seven major benefits such as diseases 
suppression, nutrients retention, increase mineral nutrient availability to plants, 
improve soil structure, decomposition of toxic chemicals, production plant growth, 
and improve crop quality. Microorganisms and other soil food web members release 
root growing hormones. These growth hormones help the plant to cross the draught 
or a flood and increase yield.

4.2.6 Cover crops

The presence of plant cover crops in the agricultural system aids in the produc-
tion of large amounts of biomass. This boosts the soil’s organic content, improving 
fertilization. The physical, chemical and biological qualities of the soil are improved 
by maintaining permanent cover crops, and in time, contributing to the restoration of 
its health. It is recommended to use biodiversity, which include at least one species of 
leguminous plants. Inoculation has to be achieved with nitrogen-fixing bacteria, espe-
cially for leguminous plants. Then the amendments can be spread and may plant vari-
ous cover crop seeds. Incorporation of amendments can be done with a disk harrow, 
while the cover crops may consist of oats, rye, buckwheat, radish, mustard, vetch, 
clover, etc. Plants’ biodiversity will attract various bacteria and fungi, each plant 
species attracting its own specific microorganisms. In this way, the soil food web will 
be restored sooner and better. Cover crops have to be chopped or mowed in spring 
before full bloom, and a minimum of two weeks before planting the main crop. The 
cover crop will maintain the soil moisture, while soil temperature will not vary too 
much during drought or between day and night. After mowing, cover crops are used 
as mulch. Raindrop energy will be dissipated by living crops and mulch, and in this 
way, erosion will be under control. Cover crops are being decomposed by fungi and 
bacteria. Another advantage is that in winter cover crops are one of the best options to 
defend against topsoil loss due to erosion. If it is managed correctly, the decomposi-
tion of cover crops by bacteria and fungi provides nutrients to the main crop (cash 
crop), while biodiversity of cover crop suppresses weeds, prevents NO3 leaching and 
produces above-ground biomass N [64, 65]. Plant diversity helps to reduce pathogens, 
pests, and weed invasion, reducing the need for insecticides and pesticides.

A diversified crop rotation enhances soil structure by varying the length of 
planting zones, allowing for better water penetration. Different crops with varying 
nutrient requirements, as well as waste products, will help to create a more balanced 
and resilient soil ecosystem. The duration of these rotations is usually between 4 and 
6 years.

4.2.7 Maincrop (cash crop) management

When sowing, it is recommended to inoculate the main crop seeds with different 
solutions based on microorganisms and nutrients. The seeding should start in spring, 
two weeks after mowing the cover crops and apply foliar fertilizer during the critical 
point of influence. Each crop has different important phases that may be influenced 
by inoculation with microorganisms: when planting (to enhance germination), 
strengthening plant structure, growing the fruit and finishing fructification. Foliar 
fertilizer must contain at least calcium, manganese, boron, zinc, amino acids. Balance 
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calcium with potassium starting filing fruit point of influence and replace calcium 
with potassium at the finishing fruit. Get the maximum feedback from the plant 
when adding biology in the fertilizer solution. A healthy plant will cross the drought. 
Harvest the corn seeds, but let the corn stalk on the soil to be decomposed by fungi 
and bacteria.

4.2.8 Foliar application

Foliar application is the most efficient and cheap way to grow healthy plants. 
Growing healthy plants increase the immune plants’ system, get resistance to diseases 
and insects attack, plants can cross the drought. In order to grow healthy plants, 
increase the photosynthesis process from 2- to 3 times by using the right foliar fertilizer 
solution. Aerated compost tea is a foliar biofertilizer with a benefic impact on plant 
growth [66]. Inside the aerated compost tea add other nutrients needed by plants.

A complete foliar fertilizer contains clean water, mineral nutrients, microor-
ganisms, plant bio-stimulants, bacteria bio-stimulants, fungi bio-stimulants, and 
inoculants. It has a synergetic effect on plant growth. Plant reaction is tremendous, 
especially in degraded soils.

Water is the most important ingredient in foliar fertilizer solution. Using poor-
quality water can determine a loss of 50% from the effect of the foliar solution. 
Do not use water from ponds, lakes, or others sources without water analysis tests. 
Good water for foliar application has less than 70 ppm, pH between 5.2 and 6.5, 
electrical conductivity EC between 1.6 and 2.8 ds/mm and temperature between 58 
and 78 degrees Fahrenheit. For best results use rainwater or reverse osmosis water. 
Municipality water is usually unsuitable for foliar recipes because of the chlorine or 
chloramine, with high pH and potentially hardness.

Foliar solution when humidity is high has to be applied in larger particles  
(not fine spray), so the liquids remain on the leaf surface a long time without drying 
out. Sprayers with large droplets make a huge difference. The farmer should measure 
the effect of the foliar solution before application and 2 h after. If Brix reading is 2 
points higher, the foliar solution is good and could apply on the entire field. A dia-
gram of the Brix index reading should be done for every crop. Around 8 o’clock in the 
morning, after collecting healthy old mature leaf samples from 10 to 20 plants, they 
are squeezed on a refractometer.

In the Brix diagram example, the values are starting from 5, increasing to 9 at the 
first foliar application, but dropping after a few days to 6. After repeating the foliar 
application, the Brix index increases to 11, but drop in a few more days to 7. Every 
time when a good foliar application is applied, the Brix readings are higher and has 
been found that when Brix values are over 12, the plants present a health status that 
helps them overcome more easily the drought.

4.2.9 Sap analysis

A refractometer gives general information about plant health, but for more 
information including nutrients balance, a sap analysis is necessary. Plant sap analysis 
provides 21 nutrients parameters values that enable farmers to optimize the crops’ 
fertilization plan. The information is valuable because the uptake of plant nutrients 
are revealed in a few hours, the increasing performance can be tracked graphically, 
similar to the example shown in Figure 3. To a better understanding, one can compare 
a sap plant analysis with human blood analysis. A plant sap analyze tells the current 
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uptake of nutrients, excesses or deficiencies of nutrients long term before can be seen 
on a plant leaf, plant reserves of nutrients, nutrient imbalance in soil, what nutri-
ent plant can use at that moment for its own growth, or even fruit quality [67]. Sap 
analysis laboratory in less than one week will provide the analysis sheet with a fertil-
izer plan recommended. A balanced mineral uptake increases plants’ health that gets 
resistant to diseases and insects attack and crosses the drought.

4.2.10 Water management

Water is the most important nutrient for plants. A source of water is critical for 
drought years, but as long as the regenerative methods presented are met, plants can 
cross the draught without an irrigation water source. Knowledge of irrigation water 
quality is critical in understanding long-term soil management. The most influential 
water parameter is the salinity measured by electrical conductivity EC [68]. High 
sodium related to calcium and magnesium contends, in irrigation water, causes 
surface crusting, pore plugging, swelling, and dispersion of soil clay. The acidity 
or basicity of irrigation water is expressed as pH. Normal irrigation pH is between 
6.5 and 8.5. Specific ions like boron, sulfate, chloride, and nitrate, may affect plants 
grown. An irrigation water analysis is required.

4.2.11 Crop rotation

Keep a crop rotation, with cover crop intermediate, for minimum 3 years after 
starting your regeneration soil program. After concluding that the soil food web 
is active and the soil is healthy crop rotation is not as important anymore, since 
biology will take care of plant nutrition and will suppress diseases, insects attack will 
decrease.

4.2.12 Aerated compost tea

Aerated compost tea, produced by a compost tea brewer, allow microorgan-
isms to be extracted from compost and multiplied. The result consists in beneficial 
aerobic microorganism production that provides plants with nutrients and helps 
build the soil food web [69]. The tea is used for spraying both the leaf and soil. 

Figure 3. 
Example of the variation of the Brix index for tomato juice, for a period of 30 days.
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Vermicompost is also used to avoid pathogens. Red worm castings are free of 
pathogens. There are farmers, involved in regenerative agriculture, buying differ-
ent products that contained few families of fungi and bacteria, but inside aerated 
compost tea there are thousands of families. A compost tea brewer can be purchased 
or can easily be built. All a farmer needs is a tank, an air pump, a hose, and an air 
splitter distributor. To brew the compost needs clean water, vermicompost, mineral 
nutrients and bio-stimulants for plants, bacteria and fungi. Brew all these ingre-
dients for 24–36 h, then measure the pH and EC. If pH is higher than 6.5 must add 
100–300 ml of vinegar and measure again. When measuring EC a few hours before 
stopping the air pump, If the values are too low must add more vermicompost. The 
tea has to be used within 4 h after the air pump stops, to improve the synergetic 
effect on plants and soil [70].

4.2.13 Managing livestock

Good and efficient management of animal grazing can rebuild soil health. This is a 
way for a healthy ecosystem, farm profitability, human health, food system resilience. 
Studies that use a complementary approach to animal husbandry with organic 
farming use found that adopting some grazing strategies could regenerate the soil and 
make them more profitable. Holistic management of livestock management includes 
grazing, land, and financial planning and ecological monitoring.

4.2.14 Agroforestry

Agroforestry can provide suitable tools for landscape restauration because it 
can enhance physical, chemical, and biological soil characteristics. Agroforestry is 
restoring and increasing land productivity because the presence of the trees can fix 
nitrogen, stabilize the soil, reduce soil erosion, increase fertility, and regulate water 
available in degraded lands.

Trees increase fertility by retrieving nutrients from deeper soils and adding them 
to the soil surface through the leaf litter. Because of their deep root system, trees 
prevent nutrients from leaching, combat soil salinization, and acidification. The use 
of trees with fixing-nitrogen bacteria is increasing crop productivity. Experiments in 
Zambia, for example, showed that maize yields increased by 88–190% when grown 
in an agroforestry system under a canopy of Faidherbia Albida Trees (FAO report 
Agroforestry for landscape restauration).

Trees can reduce and prevent soil erosion planted in windbreaks trees protect soil 
from erosion and increase yield.

Agroforestry buffer strips increase water runoff, and soil evaporation and 
increase water infiltration and water retention capacity, helping plants to cross the 
drought.

4.2.15 Instrumentation

Minimum instrumentation required to grow healthy plants and cross the draught 
more easily is the penetrometer, refractometer, pH-meter, EC-meter. A penetrometer 
is the first instrument to be used in an agricultural season to measure soil compaction. 
The penetrometer is a device used to measure the resistance of soil to a vertical force. 
The penetrometer can determine the depth of the hardpan and help producers to 
determine if a subsoil is in need.
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Refractometer measure Brix index values for liquids. Brix values indicate the  
total soluble solids. The refractometer is widely used in measuring the quality of  
the grapefruits and the time to harvest. The refractometer can be used to evaluate the 
overall assessment of plant health. Healthy plants with a minimum 12 Brix readings 
are resistant to diseases and insect attacks.

Soil pH-meter is used to measure the acidity or alkalinity of soil. The values give 
information about the balance of the nutrients found in the soil. However, can be also 
used as a pH meter for liquids, and determine pH when adding 5 parts distilled water 
on 1 part of the soil.

EC (electrical conductivity) meter is used especially to estimate salinity levels. 
A high level of salinity reduces the plant’s ability to take up water. For assessment is 
being used 5 parts distilled water and 1 part soil to determine the values of salinity 
in mSiemens/cm. In clay soils, values are between 0.2 and 1.0 mS/cm, but different 
plants tolerate different values.

4.2.16 Drought

During drought, when air temperature became too warm, plants switch from 
photosynthesis to photo-respiration and begin consuming their inside proteins. 
Healthy plants with a waxy sheen, on the leaf surface, have a cooler leaf temperature 
than plants with a lack nutritional integrity. Foliar applications with teas made from 
compost, with the addition of 3 L of molasses per hectare, during and after the 
drought, is a very good practice.

5. Conclusion

Regenerative agriculture is focused on farming techniques with the primary goal 
of regenerating the land, particularly increasing the organic composition in order 
to improve fertility. This strategy conserves and restores soil organic matter, thus, 
influencing the development and prosperity of micro- and macro-organisms with 
beneficial results against soil erosion and drought.

Farmers may be forced to adopt unsustainable practices due to economic 
pressures, as they rarely have enough ability to deal with the conditions imposed by 
larger corporations, that control prices and credit. As a result, agricultural policies 
must be implemented at the national level to assist farmers and ensure they are not 
compelled to deplete the resource that provides them with a means of subsistence.

Regenerative agriculture is based on a holistic approach that places the land at the 
core of the process to produce efficiently and sustainably a synergy between the soil, 
the animal world, and the plant world. This enables the development of food chains 
between all three ecosystems, while the restoration of soil health is ensured by the 
balance and diversity of species found within the environment.

Climate change is no longer a myth, but a fact and the consequences are becoming 
increasingly severe every day, influencing the drought phenomena. Every year, 
topsoil is leaching, soil gets compacted, crusted, loses the ability to supply nutrients 
and water to plants. Degraded soils, in drought conditions, are not able to support 
plants with the required water and nutrients, while yields decrease dramatically. In 
order to reduce the drought effect, farmers have to integrate their use of regenerative 
agriculture principles and methods, focusing on growing healthy plants and getting 
rewarded with good yields and increased farm profitability.
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Water retention in agricultural lands is associated with soil organic carbon and 
is influenced by soil health. Soil organic carbon increases the percentage of water 
retention because carbon acts like a sponge that absorbs moisture. Regenerative 
management practices such as minimum tillage, cover crops, inoculation with 
microorganisms, mulching practices, nutrients cycling, maintenance of an optimal 
balance of organic fertilizers, foliar application, and other methods help to increase 
soil organic carbon. This strategy restores degraded soils, enhances biomass 
production, purifies groundwater, reduces the rate of CO2 emissions into the 
atmosphere and increases the percentage of water being retained in the soil.

An active soil food web is the link between water, nutrients, and plants. Healthy 
soils have an active soil food web that presents many benefits such as diseases 
suppression, nutrient retention, improve soil structure, making mineral nutrients 
available to plants, decomposition of toxic materials, improve crop quality. Soil food 
web works in synergy with plants and helps crops to overcome more easily drought or 
floods.

The primary goal of this technology is to grow healthy plants on a worldwide scale. 
Healthy plants achieve synergies with the soil and improve its health, recover carbon 
in the soil, increase water retention, and improve soil structure and nutritional status. 
Drought years will be more profitable for farmers using regenerative agriculture 
technology, since organically grown cereal prices will be higher, resulting in greater 
average yields. In a short period of time, farmers using regenerative agriculture 
technology will spend less money, yields will grow, profitability will increase, soils 
will regenerate, and drought years will become less risky.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Drought can be referred to as a meteorological period without significant rainfall 
and it is one of such major abiotic stresses that contributes to a huge reduction in crop 
yield throughout the world. Plant shows a broad range of physiological, morphologi-
cal, and biochemical changes such as reduced photosynthetic accumulation, altered 
gene expression, etc. Under the drought stress which ultimately causes reduced 
growth as well as poor grain yield. Drought stressconditions trigger production of 
ROS, which disrupts the dynamic balance between ROS production and ROS scaveng-
ing systems and its accumulation depends on the intensity as well as duration of water 
stress, and it varies among species. A plant species that has a better inherited genetic 
response allowing it to rapidly deploy its antioxidant enzymatic and non-enzymatic 
defense system, can tolerate drought better than a plant species with a poor antioxi-
dant defense system. Furthermore, enzyme and protein encoding drought specific 
genes have the ability to enhance drought tolerance. These two enzymatic and genetic 
engineering strategies are unique and vital tools, which can be used to help allevi-
ate the world’s future problems related to energy, food, and environmental stresses, 
particularly drought. This chapter attempts to discuss developments in understanding 
effects of drought stress and underlying mechanisms in plants for its alleviation.

Keywords: ABA signaling, antioxidant, drought, ROS, stress

1. Introduction

Any inimical condition or substance that affects plant’s metabolism, growth and 
development is referred as stress. Basically, stress is an altered physiological condi-
tion caused by different living and non-living factors which disturb the equilibrium. 
Plants are frequently posed with a plethora of stress conditions such as drought, 
salinity, heat stress, low temperature, heavy metal toxicity, flooding and extremes 
of soil pH. Plants also face challenges from biotic factors like pathogens, insects 
etc. These types of abiotic and biotic factors limit plants growth and productivity. 
The non-living variable must impact the environment beyond its normal range of 
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variation to unfavorably affect the population performance or individual physiology 
of the organism in a significant way.

Drought is a meteorological term and defined as a period without significant 
rainfall. Generally, drought stress occurs when the available soil-water becomes 
scanty and atmospheric conditions cause continuous loss of water by transpiration or 
evaporation. Water deficit is one of the major abiotic stresses, which adversely affects 
crop growth and yield. These changes are mainly associated with altered metabolic 
functions, one of those is either loss of or diminished synthesis of photosynthetic pig-
ments, uptake and translocation of ion, carbohydrate biosynthesis, nutrient metabo-
lism and synthesis of growth promoters. These changes in the metabolic functions 
and synthesis of photosynthetic pigments are closely related to biomass production in 
plant [1]. A common adverse effect of water stress on crop plants is the reduction in 
fresh and dry biomass [2]. Plant productivity under moisture stress is strongly associ-
ated with the processes of dry matter partitioning and temporal biomass distribution 
[3]. Previous study about different crop species faces huge yield reduction due to 
drought stress (Table 1). We have aimed to discuss the crops’ response and adaptive 
mechanisms to combat drought stress and also genetic interventions which may help 
developing cultivars suitable for water-scarce conditions.

2. Physiological changes during drought stress

During drought, Water scarcity occurs generally because of absence of water 
in the soil. But Physiological drought caused both lack of water in the soil, and 
also occurs when excess water is present in the soil. Thus, physiological drought is 
a situation where the plant cannot receive water [15, 16]. The responses of plants 
to water stress are diverse and may involve the contribution of various defense 
mechanisms or modification of physiology, morphology, anatomy, biochemistry, 
as well as short and long-term developmental and growth related adaptation 
processes [17].

Crop Yield reduction (%) References

Rice 53–92 [4]

Maize 79–81 [5]

Barley 49–57 [6]

Chickpea 45–69 [7]

Pigeonpea 40–55 [8]

Soybean 46–71 [9]

Sunflower 60 [10]

Potato 13 [11]

Canola 30 [12]

Cowpea 55–65 [13]

Wheat 64.46 [14]

Table 1. 
Yield reduction owing to drought stress in different crops.
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Physiological reactions to moisture stress provides some escape mechanisms to the 
water stress comprise physiological and morphological adaptations [18]. Decreased 
leaf area (Figure 1), reduced stomatal number and conductance, enlargement of root 
system, increased leaf thickness, and leaf folding to lessen evapotranspiration are 
strictly associated with an adaptive response [17, 19–21]. Plant growth and productiv-
ity decreased under moisture stress, which are caused by alterations in plantwater 
relations, CO2 assimilation reduction, membrane damage of affected tissues, cellular 
oxidative stress, and inhibition of enzymes activity.

Plants can alter water relations to continue cellular mechanisms under 
drought stress conditions. Plants show osmotic adjustment by accumulating and 
integrating compatible solutes likely, proline, sugars and free amino acids [22]. 
Maintenance of turgor pressure as well as cell volume at low water potential is 
facilitated by osmotic adjustment and is vital for metabolic functions. Osmotic 
adjustment also plays role in recovery of metabolic activities post drought stress 
[23]. Previously, there are lot of studies investigated which showed the recovery 
of photosynthesis from moisture stress in various crop species and also recov-
ered from drought stress in terms of oxidative stress, membrane stability index 
and antioxidative mechanisms [16, 24]. Osmolytes also have a significant role in 
drought stress recovery.

Drought stress at higher intensity decreases the activities of photosynthetic 
enzymes as well as leaf chlorophyll content which ultimately hampers the process of 
photosynthesis [20, 25]. Chlorophyll a/b proportion and synthesis of leaf chlorophyll 
altered during drought stress. A lower content of chlorophyll (Figure 2), inactiva-
tion of key proteins linked to the photosynthesis process, and alteration of thylakoid 
membranes happen as a result of drought stress. The decline in chlorophyll content 
is due to over production of O2

− and H2O2 production, which ultimately results 
significant chlorophyll degradation and lipid peroxidation. During drought stress, 
in stomata and mesophyll cell the CO2 conductance declined as the decrease in the 
photosynthetic process. The decrease in photosynthetic activity also may be because 

Figure 1. 
Effects of different levels of drought stress on ricebean seedlings.
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of the reduction of stomatal movement [27]. Rubisco activity greatly affected by the 
loss of CO2 uptake, similarly it decreases the activity of sucrose phosphate synthase, 
nitrate reductase and RuBP production [20, 28]. Decline in photosynthetic activity, 
loss of photosystem II photochemical efficiency, reduction in chlorophyll content 
and alteration in stomatal movement results the reduction in plant productivity. As a 
consequence of reduction in photosynthetic activity in drought stress, it dismantles 
the production of carbohydrate in various way likely prevents the transport of sucrose 
into sink organs and reduces the level of sucrose in leaves, which in turn limits repro-
ductive development. The free sugars and different metabolites thereof support plant 
growth under drought, and take up osmolytic role and compatible solutes to mitigate 
the drastic effect of the stress [29, 30].

The relative leaf water content (RLWC) is an estimate of leaf ’s hydration status 
relative to its maximal water holding capacity at full turgid state. The relative leaf 
water content (RLWC) is one of the reliable parameters to know the water status in 
plants and it decreases gradually with increases in the severity of drought stress con-
ditions. The decline of RLWC as a response to osmotic stress was earlier reported by 
several investigators under different stress conditions [31–34]. The physiological traits 
considered for evaluating drought stress tolerance include root trait characteristics 
(root length, root density, root biomass, root length density, delayed canopy wilting 
(DCW) and leaf pubescence density (LPD) [35], delayed leaf senescence (DLS) [36], 
and recovery ability after wilting (RAW) [37]. Drought stress drastically affects seed 
germination and decreases the speed of germination (Figure 3). Apart from these, 
stomatal conductance, chlorophyll content and use of carbon isotope discrimination 
are also effective screening methods for drought stress tolerance and has been used 
for some food legumes.

Figure 2. 
Visual effects of drought stress in rice. Source: [26].
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3. Plants adaptive responses to drought stress

Plants have developed various adaptive mechanisms conferring tolerance to 
drought stress induced adversities through evolution [38]. Their survival strategies 
for drought stress can broadly be classified as escape, avoidance and tolerance. Hence, 
their drought stress response varies from molecular to plant level [39]. The mecha-
nisms of plant escape, avoidance and tolerance (Figure 4) against drought stress are 
discussed as follows.

3.1 Escape, avoidance and tolerance mechanisms

To escape the pernicious effects of drought stress on plant health and productiv-
ity, some plants utilize mechanisms involving shortening of the life cycle by rapid 
plant development, self-reproduction, and seasonal growth before the beginning of 
the drought season (Figure 4) [40]. Among all, early flowering is perhaps the best 
possible escape adaptive mechanism in plants [41]. However, this mechanism can 
connote a considerable reduction in the plant’s growing period compromising plant 
productivity in some cases [42].

In avoidance strategy, high plant water potential is maintained through tran-
spiration loss reduction and the increased water uptake from well-established root 
systems [43]. Xeromorphic features such as the presence of hairy structure on leaves 
and cuticles in some cases do help to maintain high water potentials in plant tissues 
[44]. It is notable that overdevelopment of these structures may lead to reduced 
productivity and reduced decreased size of vegetative and reproductive parts [45]. On 
the contrary, an adaptive tolerance mechanism at the photosynthetic level involves 
reductions in the plant’s total leaf area and limited expansion of new leaves. Likewise, 

Figure 3. 
Ricebean response to varying levels of PEG as drought induction agent.
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trichrome production on leaves is an attribute that enables the plant to tolerate water 
deficits in dry environments [46]. There is an increase in rate of light reflection in 
the leaf reducing the leaf temperature as well as trichomes provide additional layer 
of resistance to the water loss thereby reducing the rate of water loss through tran-
spiration [47]. Changes in root system-size, density, length, proliferation, expansion 
and growth rate, constitute the preliminary strategy for drought-tolerant plants to 
cope against drought [48]. Osmotic adjustment, antioxidant defense mechanism, 
metabolic and biochemical dynamics of stomatal closure, solute accumulation and 
increment in root shoot ratio are other common strategies that aid to drought stress 
resilience [49].

