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Preface

As we all know, the veracity of global climate change is unequivocal. The recent 
Intergovernmental Panel on Climate Change AR6 report affirms this assertion, 
observing that global temperatures will continue to rise while precipitation will 
decrease in some parts of the world and increase in others. In fact, the impacts of 
climate change on the environment and the economy will not be exclusively nega-
tive. While most developing world countries will continue to exhibit varied levels 
of vulnerability due to low adaptive capacities, in Canada, for example, climate 
change might extend the growing season for several crops, thus enhancing food 
production.

This book project begins with an understanding that the impacts of climate change 
across the world are and will continue to be varied. The global scope of the contri-
butions is intended to elicit global readership and provide an opportunity to have 
experiences from across the world in a single book.

Consequently, this book contains thirteen peer-reviewed chapters on varied but inter-
connected themes that are within recent observations in climate change scholarship.

The chapters are organized into four sections. Section 1 introduces the concept 
of climate change, examining current global perspectives and trends. Section 2 
includes four chapters focusing on climate risk, resilience, and vulnerability. The 
chapter topics include the nexus of climate change, spatial and temporal moni-
toring, impacts of climate change on radiation, and climate risk. They provide 
varied perspectives on climate risks, sensitivity, and exposure. Section 3 discusses 
monitoring and assessment. These chapters underscore various options used by 
researchers to monitor the impacts of climate change. The four chapters in this 
section address genetic interactions, microbial and chemical manipulation, trends 
in the use of fertilizers, and program evaluations. Finally, Section 4 focuses on 
adaptation. The four chapters in this section examine aspects of adaptation and 
mitigation of climate change, knowledge co-creation as an adaptation strategy, 
bio-stimulants and vulnerability to climate change, and the potential for domestic 
adaptation.

The scope of this book is to provide a niche not only for experts in climate change 
scholarship but also for other connected disciplines that are impacted by climate 
change ranging from activities that can be classified as primary, secondary, or ter-
tiary. A broad readership including academics, students, policymakers, and various 
organizations and stakeholders looking for a place to obtain a broad perspective on 
climate change will find what they are looking for in this book.

This work has been made possible thanks to IntechOpen and the authors who 
 provided their manuscripts. I would like to thank our team at Unité de recherche et 
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Chapter 1

Introductory Chapter: Climate 
Change
Terence Epule Epule, Vincent Poirier and Wiam Salih

1. Introduction

Global evidence of climate change is unequivocal. This conclusion is based on 
recurrent observations of variations in numerous climatic variables. This phenom-
enon is further characterised by a paradox as both the direction of the changes in cli-
mate variables and effects often move towards opposite directions [1–3]. This is seen 
as while precipitation is increasing in some parts of the world, climate change is at the 
same time driving declining precipitation in other parts of the world. Across Africa, 
for example, the recent Intergovernmental Panel on Climate Change (IPCC) AR6 
argues that for various global warming scenarios (1.5° C, 2° C and 4° C), northern 
and southern Africa will continue to witness declining precipitation and increasing 
temperature while west, middle and east Africa will witness increasing temperatures 
and increasing, sporadic but unreliable precipitation [4].

As can be seen in the scenarios above, various global warming scenarios are driv-
ing climate change. Even though the evidence of climate change is unequivocal, the 
scientific literature has been somehow divided on the causes of climate change [5]. In 
this case, three major schools of thought emerged. The first school of thought argues 
that global warming, for example, is driven by mainly climatic or biophysical drivers 
and while the second posits that non-climatic drivers are mainly responsible for global 
warming [6]. The third school of thought argues that both climatic and non-climatic 
drivers have a role to play in the occurrence of global warming and, consequently, 
climate change. Whichever direction the debate is going, both climatic and non-
climatic forcing have a critical role to play, as discussed by [6, 7]. If the global rise 
in temperature is at the centre of global warming, which in turn is driving climate 
change, then it is obvious that human or anthropogenic drivers (energy, agriculture, 
industrial processes, and land-use change/forestry) that are spewing up greenhouse 
gases are at the centre of the loop [5] while non-anthropogenic drivers are reinforcing 
the feedback loop [8].

Globally, the need for climate change mitigation strategies, actions, technologies 
and innovations has never been so urgent than during the current decade. The IPCC 
AR6 report argues that for most parts of the world and for various representative 
concentration pathways (RCP 4.5. 8.8), temperatures will continue to rise while 
precipitation will decline [4], creating important water deficits in many countries. 
Also, various economic sectors continue to spew out huge amounts of greenhouse 
gases (GHG). For example, the US Environmental Protection Agency (EPA) [9] 
presents the following global GHG emission levels for various economic sectors; 
electricity (25%), agriculture and forestry (24%), transportation (14%), other energy 
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(10%) and building (6%). From these statistics, at the global scale, agriculture is the 
second major contributor to the global GHG budget. However, over the last three 
decades, worldwide GHG emissions from the energy sector has increased four times 
than agriculture. In fact, though the contribution of various sectors may vary, the role 
of global greenhouse gas emissions in driving global warming and climate change has 
been established [8].