4. Biochemical responses to drought

4.1 Oxidative damage

Drought stress triggers an array of biochemical mechanisms including fluidity of 
the plasma membranes, osmolytes production, lipid peroxidation, reactive oxygen 
species (ROS) generation, rigidity of the cellular membranes and activation of differ-
ent enzymes which are involved in oxidative defense system [50, 51]. Previously, in 
various crop species ROS generation instigates significant damage to cellular com-
ponents and also causing damages to lipid peroxidation, proteins [52]. The drought 
stress induced ROS generation had calamitous effects on lipid membrane and protein. 
Among all the ROS superoxide radical (O2•−), hydrogen peroxide (H2O2), singlet 

Figure 4. 
Overall drought stress response in crop species.
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oxygen (1O2) and hydroxyl radical (OH•) are mainly produced by enzymatic or non-
enzymatic processes during photosynthesis (Figure 5). Their production occurs also 
in components of electron transport system in the mitochondria by partial reduction 
or oxidation of atmospheric oxygen [53]. In some current studies, it has been shown 
that ROS have dual role in plant biology; involvement in vital signaling processes and 
as toxic by-products of aerobic metabolism [53].

4.2 Enzymatic and non-enzymatic antioxidants

There are several componentsutilized by plantsto cope up with oxidative stress, 
which are involved in ROS homeostasis modulation [54]. Plants produces various 
reactive oxygen species (ROS) continuously as bi-products of various metabolic 
pathways in different cellular compartments like chloroplast, mitochondria, and per-
oxisome. ROS have partially reduced forms of atmospheric oxygen and under normal 
conditions, their production in plant cells is balanced by their effective scavenging 
through enzymatic and non-enzymatic cascade (Figure 6). ROS can cause damage to 
different biomolecules namely DNA, proteins and lipids, and therefore by creating 
oxidative injury; it leads to a reduction in plant growth and development [56]. The 
equilibrium between the production and the scavenging of ROS may be perturbed 
by various stress factors. Thus, the disturbances of cellular homeostasis resulted in 
a sudden rise in intracellular levels of ROS leading to oxidative stress which in turn 
can cause substantial damage to cell structure and membrane integrity. To mask 
themselves from these toxic oxygen intermediates, plant cells contain both enzymatic 
and non-enzymatic components. Among them enzymatic antioxidantsare superoxide 
dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), dehydroascorbate 
reductase (DHAR), monodehydroascorbate reductase (MDHAR) and ascorbate 
(AsA), glutathione (GSH), carotenoids, glycine betaine, proline, α-tocopherol and 
flavonoids are the non-enzymatic antioxidants [51, 57]. Hence, stress induced oxida-
tive damage of ROSs can only be counteracted by increased level of enzymatic and 
nonenzymatic antioxidants [54].

Figure 5. 
Production of various ROS by energy transfer (or) sequential univalent reduction of ground state triplet oxygen.
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5. Molecular and genomic prospects for improvement of drought tolerance

Traditionally, there have been several efforts to develop drought-tolerant crop 
genotypes through usual breeding methods [58, 59]. In this method, two groups of 
plants with desirable traits are selected and crossed to obtain offsprings having new 
genetic arrangements [60]. Drought resistance is directly or indirectly incorporated 
in the crop species via genetic variability of traits and thus selection in breeding is 
ought to be useful. Important traits to target in plant breeding might include water-
extraction efficiency, water-use efficiency, conductance of water, osmo-elastic 
adjustments and leaf area modulation [15]. Genetic data improves the efficiency of the 
breeding method. Polymorphisms based on molecular markers that occur naturally in 
the DNA like restriction fragment length polymorphisms (RFLPs), sequence charac-
teristic amplified regions (SCARs), random amplified polymorphic DNA (RAPDs), 
simple sequence repeats (SSRs), amplified fragment length polymorphism (AFLPs), 
and others have been effectively utilized. The use of plant breeding methods has an 
enormous potential to accelerate drought-tolerant plant production and help drought 
management assist these plants [15].

Marker assisted selection (MAS) and genomic selection (GS) are the two well 
versed approaches of genomic assisted breeding. For the first approach, foremost 
step is to identify the molecular markers linked to the trait of interest so that selection 
can be performed in breeding programs. However, GS depends on progress of selec-
tion models based on genetic markers present on the whole genome and selection of 
genome estimated breeding values (GEBVs) in breeding populations through pheno-
typing of “training population”.

Figure 6. 
ROS scavenging mechanism by antioxidant defense system in different stress conditions. Source: [55].
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MAS utilizes molecular markers in identification of quantitative trait loci (QTL) 
or specific genes that are linked with the target trait and are used to identify the 
individual with desirable alleles (Figure 7) [61]. Through these methods, QTLs for the 
traits linked with drought resistance are identified in various crops i.e., rice, wheat, 
maize, sorghum, pearl millet, soybean and many other crops [62–67].

Genomic selection utilizes all the markers available for a population of GEBVs and 
GS models are used for selection of elite lines without phenotyping [61]. Contrary 
to MAS, the information about QTLs is not the prerequisite for GS [68]. However, 
GS requires denser marker data than MAS. GS is being applied for breeding in 
maize tolerant to drought by the international maize and wheat improvement center 
(CIMMYT) [69]. Research efforts through this approach are progressing in other 
crops i.e., sugarcane, legumes and wheat [70–72].

Many studies have elucidated molecular responses in plants related to drought-
induced transcription signaling pathways. In recent times, various stress-responsive 
genes and transcription factors having potential to mitigate drought-induced oxida-
tive stress have been identified [73]. The TFs operate specific interaction with the 
cis-elements present in the genes’ promoter region and, stimulate the expression of 
stress-inducible genes of various signaling pathways upon binding [74, 75]. These TFs 
are categorized into different families based on their conserved motifs that code their 
DNA binding domain (DBD), viz., APETALA 2 (AP2)/ethylene-responsive element 
binding factor (ERF); dehydration-responsive element binding protein (DREB); no 
apical meristem/Arabidopsis transcription activation factor, cup-shaped cotyledon 

Figure 7. 
Model for the role of signaling factors in stomatal closure and retrograde signaling during water stress.  
Source: [16].
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(NAC); related to abscisic acid insensitive (ABI3)/VIVIPAROUS 1 (VP1) (RAV); 
WRKY; auxin response factor (ARF); and SQUAMOSA-promoter binding protein 
(SBP). The DBDs of the AP2/ERF, DREB, NAC, SBP, and WRKY are named as per the 
names of their respective TFs family, whereas DBDs of ABI3/VP1 and ARF family of 
TFs are named as B3 family [76].

Biochemical and molecular factors involved in the induction of processes to 
alleviate the detrimental impacts of water stress include transcription, stress 
responsive genes like TaNAC69 (wheat), AP37 & OSNAC10 (rice), NF-YB2 (maize) 
and abscisic acid [16]. Transgenic expression of different stress responsive genes 
has been also utilized to confer increased tolerance to draught defecits. [77, 78]. The 
increased expression of these genes is frequently associated with a decreased plant 
growth rate and this could narrow down its practical use (Table 2) [79]. In this 
sense, genomic and related molecular tools could accentuate the genes that miti-
gate the stress effect so that efforts may help maintaining those genes in breeding 
programs [104]. Marker assisted breeding combined with traditional breeding as an 
integrated approach is the best approach for the improvement of the drought stress 
tolerance in plants. [105, 106].

6. Conclusion

Sustainable crop production to feed exponentially growing population is the 
major challenge to the scientific communities in the current global climate change 
scenario. Out of many productivity-limiting factors, drought stress is one of the most 
critical factor and of prime importance in the context of decreasing water availability 
for crop production. Water deficit leads to cellular damage and triggers an array of 
signaling pathways which in turn activate synthesis of gene transcripts associated 
with protective functions. In general, wilting occurs owing to physiological responses 
such as reduced turgor pressure, gaseous exchange, mineral assimilation and overall 
growth. The prominent result of these is reduced photosynthetic rate Many plant 
species are inherently equipped with drought tolerance mechanisms such as reduc-
tion in leaf area and canopy resistance. Both these mechanisms induce tolerance by 
cutting off excessive absorption of indecent light as a result of reduced surface area 
exposed to the incident radiations. In order to select for a tolerant genotype and/or 
traits conferring tolerance, robust phenotyping is a must. Marker assisted breeding 
to incorporate drought tolerance conferring quantitative trait loci (QTL) has proven 
to be effective and efficient. In addition, the knowledge generated by “OMICS” 
techniques (genomics, proteomics, transcriptomics, epigenomics and metabolomics) 
and transgenomics are potent and significant tools that would enable a researcher 
to develop an effective strategy for crop improvement programs in a less time-
consuming cost-effective manner. So, an integrated approach will provide better 
understanding of mechanisms underlying drought stress and plants’ response to it, 
and help in developing genotypes for dry environments in order to reduce the threat 
to global food security.
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Abstract

Among various abiotic stresses, water is reported as a rare entity in many parts 
of the world. Decreased frequency of precipitation and global temperature rise will 
further aggravate the situation in future. Being C4 plant, sugarcane requires gener-
ous water for the proper growth. Plant root system primarily supports above-ground 
growth by anchoring in the soil and facilitates water and nutrients uptake from the 
soil. The plasticity and dynamic nature of roots endow plants for the uptake of vital 
nutrients from the soil even under soil moisture conditions. In sugarcane, the major 
part of root system are generally observed in the upper soil layers, while limited water 
availability shifts the root growth towards the lower soil layer to sustained water 
uptake. In addition, root traits are directly related to physiological traits of the shoot 
to cope up with water limited situations via reduction in stomatal conductance and 
an upsurge in density and deep root traits, adaptations at biochemical and molecular 
level which includes osmotic adjustment and ROS detoxification. Under stressed 
conditions, these complex interactive systems adjust homeo-statically to minimize 
the adverse impacts of stress and sustain balanced metabolism. Therefore, the present 
chapter deals with physiological and biochemical traits along with root traits that 
helps for better productivity of sugarcane under water-limited conditions.

Keywords: sugarcane, root traits, drought, osmotic adjustment

1. Introduction

Global climate change along with abiotic stresses are one of the major constraints 
limiting factors to crop productivity that influences various agronomic character-
istics, such as biomass and other growth traits, phenology, and yield-contributing 
traits, of various crops. Depletion of water resources, irregular rainfall pattern, 
impermanent periods of low water availability, moisture-holding capacity of the 
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soil, water losses through evapotranspiration and poor groundwater quality pushing 
agriculture closer to the water scarcity situations. Generally, the damage to crop 
plants due drought is unpredictable, but plants experience drought when either 
the water supply to the roots is limited or the loss of water through transpiration is 
very high. Severe droughts cause a substantial decline in crop yields through nega-
tive impacts on plant growth, physiology, and reproduction. The plant response 
to drought varies from species to species and cultivars, phenological stages of the 
plant, and the duration of plant exposure to the stress. Under drought, along with 
nutrient and water relations, vital physiological traits viz. chlorophyll content, 
photosynthesis, stomatal conductance, chlorophyll fluorescence, assimilate parti-
tioning, canopy temperature depression, membrane stability, impaired radiation 
use efficiency and reduced absorption of photosynthetically active radiations were 
seriously disrupted. At the same time, several biochemical and metabolic processes 
contributing to general growth and development were constrained along with 
the production of reactive oxygen species (ROS) that negatively affect cellular 
homeostasis, expression of genes, synthesis of hormones. Sugarcane, a C4 plant, 
with a long life cycle is highly sensitive to water deficit and divided into four major 
phenophases, i.e., germination, formative/tillering, grand growth and maturity. 
Among these, the formative stage is considered as highly sensitive to drought stress 
[1, 2] as it required 550 mm of rainfall [3], causing a significant reduction in cane 
yield up to 50% [4]. Water is the major constituent of cane and approximately 2.97 
lakh ha of cane area is prone to the drought that distributed cellular osmotic bal-
ance, decreased turgor, inhibited photosynthesis, inhibition of enzyme activities 
and cellular processes, root architecture and morphology and leading to a reduction 
in yield [5–7]. In point of these, this book chapter mainly focuses on the importance 
of physiological, biochemical, molecular traits along with root traits interventions 
related to drought for better management.

2. Effect of drought stress on sugarcane production

Sugarcane, the world’s major industrial C4 crop mainly grows in the tropic/
subtropic regions and used for sugar and bioenergy. In India, the tropical regions 
(Maharashtra, Andhra Pradesh, Tamil Nadu, Karnataka, Gujarat, Madhya Pradesh, 
Goa, Pondicherry and Kerala) shared about 45% and 55% and the Sub-tropical region 
(Uttar Pradesh, Bihar, Haryana and Punjab) accounted for about 55% and 45% 
of the total sugarcane area and production in the country, respectively. Prevailing 
climatic factors particularly atmospheric CO2, temperature, precipitation are the key 
factors for sugarcane production worldwide. Among these, the availability of water 
in addition to atmospheric CO2 is considered to have been a major driving force for 
the evolution and the ecological success of C4 plants [8, 9]. Drought or prolonged 
dry periods are limiting crop yields in tropical worldwide areas, including sugarcane 
production by 40–60% [10, 11]. Sugarcane is a globally important crop for food 
and industrial input production, accounts for 60% of world sugar output as well as 
bio-ethanol and energy generation [12]. Sugarcane is also known as water guzzler 
consumes about 22.5 million liters of water per hectare during its long growing cycle. 
In tropical India, the total water requirement of the crop for optimum growth varies 
from 2000 to 3000 mm inclusive of rainfall, while in Sub-tropical India, the water 
requirement is 1400–1800 mm. Drought severely depresses cane yield to the tune of 
40–60%, whereas, the sucrose formation and sucrose recovery are reduced up to 5%. 
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The severe drought causes the complete failure of crop and sucrose recovery. India 
is the largest consumer and the second-largest producer of sugar in the world. The 
average annual production of sugarcane is around 35.5 crore tonnes which is used to 
produce 3 crore tonnes of sugar. In India, most of the country’s irrigation facilities are 
utilized by paddy and sugarcane, depleting water availability for other crops. Pressure 
on water due to sugarcane cultivation in States like Maharashtra has become a seri-
ous concern, calling for more efficient and sustainable water use through alternative 
cropping pattern. This is especially important in regions where groundwater use has 
reached a critical and overexploited stage or where more than 50% surface water is 
used for irrigating sugarcane alone. Drought is a serious problem, but under produc-
tion processing. There are various strategies to solve this obstacle, C4 plants are often 
considered to have mastered the art of drought control particularly as they are able 
to maintain leaf photosynthesis with closed stomata. Generally, C4 plants have high 
water use efficiencies (WUEs), and the presence of the CO2-concentrating mecha-
nisms makes C4 photosynthesis more competitive in conditions that promote carbon 
loss through photorespiration, such as high temperatures, high light intensities, and 
decreased water availability [13]. C4 photosynthesis is characterized by the presence 
of a metabolic CO2 pump that concentrates CO2 in the vicinity of the main enzyme 
of carbon dioxide fixation, ribulose-1,5-bisphosphate carboxylase/oxygenase [13, 
14]. This confers several important advantages in terms of WUE because it allows 
high rates of photosynthesis to occur even when stomata are closed while limiting 
flux through the photo-respiratory pathway [14]. Therefore, an emergent choice for 
sustainable sugarcane production is the identification of water-efficient cultivars or 
providing water for irrigation.

3. Root Biology

Roots provide anchorage and facilitate the acquisition of water and nutrients from 
the soil, hence understanding the multi-faceted aspects of root biology are key to 
plant water management [15]. Plants exhibit a high degree of root plasticity and can 
transiently adapt to various environmental stresses. Sugarcane is a deep-rooted crop, 
owing to its long growth cycle. Sugarcane roots may be highly branched superficial 
roots, downward oriented buttress roots or deeply penetrating agglomerations of 
vertical roots known as rope roots. Sugarcane root systems may reach depths of about 
1.5 to 6.0 m [16]. Nevertheless, drought stress usually leads to the formation of deeper 
root systems, which aid in extracting water from Sub-surface soil [17]. Sugarcane 
genotypes with drought-tolerant mechanisms cope better under water-limited 
environments by maintaining high water status and investing a higher proportion of 
assimilates for root growth under stress. Maintenance of high-water uptake under 
drought stress is also facilitated by improved root/shoot ratio in drought-tolerant cul-
tivars [18]. Namwongsa et al. [19] observed that roots of sugarcane genotypes showed 
reduced growth in the upper soil layers (0 to 30 cm) in response to drought stress, 
whereas growth in the lower soil layers (below 30 cm) increased substantially. Under 
water-limited conditions, assimilated partitioning towards the roots area relatively 
higher than to shoots [20]. With the decrease in the soil moisture content, the roots 
alter their distribution patterns, proliferating more into deeper soil layers for extract-
ing and engaging a larger soil volume for water uptake. As moisture at the soil surface 
and top soil profile is reduced under drought, deep roots take up water from the 
deeper profile [21]. Such deep root schemes are characteristic features under drought 
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and is an important consequence to soil drying, allowing some roots to continue their 
lifecycle under stress. Hence, root architecture and distribution strongly depend upon 
the moisture content of various soil layers.

Jangpromma et al. [18] noticed that drought stress significantly reduced root 
length, root surface area, root volume and root dry weight, with negligible effect on 
the root/shoot ratio. Most of the root morphological traits could fully recover when 
plants were re-watered following drought stress during the formative phase. The 
unchanged root/shoot ratio might explain that sugarcane invested in roots under 
drought conditions to mine more water from deeper soil layers. Drought stress 
reduced root growth of sugarcane by 50 to 80% when the soil water status reduced 
to a water potential of −0.07 MPa [22]. Endres et al. [23] reported a drought-
tolerant sugarcane genotype with higher root length density and better field per-
formance under stress. Vantini et al. [24] observed differentially expressed genes 
between tolerant and sensitive sugarcane varieties across different time intervals 
(1, 3, 5, and 10 days after withholding water) in root tissues. At the beginning of the 
stress (1 and 3 days), genes encoding proteins with protection function (chaperones, 
heat shock proteins, antioxidant enzymes and protease inhibitor proteins) were 
induced in the tolerant variety. Gene encoding a protein involved in ABA-response, 
a trehalose-phosphatase synthase (enzyme involved in the synthesis of trehalose) 
and serine/threonine kinase receptors also showed higher expression in the tolerant 
variety, revealing differences between sugarcane genotypes for water stress protec-
tion and adaptive mechanisms. Hence, root systems are more important sink as 
compared to above ground organs under drought stress, especially during the active 
growth vegetative stages. Root growth might be indicative of a drought resistance 
mechanism under water-limited conditions. The positive relationship between root 
length and soil water content at the end of the drought period in 40 cm soil layers 
re-emphasizes the advantage of deeper roots for extracting water over extended 
drought periods. Nonetheless, the association between root length and physiologi-
cal responses to plant water status are very complicated. Several root systems are 
considered to be essential in sustaining plant productivity under drought. Overall 
root growth, branching and distribution pattern is crucial to improve the acquisi-
tion of water and nutrients from the soil, and are positively associated with drought 
resistance and yield performance under stress.

4. Physiological responses of sugarcane under drought

4.1 Plant water relations

Plant–water relations under stress conditions explain how plants control or 
maintained the hydration of their cells up to an optimal level because it has impor-
tant implications in the physiological and metabolic processes. It controls almost all 
metabolic activities within the cell which are dependent on the availability of suffi-
cient amount of water present. Relative water content signifies as an indicator of plant 
water balance [25] and it indicates the level of cellular and tissues hydration which is 
imperative for the physio biochemical processes [26]. Plants under water deficit con-
dition tends to have lesser RWC which triggers stomatal closure resulting in decreased 
CO2 uptake [27]. Generally, the tolerant sugarcane genotype displays a higher RWC 
than the susceptible clones and Silva et al. [26] have described that the tolerant clones 
maintain better RWC (~87%) than the susceptible genotypes (~80%). Almeida et al. 



99

Physiological and Molecular Adaptation of Sugarcane under Drought vis-a-vis Root System Traits
DOI: http://dx.doi.org/10.5772/intechopen.103795

[28] also reported a 50% decline in RWC particularly in RB 943365 (drought-sensitive 
sugarcane genotype) while the tolerant clone RB 72910 (drought-tolerant sugarcane 
genotype) remained constant at 86% RWC upon exposure to the water stress for 
30 days. Medeiros et al. [29] witnessed significant decline in RWC with average 
values of 88.7 and 90.7% in the varieties RB 867515 and RB 962962 varieties owing to 
decrease of water in the soil, correspondingly.

Water potential (ψw) and Osmotic potential (ψs) are the physiological parameter 
used for recording the extent of stress level in plant. Water deficit induced decrease 
in leaf water potential led to interfere with plants’ ability to extract water from the 
soil and maintain turgor [30]. Water potential controls stomatal conductance, which 
affects transpiration and photosynthesis, and affects root water uptake driven by 
the potential difference between leaf and soil water. Leaf water potential (ψw) was 
significantly reduced by 34.50% due to drought stress. However, the reduction in 
water potential was comparatively less in resistant genotypes viz., Co 99,004 and 
Co 99,012 (26.96 and 30.15%) while the reduction was more than 50% in sensitive 
genotypes viz., CoVc 93,136 and Co 99,014 [31]. The RB 72910 variety was able to 
maintain higher values Ψw when compared to RB 943365 variety under water deficit 
[28]. The water potential (ψw) was significantly reduced during stress treatment and 
values around 11-fold times smaller than those found in the control treatment, on 
average − 1.19 and − 0.78 MPa in the RB 867515 and the RB 962962 varieties, respec-
tively. On rewatering treatment, a recovery of the plant water status was observed, as 
expected, with no difference among treatments, the average values of that treatment 
were − 0.16 MPa in the RB 867515 variety and −0.14 MPa in the RB 962962 variety 
[29]. Osmotic potential (ψs) is another physiological parameter used for recording 
the extent of stress level in plants. Reduction in osmotic potential of leaves has been 
observed under drought stress in sugarcane cultivar [32]. Basra et al. [33] studied the 
water relations in drought sensitive (BL-4) and drought tolerant (CP 43/33) sugar-
cane varieties by exposing to 200 mol m−3 mannitol solution and found that decline in 
turgor was faster in BL-4 than in CP 43/33 with time. Bulk leaf osmotic pressures and 
cell wall solutes were higher in BL-4 than in CP 43/33. Biancos et al. [34] observed the 
maximum difference in osmotic potential, between well-watered and stressed plants 
(i.e., the maximum osmotic adjustment) of about −0.5 and − 0.6 MPa for mature 
leaves and shoot tips in sugarcane, respectively. Pooja et al. [35] noted a significant 
decline in leaf RWC, leaf osmotic potential and leaf water potential in four sugarcane 
varieties exposed to drought stress. In another study, Pooja et al. [2] found that sug-
arcane clones Co 05011 (78.77%) and Co 0238 (76.88%) showed/maintained better 
RWC under stress conditions with a mean reduction of 16.70% over Co-canes RWC.

4.2 Growth analysis

The leaf area fairly gives a good idea of the photosynthetic capacity of the plant. 
The reduction in leaf area index (LAI) under water stress was due to reduced leaf area 
and a number of green leaves per stalk. Water stress had a greater effect on the expan-
sive growth of lamina than its dry mass. Among different sugarcane varieties, water 
deficits reduced LAI and the biomass of sugarcane throughout the growing period. 
Inman-Bamber [36] observed that the specific leaf area (SLA) was lower in drought-
treated plants as compared to control plants. da Silva & da Costa [37] has observed 
a significantly higher reduction in LAI under rainfed conditions than in irrigated 
conditions. Gomathi et al. [31] reported that the drought treatment caused an average 
reduction of 27.4 and 17.4% in leaf area and LAI, respectively in sugarcane. Varieties 
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Co 99,004 and Co 99,008 transpired less water and showed a relatively higher pho-
tosynthetic rate with significant improvement in growth attributes, viz., shoot leaf 
production and LAI. LAI showed significant variation among the genotypes and 
treatments indicating the sensitivity of these parameters to drought treatment. The 
genotypes Co 99,004, Co 99,012 and Co 99,006 recorded higher LAI of 3.53, 3.40 and 
3.06, respectively even under drought conditions indicating their adaptability for 
leaf area production. Farooq et al. [38] reported a substantial reduction of LAI with 
increasing drought levels in a sugarcane cultivar.

It is well-established fact that the plant infrastructure is decided by the growth 
parameters such as, CGR, RGR and NAR. This concept not only involves the final 
crop yield and its components, but also probes into the physiological events that have 
occurred early in the growth stages causing variation in yield potential [39]. Singh & 
Singh [40] reported that 20 days and 40 days irrigation intervals in different sugar-
cane varieties caused significant loss in dry matter production viz., RGR, NAR, and 
CGR during stress period when all other conditions were favorable for the remaining 
period of growth. Ramesh [41] evaluated four commercial sugarcane varieties (Co 
8021, Co 419, Co 8208 and Co 6304) under three levels of drought stress (severe, 
moderate and control) during the formative phase (60–150 days after planting) and 
found a higher reduction in NAR, LAI, CGR especially under water-limited drought 
conditions. Farooq et al. [38] reported that NAR was lower at 80 and 60% irrigation 
coefficient as compared to 100% irrigation coefficient and variety NSG-59 showed 
higher NAR. Leaf area and cane length exhibited 37.3% and 26.53% reduction under 
drought conditions in comparison to the control [2].

4.3 Gas exchange traits

One of the more immediate responses of the drought stress is a reduction in the 
water potential of plant tissues leading to diminished stomatal aperture [42, 43] and 
consequent reduction in transpiration rate and photosynthesis, as well as longer-
term responses such as growth inhibition, and accumulation of osmolytes [44]. 
In C4 plants some evidences demonstrate that photosynthesis is highly sensitive 
to water deficit [45]. Moreover, these plants present low recovery capacity mainly 
when water deficit exceeds the plant recovery capacity limiting the photosynthesis 
metabolic pathways [46]. Sugarcane plants when subjected to decreased soil water 
content under moderate (42%) and severe stress (22%) caused changes in all 
photosynthetic apparatus, such as stomatal closure, reduction of transpiration and 
photosynthetic rate, as well as in RWC, photochemical efficiency of photosystem 
II (PS II), and increase in leaf temperature [47, 48]. The photosynthetic rate and 
stomatal conductance decreased significantly in drought-tolerant (SP 83–2847 and 
CTC 15) and sensitive sugarcane cultivars (SP 86–155), when submitted to water 
deficit however higher reduction percent, was recorded in sensitive cultivar [49]. 
Medeiros et al. [29] also reported that when young sugarcane plants of two varieties 
RB 867515 and RB 962962 were subjected to irrigation suspension until total sto-
mata closure, and then rewatered, a significant reduction on stomatal conductance, 
transpiration rate, and net photosynthesis were observed. RB 867515 showed a faster 
stomatal closure while RB 962962 slowed the effects of drought on the gas exchanges 
parameters with a faster recovery after rewatering. Farooq et al. [38] that maximum 
water use efficiency was observed under 60% irrigation coefficient as compared to 
80% and 100% irrigation coefficient and under 60% irrigation coefficient maxi-
mum water use efficiency was recorded in variety NSG followed by HSF-240. Water 



101

Physiological and Molecular Adaptation of Sugarcane under Drought vis-a-vis Root System Traits
DOI: http://dx.doi.org/10.5772/intechopen.103795

stress also caused a reduction in gas exchange traits and the associated pigments by 
56.57% in stomatal conductance (gS), 56.55% in photosynthetic rate (pN), 38.21% 
in transpiration rate (E), 28.01% in internal CO2 (Ci) and 16.86% in the chloro-
phyll content [2]. Maximum water use efficiency (pN/E) under drought stress was 
recorded in Co 0238 (4.12) and Co 98,014 (3.93).

4.4 Osmotic adjustments

The cellular response to turgor reduction is an osmotic adjustment. The osmotic 
adjustment is achieved in these compartments by the accumulation of compatible 
osmolytes and osmoprotectants. Through the process of osmotic adjustment, higher 
plants can survive in dry and saline conditions. In this process, an accumulation of 
organic and inorganic solutes that reduce cellular osmotic potential and a reduction 
in the hydraulic conductivity of the membranes occurs, possibly by decreasing the 
number of water channels (aquaporins). Once the turgor is recovered, growth can be 
restored. The accumulation of compatible solutes is often regarded as a basic strategy 
for the protection and survival of plants under salt stress. Osmolytes are the organic 
compounds that play role in maintaining fluid balance as well as cell volume. In 
situations where increased external osmotic pressure tends to rupture the plant cells, 
certain osmotic channels are switched on to allow the efflux of certain osmolytes. As 
these osmolytes move outside, they carry water with themselves preventing the cell 
from bursting out. Sugars, alcohols, amino acids, polyols, tertiary and quaternary 
ammonium and sulphonium compounds are some examples of such osmolytes. A 
variety of compounds such as amino acids and amides (e.g., proline), ammonium 
compounds (e.g., betaine) and soluble carbohydrates act as compatible solutes. 
Proline, which is widely found in higher plants, accumulates in stressed plants in 
larger amounts than other amino acids [50]. Proline is a strong source to store carbon, 
nitrogen and a purifier of free radicals. Proline also maintains the structure of cell 
membrane and proteins [51, 52] and contributes to membrane stability [53–55]. It 
may also act as a signaling regulatory molecule able to activate multiple responses that 
are components of the adaptation process [56]. Boaretto et al. [57] reported that leaf 
proline content in IACSP 96–2042 sugarcane genotype was significantly increased 
about 2.3 to 2.7 times as compared to SP 87–365 under severe water-deficient condi-
tions. Among the varieties, the differential accumulation of proline may be due 
to the response of a variety towards the environment [58]. The overproduction of 
proline may also mean a greater stress impact in Co 86,032 as compared to CoC 
671, thus, rendering higher salt tolerance in CoC 671 than Co 86,032. Proline has 
also been reported to accumulate to maintain the osmotic potential of the plant cell 
under stress. Medeiros et al. [29] reported that free proline content was significantly 
increased in drought-affected sugarcane plants, i.e., 81.2% in RB 867515 variety and 
72% in RB 962962 variety as compared to control plants. After rewatering, these 
values returned to normal levels.

Sugars were the main solutes that contributed to osmotic adjustment (OA) par-
ticularly in growing leaves. According to Zhou & Yu [59], these changes are related 
to the activation of responses to cope with this adverse environmental condition, to 
assist in the maintenance of cell water relations. The accumulation of soluble carbo-
hydrates during water-deficient is considered a plant response to maintain hydration 
of the shoot and also protect enzyme and membrane system through the stabilization 
of proteins and lipids [60, 61]. Drought caused increases of soluble sugars content 
(SS) in sugarcane variety IACSP 96–2042 and IACSP 94–2094 sugarcane cultivar. On 
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the other hand, water withholding increased non-structural carbohydrate content 
(NSCC) in IACSP 94–2094 and IACSP 96–2042. Under well-hydrated conditions, SP 
87–365 had the highest NSCC when compared to the others, which did not vary due 
to water deficit [57]. Medeiros et al. [29] reported that soluble carbohydrate increased 
under water suppression, drought treatment increase was 51.2% in RB 867515 vari-
ety (sugarcane) and 28% in RB 962962. After rewatering, these values returned to 
normal levels, in the carbohydrates content of the RB 962962 variety, which did not 
differ from the water suppression and control treatment, such as in the RB 867515 
variety that did not differ from the water suppression treatment. The alteration of 
protein synthesis or degradation is one of the fundamental metabolic processes that 
affect drought tolerance. Medeiros et al. [29] reported that amino acids and protein 
were significantly increased in drought-affected plants by 23.5 and 27% in sugarcane 
variety RB 867515 variety and 51.1 and 31.82% in variety RB 962962, respectively as 
compared to control plants. After rewatering, these values returned to normal levels. 
With other osmoregulatory, proteins were the major contributors to the osmoregula-
tion of both varieties. Jangpromma et al. [62] reported accumulation of an 18 kDa 
protein was K86–161 sugarcane line which was subjected to progressive water stress 
for 20 days. Ngamhui et al. [63] reported a 16.9 kDa class 1 heat shock protein and two 
isoform elongation (EF-Tu) proteins, which are associated with heat tolerance under 
moisture stress in sugarcane variety Khon Kaen 3. Pooja et al. [35] observed approx. 
Two-fold increase in total soluble carbohydrates, four folds in proline and two-fold 
increase in lipid peroxidation under severe water stress conditions of 30% available 
soil moisture (ASM).

Potassium is a major ion which helps in the regulation of osmotic pressure, provid-
ing water maintenance at cells and plants textures, activation of various enzymes and 
coordination of opening or closing of stomata which may cause more air and plant 
evaporation. Ge et al. [64] observed that drought stress-induced sharp decreases in 
total K content and its uptake in maize organs at different developmental stages and, 
in particular, detrimentally affected the nutrient uptake capability of roots. Severe 
drought stress caused more deleterious effects than moderate drought stress on 
total K uptake by plant organs. Errabii et al. [65] reported that K content decreased 
in mannitol-induced stressed in sugarcane calli and it shows that inorganic solutes 
seemed to have no contribution in the osmotic adjustment in mannitol-induced 
stressed sugarcane calli. Such disruptions were due to the water outflow and the leak-
age of essential ions such as potassium and calcium content in sugarcane calli. Pooja 
et al. [7] observed significantly reduced K+ content in leaves (2.93 to 1.83%) at ASM 
levels 30% and 40% as compared to 50% ASM level.

4.5 Antioxidant defense mechanism

Drought stress triggers cellular dehydration, accumulation of low molecular 
compounds (osmolytes) like glycine betaine, proline, sugar, alcohols, increased 
abscisic acid levels, increased expression of genes, excessive generation of reactive 
oxygen species (ROS) such as superoxide, hydrogen peroxide (H2O2) and hydroxyl 
radical affecting cellular structures and metabolism. Generation of ROS [superoxide 
radical (O2

•−), the hydroxyl radical (OH−), hydrogen peroxide (H2O2) and singlet 
oxygen (1O2)] is observed as an outcome of the metabolic perturbations caused by 
osmotic effects of salt or dehydration stress as well as ionic toxicity of salt stress, 
particularly in chloroplast and mitochondria which ultimately leads to membrane 
leakage, lipid peroxidation, protein degradation and reduced enzyme activities. 
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Elevated production of ROS can seriously disrupt cellular homeostasis and normal 
metabolisms through oxidative damage to lipids, protein, and nucleic acid. Hydrogen 
peroxide is considered as one of the potential ROS which inhibits the function-
ing of the Calvin cycle. To mitigate the ROS-induced oxidative effects, plants have 
an antioxidant defense system that involves the generation of non-enzymatic and 
enzymatic antioxidants. Non-enzymatic antioxidants include phenolics, flavonoids, 
tocopherols, ASC, and GSH. Enzymatic antioxidants include superoxide dismutase 
(SOD), peroxidase (POX), catalase (CAT), as well as the enzymes of the ascorbate 
(ASC)–glutathione (GSH) cycle [GSH reductase (GR), ASC peroxidase (APX), 
monodehydroascorbate dehydrogenase (MDHAR), and dehydroascorbate reductase 
(DHAR)] that detoxify ROS [66–70].

Ascorbate peroxidase detoxifies hydrogen peroxide using ascorbate for reduc-
tion is present in chloroplasts, cytosol, mitochondria, apoplast and peroxisomes. 
By contrast, CAT is only present in peroxisomes, but it is indispensable for ROS 
detoxification during stress, when high levels of ROS are produced [71]. In addition, 
oxidative stress causes the proliferation of peroxisomes [72]. Catalase can be used to 
reduce hydrogen peroxide levels in the peroxisomes but it is absent in chloroplasts. 
The role of catalase is filled by specific ascorbate peroxidase. This peroxidase uses 
ascorbic acid as a hydrogen donor to break down hydrogen peroxide [73]. Water 
stress (PEG treatment) led to a significant increase in the activity of the antioxidant 
enzyme like CAT, POX, APX and SOD. Statistically, significant higher SOD activity 
was observed in salt (by 32%) or PEG (by 27%) stressed plants over the control in 
sugarcane callus of variety Co 86,032. CAT activity did not differ significantly in 
stressed and control plants [74]. Cia et al. [75] studied the antioxidant stress response 
of drought-tolerant (SP 832847 and SP 835073) and drought-sensitive (SP 903414 
and SP 901638) sugarcane varieties to water deficit stress, which was imposed by 
withholding irrigation for 3, 10 and 20 days. SP 832847 exhibited higher CAT and 
APX activities than the other varieties in the early stage of drought, while the activi-
ties of GPOX and GR were the highest in the other varieties at the end of the drought 
stress period. Boaretto et al. [57] observed that the basal activity of CAT at 70% 
SAWC was greater in IACSP 95–5000 than in IACSP 94–2094. However, substantial 
increases in the total CAT activity were observed for both cultivars only at 30% 
SAWC. Ngamhui et al. [76] reported that under drought stress, tolerant sugarcane 
variety KK3 accounted 15% and 30% higher activity APX and POX, respectively as 
compared to variety SP72. Among three antioxidative enzymes, the highest activity 
of APX and POX was observed as compared to CAT in both the varieties. The activity 
of ROS content such as the superoxide radical, hydrogen peroxide and hydroxyl radi-
cal can cause oxidative stress and consequently membrane injury which leads to leak-
age of cellular content, peroxidation of membrane lipids, protein degrading, enzyme 
inactivation, pigment bleaching and disruption of DNA strands and thus cell death 
[76, 77]. Accumulation of hydrogen peroxide has not only negative consequences on 
living cells, but it is also involved in stress signaling and mediating the cellular redox 
status [78, 79]. Arora et al. [80] reported that as plants close the stomata under water 
deficit and reduce the internal CO2 concentration, the generation of reactive oxygen 
species seems to stimulate mechanisms that reduce oxidative stress and so it may play 
an important role in drought tolerance.

Non-enzymatic antioxidant molecules can work synergistically with enzymatic 
ROS scavenging mechanisms to protect plant cells against oxidative damage. The non-
enzymatic system is composed by ascorbic acid (AA), reduced glutathione (GSH), 
α-tocopherol, carotenoids, phenolics, flavonoids and proline [81, 82]. Proline (Pro) 
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is an efficient scavenger of OH. and 1O2. Furthermore, Pro can function as a compat-
ible osmolyte, molecular chaperone and carbon and nitrogen reserve and balances 
cytosolic pH [82, 83]. During water stress, Pro is accumulated in plants mainly due 
to increased synthesis and reduced degradation. Pro biosynthesis from glutamate is 
catalyzed by the enzymes Δ [1]-pyrroline-5-carboxylate (P5C) synthetase (P5CS) 
and P5C reductase (P5CR). Alternatively, Pro can be formed from ornithine that 
is converted into P5C/GSA via ornithine-δ-aminotransferase (OAT) [84, 85]. The 
observations recorded on antioxidative defense system have suggested possible key 
characteristics of drought tolerance and noted that low ASM levels induced the anti-
oxidative defense system by increasing ROS and the specific activities of antioxidative 
enzymes, viz. peroxidase, catalase and ascorbate peroxidase [7]. The specific activity 
of these enzymes increased in varieties Co 0238 and CoS 767 at 60 and 90 DAP. Severe 
stress of 30% ASM levels also resulted in a sharp rise in total ascorbic acid content 
(9.36 to 13.14 mg/g), total soluble proteins (from 9.6 to 13.77 mg/g), and the increase 
was more in varieties Co 0238 and CoS 767.

5. Molecular responses of sugarcane under drought

During drought stress, the molecular responses include regulation of various signal-
ing molecules, transcription factors (TFs) and drought induced genes (DIGs), which 
interact with each other and confer the drought tolerance potential to individual geno-
types. Some of the major genes involved in drought tolerance are presented in Table 1. 
The genes are classified into two major categories: genes encoding functional proteins, 
and genes encoding regulatory proteins. Functional proteins play an important role 
in the protection of cells against dehydration, including late embryogenesis abundant 
(LEA) proteins, aquaporins (AQP), heat shock proteins (HSPs), ion transporters and 
metabolic enzymes. Regulatory proteins comprise calcium-binding proteins, protein 
kinases, transcription factors and signaling factors which can cause changes in plant 
physiology through signal transduction pathways, and regulate the expression of down-
stream genes [96]. LEA proteins exhibit important dehydrating protective functions 
during the late stage of embryo development in seeds. They play a key role in dehydra-
tion tolerance by capturing enough water into the cell. LEA proteins are composed of 
a high proportion of polar amino acids which makes them hydrophilic in nature, and 
can scavenge reactive oxygen species [96]. Transcription factors are one of the master 
regulators under stress, causing a significant change in gene expression. Manipulation 
of these regulatory elements may be beneficial for the enhancement of drought toler-
ance in sugarcane. It is now well established that both the transcription activators and 
repressors are involved in the drought stress tolerance [97, 98]. The major TF families 
involved in drought stress responses are WRKY, MYB, bZIP, NAC and DREB, which are 
perfect choices for genetic engineering to enhance stress tolerance. The most extensively 
studied TF family is WRKY which helps in regulating different physiological and meta-
bolic processes [99]. The WRKY TF binds to the conserved DNA cis-element W-box 
to regulate further downstream processing of plant defense. Liu et al. [90] isolated 
and characterized the expression of WRKY TF of sugarcane using E. coli vector. It was 
observed that with the increase in the duration of stress, the relative expression level of 
WRKY increased, hence conferring drought tolerance in sugarcane.

To better understand the molecular basis of the physiological responses of 
sugarcane under stress conditions, high throughput gene expression studies have 
been conducted [48, 100–102]. Drought stress induces extensive signal transduction 
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networks, comprising TFs, protein kinases and phosphatases [103–107]. As some of 
the plant responses under drought are ABA-dependent, both water stress and exog-
enous ABA treatment lead to several differentially expressed genes [108–110]. Free 
proline accumulation was correlated to drought stress tolerance in different sugarcane 
cultivars [111]. Transgenic sugarcane plants expressing a heterologous P5CS (encod-
ing a proline biosynthetic enzyme), showed a positive correlation between enhanced 
proline content, increased biomass yield and photochemical efficiency of photosys-
tem II under drought stress [112]. Iskandar et al. [113] indicated that a strong cor-
relation between the expression of DIGs with increasing drought stress. Under severe 
drought stress, the expression of dehydrin proteins was induced [102], although there 
is no significant relation to sucrose accumulation [101, 113].

S.No. Genes Predicted function References

1. LEA protein Protection of macromolecules such as 
membranes

Liu et al. [86]

2. Chaperones Cagliari et al. [87]

3. Dehydrin Protection of cell against dehydration Hayati et al. [88]

4. Early responsive to dehydration 
protein (ERD)

Drought responsive genes Devi et al. [89]

5. WRKY Drought induced Transcription factors Liu et al. [90]

6. ABRE-binding factor Drought induced Transcription factors Devi et al. [89]

7. DRE-binding protein 2 (DREB2) Drought induced Transcription factors Reis et al. [91]

8. NAC1 transcription factor Drought induced Transcription factors Devi et al. [89]

9. Ethylene-responsive 
transcription factor (ERF3 gene)

Drought induced Transcription factors Devi et al. [89]

10. Trehalose 6-phosphate synthase Signaling and trehalose metabolism Hu et al. [92]

11. Invertase Plant development and gene 
expression regulation

Devi et al. [89]

12. Sucrose phosphate synthase ABA signaling and sucrose metabolism Devi et al. [89]

13. Calmodulin Calcium binding protein and signaling 
molecule

Liu et al. [93]

14. ABAR ABA receptor Devi et al. [89]

15. P5CS Proline metabolism and osmotic 
adjustment

Li et al. [94]

16. BADH Glycine betaine metabolism and 
osmotic adjustment

Chengmu et al. 
[95]

Table 1. 
Important genes involved in the drought stress tolerance.
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Chapter 7

Microgametophytic Selection as a 
Way to Improve Drought Tolerance 
in Cultivated Plants
Viktor Lyakh and Anatoliy Soroka

Abstract

In the current chapter, using different agricultural crops as an example, the 
effectiveness of pollen selection techniques for drought and heat resistance are 
demonstrated, as well as methods to evaluate plant drought tolerance by its male 
gametophyte. Germination of pollen from F1 sunflower hybrid on the stigmas moist-
ened with an osmotic resulted in drought resistance improvement of F2 sporophytic 
generation, increasing the number of drought tolerant genotypes. Heating sunflower 
pollen increased both the plant adaptability to drought in dry field conditions and 
germination of seeds under osmotic stress. Pollination with heated pollen created 
opportunities to increase the share of drought resistant genotypes in the progeny 
of oil flax sporophytes. In interspecific tomato hybrids pollen treatment with high 
temperature was accompanied by a predominant elimination of unstable to various 
stresses pollen grains with cultivated species alleles in favor of wild ones. The high-
temperature impact on the heterogeneous pollen population increased the propor-
tion of drought-resistant genotypes in the sporophyte population and changed the 
Mendelian segregation ratios for a number of marker genes in maize. The genes were 
revealed, which influence drought resistance or are linked to the genes responsible 
for tolerance of pollen and plants to water stress in some crops.

Keywords: male gametophyte, osmotic, heating, pollen germination,  
selective elimination, sporophyte, drought tolerance, marker gene, segregation ratio, 
cultivated plant

1. Introduction

Gametophytic selection is the selection of genotypes in the sexual (haploid) 
generation of a plant’s life cycle. Gametophytic selection is based on the different 
selective value of gametes, due to their genetic diversity. In this case, both micro and 
macrogametophytes can be subject to selection.

Selection in the haploid phase is widespread in higher plants. However, it was only 
recently shown that a significant part of the plant genome is expressed in the haploid 
phase and that a fairly large part of it is common for the sporophyte. The extensive 
overlap between the gametophytic and sporophytic phases constitutes the biological 
basis for the sporophyte response to gametophyte selection. Given that selection at 
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the haploid level and, especially, in the male gametophytic generation, is capable to 
cause a significant shift in the genetic structure of populations in a short time, it can 
be actively involved in the breeding practice to search for valuable genotypes.

If each phase of a plant’s life cycle had its own set of expressed genes, then selec-
tion at the gametophytic level would only lead to changes in the next gametophytic 
generation and would not affect the sporophyte. However, the results of numerous 
studies on the influence of gametophytic selection on sporophytic offspring [1–14] 
indicate that there is a significant degree of overlap between the two phases of the 
life cycle. It is believed that approximately 60% of the structural genes expressed in 
pollen are also expressed in the sporophyte [15–16].

Selection can operate in both the male and the female gametophytic generations. 
However, given the large size of the population of male gametes, the relative indepen-
dence of pollen grains from the mother plant, the possibility of direct impact on them 
by environmental factors, the competition of many gametophytes within one style, 
male gametophytic selection, in comparison with female selection, is considered more 
effective. It is often compared to selection in microorganisms, given the large popula-
tion size and the haploid state of the genome [3, 16, 17].

Considering the significant degree of genetic overlap of both phases of the plant life 
cycle, it is believed that the efficiency of gametophyte selection, especially pollen, may 
be higher than that of sporophyte [16]. This is explained by the fact that, firstly, the 
size of the population of male gametophytes is much larger than the size of the popula-
tion of sporophytes. This makes it possible to apply high selection pressure. Secondly, 
it is much more difficult to obtain the desired gene combination at the sporophyte stage 
than at the gametophyte stage as the sporophyte of higher plants contains a double set 
of genes compared to the gametophyte. Because of this, the probability of selecting a 
complex combination of alleles is higher in the gametophytic generation. And thirdly, 
the haploid state of the gametophyte allows direct access to the recessive alleles.

2. Microgametophytic selection for drought tolerance in cultivated plants

2.1 Microgametophytic selection for drought tolerance in sunflower

Despite the fact that the sunflower is a mesophyte, it is very demanding to the level 
of available soil and air humidity. That is why the yield and efficiency of its growth 
are limited by moisture provided to the plants. In sunflowers the yield losses may 
reach 50% because of drought [18]. It should be noted that drought is usually accom-
panied by temperature increase which invokes damage to the plants and decreases the 
yield as well. Therefore, enhancing the drought and heat tolerance of the plants is an 
important direction of modern sunflower breeding.

2.1.1  Selection of drought tolerant genotypes during pollen germination  
on the stigmas in vivo

Undoubtedly, successful selection for any trait is possible only if there is a genetic 
variability for this trait. This also applies to the trait of drought tolerance in sunflow-
ers. Therefore, in order to prove the effectiveness of microgametophytic selection 
for drought resistance, genetic variability for this trait at the level of the male game-
tophyte (pollen) was created artificially. For this, F1 hybrid was obtained from the 
crossing of inbred sunflower lines with contrasting drought resistance which was 
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determined by the relative length and dry weight of germinal roots after seed germi-
nation in sucrose solution. At the same time, it was assumed that those inbred lines 
were contrasting at the level of male gametophyte.

To carry out microgametophytic selection for drought resistance, a hybrid 
was taken obtained from crossing the morphological mutants of ZL 9 and ZL 102 
sunflower lines developed at the Institute of Oilseed Crops of NAAS (Zaporozhye, 
Ukraine). In addition to different resistance to drought, one mutant line was 
characterized by chlorophyll deficiency of the “virescent” type at the top of the 
seedling, and the other one had leaves with fan venation. Both mutant traits are 
easily identified at the seedling stage. These inherited mutant traits were the result 
of our long-term research on chemical mutagenesis in sunflower [19, 20]. The 
presence of such “marker” traits in the parental components of the F1 hybrid made 
it possible to unambiguously characterize the genetic structure of the F2 segregat-
ing population.

The modified technique, proposed by Patil et al. for sorghum, was taken into 
account to select male gametophytes resistant to lack of moisture in vivo during pollen 
germination and pollen tube growth [21]. In the experiment, the stigmas of emas-
culated inflorescences were moistened with 10% of polyethylene glycol (PEG) 6000 
solution. In this case, PEG 6000 solution was used as an osmotic selective barrier for 
pollen. After a little drying of the stigmas with PEG 6000 solution, pre-emasculated 
inflorescences of the F1 hybrid were pollinated with fresh pollen. The inflorescences 
moistened with distilled water were used for pollination in the control. One cm3 of 
pollen was taken for pollination of each head.

Table 1 shows the percentages of germination in 10% PEG 6000 solution of F2 
seeds [22], obtained during pollen germination of F1 hybrid (ZL102 “virescent” x ZL9 
“fan venation” crossing combination) in the presence and absence of osmotic on the 
stigmas of the hybrid plant.

As can be seen from the data presented in Table 1, the percentage of F2 seed 
germination under conditions of osmotic stress was significantly higher in the experi-
mental F2 population, which was obtained after pollination with fresh pollen of the 
inflorescences moistened with 10% solution of PEG 6000. These results may indicate 
that such manipulation with a heterogeneous population of pollen from F1 hybrid was 
effective and resulted in drought resistance improvement of F2 sporophytic popula-
tion, increasing there the number of drought-tolerant genotypes [23].

Table 2 shows the genetic structure of F2 populations for “virescent” marker-trait. 
Change in the segregation for this marker-trait may indicate that the gene or genes, 
which determine the tested marker-trait, directly affect the drought tolerance of 

Pollen treatment F2 seeds Germination, %

Total Germinated

Germination on the stigmas moistened with distilled water 
(control)

156 30 19.2

Germination on the stigmas moistened with 10% solution of 
PEG 6000

154 106 68.8***

Note: ***differences from the control are significant at the 0.001 level of probability.

Table 1. 
Influence of pollen germination of F1 hybrid in vivo in the presence of osmotic on germination of F2 seeds in the 
medium with osmotic in sunflower.
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plants or are linked to the genes, which determine the plant resistance to osmotic 
stress and dry environmental conditions [24].

The results of marker analysis for «virescent» trait showed the modification in seg-
regation for the experimental F2 population, which was obtained after germination 
of F1 hybrid pollen on the stigmas moistened with osmotic, compared to the control. 
This modification resulted in a significant increase in the number of plants with the 
“virescent” trait. As for “fan venation”, differences in segregation ratio for this trait 
were not revealed. Therefore, we can state the fact of the shift in the genetic structure 
of F2 populations after carrying out gametophytic selection for drought tolerance 
which favored the survival of gametes with the “virescent” marker-trait and, at the 
same time, the elimination of gametes with an alternative trait.

In general, it must be admitted that pollination with a heterogeneous pollen popu-
lation of stigmas moistened with the osmotically active substance can increase the 
drought resistance of F2 sporophytic populations and modify their genetic structure 
for some marker traits. Also, it should be noted, that the simultaneous rise in the 
drought resistance and in the number of plants with the “virescent” marker-trait in 
F2 population indicates that the gene or genes, which determine the “virescent” trait, 
directly influenced the drought resistance or were linked to the genes responsible for 
tolerance of pollen and plants to water stress.

2.1.2 Pollen heating as a way of selection drought tolerant genotypes

Treatment of pollen with high-temperature can also be an effective tool for breed-
ers to overcome environmental stresses. Studies on the influence of F1 pollen heating 
on the genetic structure of F2 sporophytes showed that this technique can not only 
change the heat resistance of the segregating populations but its drought resistance as 
well. To estimate the effectiveness of pollen treatment for drought resistance improve-
ment, comparisons were performed in the dry year 2013 on the number of plants that 
are able to bloom under such conditions. F2 plants obtained from pollination with 
fresh or heated pollen from F1 hybrids were analyzed.

Table 3 shows that in the year 2013 the amount of rainfall during the two months 
of vegetation before flowering was only about 60% of the long-term average. Before 
sowing in April and early May, there was almost no rainfall, while the average daily 
temperature was significantly higher than the average long-term data. This suggests 
that for cultivated sunflowers the environmental field conditions during the season of 
2013 were arid, at the initial stages of growth and development especially.

Pollen treatment F2 phenotypes Segregation 
RatioNormal 

plants
Plants with 

marker-trait
Total

Germination on the stigmas moistened with 
distilled water (control)

198 42 240 4.7:1

Germination on the stigmas moistened with 
PEG 6000

366 120 486 3.0:1**

Note: χ2 0.01(df = 1) = 6.64. **differences from the control are significant at the 0.01 level of probability.

Table 2. 
Influence of pollen germination of F1 sunflower hybrid in vivo in the presence of osmotic on segregation ratio in F2 
generation for “virescent” marker-trait.
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F1 hybrids were grown in the field conditions during the year 2012 to obtain F2 seeds 
by self-pollination. Before flowering, inflorescences of F1 hybrids were isolated. One set 
of these plants was emasculated within 1–5 days for artificial pollination. The other set 
was grown without emasculation for collecting fresh pollen. Freshly collected pollen 
was immediately (in 5–10 min after collection) transferred to the laboratory, placed in 
parchment packets in a layer of 2–3 mm thick, and heated at the temperature of 60°C 
using an air bath oven for a period of 1 h and then used to self-pollinate the emasculated 
F1 plants. At the same time, freshly collected pollen without temperature treatment was 
used to control pollinations. One cm3 of pollen was taken for pollination of each head.

A viability test based on pollen germination on an artificial nutrient medium [25] 
demonstrates that the heating technique can significantly reduce the percentage of 
pollen germination on the artificial media. Thus, pollen treatment for 1 h at 60° C 
reduces the number of germinated pollen grains by almost 4 times, and treatment for 
3 h—by more than 20 times, while the germination of pollen drops down to 1%.

Data on the influence of pollen heating in F1 hybrids on the adaptability to drought 
in the F2 resulting sporophytic offspring are presented in Table 4. As follows from 
the table, the number of flowering plants was significantly higher in F2 populations 
obtained after 1-h pollen treatment than in the control. These facts indicate that 
gametophytic selection for heat tolerance increases the adaptability of the F2 popula-
tions to drought stress [26].

In our earlier studies, we tested the selective effect of different high temperatures 
on the heterogeneous pollen populations of some interspecific sunflower hybrids 
[27]. The results showed that pollen heating at 40°C for 3 h did not cause the selective 

Weather 
Parameter

April May June

Temperature, 
°C

Rainfall, 
mm

Temperature, 
°C

Rainfall, 
mm

Temperature, 
°C

Rainfall, 
mm

Average daily 
temperature

13.2 — 23.1 — 24.7 —

Total rainfall — 8.0 — 29.0 — 31.5

Average long-
term rates

8.5 35 16.0 40 19.4 62

Table 3. 
Weather conditions in Zaporozhye region (Ukraine) before and after sowing of sunflower, 2013.

Treatment Number of F2 seeds Number of F2 
flowering plants

Frequency of F2 plants, %

F2 ZL9 mutant x ZL 95 mutant

Fresh pollen 137 81 59.1 ± 4.20

Pollen heated at 60°C/1 h 540 395 73.1 ± 1.91**

F2 ZL9 mutant x ZL 95 mutant

Fresh pollen 250 167 66.8 ± 2.98

Pollen heated at 60°C/1 h 514 469 91.2 ± 1.25***

Notes: **, *** the differences from the control are significant at the 0.01 and 0.001 levels of probability, respectively.

Table 4. 
Influence of pollen heating in F1 sunflower hybrids on number of flowering plants in F2 population.
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elimination of haploid genotypes. Only the use of a higher temperature for pollen 
treatment led to the shift in the genetic structure of the sporophytic population. As it 
turned out, pollen heating at the temperature of 60°C for 1 h was already effective.

Tolerance to drought of F2 sporophytes after heating pollen of F1 hybrids was also 
assessed by the seed germination in 15% sucrose or 20% PEG solutions. The F2 seeds 
were germinated at the temperature of 25°C for a period of 4 days (sucrose) and 3 days 
(PEG 6000). After that, the percentage of seed germination was calculated (Table 5).

As can be seen from Table 5, the heating of F1 pollen increased the drought resis-
tance of F2 sporophytic population estimated by seed germination in a 15% sucrose 
solution or in 20% PEG 6000 solution. Germination in the osmotic of F2 seeds that 
were developed after pollen heating was more than 3–6 times higher compared with 
the F2 seeds resulting from the pollination of F1 hybrids with fresh pollen.

These facts reveal that gametophytic selection for heat tolerance increases both 
the adaptability to the drought of the F2 populations in dry field conditions and the 
germination of F2 seeds in the conditions of osmotic stress. Thus, during the pollen 
heating, we observe the indirect selection that increases drought resistance of sporo-
phytic offspring. It can be reasonably assumed that the genes which define sunflower 
drought resistance are linked to the genes determining heat resistance.

2.2 Microgametophytic selection for drought tolerance in oil flax

Under conditions of prolonged exposure to high temperatures and insufficient 
moisture supply, typical for the south of Ukraine, oil flax often reduces its potential 
productivity. The above makes the development of drought-resistant varieties of 
this crop urgent. The significant differences between flax genotypes insensitivity to 
elevated temperatures at the stage of the mature pollen grain and the discovered posi-
tive relationship between resistance to high temperatures of microgametophytes and 
drought tolerance of sporophytes, which we established, provide an opportunity for 
selection of drought-resistant genotypes at the microgametophytic level [10, 25].

Intervarietal F1 hybrids K7487 × K7734 and K7734 × K7487 were used as the 
starting material, the parental lines of which significantly differed in their resistance 
to drought. Pollen was collected in the morning hours. Using a dissecting needle, the 
pollen from the anthers was shaken out onto a glass slide and after that, it was evenly 
distributed over the surface of the glass in a monolayer. Then glasses with pollen were 

Treatment Number of F2 seeds Germination, %

Total Germinated

F2 ZL95 mutant × ZL9 mutant (15% sucrose as osmotic)

Fresh pollen 480 43 9.0 ± 1.31

Pollen heated at 60°C/1 h 806 454 56.3 ± 1.75***

F2 ZL102 mutant × ZL9 mutant (20% PEG 6000 as osmotic)

Fresh pollen 156 30 19.2 ± 3.15

Pollen heated at 60°C/1 h 165 97 58.8 ± 3.83***

Note: *** Differences from the control are significant at the 0.001 level of probability.

Table 5. 
Influence of pollen heating in F1 hybrids on seed germination of the F2 offspring in an osmotic solution in 
sunflower.
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placed in a thermostat and heated at 35°C for 1–2 hours. Pollen heating at a higher 
temperature is undesirable, since treatment at 45°C even for a short time results in a 
complete loss of pollen viability.

After heating, pollen was applied to the stigmas of one of the parental components of 
the hybrid. The fact of selection in the experiment was evaluated by the setting of seeds 
and capsules in comparison with pollination with freshly collected pollen. The selection 
efficiency was determined by the germinating BC1 seeds in an osmotic medium (Table 6).

As a result of pollination with heated pollen, the setting of bolls and seeds sig-
nificantly (almost by 2–3 times) decreased. Even after 1 h treatment of pollen, these 
parameters were significantly lower than in the control.

The heating of pollen from hybrid plants influenced both the percentage of seed 
germination and the length of roots developed in a medium with an osmotic. At the 
same time, the maximum differences from the control were observed when the pollen 
was heated for 120 min. Thus, the selection of pollen resistant to high temperatures 
in F1 makes it possible to significantly increase the percentage of drought-resistant 
genotypes in the progeny of sporophytes obtained after pollination with the heated 
pollen. With the help of this methodological technique flax variety “Pivdenna nich” 
was developed which is a National Standard in Ukraine, and is perfectly adapted to 
the arid conditions of the south of the country.

2.3 Assessment of drought tolerance in castor bean by pollen

The climatic conditions of the south of Ukraine often have an adverse effect on 
the growth and development of castor bean plants, which are relatively unstable to 
drought and high temperatures. Therefore, the search for drought-resistant genotypes 
is the key aspect of plant breeding programs, which aim to obtain high-yielding 
varieties of this crop.

Express methods based on the analysis of pollen can be classified as promising in 
evaluating sporophytes for resistance to abiotic environmental factors, which is due not 
only to the experimentally revealed expression of a large number of genes at both stages 
of the plant life cycle but also to the ease of manipulation with such substance as pollen.

The correlation coefficient we established between the drought resistance of the 
sporophyte and the resistance of the male gametophyte to the action of high tempera-
tures in the range of 0.72–0.89 opens the way to distinguish drought-resistant castor 

Pollen treatment Germination, % Root length, mm

BC1 K7487 x (K7487 × K7734)

Fresh pollen 5.0 ± 2.18 1.8 ± 0.40

Pollen heated at 35°C/1 h 19.7 ± 3.39*** 1.7 ± 0.17

Pollen heated at 35°C/2 h 34.7 ± 2.57*** 2.8 ± 0.28**

BC1 K7487 × (K7734 × K7487)

Fresh pollen 5.2 ± 2.11 1.2 ± 0.20

Pollen heated at 35°C/1 h 17.9 ± 3.18*** 1.9 ± 0.25

Pollen heated at 35°C/2 h 24.2 ± 3.91*** 5.7 ± 1.24**

Note: **, *** Differences from the control are significant at the 0.01 and 0.001 levels of probability.

Table 6. 
Influence of pollen heating in F1 hybrids on seed germination of BC1 offspring on osmotic in oil flax.
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bean genotypes at the pollen level. An indicator of pollen resistance to elevated tem-
peratures is the degree to which the percentage of pollen germination or the length of 
the pollen tube decreases after a stress factor is applied to mature pollen grains. When 
treating pollen of drought-resistant genotypes at the temperature of 40°C for 1 h, the 
degree of decrease in pollen germination percentage, as a rule, does not exceed 25%, 
while the length of a pollen tube may practically be of the same size.

As an example, data on the heat resistance of pollen can be provided for two 
genotypes of castor beans contrasting in resistance to drought (Khortytskaya 1 
variety—tolerant to drought, K161 line—not tolerant to drought). Drought resistance 
of genotypes at the sporophyte stage was evaluated according to the method based on 
determining the osmotic pressure of cell sap by a refractometric method (−1.95 for 
Khortytskaya 1 variety, −1.0 for K161 line). In this case, the highest negative values of 
the water potential indicate the maximum ability of tissues to maintain it better, that 
is, to prevent the adverse effects of drought.

To estimate the tolerance of male gametophyte to high temperatures, pollen was 
subjected to temperature treatment at 40°C for 1 h, and then germinated in vitro. The 
tolerance of male gametophyte was assessed by the degree of decrease in pollen ger-
mination and pollen tube length in comparison with the control (pollen not subjected 
to heat processing).

As it turned out, in those genotypes whose sporophytes are characterized by 
high drought resistance, the degree of decrease in the germination of pollen after 
temperature treatment is minimal, while not drought-resistant lines show more 
significant inhibition of pollen germination when exposed to high temperatures 
(in Khortytskaya 1–18.8%, in K161 line—63.7%). The thermal treatment used also 
revealed significant differences between the accessions according to their ability to 
develop a long pollen tube. After heating pollen, in genotypes that were assessed 
as drought-resistant at the sporophyte stage, such stress caused a less significant 
decrease in the length of the pollen tubes than in not drought-resistant genotypes. 
In view of the above, a method of pollen evaluation can be proposed for screening 
drought-resistant castor bean samples.

2.4  Heat tolerance of tomato pollen and possibility of gametophytic selection for 
resistance to temperature stress

It is important in tomato breeding, especially for greenhouse cultivation, to keep 
in mind the heat resistance of pollen and to develop varieties and hybrids with this 
property. There are also known studies by G.I. Tarakanov et al. [28], who, taking 
into account the unequal value of different pollen grains in terms of heat resistance, 
used the most resistant gametes to obtain offspring. As a result of single and double 
selection, plants were raised that significantly exceeded the original specimen in 
terms of fruit set under conditions of elevated temperatures. Based on the available 
literature data, we can say that in tomatoes in the phase of mature pollen grain there 
is an opportunity for selection at the haploid level in order to change the tolerance to 
temperature stress of sporophytic offspring [28, 29].

Microgametophytic selection requires an answer to the question of the duration 
and magnitude of the effect on pollen in order to ensure both a sufficient strength of 
selection and the formation of an acceptable number of seeds in fruits. The material 
for the study was pollen of interspecific tomato hybrids obtained from the crossing of 
the Mo 500 mutant line with the wild species Lycopersicum minutum Rick and Solanum 
pennellii Corr. The pollen was heated in a thermostat at 58°C for 1, 2, 3, 6, and 12 h.
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As a result of this experimental study, it was found that 6 and 12 h of heat treat-
ment of pollen completely deprived it of the ability to germinate. Fruits were not set 
during pollination with such pollen, which indicated the loss of not only vitality but 
fertilizing ability as well. As optimal for gametophytic selection a 3 h treatment was 
accepted, which reduced the viability of pollen from 20–30% to 2–5%. The sum of 
temperatures under this effect amounted to 174°C and was close to the sum of lethal 
temperatures found for tomato varieties with high heat resistance of pollen.

Subsequently, the pollen of interspecific hybrids after 1 and 3 h of heating was 
used for pollination and raising F2 and BC1 offspring. It should be noted that the Mo 
500 inbred line is a multimarket mutant, which is marked with 4 genes located in 
the 2nd and 6th chromosomes. These genes are easily identified in the early stages of 
plant development.

Marker analysis of F2 and BC1 segregating plant populations revealed differences 
after pollen treatment. Deviations from the control were insignificant for genes mark-
ing the second chromosome but significant for gene “c” (potato leaf), localized on the 
6th chromosome (Table 7).

Only a 3 h treatment of F1 hybrid pollen with high temperature led to a deviation 
of monogenic ratios in the direction of increasing the number of alleles of wild spe-
cies. A decrease in the number of recessives at the C locus, emerged as a result of a 3 h 
temperature treatment of the hybrid pollen indicates that selection for heat resistance 
was accompanied by a predominant elimination of pollen grains of mutant type as 
compared to wild ones, such as L. minutum and S. pennellii.

In general, of the 4 studied loci, only the C locus has proved to be “tempera-
ture-sensitive” at the stage of mature pollen. Later, marker loci of the 4th and 11th 
chromosomes were involved in research. However, analysis of F2 and BC1 plants 
after heating of F1 hybrid pollen did not reveal significant differences from the 

Pollen treatment F2 phenotypes Segregation Ratio

Normal 
plants

Plants with 
marker-trait

Total

F2 Mo 500 × L.minutum

Fresh pollen (control) 676 114 790 5.93:1

Pollen heated at 58°C/1 h 514 86 600 5.98:1

Pollen heated at 58°C/3 h 521 71 592 7.34:1*

F2 Mo 500 × S.pennellii

Fresh pollen (control) 342 84 426 4.07:1

Pollen heated at 58°C/1 h 348 84 432 4.14:1

Pollen heated at 58°C/3 h 370 70 440 5.29:1*

BC1 Mo 500 (Mo 500 × S.pennellii)

Fresh pollen (control) 140 161 301 0.87:1

Pollen heated at 58°C/3 h 196 154 350 1.27:1*

Note: χ2
0,05 (df = 1) = 3.84; * differences from the control are significant at the 0.05 level of probability.

Table 7. 
Influence of pollen heating of F1 tomato hybrids on the segregation ratio in F2 or BC1 generations for “potato leaf” 
marker-trait.
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control in the allele frequencies of wild tomato species for the marker genes from 
those chromosomes.

It can be assumed that the 6th chromosome of a tomato or its section within the 
immediate vicinity of the C locus determines to some extent the sensitivity of mature 
pollen to high temperatures. It is important to note that the same locus was also 
“perceptive” to low temperatures as it fluctuated in segregations in accordance with 
pollen germination ability and pollen tube growth at cold stress.

To reveal the differences between the segregating populations of sporophytes 
obtained after pollination with fresh and heated pollen, those populations were tested 
against the high-temperature background at the stage of seedlings and 4–6 leaves. 
It was determined that in both cases the experimental populations exceeded the 
control ones in terms of heat resistance. That is, pollen selection for high-temperature 
resistance is effective and can be used as a helpful tool in breeding programs.

2.5  Heat tolerance of pollen and gametophytic selection for resistance to 
temperature stress in maize

Selection for sporophyte tolerance to high temperature and drought is a part of 
many maizes breeding programs. But there is little information on the heat sensitivity 
of reproductive processes and structures, specifically pollen. At the same time, it is 
known that maize pollen is characterized by a low ability to resist adverse environ-
mental conditions. High temperature combined with low relative air humidity does 
have the most destructive effect.

2.5.1 Effects of high temperature on maize mature pollen grains

Pollen of maize inbred lines of various origins were collected on sunny days. Then it 
was placed on glass slides (without medium) in one pollen grain layer. Some slides were 
placed into a thermostat and heated in the dark at 35°C for 3, 5, 10, and 20 min and other 
slides were treated for 10, 20, and 30 min at 26°C. After the heat treatment, pollen was 
inoculated on the nutrient medium. Fresh pollen was used as the control. The percent-
age of pollen grain germination and pollen tube length were scored. Tolerance of pollen 
to high temperature was defined by the decrease in viability as compared to the control.

Effects of temperature on the percentage of pollen grain germination in two 
contrast maize inbreeds (A641 and MK386 lines) are presented in Table 8.

Heating mature pollen at 35°C decreased maize mature pollen grain viability even 
at very short exposures (3–5 min) in MK386 inbred but such treatments did not affect 
germination percentage in A641 inbred line. Longer treatments (10 min and more) 
considerably decreased pollen grain germination in A641 and completely inhibited 
the germination process in the MK386 line. In contrast to the MK386 line, the pollen 
of A641 inbred endured heating at 35°C for 20 min. Pollen of these accessions also 
lost its viability at 26°C. After 30 min treatment, MK386 pollen perished completely, 
while at the same exposure A641 pollen was characterized by the sufficiently large 
number of germinated pollen grains.

Differences in the tolerance of maize mature pollen to high temperatures were 
revealed among the inbreeds both at 26°C and 35°C. Even a 5-min treatment at 35°C 
resulted in decreases in pollen viability that varied in different inbreeds, as compared 
to the control, from 1.3% in A641 line to 99.1% in MK386 inbred. The effects of high 
temperatures on pollen tube length were similar. The data obtained allowed us to con-
clude that the genotypes with high-temperature resistant pollen were characterized 
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not only by higher germination percentage, but also a better ability to develop normal 
pollen tubes at high temperatures.

The mechanism which induces the rapid loss of viability of tricellulate cereal pollen 
is not yet clear. A reduction up to 80% of the original water content of maize pollen did 
not essentially affect its viability. With water loss greater than this value, pollen grains 
undergo irreversible changes.

A comparison of the heat resistance of pollen of inbred lines with their heat 
resistance at the stage of 20-day-old seedlings suggests a certain pattern. Lines with 
pollen more resistant to high temperature are also characterized by more resistant to 
this stress sporophyte. The correlation coefficient between the temperature resistance 
of the male gametophyte and the sporophyte turned out to be rather high and varied 
in different years from 0.6 to 0.78.

The positive relationship between the resistance to high temperatures of the 
gametophyte and sporophyte suggests that this trait is controlled by the same genetic 
system at both the haploid and diploid levels. In this case, the assessment of the 
sporophyte quality can be made based on the analysis of pollen traits.

Genotypic differences in the response of pollen to temperature stress give rise to 
the hope that the selection of mature pollen grains in a heterogeneous population will 
be successful in increasing the resistance of the sporophytic generation to high tem-
peratures. In maize, mature pollen can be not only a tool for increasing sporophyte 
resistance. Mature pollen can be a breeding goal, given that the resistance of pollen 
grains to high temperatures after they are shed from the anthers is no less important 
for ensuring high crop yields than the resistance of a vegetative plant.

2.5.2  Effect of selection of pollen resistant to high temperature in F1 on drought 
tolerance of F2 sporophytes in maize

The effectiveness of gametophytic selection for drought resistance in maize can 
be demonstrated using the example of the VIR27 × MK01 hybrid. Its parental compo-
nents were contrasting in resistance to high temperatures at the haploid and diploid 
stages of development.

To carry out the selection, the pollen of the hybrid was heated at the temperature 
of 35°C for 5–20 min. After heating, that pollen was used for self-pollination of the 

Heating temperature, °C Heating exposition, min A641 MK386

— Control 45.9 ± 2.2 89.1 ± 1.3

26 10 45.6 ± 2.2 4.2 ± 0.8*

26 20 25.3 ± 1.8* 0*

26 30 18.2 ± 1.7* 0*

35 3 40.8 ± 2.1 9.3 ± 1.1*

35 5 45.3 ± 2.1 0.8 ± 0.3*

35 10 13.4 ± 1.5* 0*

35 20 1.0 ± 0.5* 0*

Note: * differences from the control are significant at the 0.001 level of probability.

Table 8. 
Effects of mature pollen heating on pollen grain germination percentage in two maize accessions with contrasting 
heat resistance.
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hybrid, having previously determined its viability on an artificial nutrient medium. 
For pollination, the pollen was used, which reduced its viability after heating by at 
least 80%. Pollination of each ear was carried out with a limited amount of pollen in 
order to exclude competition between haploid genotypes during pollen germination 
and pollen tube growth. Seeds (F2 sporophytes) obtained after pollination of F1 plant 
with fresh (control) and heated (treatment) pollen were sprouted in a solution with 
an osmotic (18 atm) and after a certain time, the percentage of germinated kernels 
was calculated.

As a result of heating the heterogeneous pollen population of this hybrid, the num-
ber of germinated seeds after 8 and 12 days under conditions of osmotic stress was 1.5 
and 7.0 times higher than in the control. The data obtained allow to conclude about high 
efficiency of selection for drought resistance at the stage of mature pollen in maize.

High-temperature conditions when exposed to pollen are inevitably accompanied 
by low air humidity. Obviously, different reactions of haploid genotypes to high 
temperatures are due to different states of the membrane of pollen grains in geneti-
cally different haploid genotypes. Pollen grains resistant to these thermal treatments 
are characterized by such a membrane complex, which allows better water retention. 
As a result, such pollen retains its viability longer.

2.5.3  Changes in monogenic ratios for marker genes in F2 as a result of  
high-temperature treatment of pollen from F1 hybrids

A shift in Mendelian segregation ratios is one of the convincing evidence of the 
genetic activity of gametes. Segregation distortion for any marker gene as a result 
of treatment of a heterogeneous population of pollen is not yet evidence that this 
particular gene is expressed in the male gametophyte. A shift in the monogenic ratio 
for the marker locus can also be due to its linkage with the gene that determines the 
sensitivity of the gametophyte to the used selection agent. At the same time, conclu-
sions about the localization of this gene (s) on a particular chromosome (chromo-
somes) of the genome can be drawn.

F1 hybrids whose parent components were characterized by differences in heat 
tolerance at both gametophytic and sporophytic levels were used in our experiments. 
Mangelsdorf tester was one of the parents of those hybrids. This line is marked with 
10 recessive genes, localized in different chromosomes. Seven markers were analyzed, 
which are typically expressed at the early stages of plant development: bm2 (chromo-
some (Chr) l), lg1 (Chr 2), a1 (Chr 3), su1 (Chr 4), gl1 (Chr 7), j1 (Chr 8), g1 (Chr 10).

Mature pollen grains of hybrids and pollen grains at the stage of their matura-
tion were subjected to high-temperature treatment. In the latter case, maize tassels, 
which were transferred to a laboratory at the beginning of flowering, were exposed to 
temperature stress. After heat treatment, the pollen was used for self-pollination of 
the hybrids. In the control pollination was performed with fresh pollen.

With the help of marker analysis, the changes in segregation for seven recessive 
marker genes were evaluated in comparison with the control. For each F2 population 
at least 400 plants were analyzed. In each case, the percentage of seed germination 
was quite high and amounted to more than 95%.

Pollen treatments of F1 hybrids considerably influenced the monogenic ratio for 
some marker genes studied in the F2 populations. The changes in dominant and reces-
sive genotype ratios were found both after the treatment of mature pollen and pollen 
during its maturation. Following high-temperature treatment of pollen grains at the 
maturation stage, differences in the segregation for three markers loci—Gl1, A1, and 
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Su1 were observed. On the other hand, the treatment of mature pollen of F1 hybrids 
led to a change in monogenic ratios for four marker loci on the first, third, fourth, and 
tenth chromosomes in comparison with the control (Table 9).

Comparing the data on changes in monohybrid ratios in F2 as a result of exposure 
of the microgametophyte to high and low temperatures at the stages of pollen matura-
tion, mature pollen grains and during germination and growth of the pollen tube, one 
can conclude that the direction of those changes largely depends on the stage of the 
male gametophyte than on the temperature. The male gametophyte of maize at each 
stage is characterized by its own set of expressed genes. Some of them, apparently, are 
expressed at the stages of development and functioning of the microgametophyte.

The presented data on the change in Mendelian segregation in F2 under the influ-
ence of high temperature on the pollen of F1 hybrids indicate the selectivity of this 
factor and the possibility of efficient selection of genotypes resistant to temperature 
stress at the microgametophytic level in maize.

3. Conclusions

Losses in crop yield caused by unfavorable abiotic factors, in particular drought, 
may reach large dimensions. Drought is usually accompanied by temperature spikes 
which invoke damage of plants and decrease the yield. Therefore, increasing the 
drought and heat tolerance are important directions in the modern breeding of 
cultivated plants.

Along with the traditional methods of selection for tolerance to abiotic stresses at 
the level of seeds, seedlings, or plants the methods of gametophytic selection, includ-
ing pollen selection, can be successfully used. It was established that a large part of 
the genes expressed in the pollen are also exhibits in the plant. This fact indicates that 
gene transcription occurs in the haploid genome and therefore selection of the traits, 
which are under the control of genes expressed at both plant and microgametophyte 
(pollen) levels can be performed effectively.

In our research with sunflowers, when freshly collected pollen of F1 plant was 
heated and used for self-pollination, the drought resistance of the next F2 generation 

Male gametophyte stage Temperature

Low High

Pollen maturation a1 (3-th chromosome)
su1 (4-th chromosome)
g1 (10-th chromosome)

a1 (3-th chromosome)
su1 (4-th chromosome)
gl1 (2-th chromosome)

Mature pollen grain bm2 (1-th chromosome)
a1 (3-th chromosome)
su1 (4-th chromosome)
g1 (10-th chromosome)

bm2 (1-th chromosome)
a1 (3-th chromosome)
su1 (4-th chromosome)
g1 (10-th chromosome)

Pollen germination and pollen tube growth bm2 (1-th chromosome)
su1 (4-th chromosome)
lg1 (7-th chromosome)
j1 (8-th chromosome)

–

Table 9. 
Marker genes for which a shift in monohybrid ratios in F2 was found as a result of temperature treatment of male 
gametophyte of F1 hybrids of maize.
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was significantly enhanced. This was confirmed by the large number of plants that 
can survive to bloom in dry field conditions as well as better F2 seed germination 
in osmotic solutions. In another experiment, germination of sunflower pollen in 
vivo under osmotic stress with polyethylene glycol solution as the selective barrier 
increased seed germination on the osmotic medium in vitro.

High efficiency of the pollen selection technique for drought tolerance was 
revealed by us earlier in other crops, such as tomato, maize, castor bean, and linseed. 
It was in this way that the flax variety was obtained which is a National Standard in 
Ukraine, and is perfectly adapted to the dry conditions of the south of the country.

Evaluation at the level of pollen may also be of independent interest since the sen-
sitivity to a drought of the plant reproductive system itself is a very important char-
acteristic for many agricultural crops. A possibility to use this approach at the earliest 
stages of the breeding process, especially when the breeding material is quantitatively 
limited, is an undeniable advantage of the proposed assessment method.

In general, in the suggested chapter, using as an example different agricultural 
crop, the effectiveness of pollen selection techniques for drought resistance were 
demonstrated, as well as methods for assessing plant drought tolerance by its male 
gametophyte.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 8

Impacts of Drought on Homestead 
Plant Diversity in Barind Tract  
of Bangladesh
Md. Shafiqul Islam and Md. Nazrul Islam Mukul

Abstract

Homestead is a great place for household food access, diet, and nutrition. Drought 
affects homestead plant diversity and reduces production, availability, and diver-
sity that lead toward less supply and consumption. Drought detains moisture and 
degrades the soil that supports plant growth. Homestead provides regular bread and 
income in the rural areas with an effective means for both economic and environ-
mental well-being. People are getting a good amount of subsidiary income without 
any extra care and effort. In managing homestead land and drought, the household 
needs necessary technical and managerial training. In reducing drought effects to the 
homestead, action research needs to be carried out on available knowledge, effective 
practices, water management, and the adoption of local varieties and knowledge to 
develop effective homestead integration. Government initiatives, community engage-
ment and not harming the environment, and efficient uses of water could be great 
solutions for the adverse effects of drought on the homestead plant diversity.

Keywords: barind tract, biodiversity, drought, environment, homesteads,  
plant diversity

1. Introduction

The most complex and uncertain natural disaster is drought, even it is difficult 
to predict and mitigate due to numerous factors, magnitude as well as difficulties in 
defining a drought. Drought causes impacts on agro biodiversity in many ways [1]. 
Agro biodiversity is the part of biodiversity includes both genetic diversity and crop 
and animal diversity in diverse agro ecosystem and different agriculture [2, 3]. It was 
mentioned that agro biodiversity is essentially important for sustainable develop-
ment both for natural and anthropogenic as well as livelihood [4, 5]. Homestead is 
the traditional place and promising option for plant species conservation [6]. These 
efforts may help mitigate ecosystem degradation and drought impacts while providing 
food and economic opportunities to rural people. In the homestead, members share 
responsibilities and distribute gardening tasks among themselves. Women like to use 
homestead products for household consumption and gifting and men for sale and cash 
income [7]. Numerous studies in the world showed that homesteads are the place of 
the highest plant diversity for crops and non-crops [8]. A study mentioned that agro 
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biodiversity support sustainable agriculture [9]. Food and Agricultural Organization-
FAO [10, 11] estimated that there are 2, 50,000 to 5, 00,000 plant species in the world. 
According to a study, in agriculture only 1,500 plant species are being used. Another 
study mentioned that agrobiodiversity exists at the varietal level though number of 
crop species is low [12]. Agrobiodiversity provide three types of value such as use 
value, option value, and existence value [13]. Ecosystems that maintain naturally are 
considered as the major support for sustainable production and enhance food and 
livelihood security at local to global scale [2, 5, 14]. Agro biodiversity is contributing to 
agricultural production, maintaining ecosystems and human food security [12, 15–17]. 
Ecosystem provides four major categories of services include provisioning services, 
supporting services, regulating services and cultural services. Benefit may get through 
intrinsic values (cultural and social) and supported by biological diverse system [15].

Agro biodiversity provides diverse benefits including nutritious diets (fruits and veg-
etables) for human health; longer productivity; adaptation to changing conditions; and 
conservation methods for enabling future use. Biological diversity reduces the general 
risk of economic and ecological failure at individual (farmer) level as well as on global 
scale while making those systems more sustainable and less susceptible facing the future 
challenges [17–19]. Diverse agricultural production system may be less threatening to 
biological diversity compared to highly intensified and uniform systems, such practices 
still do enhance pest damage, competition for water, soil, nutrition and pollinators, 
result in habitat and nutrient loss and have a negative effect on non-target species [20]. 
The reduction of agro biodiversity is closely linked to the loss of productivity, while 
threatening ecological stability, the security of food supply and livelihood worldwide 
[15]. Strategies for identification and conservation of agro biodiversity are lacking and 
hence, there is need to develop indices for identification of important component of 
agro biodiversity, food and nutritional security. Agro biodiversity has been disturbed 
due to switching from rain-fed agriculture to irrigated agriculture. Increasing frequency 
of extreme weather patterns and droughts are going to be the most important climatic 
factors affecting agro biodiversity [21, 22]. Diversity has been accounted at three levels 
such as alpha, gamma and beta [23]. Diversity at alpha level could be measured at 
community level, beta for composition (change from farmers to farmers) and gamma at 
the larger units [2, 24]. The assessment of drought impacts on homestead plant diversity 
in the Barind Tract is essentially important. The study was conducted with the view to 
assess and compare drought impacts on homestead plant diversity in high drought and 
low drought areas of Bangladesh. The study is also focused on following objectives:

• Find out comparative plant diversity between drought and low drought prone 
areas at the homestead level in relation to season

• Establish the relationship with the homestead plant diversity with the variables

• Estimate plant species (Timber, spices, fruits, ornamental and vegetables) diversity 
in the homestead

The research elicited following research questions:
Research Questions:

• How they perceived drought and plant diversity?

• Are there any significant changes in homestead plant biodiversity between drought 
and non-drought prone areas?
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• Is there any relationship between drought and plant biodiversity?

• How drought impacted on species (plants) at the homesteads?

Research Hypotheses:
H1: There is a trend of greater homestead plant diversity in the low drought prone 

area than high drought prone area

2. Methodology

The study was conducted over the period of twelve months starting from July 
2018 and ended by May 2019. Two sites were selected for this study one from high 
drought prone site and another from low drought prone site of Barind Tract with 
the view to see the impacts of drought on the homestead plant diversity. Homestead 
agro biodiversity (plants) was calculated using Shannon’s Index. Homestead agro 
biodiversity (only plant species) was measured using similar size of homestead from 
different group (small, medium and large) as the quadrant. Plant species was studied 
using quadrat method covering random quadrat of 10 m × 10 m size was laid for 
trees, vegetables and other plants (shrubs and herbs) were laid in each homestead. 
Total 300 respondents (150 respondents from each site) considering equal numbers 
of respondents from small, medium and large category of the homestead. The farm 
owners were asked to know about the plant species and dietary diversity. Eight Focus 
Group Discussion (four from each site: two with elderly people and two with the 
ethnic people) have been carried out to know the insights of plant diversity at the 
homesteads. Semi-structured questionnaire, guided checklist, expert consultation 
and field observation has been carried out for this study. Quadrant method has been 
followed in collecting data from sample unit in the study areas. Nine quadrates from 
high drought prone areas and nine quadrates from low drought prone areas (3 from 
each farm size) have been laid for the measurement agro biodiversity. Survey on crops 
(species) has been carried out in the sampled quadrant. Secondary relevant informa-
tion has been used to enrich the study. The agro biodiversity has been calculated using 
Shannon’s diversity Index.

 
1

ln
S

i i
i

H p p
=

= −∑  

H = Shannon’s diversity index.
S = Total number of species in the community (richness).
pi = The proportion of species i relative to the total number of species (pi).
ln pi = The natural logarithm of this proportion.

3. Results

3.1 Perception of drought impacts on homestead plant diversity

An assessment on perception of drought impacts to the homestead plant diversity was 
carried out using Rating Percentage Index (RPI). The higher rate of respondents (RPI 30) 
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from high drought areas perceived that plant diversity is decreasing in the homestead due 
to drought and low rate of respondents (RPI 42.5) from low drought areas assumed that 
homestead plant diversity is decreasing due to drought (Table 1). The participants from 
Focus Group Discussions opined that low diversity reduces production, consumption, 
dietary diversity and household nutrition.

3.2 Homestead plant species diversity in different seasons

3.2.1 Homestead agro biodiversity in the Rabi season

There is a negative impact of drought in the study areas. Results showed that low 
species diversity in the high drought prone areas during Rabi season (Table 2). The 
low diversity is the spiraling issues of drought. The occurrence of rainfall in the high 
drought prone areas is low and erratic that give birth low soil moisture resulting 
low yields or harvests. Farmers are trying to grow several crops for better yield and 
managing drought. Total 38 plant species were recorded in the homesteads from high 
drought prone areas and 34 plant species in the low drought homestead areas. Several 
causes such as water and moisture scarcity, land degradation, soil infertility, lack of 
awareness, less rainfall, high temperature and climate change issues have been identi-
fied by the respondents for low species diversity in the homesteads.

3.2.2 Homestead agro biodiversity in the Kharif-1 season

Results showed that the plant species diversity is more in low drought homesteads 
and low in the high drought homesteads (Table 3).

3.2.3 Homestead plant species diversity in the Kharif-2 season

It was found that homesteads of low drought areas show greater diversity than 
high drought area (1.287 ‹ 7.294) during Khari-2 season (Table 4). Respondents 
mentioned that it happened due to low rainfall and low soil moisture retention during 
the period.

3.3 Relationship of plant species diversity with the seasons and variables

The respondents believe that it is happening due to drought (causal effects of 
low soil moisture, low water holding capacity of the soil, low soil fertility and low 
rainfall over the season). It also affects agro ecology for the production. The numbers 
of family member has the effect on homestead agro biodiversity followed by age, 

Homestead 
diversity

High drought prone areas Low drought prone areas

Perception of 
acceptance

Perception of 
rejection

RPI Perception on 
acceptance

Perception on 
rejection

RPI

Decreasing 80 20 30 30 70 42.5

Increasing 0 100 50 10 90 47.5

Table 1. 
Perception of drought impacts on homestead plant diversity (field data, 2019).
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income, education, land size and farm category. According to the hypothesis there is 
significant difference of homestead agro biodiversity between high and low drought 
prone areas. The family member has the large effect on homestead agro biodiversity 
followed by age, income, education and farm category (Table 5).

3.4 Homestead plant species diversity changing over times

As per Focus Group Discussions, the participants mentioned that plant diversity 
is decreasing in the high drought prone areas due to drought effects. Seventy seven 
percent household respondents from high drought prone areas reported that homestead 
plant diversity is decreasing with the increased frequency of drought (Figure 1). Only 
10 percent household respondents from low drought prone areas believe that homestead 
plant diversity is decreasing with the influence of drought.

3.5 Drought impacts on the homestead production

It was found that 30 percent respondents perceived reduced plant species diver-
sity in the high drought area. People in the low drought area are confused about 
the changing of agro biodiversity. About 53% people of low drought area observed 
extinction of some species (Figure 2).

Diversity value Age Income Education Farm 
category

Tenanat 
type

Location member

0.134199134 38 140000 9 1 1 1 3

0.190675991 60 120000 0 1 3 1 6

0.131275168 46 72000 8 1 1 1 4

0.092691622 45 200000 1 2 1 1 4

0.087486157 42 70000 5 2 1 1 5

0.126855601 42 300000 8 2 1 1 6

0.089473684 46 300000 0 3 1 1 5

0.177253479 42 325000 10 3 3 1 5

0.260814249 60 310000 10 3 1 1 6

0.060846561 60 120000 10 1 3 2 2

0.111111111 33 35000 1 1 1 2 2

0.169117647 38 100000 1 1 3 2 5

0.070075758 53 100000 10 2 3 2 3

0.06685633 37 150000 8 2 3 2 4

0.083870968 52 175000 5 2 1 2 4

0.046444122 52 280000 0 3 3 2 4

0.109311741 50 245000 10 3 1 2 4

0.180225989 65 80000 8 3 3 2 4

r 0.25 0.15 0.16 0.08 −0.02 −0.40 0.56

Table 5. 
Correlation of homestead plant diversity among the variables.
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3.6 Testing of hypothesis

Low drought prone area tends to a greater homestead agro bio-diversity than high 
drought prone area. Calculated t value 0.004555 and table value with the df (2–1) 
(9–1) = 8 at 99% level is 2.896, i.e. the calculated t value is less than critical t value 

Figure 1. 
status of homestead plant diversity in relation to farm category.

Figure 2. 
Drought impacts on homestead diversity.

Homestead number High drought prone area Low drought prone area

H1 0.134199 0.060847

H2 0.190676 0.111111

H3 0.131275 0.169118

H4 0.092692 0.070076

H5 0.087486 0.066856

H6 0.126856 0.083871

H7 0.089474 0.046444

H8 0.177253 0.109312

H9 0.260814 0.180226

Table 6. 
Species diversity (Ds) value of high drought and low drought prone area.
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(0.004555 ‹ 2.896). The hypothesis is accepted and there is significant greater home-
stead agro biodiversity in low drought prone area (Table 6).

4. Discussion

It was found that homestead number five (medium farm) showed greater plant 
diversity in the high drought prone areas and homestead number seven (large farm) 
showed greater diversity in the low drought prone areas. A study reported that the 
small farm holders utilized their homesteads more efficiently [25]. The study found 
that the homesteads contained tree species, fruit tree species, vegetable species, 
spices, ornamental species, medicinal species and wild species for different uses 
(timber, fuel, food, medicine and esthetic). Total 43 plant species (trees, fruit, 
vegetables, spices, ornamental, fuel and medicinal) were found in the study areas. 
Similarly 43 plant species were reported in the homesteads from the central parts of 
Bangladesh [26]. Timber tree got more preferences followed by fruits, vegetables, 
spices and ornamental. The researcher reported that timber tree species have been 
found as the preferred species due to future capital as the wood [25]. The results 
showed that the homestead in the low drought prone areas represent greater plant 
diversity in the homesteads. Household use their homestead produces mostly for 
foods, fuel, medicinal purpose and cash income. One study concluded that home 
gardens can be a tool for conservation of biodiversity [27]. Homestead plant diversity 
is essentially important to cope with the climate change issues and drought. Similarly 
a study reported that homestead biodiversity enhance the resilience capacity of the 
community [28]. Another study found that diverse variety increases production 
especially in environmental extreme (drought, flood) situations, they maintain 
diversity to reduce the risks [29]. In our existence, more plant species biodiversity 
can secure food for the farming community. A study is also reported that it is hard in 
surviving severe drought frequently cause famine in farming communities [30].

5. Conclusion

Homestead is the great place for household food access, diet and nutrition. 
Drought affects homestead plant diversity and reduces production, availability and 
diversity that lead toward less supply and consumption. Drought arrest moisture 
and degrade the soil that support plant growth. Actually homestead provides regular 
bread and income in the rural areas with an effective mean for both economic and 
environmental well-being. People are getting good amount of subsidiary income 
without any extra care and effort. In managing homestead land and drought, house-
hold needs necessary technical and managerial training. In reducing drought impacts 
to the homestead, action research needs to be carried out on available knowledge, 
effective practices, water management and adoption of local varieties and knowledge 
in order to develop effective homestead integration. Government initiatives, com-
munity engagement and doing no harm to the environment and efficient uses of 
water could be great solutions for adverse effects of drought to the homestead plant 
diversity.
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Chapter 9

Water Scarcity Management in the 
Maghreb Region
Kaltoum Belhassan

Abstract

The Maghreb region includes five countries Mauritania, Morocco, Algeria, 
Tunisia, and Libya. It is region of Northwest Africa bordering the Mediterranean Sea. 
The Maghreb consists of two defining regions, the Sahara Desert in the south and the 
Atlas Mountains in the north. The Maghreb has arid to semiarid climate. Many areas 
in the world and particularly the Maghreb countries are affected by water scarcity, 
as well as result of population pressures, rising in urbanization, climate change and 
also increasing pollution of water. This paper attempts to assess the region’s water 
scarcity challenges through highlighting the causes and reasons of water scarcity and 
its negative effects on water supply. Also, the chapter aims to discuss the vital role of 
sustainable water management to reduce the risk of water scarcity and this through 
the solutions, techniques and the best practices adopted in the region.

Keywords: Maghreb, water scarcity, causes, management, solutions

1. Introduction

Although more than 71% of Earth is covered in water, 97.5% of the earth’s water 
is salt water and most of the remaining 2.5% is locked away as groundwater or in 
glaciers; yet with such a vast reserve of water body on Earth, humans depend on the 
tiny bit available as fresh water and there is a global shortage of water. According to 
the WHO, it is estimated that by 2025, more than half of the world population could 
be living in areas facing water scarcity due to formation of mega-cities and increasing 
world population, which is expected to reach ~9.7B by 2050, causing further stress 
on water globally. Although water scarcity is a universal phenomenon, this chapter 
is focused on the continent of Africa and more specifically the region of Northwest 
Africa also known as the Maghreb. The region includes Algeria, Libya, Mauritania, 
Morocco and Tunisia (Figure 1). The Maghreb countries are located in an arid to 
semiarid region. The climate is very diverse and varying with the season and region; 
generally, it is characterized by mild-wet winters and warm-dry summers. Also, the 
climate in the Maghreb is Saharian in the South part, oceanic in the western, and 
Mediterranean in the North part. Although, each country in Northwest Africa has 
its own individual water reserves, regional characteristics and water management 
history, in spite of Algeria, Morocco and Tunisia have several similarities. A lot of 
data exists on the models and projections of water scarcity and as per Water Resource 
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Figure 1. 
Map of the Maghreb-Northwest Africa [1].

Figure 2. 
As comparison projected water stress in Africa in 2040, as per water resource institute [2].
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Institute, a map of water scarcity is shown in Figure 2, with areas in red showing 
extreme stress.

The Maghreb is one of the most “water-stressed” regions because of combinations 
of several factors, viz. population growth, climate change and anthropogenic contami-
nation (anthropogenic pollution on the ecosystem). Tunisia, Algeria, Morocco and 
Libya face demand for water that is higher than the amount of quality water available-
per capita; water availability has fallen below 1000 m3 annually. These countries are all 
on the top 33 water-stressed countries in the world [3]. However, Mauritania is facing 
low to medium water stress in the region. In addition to water stress, one of the serious 
difficulties facing the Maghreb authorities are in the regime of water scarcity manage-
ment. It is currently at a crisis level which needs a quick reaction from all stakeholders.

Instead, with the ever-increasing demand of water to satisfy human development 
across the world and particularly the Maghreb region, it is observed that the most 
people in the world could not use this essential natural resource effectively, in terms 
of use, conserve and repurpose, specifically for the best regional management of 
water resources. It is important for countries and regions to urgently tackle the critical 
problems presented by water scarcity, determine the root causes of it and articulate 
new strategies, techniques and good practices to ensure adequate water supply for the 
needs of growing population. This chapter aims to address the reasons for increasing 
water consumption and highlights the several strategic-planning water managements 
through the solutions, techniques and the best practices which the Maghreb region 
has adopted to address water scarcity.

2. Reasons for increasing water consumption

The causes of water scarcity in the Maghreb region are both natural and human-
induced. The primary reasons for increasing water consumption are population grow-
urbanization, climate change agriculture and pollution. In fact, the pace of growth far 
exceeds the pace of regulations to ensure safety, security and sustainability [4].

2.1 Urban population growth

Urban population growth across the world is one of the most influential phenom-
ena affecting water availability. The population of the Maghreb region has increased 
rapidly over the course of the 20th century. Its present growth rate is among the 
highest in the world. Table 1 shows the population grow in different countries of the 

Rank Country 1960 population 2021 population

1 Algeria 11.06 M 44.62 M

2 Morocco 12.33 M 37.34 M

3 Tunisia 4.18 M 11.93 M

4 Libya 1.45 M 6.96 M

5 Mauritania 850.4 K 4.82 M

Table 1. 
Population growth in the Maghreb (5 countries); in 1960 and 2021 [5].
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Maghreb (in 1960 and 2021). As shown, the overall population has increased in excess 
of 3 times, i.e., from 29 million in 1960 to 105.67 million in 2021. Algeria, by far is the 
most populated, with more than 44 million people (by census of 2021). Mauritania 
is the least populous country in the subregion and has approximately 4.82 million 
persons (by census of 2021), as shown in Table 1. Please note that migrator move-
ments linked to climate disaster and regional conflict are not included in the census of 
population. The population growth patterns in the Maghreb show a somewhat similar 
trend. The world population currently is 7.875B as compared to 3.035B in 1960, an 
increase by 2.59 times of the population in 1960.

Uncontrolled rise in population in the Maghreb region has inordinately increased 
the demand for water for domestic, industrial, agricultural and municipal needs; it is 
certain that population growth will further impact water availability per person. The 
stressed areas in the Maghreb affected more by water scarcity are, also mainly those, 
with limited supply of water, high population, and even higher population growth 
rates.

Algeria—In 1960, the population of Algeria was 11.06 m and increased to 44.62 m 
people in 2021 (Table 1). Algeria is currently growing at a rate of 1.85% per year. 
Around 71.9% of the citizens in Algeria are living in the larger cities in 2020. This 
trend of average annual urban growth is 2.6% [6], which this has intensified pressure 
on water supply in cities since the 1990s. Unfortunately, only 30% of people in Algeria 
have access to safe water to drink [7].

Morocco—Between 1960 and 2021, the number of persons in Morocco have 
increased from 12.33 m to 37.34 m people (Table 1). Morocco’s population is growing 
at a rate of 1.2% per year. Around 67.8% of Moroccan people are living in urban areas 
and cities in 2020. This increase of urban population in Morocco was reported at 
around 2% annually in 2020 [6]. Urban population growth in Morocco has increased 
the demand on the water supply which leads to water shortages and will continue to 
present specific challenges in foreseeable future, in order to make water available to 
everyone.

Tunisia—There were only 4.18 m persons in 1960 for Tunisia and it becomes 
now 11.93 million persons (2021) (Table 1). Tunisia’s population growth rate from 
2019 to 2020 is 1.06%. Around 71.1% of Tunisians people are living in urban areas in 
2020. This urban growth rate in Tunisia was reported at around 1.5% annually [6]. 
Uncontrolled urban population growth in Tunisia remains the most critical socio-
economic problem as more supply of water will be needed to fulfill the needs of the 
increasing population and this will result in a shortage of water supply.

Libya—In 1960 the number of persons for Libya were around 1.4 million and 
reached approximately 6.96 million persons in 2021 (Table 1). The rate of growth in 
Libya has been increasing since 2015, in 2020, population growth rate for Libya was 
1.4%. Around 88.4% of Libyan people are living in urban areas and cities in 2020. 
This growing trend of urbanization in Libya was reported at around 1.7% annually 
[6] and has increasingly affected the water reserves and has caused a depletion in the 
annual per capita of renewable water.

Mauritania—Between 1960 and 2021 the number of people in Mauritania 
increased from 850.4 K to 4.82 m people (Table 1). The birth rate in Mauritania is 
almost double the worldwide average, leading to an extreme annual growth rate 
which is currently around 2.5% per year [5]. This high rate in population growth is 
the foremost driver of Mauritania’s water stress, as measured in units of water per 
capita. Further, more than half of Mauritanians live in urban areas (53%) (2017). 
Urban growth rates are increasing at a rate of 4.2% annually. In 2017, more than 53% 
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of Mauritanians live in urban areas and in 2016 the percentage of people living in 
urban areas increase to more than 60%. Mauritania features the second most rapid 
urbanization rate in Africa [8].

2.2 Economic growth

In general, growing economies need growing populations, albeit at different 
rates. However, if population growth exceeds growth of the economy, the standard of 
living goes down. Industrial development has had an important role in the economic 
growth, leading to increased manufacturing, which is a water intensive industry 
using it for processing, cooling, and disposal of waste products. However, industry 
not only reduces water reserves but also pollutes the sources that remain and thus 
reducing citizens access to safe water. An overall economic growth will intensify 
water demand, straining the local water supply to meet the ever-increasing need of a 
growing population.

Algeria—Algeria’s economy is dominated by its export trade in petroleum and 
natural gas. This sector accounts for around 94% of export earnings in 2019 [9]. 
Algeria’s gas reserves rank as the tenth biggest in the world [10]. Nevertheless, this 
economic growth in Algeria contributes to biodiversity loss via higher emissions and 
greater resource consumption such as freshwater reserves.

Morocco—The crucial economy resources in Morocco are agriculture, phosphate 
minerals, mining, tourism and fish. Morocco has the largest phosphate reserves in 
the world and ranks as the third-largest producer of phosphate. Industry and min-
ing contribute about one-third of the annual GDP. The recent economic growth in 
Morocco requires increase in water demand which has imposed a height pressure over 
national scare water resources and leads to a decrease in the region’s biodiversity, in 
large part because water resources are poorly managed and water stocks are being 
polluted. Irrigated areas are also compromised because of water shortages and soil 
erosion, which would further reduce the GDP of Morocco up to 6.7B US dollars per 
year, as valued in 2016 [11].

Tunisia—Virtually all sectors of the economy rely on water. Tunisia has a relatively 
diversified economy such as agriculture, mining, tourism and manufacturing produc-
tion with services contributing nearly 60% to the GDP [12]. The demand for freshwa-
ter in Tunisia is likely to increase while supplies decrease due to economic growth and 
an increase in human population. Drinking water demand was estimated at around 
290 Mcm in 1996 and may even reach 491 Mcm in 2030. However, industrial water 
demand was estimated at 104 Mcm in 1996 and may rise to 203 Mcm in 2030 [13], 
exerting further stress on water demand.

Libya—In general, Libyan economy depended mainly on the agricultural sector 
before the discovery of significant oil reserves in 1959. Libya has one of the highest 
per capita GDPs in Africa, primarily due the oil and gas sector accounts. Economic 
growth associated with growing population are the main factors behind the rise in 
water consumption to satisfy increasing water demands in Libya either in agriculture 
(the growth of irrigated agricultural areas) or industrial uses. As Libya is already 
facing a critical water shortage, it is increasingly depleting its precious groundwater 
resources, most of which are non-renewable.

Mauritania—Mauritania’s economy is still largely based on agriculture including 
crops, livestock and fisheries. At present, fisheries and marine resources account 
for more than 12.5% of Mauritania’s GDP. This country depends also on extractive 
industries; iron ore, which account for almost 50% of total exports. Additionally, an 
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expanding mining industry (rise in metal prices, gold and copper) and recently found 
oil reserves led Mauritania’s recent economic expansion. Despite the country’s huge 
reserves of resources (fish, iron, oil, gold, etc.), it counts as a lower middle-income 
country as more than 16.6% of the population lives below the extreme poverty line. 
The informal economy accounts for 40% of GDP and employs about 86% of the 
working-age population [8]. Rural areas in Mauritania suffer regular shortages due 
to the country’s periodic droughts in the 1970s, 1980s and 2000s; declining rainfall 
and the restricted technical and financial capacity of the Mauritanian National Rural 
Water Supply Agency, often force the migration of farmers to cities and cause more 
pressure on water reserves.

2.3 Climate change

The Maghreb countries are located in an arid to semiarid region. The climate is 
Saharian in the southern, oceanic in the western, and Mediterranean in the north. In 
the Maghreb, rising temperatures associated with climate change during the last half-
century reveal a significant level of vulnerability, related, among other things, to:

• Significant degradation of arable land;

• Degradation of pasture and loss of livestock;

• Degradation, even disappearance, of forests;

• High risk of collapse of coastal dune bar;

• Decrease of water resources.

Algeria—Democratic Republic of Algeria is the largest country in Africa. More 
than 80% of the country consists of the Sahara Desert. Over 34% of the population 
lives in rural areas and is heavily concentrated in coastal areas. Temperature rises over 
the last 30 years in Algeria are expected to be further amplified by reductions in rain-
fall which is estimated at 30% [14]. This rainfall deficit is putting more pressure on 
the groundwater resources to satisfy water demands and thus a decline in piezometric 
level of major aquifers in the north part; greater aquifers depletion which reach more 
than 20 m in certain parts of the region [15].

Morocco—The climate in Morocco is Mediterranean on the coasts, humid temper-
ate at higher elevations and saharan (hot and dry) in the south-western part. Over the 
last 5 decades, drought events have intensified in Morocco resulting in less rainfall; 
with possibly, up to at least ~50%, coupled with overexploitation of groundwater 
resources to satisfy the water demands. The Mikkes basin is located in the North-
central of Morocco with a deficit to be estimated around 76% (between the periods 
1970–1979 and 1980–2000); this strong deficit cause high depletion in piezometric 
level (since 1980). This, in turn, has an influence on springs and River flow [16–20].

Tunisia is a country on the Mediterranean coast of North Africa. It situated 
between Algeria and Libya along the Mediterranean Sea. It covers an area of 
164,000 km2 and over 1300 km of coastline along its eastern and northern borders. 
Tunisia has a semi-arid to arid climate, it has also two distinctives Mediterranean 
coasts, west–east in the north, and north–south in the east. Tunisia is considered to be 
one of the countries most exposed to climate change in the Mediterranean; increasing 
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temperature, less rainfall and rising sea levels. With episodic droughts coupled with 
floods and the salty types of rocks found within the country all are combined factors 
which could severely disturb agricultural practices and availability of water reserves 
(which are already limited). Consequently, several farms lowered their wells and 
pumped more water to satisfy their needs, which will further put more pressure on 
already stressed aquifers.

Libya is a country with around 95% of its areas are deserts [21]. The climate 
of Libya is a Mediterranean climate which is characterized by a cool rainy winter 
season and a hot dry summer. Thus, this country is susceptible to more frequency of 
droughts, floods, sandstorms, dust storms, and desertification. Freshwater resources 
of Libya are very limited and originate mainly from four aquifers—Kufra, Sirt, 
Morzuk, and Hamada—the last three are close to depletion. In fact, people living in 
this region are facing absolute scarcity of water (below 500 m3 per year) and they 
will face more water risks across the supply with climate variability and its effects 
(rising in temperature and decline in precipitations). Libya’s long periods of drought 
is expected to cause more threat in crops produce, particularly in areas where water 
supplies are already under pressure.

Mauritania is a vast Saharan country; it is located in one of the regions most 
affected by climate change. Mauritania is defined by very scarce and poorly docu-
mented water resources’, with an average of 2800 m3/inhabitant/year in 2014 [8]. 
Surface water (97% of renewable resources), where the majority of the inhabitants 
live in the coastal cities (Nouakchott and Nouadhi-bou) and in the Senegal River 
Valley which is used as a primary water source (it is far below the demand for potable 
water). This River remains at extreme risk of water shortage after being tormented 
by rising of temperature, drought for several consecutive years and the occurrence 
of floods and other extreme weather events. Therefore, climate change is certain to 
accelerate the depletion and degradation of water resources and thus to a reduction in 
production potential, increased livestock costs, generates more urban agglomerations 
and reduces grazing lands.

2.4 Agriculture

Urban population growth, increasing temperatures and changing rainfall patterns 
are among the main factors affecting agriculture production. World population is 
expected to reach 9.7 billion in 2050 and the global agriculture production has to be 
increased to meet the increased food demand for this population. As well, human 
population growth and climate Change have multiple implications on development 
which shift towards more freshwater withdrawals for agriculture. Similarly, in the 
Maghreb, continuously growing population will be demanding for more food, more 
land used for crops and thus more water.

Algeria is facing really scary water shortages because its annual water supply per 
person is marked less than 1000 m3 per year. Agriculture in Algeria composes 25% 
of Algeria’s economy. It is a major user of water and is most concerned by the water 
scarcity. Increased population pressure, economic development, urbanization trends 
and drought periods are also behind more limited water reserves in Algeria, even in 
areas where currently rainfall is sufficient.

Morocco—Agriculture in Morocco composes around 15% of Morocco’s economy. 
It accounts for almost 80% of Morocco’s water annually [22]. Morocco is facing 
water scarcity which it is caused by the increase of water demands mainly linked the 
population growth and climate change. This water risk will likely be more in the near 
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future. According to the World Resources Institute (WRI), Morocco ranked 23rd 
among countries most at-risk of water shortage. In fact, Innovative irrigation prac-
tices can enhance water efficiency. However, they will be too expensive for the average 
small farmer to afford.

Tunisia is considered as a driest country in the Maghreb region as it has very lim-
ited water reserves. It is among the countries which suffers from high water scarcity. 
Like in Morocco, the agriculture in Tunisia consumes 80% of natural water resources: 
around 76.9% of the water used for agriculture comes from groundwater and 23.1% 
comes from surface water [23]. Urban population growth and climate change have 
combined effect towards a crippling water stress in Tunisia by consuming more water, 
especially in irrigation sector and this led the depletion rate of Tunisian groundwater 
resources and also to its vulnerability.

Libya—Like Algeria, Morocco and Tunisia, Libya suffers also from high water 
scarcity as it has very limited surface water (no permanent River) which composes 
less than 3% of the total water demands. However, groundwater (both shallow and 
fossil aquifers), constitute the principal water supply in Libya [24] and it accounts 
approximately 98% of the total water demands [25]. In 2012, the sector of agri-
culture used around 85% of the water requirements [26]. In addition, in last over 
40 years, the irrigated area has increased and has stressed more water availability 
due to the lack of rain (droughts) and increased water consumption for irrigation 
and industries [27].

Mauritania—Agricultural production in Mauritania is primarily subsistence-based 
and rainfed. Agriculture is thus very localized in the eastern and south-eastern parts 
of the country, and along the Senegal River. Half the population still depends on 
farming and raising livestock. Agriculture includes forestry, hunting, and fishing, as 
well as the cultivation of crops (cereals, most importantly sorghum, in addition to 
rice, maize, cow peas and millet) and livestock production. Smallholder farmers in 
Mauritania are increasingly challenged by the uncertainty and variability of weather 
caused by climate change; recurrent droughts in the 1970s, 1980s and 2000s.

2.5 Pollution

Anthropogenic pollution is a reality in the Maghreb and it is undermining the 
socioeconomic and ecological basis of life in the region. The fastest growing popula-
tion, urbanization and effects of climate change are all factors influencing the anthro-
pogenic CO2 and air pollutant emissions across the Maghreb region. Major types 
of pollution sources in the region include dust storms, sandstorms and gases from 
various industries. Air pollution and stress on agriculture play a major role in water 
pollution and realize high number of pollutants (pesticides, herbicides and insecti-
cides) into water bodies and these pollutants not only harm water but also, they treat 
the biodiversity of the plant and animal life that depend on water to survive.

Algeria—Surface water in Algeria including Tafna, Macta, Cheliff and Seybous 
River basins are polluted by industrial wastewater and also by organic fertilizers 
(nitrate, potassium and phosphates) used in agriculture. Groundwater quality in 
Algeria was generally good. However, this quality has been affected by anthropogenic 
factors such as pesticides and fertilizers [28]. People in the North part of Algeria 
consumes more water than others; where the most of its groundwater is non-saline; 
salinity ≤1 (g/l). Nevertheless, certain coastal aquifers in Mitidja and Bas Sebaou are 
particularly at risk due to intrusion of salty marine water (overexploitation). In the 
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southern Sahara, there are important aquifers, that meet ~96% of water consump-
tion, having salinity ≤9 g/l in the Complex treatment terminal. Additionally, saline 
lakes with salinity ≥3 g/l are impacted as the quality of surrounding freshwater 
aquifers and their salinity may increase [29].

Morocco—The increase of water demands in Morocco combined with climate 
change have led to water deficit which have forced farmers to use wastewater in irriga-
tion and thus affecting the water quality of many water bodies such as streams and 
groundwater (contamination with a large quantity of nitrogen and phosphates, due to 
fertilizer runoff from agriculture areas). Also, pressure on groundwater resources in 
Morocco has been increasing over the last decades which causes a dramatic decline in 
groundwater levels and degradation in its quality (seawater intrusion, nitrate pollu-
tion and natural salinity changes).

Tunisia—Generally, pollution of freshwater water in Tunisia comes from waste-
water discharge, industrial waste and agricultural activities. However, Tunisia has 
the highest access rates to water services and sanitation in the Maghreb region. In 
the northern coastal region, there is relatively abundant rainfall. In the arid central 
reason, surface watercourses are ephemeral, flowing only for a few days or weeks 
a year. Nevertheless, in the South part of Tunisia, surface flows are rare and small. 
Groundwater is the principal source of water—both shallow renewable and deep, 
with often non-renewable groundwater resources. The overexploitation of shal-
low and deep aquifers in this country has led to water-level declines and seawater 
intrusion.

Libya has very limited freshwater and Libyan people rely heavily on groundwater 
located underneath the country’s vast deserts; about 98% of the total water use [25]. 
Generally, the water pollution in Libya comes from the combined impact of sewage, 
oil by products, and industrial effluents. The exploitation of groundwater reserves 
in Libya has become very crucial in the last decades, especially in coastal areas which 
compose the only geographic area receiving more than 100 millimeters of rainfall a 
year and accounts for less than 5% of Libya’s land area. In fact, the overexploitation 
of coastal aquifers reduces freshwater outflow to the sea, and cause a high depletion 
in piezometric level of these aquifers as much as 25 m below mean sea level which has 
led to the progressive seawater intrusion in the coastal aquifers since the 1930s [30].

Mauritania lies almost entirely within the Sahara Desert. The only perennial 
river in the country is the Senegal River, which forms its southern border. The 
region receives very low rainfall and the only the coastal zone is received significant 
seasonal rainfall. Several recurrent years of droughts have caused rapidly declined 
with people settling in rural areas and in shantytowns in cities (where access to clean 
water and sanitation is scarce). This climate variability put the region in water crisis 
“water availability” (quantity and quality) and particularly Nouakchott (Capital 
of Mauritania) at near-constant risk of flooding because it is below sea level and 
therefore prone to frequent floods caused by rising sea levels and resulting a very 
water-poor.

3. Impacts of water scarcity in the Maghreb

Increasing water scarcity in response to uncontrolled population growth, industri-
alization and climate change (rise in food demands and water needs) will further has 
several impacts on health, habitats and biodiversity.



Drought - Impacts and Management

158

3.1 Water and health

A lack of adequate sanitation, water quality and malnutrition can be responsible 
for transmission of many diseases in the Maghreb region which is currently home to 
more than 105 million individuals. Listed below are the most common diseases in the 
Maghreb:

1. Diarrhea, one of the leading causes of child mortality in poverty-ridden areas. It 
is a symptom of a bowel infection which is linked to a lack of safe hygiene  
practices.

2. Leptospira is frequent in the Maghreb region but is rarely responsible for menin-
gitis.

3. Viral hepatitis represents a serious public health problem in the Maghreb where 
the prevalence of the 5 viruses A, B, C, D, and E remains high and varies from 
one Maghreb country to another [31].

4. Typhoid fever (infection caused by the bacterium Salmonella Typhi) is endemic 
in the Maghreb countries (Morocco, Algeria, Tunisia and Libya). It spreads 
through contaminated food or water.

5. Schistosomiasis, also known as bilharzia, is a disease caused by parasitic worms 
that inhabit freshwater rivers and other sources of fresh water. Schistosomiasis is 
considered one of the neglected tropical diseases (NTDs). It spreads to humans 
by an intermediate host, namely, freshwater snails. The Maghreb is among 
the regions with high risk of Schistosomiasis. This disease is caused by lack of 
hygiene and people get infected during their activities such as swimming in 
infested water.

6. Leishmaniasis is an infection caused by an intracellular parasite and transmit-
ted to humans by the bite of sandflies. Maghreb is known to be one of the most 
endemic areas of leishmaniases where both visceral and cutaneous forms are 
reported [32].

7. Malaria spreads by the bite of female mosquito. With the exception of Mauritania, 
the countries of the Maghreb have practically eradicated malaria, even though the 
maintenance phase is underway in Algeria [33].

8. Yellow fever is a mosquito-borne viral disease and is widely spread in Africa. 
However, there is no risk for yellow fever in the Maghreb countries.

3.2 Impact on habitat

The Maghreb region has limited freshwater reserves. However, there are some perma-
nent rivers that provide fresh water as resource such as Cheliff River in Algeria, Draa and 
Oum Er-Rbia in Morocco, Latin Bagradas in Tunisia and the Senegal River in Mauritania. 
As explained earlier the main factors affecting the water reserves in the Maghreb are: 
exponential population growth—urbanization, climate change, agriculture and pol-
lution. These factors not only cause water risk to human but also threat ecosystems on 
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which both local human populations and aquatics species depend on their survival. For 
example, when sea level rises as rapidly as it has been; it brings with it many impacts such 
as (1) wetland flooding in the rainy season, (2) it can cause destructive coastal erosion, 
(3) the infiltration of sea water in the water-tables which can lead to groundwater quality 
degradation, (4) the disappearance of low-lying wet lands and all the related biodiversity 
and (5) lost habitat for fish, birds, and plants. Aquatic ecosystems are the ultimate sinks 
for the contaminants because of the overuse of pesticides and fertilizers (agricultural 
activities) and sewage from residential and industrial areas (fecal waste, chemicals, 
petroleum, sediment). Therefore, water will lose its self-generating capacity and many 
aquatic species cannot cope with this severe contamination in such ecosystems and also 
changes associated with the community composition [34]. Knowing that river flow 
regimes play a key role in freshwater ecosystems. Nevertheless, human activities (indus-
try and agriculture) are known to be severely affecting freshwater ecosystems by rise in 
temperatures and altering river flow regimes and thereby affecting the habitat conditions 
and, hence the biodiversity of organisms in surface waters and groundwater.

3.3 Biodiversity degradation

Habitat loss negatively influences biodiversity (which refers to the variety and abun-
dance of different species (animals and plants)) in a particular setting and becomes 
unable to sustain variety of the species. The Maghreb countries face severe anthropo-
genic and environmental pressures driven primarily by the water demands of a human 
population estimated to have exceeded 105 million people in 2021. The Maghreb is 
an important center of diversity of fauna and flora species which is linked to its great 
geomorphological variability. Nevertheless, this biodiversity in the Maghreb region is 
undergoing a serious decline (level of ecosystems, species and populations and genetic 
diversity). At least six species of native freshwater fish species in the Maghreb region 
are extinct [35]. The warming up of the sea as a result of climate change affects marine 
species and ecosystems. For example, some definitively marine species might take the 
place of certain coastal species. Generally, rising temperatures will endanger the life 
cycle of some species, cause coral bleaching and the loss of breeding grounds for marine 
fishes and mammals. Climate change accompanied by the over-pumping has largely 
depleted groundwater water level in many areas in the Maghreb countries and has led 
to the deterioration and loss of unique water springs and wetlands with their associ-
ated biota. The intensive use of the Maghreb Rivers is projected to increase, exerting 
immense pressure on the ecosystem and associated impact on the biodiversity; through 
the disturbance of the biotopes of some species and the dwindling stocks of some popu-
lations. Also, the new irrigation schemes may further diminish water supplies in the 
Maghreb Rivers system and impose additional threats to the biodiversity.

4. Water scarcity management in the Maghreb

Water management is the management of water resources, including ground-, 
surface- and rain water, to promote efficient use and protect water resources from pol-
lution and over-exploitation. Libya, Morocco, Algeria and Tunisia are currently facing 
extremely high-water stress (Figure 2). As water is a key driver of economic and social 
development, the challenge of water scarcity for the Maghreb countries has existed 
for a long time and hence this region is beginning to recognize the importance of an 
Integrated Water Resources Management (IWRM) which is a holistic approach involving 
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social equity, economic efficiency and environmental sustainability. Consequently, to 
ensure a reliable, universal and sustainable water supply, there is a need for a transforma-
tional water management system to water scarcity in the Maghreb region.

The Regional Initiative on Water Scarcity has been formulated to provide a 
comprehensive framework to ensure the sustainable use and preservation of scarce 
water resources in the Maghreb countries. The objectives of The Regional Initiative 
on Water Scarcity are enhancing policies, investments, governance and best practices 
to sustainably increase water and land productivity; providing tools for strategic 
planning of optimal and sustainable allocation of scarce water resources; implement-
ing a regional collaborative strategy for a water-reform agenda. Following proposed 
initiatives, in addition to the initiatives mentioned above, will further address the 
water scarcity challenge.

4.1 Preventing water pollution

One of the greatest waters related challenges facing the countries of the Maghreb 
is the pollution of its freshwater resources which can cause water to become toxic to 
humans and the environment. A person who wishes to reduce water pollution can 
help by [36]:

• The right waste in the right bins

• Making sustainable choices regarding food and drinks

• Water conservation

• Disposing of household chemicals properly

• Correct use of fertilizers and pesticides for gardens or farm

• Use of environmentally responsible household products for laundry, household 
cleaning, and toiletries

• Reducing plastic usage and recycling plastics when possible

• Save the planet and promote awareness about environmental Issues, e.g., grow-
ing more plants to reduce drainage of chemicals into the water

• Keeping up with the maintenance of their vehicle to ensure it is not leaking 
harmful substances

There are several directives legislation adopted in the Maghreb region to stop 
water pollution including the bathing water directive, monitoring of water and 
vector-borne diseases and the Drinking Water Directive.

4.1.1 The bathing water directive

The bathing water directive aims to protect human health and facilitating 
recreational use of natural waters and this through protecting and improving bath-
ing water quality in freshwater and coastal water areas. The “national report on 
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monitoring the quality of bathing water on beaches in the Morocco Kingdom” for 
2021 shows that the rate of compliance of the bathing water of Moroccan beaches 
with microbiological water quality reached 87.06%.

4.1.2 Monitoring of water and vector-borne diseases

Many infectious diseases in the Maghreb region, especially in the aftermath of 
several disasters, were addressed by installing and functioning of water and sanita-
tion facilities through many legislations which aim to save water and also save lives 
[37–39]. Moreover, some countries specific directives are listed below:

• Algeria, Morocco and Tunisia have the national communication submitted to 
UNFCCC includes health implications of climate change mitigation policies and 
have also conducted a national assessment of climate change impacts, vulnerabil-
ity and adaptation for health.

• Algeria and Morocco countries have identified a national focal point for climate 
change in the Ministry of Health.

• Algeria and Tunisia countries have implemented actions to build institutional and 
technical capacities to work on climate change and health and also have developed 
Integrated Disease Surveillance and Response (IDSR) system and development of 
early warning and response systems for climate-sensitive health risks.

• Morocco and Tunisia countries have a national health adaptation strategy 
approved by relevant government body and have also the national strategy for 
climate change mitigation includes consideration of the health implications 
(health risks or co-benefits) of climate change mitigation actions.

• Algeria is currently implementing projects or programmes on health adaptation 
to climate change.

• Morocco has implemented activities to increase climate resilience of health 
infrastructure. The National Ministry of Health of Morocco set up basic inter-
vention strategies for the prevention and control of leishmaniases to minimize 
the incidence of cutaneous leishmaniasis to 50% by 2021 and to avoid mortality 
related to visceral leishmaniasis [40].

• Mauritania is developed in 2011 the National Sanitation Policy (PNA) and the 
National Sanitation Strategy (SNA) [8].

4.1.3 The drinking water directive

The Directive in the Maghreb region aims to protect human health from potential 
dangers and to ensure that drinking water is wholesome and clean. Country specific 
directives are provided below:

Algeria adopted a monopolistic water management since 1962 to undertake tasks 
of water stress. The first law instituted between 1962 and 1980 was marked by institu-
tional weaknesses, lack of available water, and nonexistence in demand management 
capability. Between 1980 and 1999, the second law was manifested by uncertain 
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institutional characteristics and inefficient water management. The third law from 
2000 till today has been marked by institutional strengthening, a supply-driven 
approach, and inefficient water management [41].

Morocco—The main producer of drinkable water in Morocco is the national office 
of drinkable water (ONEP) that was created in 1972. In 2009, The authorities launched 
its new National Water Strategy covering the period from 2010 to 2030.This policy is 
based on the main following strategic objectives: (1) Management of water demand 
and water efficiency, (2) Management and supply development, (3) Preservation and 
protection of water resources, (4) Reducing vulnerability to the risks associated with 
water and adaptation to Climate Change, (5) Modernization of information systems 
and capacity building and skills and (6) Improvement of the institutional, legal and 
financial framework [42].

Tunisia—Tunisia’s water code was created in 1975; it is the overarching legisla-
tion covering the water sector. Despite the scarcity of water resources, Tunisia 
has embraced a water management initiative which permitted the development 
of conventional and non-conventional freshwater reserves and control of water 
consumption in all socio-economic sectors. In 2009, Tunisia water law reform was 
enacted to reflect the actual social and economic situation in the country. The Water 
Code remains the most appropriate instrument governing public water domain and 
any resulting conflicts [43].

Libya—Law No. 7 of 1982 provides protection of the environment from pollution 
including air, water, soil and food [44].

Mauritania—Law No. 2005-030 of February 2nd, 2005 established the principle of 
delegation of WSS services by local governments to autonomous professional opera-
tors, including private firms. The law also extended the mandate of the Multisector 
Regulatory Authority (ARE) to the water sector, to regulate service, protect consumer 
interests and oversee of delegation contracts. However, the implementation of this 
law suffered from the political and institutional instability between 2005 and 2009, 
and has to date only marginally replaced GOM’s engagement in service operations. 
Limited progress has been made in transferring service responsibilities from GOM’s 
national operators SNDE or ONSER to private contractors accountable to local 
governments and ARE [8].

4.1.4 Groundwater projects and regulations

The intensive use of natural resources in the Maghreb, in particular by the agri-
cultural sector has put enormous pressure on freshwater management in different 
countries of the Maghreb. Groundwater has become one of the most fragile of water 
reserves to satisfy the rapid development (especially for irrigation) in the region. 
However, such development has become unstainable because of aquifer overexploita-
tion and its effects (vulnerability). Therefore, the groundwater regulations aim to 
establish a regime which regulates the environmental quality standards and prevent 
any inputs pollutants into aquifers, by controlling the direct and indirect discharges of 
certain substances into its reserves.

Algeria—Water supply (for drinking, agriculture and industry) in Algeria is heav-
ily depend on groundwater. People in the north of Algeria relies on coastal aquifers 
for irrigation which is facing over-exploitation and vulnerability of its waters. The 
Algerian government aspires to provide a sustainable water resource to water supply 
by carrying out a national water plan “The 2005 Water Law”. This program is required 
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accurate information on aquifer hydrodynamics to plan and to set up quantitative-
qualitative protection areas. The quantitative protection areas are where new wells 
are banned and the actual abstraction of wells can be limited or discontinued, and 
the qualitative protection areas are where activities generate pollution [45]. Algeria 
has also established five different River basin agencies since 1996, after the 1983 legal 
water was amended [46].

Morocco—The passing of Law 10–95 in 1995 was a major breakthrough in 
Moroccan water policy. It was a water strategy through River basin Agencies to ratio-
nalize water use, provide universal access to the resource, reduce disparities between 
cities and villages and ensure water security across the country. Also, to control well 
groundwater depletion caused by overexploitation, the Moroccan authority has used 
aquifer contracts as a tool in water management [47]. The first Morocco’s experience 
with aquifer contracts began in Souss-Massa region as a technical and non-binding 
financial assistance by the government.

Tunisia—As mentioned already that only agriculture sector in Tunisia consumes 
80% of available water resources. Groundwaters constitute around 43% of irrigation 
water in Tunisia and mostly are overexploited over the last thirty years [48] which 
increase the risk of quality degradation in shallow aquifers [49], particularly in the 
coastal areas. In response to the aquifer degradation and overexploitation, Tunisia has 
adopted many regulatory and incentive instruments to manage groundwater, such 
as 1975 Water Law which introduced the concept of the public hydraulic domain, 
the preeminent act of the state for water management and planning, the protec-
tion of ecosystems and the possibility of user-based water scarcity management 
[43]. Nevertheless, the overall effect has been weak since the water governance still 
remained weak (regional and local water administrations).

Libya—Great Man-Made River, long-term and enormous project in Libya (2001) 
aimed to provide Libyan people with their freshwater needs by taking water from 
reservoirs underneath the Sahara and transporting it along the largest underground 
network of pipes [50].

Mauritania—Groundwater constitutes only around 3% of water resources in 
Mauritania. Climate change is likely cause decrease in groundwater recharge and their 
piezometric levels, especially in the Taoudéni-Tanezrouk and Senegal-Mauritanian 
basins and their respective aquifer systems. This groundwater vulnerability is getting 
worsen by anthropogenic pressure due to extraction and deterioration of water qual-
ity. In responses to climate change and its effects on water resources, Mauritania has 
adopted the framework of “the Adaptation Programme of Action on Climate Change 
(NAPA-RIM)”, which aims to identify priority activities that respond to immediate 
needs to adapt to climate change, ultimately leading to the implementation of national 
agriculture, livestock and ecosystem protection strategies including:

• Improvement in the monitoring of piezometric groundwater networks and water 
quality

• Improvement of water resources management

• Establishment of a balance between the availability of water resources and water 
needs for irrigation and consumption for the population and livestock

• Dissemination of water saving technologies for irrigation
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4.2 Best practices and technologies

Globally and more particularly the Maghreb region, changing water availability 
(quantity and quality) poses complex problems and management options are not 
easy. As mentioned already, the changing situation comes from different factors 
including the continuous grow of population and climatic change. The best practices 
and technologies contributing to water protection in the Maghreb including improved 
sewage systems, rainwater harvesting and seawater desalination.

4.2.1 Improved sewage systems

Currently, more than half of global population in the world are living in urban 
areas. In 2050, more than two-thirds of the global population will live in cities [51]. 
Therefore, economic development accompanied by rapid urbanization increase the 
use of freshwater resources and may increase also competition for water between 
cities and agriculture [52] and thereby produce more wastewater. Therefore, it is 
necessary to treat sewage before disposing it off in a water body as it can cause serious 
public health concern and also threat aquatic life. Improved and responsible sewage 
systems along with treatment of wastewater at site and at treatment facilities, are 
among some of the tools and techniques which help to protect and improve water 
quality. As such, the component wastewater reuse (for irrigation and other purposes) 
is emerging as an established water management practice in several water-stressed 
regions of the world and particularly in the Maghreb region.

Algeria—As stated earlier that water consumption in Algeria is further aggra-
vated due to economic grow, urbanization and climate change which are all main 
drivers of increasing water demand in irrigation and industrial uses. The reuse of 
treated wastewater for irrigation (the largest consumer of water) is a priority of the 
state. In 2005, Algeria allowed use of treated wastewater effluent for irrigation pur-
poses [53] and signed 5 years contract with the SUEZ Company for the management 
of drinking water supply and sanitation in the greater Algiers area. The contract was 
renewed for five years in 2011, then for two years in 2016 and finally for three years 
in 2018.

Morocco—Improved Sewage Systems could contribute considerably to the reduc-
tion of ‘water stress’ and ‘water scarcity’ in Morocco as part of an Integrated Water 
Resources Management (IWRM) approach, focusing on the component wastewater 
reuse for irrigation and other purposes. The development of reclaimed domestic 
wastewater reuse projects has emerged as a potential non-conventional resource to 
satisfy the increasing demand for water [54]. On the reuse of treated wastewater, 
only 12% are currently recycled. This rate increased to 22% in 2020 and may even 
reach about 100% by 2030 [55]. In 2017, SUEZ are providing Morocco with several 
wastewater treatment plants and has completed construction and installation of the 
Anti-Pollution System on the East Coast of Greater Casablanca in Morocco.

Tunisia—Tunisia is a water-scarce country, and water supply security challenges 
are predicted to be exacerbated by climate change in the coming years [56]. Improved 
Sewage Systems is a great way that Tunisia practiced for several years as part of an 
Integrated Water Resources Management (IWRM) approach to satisfy water demands 
for irrigation and industrial uses. In 2017, the number of operating wastewater plants 
in Tunisia were 119, producing a volume of dry sludge of 175,000 m3/y. Tunisia is, 
therefore, faced with the challenge of finding secure solutions for the recovery and/or 
disposal of sludge generated from wastewater [57].
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Libya—Today Libya is the 20th most water-stressed country in the world. Reuse 
of treated wastewater was mostly designed in Libya to reduce the water scarcity 
especially in the irrigation sector. There are around twenty-three wastewater treat-
ment plants distributed all over the country. Nevertheless, only ten are working and 
in operation [58].

Mauritania—The Mauritanian authorities recently inaugurated a new rainwater 
collection system as part of a sanitary sewerage network for the city of Nouakchott. 
This new sanitation network is built by the Chinese company CTE, which aims 
to enable the evacuation of rainwater and avoid the catastrophic situation that 
Nouakchott knows whenever there are heavy rains or floods.

4.2.2 Rainwater harvesting

Rainwater harvesting (RWH) system, also called rainwater collection system or 
rainwater catchment system, and is a likely viable option to increase water productivity 
at production system level by using rainwater stored in containers such as tanks or cel-
lars. It has been in use since thousands of years almost anywhere and particularly in the 
Maghreb countries. Rainwater harvesting is an excellent practice of sustainable water 
management as it helps to meet the growing demand of water and managing scarce rain-
fall to an extent and also it reduces flood and soil erosion and may decrease drought risk.

Algeria is facing increasingly more serious water shortage problems because the 
water is unevenly distributed and less available and the rainfall is uncertain and 
irregular. Algerian are using rainwater collection from the houses roofs as a solution 
among other seems good in many areas such as Souk Ahras city.

Morocco—The system, developed and installed by Morocco based NGO Dar Si 
Hmad, is now the world’s largest operational fog-water harvesting system which 
involves around 600 square meters of mesh netting, seven storage reservoirs, six 
solar panels and more than 10,000 meters of piping. Fog harvesting is an innovative 
solution to persistent water stress where fog is abundant. It utilizes a specialized mesh 
to catches the droplets from the fog and gravity pulls the water down into containers, 
which slowly fills up to conserve a good water reserve [59].

Tunisia—Water harvesting has been practiced successfully in Tunisia and par-
ticularly in southeast part to minimize water deficiency. This country encourages 
new strategy which is promoting water harvesting techniques (surface runoff water 
harvesting, floodwater harvesting and spreading irrigation) and sustainable farming 
practices.

Libya faces very severe water scarcity. Rain water harvesting systems is a way for 
water conservation in the region; its techniques have been increasingly used to get 
and collect rainwater, storage and prevention dams, cisterns, contour lines and lunar 
basins.

Mauritania is an arid country in the Maghreb region which is affected by recurrent 
climate-related shocks, like the drought that threatens agricultural activities and dries 
up the water table. Rainwater harvesting (RWH) has proved to be a viable alternative 
water in the Mauritanian capital (Nouakchott) as it enables the evacuation of rainwa-
ter and thus fight against floods.

4.2.3 Seawater desalination

Limited natural water resources, the continued population growth and climate 
change in the Maghreb region are the primary drivers of water stress. Seawater 
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Desalination is an artificial process of removing dissolved salts from seawater and 
changing seawater into usable water for human consumption, irrigation, industrial 
applications, and various other purposes. However, this process produces a highly 
concentrated brine, which must be properly disposed. This waste product can damage 
ecosystems if it is not well managed.

Algeria—Desalination of seawater is needed in Algeria to resolve the water issues. 
Different methods of solar desalination have been practiced such as solar distillation. 
Combination of reverse osmosis technology and improved water infrastructure has 
proven to be an effective solution for Algerian cities. Also, the government strategy 
for drinking water supply is to increase the country’s installed desalination capacity. 
The Tahlyat Myah Magtaa desalination Plant was built in 2011 in Oran city (Algeria’s 
second-largest city) and providing water potable for more than five million [60]. The 
new seawater desalination plant is being built in Corso, a coastal town 25 km east of 
the capital Algiers.

Morocco—In order to sustain water needs in Morocco, the government decided 
to implement a seawater desalination plant in most water-scarce areas (Southern 
Moroccan) such as Boujdour (MED MVC 250 m3/d and SWRO 800 m3/d) and 
Laayoune (SWRO 7000 m3/d) [61].

Tunisia—Water is scarce in Tunisia especially in central and southern areas. 
Water desalination plant may alleviate chronic water scarcity in Tunisia’s southern 
region. The four major desalination plants which produce nearly four percent of the 
country’s total water resource are: Kerkennah (1983) with 3300 m3/day; Gabes (1995) 
with 22,510 m3/day; and two stations in Jerba-Zarzis (1999) with 12,000 m3/day. 
Additionally, there are 60 smaller plants in industries services [62]. The plants use 
reverse osmosis, a process that uses a partially permeable membrane to separate ions, 
unwanted molecules and larger particles from drinking water.

Libya is a largely desert country which has very limited water resources and suffers 
from growing water scarcity (urbanization and climate change). Seawater desalina-
tion can provide a climate-independent source of drinking water. Desalination tech-
nology has been used in Libya since the early 1960s and it is continuously developed 
during the last 30 years. There are currently 21 operating desalination plants, with a 
total desalination capacity of 525.680 m3/d [63].

Mauritania—Water deficits and their associated shortages are serious problems. 
Thus, the installation of sea water desalination systems is a greatest water technique 
to help alleviate the shortage of fresh water resources in Mauritania in particular and 
thus participate in the economic and social development of the Maghreb countries as 
a whole. In 2018, seawater desalination project designed a 1000 m3/day in Mauritania’s 
largest fishing port in Nouadhibou for industrial and domestic use [64].

Country Surface spreading/
infiltration

Open well, shaft and borehole 
injection

In-channel 
modification

Algeria 5 — —

Morocco 1 — 1

Tunisia 6 2 3

Total 12 2 4

Table 2. 
Major MAR types in the Maghreb [65].
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4.2.4 Recharging aquifers/groundwater

Groundwater is an important source of supply for basic human needs and develop-
ment across countries of the Maghreb. In many parts of the region, groundwater is 
the only reliable source of water. As pressures on groundwater resources increase with 
growing population, economic growth and climate change, there is a need to more 
practices sources of water supply. Managed aquifer recharge (MAR) is one of these 
good practices.

Managed aquifer recharge (MAR) also called artificial recharge (AR) is the 
enhancement of natural groundwater supplies with excess surface water or reclaimed 
wastewater. It is a process by which excess runoff is directed into the ground accom-
plished by augmenting the natural infiltration to replenish an aquifer, using man-made 
conveyances such as infiltration basins, field flooding, infiltration galleries or injection 
wells [36]. MAR cases are concentrated in highly populated regions of the Maghreb. 
Table 2 shows the different MAR cases implanted in the countries of the Maghreb and 
its different MAR types. The highest number of MAR cases is in Tunisia and lowest 
one is in Morocco. The most common MAR type in the Maghreb is the surface spread-
ing/infiltration method which is the most practiced in Tunisia (Table 2).

Generally, the principal purpose of the MAR schemes is to ensure water supply. 
The first application of MAR in the Maghreb was started in 1965 (Tunisia) and rise 
considerably in the 1990s [65].

5. Conclusions

The Maghreb region is facing increasing water scarcity amplified by inefficient 
water use and overexploitation of water resources (rate grow of population, economic 
development and climate change considerations). There is evidence that surface 
water is diminishing and that ground water levels are lowering rapidly. Consequently, 
variation in water availability either (1) quantitative; the annual volume of water per 
person in many areas of the Maghreb which is less than 1000 m3 or (2) qualitative; 
water pollution has many impacts on Human Health, destruction of habitat and loss 
of biodiversity. Hence the countries of the Maghreb have tried to overcome water 
stress and scarcity through: First, preventing water pollution by improving water 
policy and strategy (monitoring of water and vector-borne diseases). Second, best 
practices and technologies including improve sewage system, rainwater harvest-
ing, and desalinization, among others. Henceforth, managing water scarcity in the 
Maghreb region should be proactive rather than being reactive.
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Water Shortages: Cause of Water 
Safety in Sub-Saharan Africa
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Abstract

This chapter highlights a high rate of water crisis across sub-Saharan Africa (SSA) 
despite its huge hydro-potential. Factors contributing to water stress include rainfall 
deficit and drought, increased water requirements, population growth, urbanization, and 
poverty. Coupled with the uneven distribution of water resources and mismanagement of 
water facilities, the gap between the demand for water and available supply has deepened. 
This has led almost half of the SSA population to drink water from unprotected sources. 
Moreover, many millions travel far distances and spend several hours daily to collect 
water. Children and women are mainly involved in water collection. The growing scarcity 
of water in Africa has a negative impact on economic growth. Besides, water shortages 
are at the heart of many social crises in SSA and have become directly or indirectly the 
first cause of death in Africa linked to waterborne diseases. The prevailing water-related 
diseases include malaria, typhoid fever, cholera, poliomyelitis, etc. To attain the African 
agenda 2063, national governments in SSA need a multidisciplinary approach integrat-
ing, supervising informal settlements of the population in urban and peri-urban areas; 
improving water storage capacity; increasing irrigation potential for agriculture; and 
having a good understanding of the epidemiology of waterborne diseases.

Keywords: sub-Saharan Africa, water shortages, negative economic impact, 
waterborne diseases, contributing factors

1. Introduction

Water is the most basic human need that is required to sustain life on earth. Water 
is central to plant, animal, and human life. Providing safe water and adequate sanita-
tion is used as a standard indicator to achieve economic development and good health 
[1]. Therefore, good management of its resources is crucial to the development of 
every nation. Apart from its vital functions in human life, water is indispensable for 
the crop, animal, and fish production [2]. However, natural (climate change, rainfall 
deficit, and drought) and human factors (rapid population growth, urbanization 
of major cities, agriculture, and tourism) contribute to its scarcity [1, 3, 4]. Water 
scarcity, defined as lack of sufficient water, or lack of access to safe water supplies, 
is a global issue [3]. Globally, more than 2.7 billion people face water shortages, and 
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663 million people in the world lack access to safe water [3]. Unfortunately, half of 
the people who drink water from unsafe sources live in Africa with 319 million people 
in sub-Saharan Africa (SSA) [5]. The causes of water shortages may differ in various 
regions of the world with respect to variations in climatic conditions and socio-cul-
tural realities. Generally, Water shortage can be a limiting factor in poverty alleviation 
and is associated with negative impacts on the health of the population. It is therefore 
imperative to understand the driving factors that contribute to water scarcity in SSA 
and to evaluate its real impacts on the socio-economic development and health of 
the African sub-continent. Understanding the aforementioned parameters will help 
to devise appropriate strategies and policies to address the water shortage in SSA. 
Moreover, a good understanding of how waterborne diseases are affecting the popula-
tion in both rural and urban areas is necessary to attain the African agenda 2063.

2. The water shortage scenario in Africa

2.1 Water sources in Africa and water shortages: what a contrast

Water scarcity is when water demand exceeds water availability and refers to lack 
of sufficient water, or lack of access to safe water supplies [3]. There are four dimen-
sions of water scarcity: (i) the first-order water scarcity describes limited available 
water resources for both current and future needs; (ii) the second-order scarcity 
highlights lack of financial resources needed to make improved water resources 
available to the people; (iii) the third-order water scarcity results from the failure 
of institutional setup or inadequate infrastructure; and (iv) the fourth-order water 
scarcity is induced by social disparity with the less privileged people experiencing 
difficulty to have access to safe and sufficient water [6]. These four forms of water 
scarcity exist in different areas of SSA.

The water crisis is a global issue worldwide. Even though 80% of the Earth's 
surface is covered by water, fresh water supply has increasingly become a crucial 
global problem [3]. This global problem received the attention of the United Nations 
to adopt the Sustainable Development Goal (SDG) target 6 in 2015 [7]. Despite the 
relative success of the Millennium Development Goals (MDGs) water target in dif-
ferent parts of the world, half of the people who drink water from unsafe sources live 
in Africa. Specifically, in SSA, 319 million people still live without improved drinking 
water sources and only 27% of SSA’s population has access to basic sanitation [5]. 
Apparently, Africa seems to be endowed with abundant water resources. The relation-
ship between the abundance of water sources in Africa in general and in sub-Sahara 
in particular and water scarcity is contrasting. This is why water shortages are experi-
enced even in countries where freshwater is in abundance. Therefore, water scarcity 
does not mean the absence of water in the natural environment. Actual Africa’s hydro 
potential is irrefutably huge; the continent disposes of 17 major rivers, close to a hun-
dred lakes, coupled with sizeable groundwaters [8]. In addition, Africa has abundant 
rainfall and relatively low levels of withdrawals of water especially for use in com-
munity water supply and agriculture [8]. Inspite of this potential, water sources are 
unevenly distributed between different zones of the continent [8] with SSA having 
the greatest part of the water blessing. While the Central Region is endowed with 48% 
of the continent's water, the Gulf of Guinea claims 24% of the water potential of the 
continent. At the country level, the Democratic Republic of Congo alone holds 23% 
of African water [8]. Additionally, natural factors such as rainfall deficit and drought 
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cause significant reductions in the overall availability of water due to the geographical 
location of several African countries [9]; the present threat on the disappearance of 
Lake Chad is symptomatic of the growing scarcity of water in SSA. The Lake Chad 
basin has drastically been reduced by 90% in its surface area [9].

2.2 Factors favoring water shortages in SSA

One of the factors that limit access of the community to safe water in Africa 
in general and in SSA, in particular, is poverty. The level of poverty is such that 
half of the extremely poor people live in SSA [10]. It is the main driving force 
behind the rural migration of the population into the big cities. Due to poverty, 
many youths back out of school earlier to embrace any money-earning activities 
in towns. Except, mismanagement and lack of policy prioritization, insufficient 
infrastructure limiting water supply in SSA has a direct link with the prevailing 
poverty [11]. Unfortunately 96% of the poorest countries in the world are located 
in SSA and poverty is projected to increase in this part of the world even in the 
next 10−12 years [12, 13]. On the other hand, anthropogenic factors including 
increasing water requirements resulting from irrigation, population growth, and 
increased urbanization have deepened the gap between the demand for water 
and available water supply in SSA [4, 14, 15]. The insufficient coverage of potable 
water in urban areas is particularly attributed to the population growth that has 
almost doubled over the past 10 years. Consequently, the demand for water supply 
equally increases. Therefore, the rapid demographic growth together with climate 
change constitutes a serious challenge for water authorities in SSA. Efforts put in 
place by the African government often do not yield appreciable outcomes to cope 
with the ever-growing population. Localities that experience water seizure for 
over many years rely on alternative sources for water supply. Common alternative 
water sources used by the population in SSA include wells, boreholes, streams and 
the rivers. While boreholes can be private or public, streams and rivers are open 
water sources and are thus owned by local authorities. The correlation between 
the rapid population growth and the demand for water supply will not be better in 
the near future as the population is expected to triple by the year 2050 and likely 
to reach 1.2 billion in SSA [4, 16]. As such, most countries in SSA will be in a state 
of water stress or scarcity [17]. Moreover, increased demand for water supply can 
also be induced by the growth of a middle class of citizens in large agglomerations 
with high water needs. However, the Africa Water Vision 2025 will be based on 
the principle of service differentiation. The growth of a middle class of citizens 
with greater water needs will be addressed following this aforementioned prin-
ciple. Therefore, different socio-economic groups in different parts of an urban 
area or of a country in Africa will be able to obtain the types and levels of water 
services that they want and are willing to pay for [18]. Last but not the least, 
another contributing factor to water shortage in SSA is inadequate water-resources 
development. Despite a growing demand for water in response to population 
growth, water scarcity is partly due to low levels of exploitation of water resources. 
Presently, the entire sub-continent uses less than 2% of its renewable groundwater 
and irrigates less than 2 MHa (or about 1% of its cultivable land) of groundwater 
[19]. The current SSA land irrigation capacity is far less than that of the States of 
Texas in the US. SSA must use modern technologies as other regions such as India 
do to steer up its agricultural development based on sustainable groundwater 
development.
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Some African towns such as Bamako (Mali), Kampala (Uganda), Lagos (Nigeria), 
Niamey (Niger), and Ouagadougou (Burkina Faso) will be the most affected by water 
stress due to their geographical locations coupled with their unprecedented urban 
growth [7, 20]. Another arising issue that complicates the water crisis in SSA is that 
the concentration and distribution of formal water outlets is a constant in relation to 
the consumer demand and the quality of supply that are variables. This phenomenon 
is most obvious in small towns and peri-urban areas [21].

The stress in the water supply-demand relationship is aggravated by insecurity or 
socio-political crisis that may cause a shift of a significant influx of the population 
from crisis areas to other localities. In this case, refugees and internally displaced 
people constitute the most vulnerable group experiencing water shortages. For 
example in Cameroon, since 2014 we have witnessed a significant influx of the popu-
lation from the Far North and, a massive exodus of the population since 2016 from 
the northwest and southwest to other cities such as Yaoundé, Douala, Bafoussam, 
etc., because of the insecurity perpetrated by the Islamic sect Boko Haram and the 
Anglophone crisis. These phenomena have caused the swelling and concentration 
of populations in certain areas of Yaoundé such as Akok-Ndoe, located in the sub-
division of Yaoundé 7. With a population of around 6000 people, this locality does 
not record any drilling or water supply provided by the public service. Similarly, 
Mayo-Tsanaga division, located 80 km away from Maroua has been experiencing a 
significant population growth resulting from the relocation of refugees and displaced 
persons from Boko Haram attacks. As direct consequences, the population of Mayo-
Tsanaga must gather around a single water point to fetch water as seen in Figure 1.

On the other hand, the overpopulated area of Akok-Ndoe either dig wells on rocky 
soil or obtain water from the private water vendors at an exorbitant price ($10 per 
m3). Sometimes, the quality of such water is doubtful and is unsafe for the consumers’ 
health. Unfortunately, this situation may depict the reality of many other consumers 
throughout the sub-continent. The services of the private water providers may com-
promise the affordability and quality of water, two key criteria for water safety [22].

2.3 Socio-economic impact of water shortages in SSA

There are several dimensions of access to safe water. These comprise proximity, 
accessibility, reliability, quality, quantity, and affordability [23]. Each of these aspects 
is almost violated in many countries in SSA. For example, if by standard a water point 
should preferably be within 200 m, many million across SSA travel for several miles to 
find a water source. Sometimes at the water site, people wait in a line and carry dirty 
water into containers to bring home for drinking and cooking. About three-quarters 
of the households in SSA collect water from a distance far beyond the WHO recom-
mendation [24]. Unfortunately, the burden of water collection and storage usually 
falls on women and girls [4, 25]. Water fetching is a woman or child-dominated 
activity in Africa. The impact of distance between the water source and the point of 
its use goes beyond the physical burden. A study carried out in rural Kenya indicated 
a relationship between water fetching times and a risk factor for moderate-to-severe 
diarrhea [26]. In the middle of the year 2020, two children from Tokombere, a 
sub-divisional headquarter in the Far-North region of Cameroon were found dead 
on their way to fetch water, due thirst and trekking. Other dangers such as snake and 
scorpion bites are permanent threats to those that venture to fetch water during hot 
and cold weather. According to the United Nations estimates, women and young girls 
spend about 40 billion hours per year transporting water [27]. This corresponds to a 



179

Water Shortages: Cause of Water Safety in Sub-Saharan Africa
DOI: http://dx.doi.org/10.5772/intechopen.103927

complete year’s worth of labor by France’s entire workforce [28]. This comprises the 
time for traveling to the water collection point, waiting at the water source, transport-
ing the water, and storing it.

Even in big cities where water facilities are available, the reliability dimension 
of water is not always ensured. The high water demand in contrast with the limited 
water supply reduces the pressure of water flow in the water pipeline (water not flow-
ing in some taps) leading to a lack of water, especially in the morning hours. This may 
cause water shortage for days or weeks in some countries like Cameroon. Sometimes, 
a rupture of water tank can lead to a lack of water supply to hundreds of people. 
Unfortunately, it takes many days for water authorities to be aware and to address the 
situation.

In addition to their public health impact, waterborne diseases can have a significant 
impact on the economy of endemic countries [29]. Water appears to have an economic 
value and should be recognized as an economic good. Providing clean water and 
a healthy environment is used as a standard indicator of achieved development as 
highlighted in the SDG water target. Otherwise, water shortage constitutes a serious 
setback to sustainable development. Water shortage can be a limiting factor in poverty 
alleviation resulting in low productivity, food insecurity, and constrained economic 
development [18]. This is because inadequate water resources can restrain improved 
agricultural development given that agriculture is the largest user of water in Africa. 
Water stress is particularly a serious threat to irrigated agriculture leading to food 
insecurity.

The water crisis is at the heart of many social tensions in SSA. Water shortages 
have plunged several countries in SSA into major social crises. For instance, the crisis 
in Darfur (Sudan) and recently the tribal conflicts between the Musgum and the 
Chua Arabs in Logone and Chari (Northern Cameroon) stem in part from water dis-
putes [30] as seen in Figure 2. In Darfur, the conflict resulted from competition over 
water and grazing land between two groups of nomadic farmers, in the same light, in 
the Logone and Chari division of the Far-North of Cameroon, the Musgum (mainly 
farmers and fishermen) are competing with the Shua Arabs (herders) over increas-
ing scarcity of water and land resources resulting from the reduction of water bodies 
in the Lake Chad Basin. Other water-based conflicts in SSA include violent conflict 
between Senegalese and Mauritanians over the introduction of the irrigation systems, 
conflicts in the Niger Delta resulting from the struggle over access to limited wetlands 
due to the decrease of the level of the Niger River, etc. [30].

Figure 1. 
Women and children struggling to fetch water in the Mayo-Tsanaga Division (Cameroon).
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2.4  Water shortages a threat to water quality and cause of waterborne diseases in 
Africa

Apart from its negative socio-economic impacts, inadequate access to safe water 
remains a high risk for communicable diseases that in return reduce vitality and 
economic productivity. The serious water shortages in SSA has forced communities 
to rely on unsafe water sources. Unfortunately, the water of these sources is often 
used without any form of treatment [31]. Almost half of the people drinking water 
from unprotected sources live in SSA [32]. This explains why more than 70−80% of 
diseases on the African continent are related to poor water quality [32].

Even in the presence of water availability, water management practices at the level 
of households have also a great responsibility in spreading water-borne diseases [33]. 
For instance, lack of awareness, knowledge, and hygiene practices could therefore be 
barriers to safe water use. Poorly managed sanitation facilities expose water resources 
to contamination [4]. For example in Cameroon, recurrent ruptures of septic tanks 
dumping their content on the main roads connecting working-class neighborhoods 
in cities like Yaoundé are recorded daily [34]. Such human wastes are carried by 
rainfall and sometimes end their course in a river or any other water source thereby 
exposing the community to serious waterborne diseases. Other wastes that contribute 
to polluting water sources in our major cities in SSA include plastic bags and plastic 
bottles. As they accumulate in the rivers, they can divert the direction of the water 
flow into the community. This may explain why the quality of the water sources often 
correlates well with the prevalence of water-related diseases in the community [35]. 
Additionally, lack of waste treatments in urban areas, insufficient water treatment 
facilities, as well as mismanagement of the existing water facilities are among the fac-
tors that contribute to the deterioration of Africa's water quality [34, 36, 37]. In addi-
tion, the use of chemical contaminants in the cultivable areas of our cities represents 
a source of risk of contamination of water from wells, boreholes, etc. The presence of 
these products might result to heavy metals in various water sources across SSA and 
poses as much a public health problem as microorganisms [31, 38, 39]. In addition to 
the questionable quality of water due to water shortages, urbanization and popula-
tion growth also contribute to the disposal of more wastes into water bodies in many 
countries in SSA [38].

Worldwide, the annual loss of human life associated with the consumption of 
unsafe water is estimated at 30 million people. It thus appears that, for lack of proper 
access to the resource, water has become directly or indirectly the first cause of death 
in Africa [8]. Water-related diseases constitute a significant proportion of the burden 
of disease in SSA.

Figure 2. 
A: Displaced Musgum in Kousseri. B: Darfur conflicts in South Sudan.
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Diseases resulting from the use of unsafe water or water stress can be grouped into (i) 
waterborne diseases (e.g. cholera, typhoid, etc.); (ii) water-related diseases (e.g. malaria, 
yellow fever, river blindness, sleeping sickness, etc.), (iii) water-based diseases (e.g. 
guinea worm and bilharzia etc.), (iv) water-scarce diseases (trachoma and scabies, etc.).

Diarrheal diseases be of viral, bacterial, or parasitic origin are the leading cause of 
human mortality in Africa. Our continent alone contributes to 53% of the diarrheal 
cases reported globally, with contaminated drinking water being the main source of 
transmission [40]. In 2016, more than half a billion deaths in SSA were attributed 
to diarrheal diseases with contamination of drinking water identified as one of the 
leading risk factors. Mortality due to water stress coupled with poor sanitation and 
hygiene is projected to substantially increase by 1.5 deaths per 1000 annually by the 
year 2050 [41]. This is true for countries with high mortality rate such as Angola, 
Burkina Faso, Burundi, Central African Republic, Chad, DRC, Ethiopia, Guinea 
Bissau, Liberia, Mali, Niger, Sierra Leone, and Somalia [41] (Figure 3). The most 
devastating waterborne diarrheal disease on the African continent is cholera, which is 
caused by Vibrio cholera. Cholera is a deadly diarrheal disease that decimates tens of 
thousands of people annually. Approximately, more than one million cholera cases are 
reported in Africa [42]. This may explain why 83% of the total deaths due to cholera 
were from the SSA region [43]. Additionally, a curated database of cholera incidence 
in SSA from 2010 to 2020 identified 999 suspected cholera outbreaks across 25 SSA 
countries [44]. Most of the major outbreaks of this disease occurred in countries 
such as Nigeria, Cameroon, the Democratic Republic of Congo, Kenya, Ethiopia, and 
Sudan [42–44]. Notably, the collective outbreaks in four countries alone (Democratic 
Republic of the Congo, Ethiopia, Cameroon, and South Sudan) represented 65% 
of total outbreaks that occurred in the entire SSA [44]. Besides poor sanitation and 
hygiene, floods have been recognized as one of the major contributing factors of 
cholera outbreaks in SSA [45]. This occurs when floods hinder supply of or access to 
safe water sources, thereby introducing Vibrio cholerae even to areas that are usually 
not affected by this pathogen [46]. The coastal regions of SSA remain the focal areas. 
Curiously, most of these cholera foci are in densely urbanized areas of Africa with 
limited access to safe water and adequate sanitation [42].

The most frequently reported parasitic waterborne diseases in SSA are malaria 
(95%), schistosomiasis (44.8%), giardiasis (23.4%), soil-transmitted helminths 
(23.4%), and amoebiasis (21.3%) [27, 47]. Recently in 2020, Malaria infected more 

Figure 3. 
Projections of WASH mortality rates for SSA countries and South Asia [41].
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than 200 million people in SSA indicating its exponential increase attributed to the 
interruption of malaria-control services during the awake of Covid-19 pandemics  
[47, 48]. Parasitic infections via water can be acquired while bathing, washing, drink-
ing water, eating food exposed to contaminated water, or being bitten by an infected 
vector. Interestingly, the prevalence of important parasitic diseases in several regions 
of SSA is still high in recent years given that most of these diseases circulate in poor 
water supply areas [29].

Among bacterial waterborne diseases, typhoid fever features as an important 
cause of morbidity and mortality with an estimated 12−33 million cases leading 
to 216,000−600,000 deaths annually [49]. Apart from Benin, Equatorial Guinea, 
Eritrea, Namibia and Somalia, which did not provide any report on typhoid fever, 
this bacterial disease is highly prevalent over the whole SSA as highlighted in Figure 4 
[50]. The highest incidence of this disease occurs in areas of high water contamination 
with human feces, limited water supply due to increased population, urbanization, 
and weak health systems [51]. An updated data on the burden of typhoid fevers from 
2010 to 2013 show that this waterborne disease continues to be high in SSA (Table 1), 
and illustrate the need for control measures such as vaccination, and improvements in 
water quality, sanitation, and hygiene [52]. Gastroenteritis caused by non-typhoidal 
Salmonella is another important waterborne disease that prevails in SSA. Close to 
80% of all the reported cases in 2017 occurred in SSA alone, affecting mainly children 
under 5, adolescents, and active young people under 50 [53].

Many studies across Africa suggest that coliforms, Escherichia coli, Streptococcus, 
Salmonella, and Shigella spp., Vibrio cholera, etc. are major contaminants of alterna-
tive sources of water in SSA [31, 37, 39, 42].

In the light of its devastating impacts on health and socio-economic developments 
in Africa in general and in SSA in particular, water crises come immediately after 
weapons of mass destruction [16]. Consumption of unsafe water thus poses a major 
challenge to population health in many countries of SSA.

Figure 4. 
Prevalence of typhoid fever in sub-Saharan Africa [50].
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3. Conclusions

Addressing water shortage in SSA needs a multidisciplinary approach integrating 
environmental policy, innovative technologies, and socio-economic dimensions. 
Preserving and restoring water ecosystems such as wetlands and forests to collect, 
filter, store, and release water appears vital to reducing water scarcity. Additionally, 
the reuse of wastewater is another strategy to improve both water availability and 
quality [3] Implementing a tax on heavy water users such as the industries and 
agriculture would help avoid wasteful water consumption. Moreover, policies 
like organic farming practices should be encouraged to reduce water pollution. 
Improving water storage capacity via the construction of more dams, the storage of 
water in shallow wells, rainwater collection and storage, drip irrigation for crops is of 
paramount importance to fight against water shortage. To attain the African agenda 
2063 based on inclusive growth and sustainable development, it appears crucial to 
have a good understanding of how waterborne diseases are affecting the popula-
tion both in urban and rural communities. Therefore, governments in SSA should 
supervise informal settlements of the population in urban and peri-urban areas in 
view to reducing the disease burden resulting from waterborne diseases via improv-
ing access to safe water. In this case, future research should be redirected towards 
environmental determinants of waterborne disease outbreaks, and the relationship 
between waterborne diseases and water resources development in the context of 
climate change in SSA.

There is a need for in-depth research with a focus on cross-context and cross-
cultural comparisons that can generate important lessons and insights for effective 
water policies and that take into account different conventional and alternative 
water uses at different scales. There is also a need for optimal use of groundwater 
since SSA is currently underusing its renewable groundwater and irrigable culti-
vable land. National governments should provide adequate investments in water 
facilities.
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the drought and water shortage risk, thus water scarcity and water stress. This book 
presents studies on the various forms and severity of the drought that can occur in 
almost every region of the world as well as their causes and impacts. It analyzes in 
detail the complex drought phenomenon, which has a significant impact on water 

resources, agriculture, energy production, human health, and forest fires.
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