It has been agreed that global temperature rise caused by increased greenhouse 
gases is driving global warming and, consequently, climate change. These changes are 
impacting agriculture, forests, and water levels at groundwater and river levels, while 
in other regions, they are shifting the frontiers of established climate zones. In many 
parts of the world, droughts, floods, and sandstorms are frequent, and livelihoods 
are negatively impacted [9]. It can be said that while rising temperatures are caus-
ing droughts in Africa, they are melting Arctic ice in Canada, and this is negatively 
impacting other livelihoods that are Arctic ice dependent but also creating more 
favourable conditions for greenhouse crop production in the Arctic [10], and field 
crops production in countries. In other parts of the world, climate change has been 
of immense benefit to agriculture as the growing season of some crops has increased 
while that of others has been shortened due to prolonged droughts [11]. Increased 
carbon dioxide concentration, for example, has been argued to increase photosynthe-
sis and therefore yield, particularly C4 plant species. Several studies across the Sahel, 
for example, have shown that the latter region is getting greener and wetter due to 
NDVI-based evidence; a change that is partly attributed to increased carbon dioxide 
emissions and increased photosynthesis [10–12]. Notwithstanding these recent obser-
vations, the question that comes to mind is, why is the region still facing acute food 
security challenges despite these gains in greening and rainfall? This invariably shows 
that, besides climate change, systems of land use are evidently playing an important 
role in the Sahel, for example, because, on the one hand, the current recovery in terms 
of rainfall is not readily available for agriculture due to duration and timing while on 
the other hand, the rainfall gains are weathered by poorly managed land use systems.

Evidently, most of the reports on the effects of climate change on livelihoods 
are often from the global south, with Africa being the least responsible for emitting 
greenhouse gases yet the most vulnerable. This is explained by high levels of vulner-
ability, which are often anchored on the low adaptive capacity of the people [13, 14]. 
The adaptive capacity will therefore continue to play an important role in determin-
ing how societies will build resilience to climate change. This is seen as the issue at 
stake now, and in the years to come will no longer be the magnanimity of the climate 
forcing but, most importantly on, key proxies of adaptive capacity such as poverty 
and literacy rates, which will evidently determine the ability of a society to access the 
resources needed to build resilience against such climate shocks [1–3, 15, 16]. Even in 
the developed north, communities with lower adaptive capacities have been found 
to be more vulnerable to the effects of climate change due mainly to limited access 
to resilience-building schemes which are mainly determined by adaptive capacity. 
The Arctic of Canada, for example, is disproportionately impacted by the effects of 
climate change mainly due to the extremely low levels of adaptive capacity recorded 
in such regions when compared to the southern communities in Canada [17].

Therefore, apart from the need to enhance adaptive capacities across most of the 
south and in the more remote and less developed parts of the world in general that are 
more vulnerable to climate change, there is equally a strong need for research in these 
regions or communities. The research will help enhance our understanding of climate 
change in these regions and therefore help frame how adaptations can be structured. 
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A major bulwark that is often associated with the south, especially in the context of 
climate change, is the availability of climate data which is often relevant to better 
understanding climate change to elaborate robust adaptations. Across Africa, for 
example, there are inadequate observed weather stations to monitor various climatic 
variables such as precipitation and temperature. Additionally, in the face of food 
security, it is not clear how crop yields have evolved over time. This hampers effort at 
understanding the effects of climate on crop yields and water resources. This phe-
nomenon is more acute in Africa due to inadequate funding to increase the number of 
weather stations and comprehensive yield accounting.

2. Conclusion

To grapple with these research challenges, scientists can now compare 
 satellite-based precipitation, temperature and crop yield data with existing observed 
precipitation, temperature and yield data. This process will establish a relationship 
between satellite-based precipitation, temperature and crop yield with the limited 
observed data. It becomes feasible to determine which satellite products simulate 
the limited observed data best. This will yield new knowledge on which satellite 
product(s) are closest to or best simulate the existing observed data. Such products 
can now be used as a proxy for precipitation, temperature or yield at any given 
scale. In the Tensift basin of Morocco for example, among several satellite precipita-
tion products (PERSIANN, PERSIANN CDR, TRMM3B42, ARC2, RFE2, CHIRPS 
and ERA5), the PERSIANN CDR product is the most representative product as it 
simulates observed precipitation better than the other products [18]. In agriculture, 
observed time series yield data from FAOSTAT, and Global Yield Gap Atlas can be 
compared with crop yield satellite products such as MODIS, Copernicus Sentinel 1 
and 2 to determine a proxy for yield. This approach is highly recommended to bridge 
the wide gap between inadequate observed data and satellite-based data for elements 
of climate such as precipitation.

Therefore, there is no doubt therefore why, in this book, ‘Climate change: Recent 
Observations,’ the range of chapters varies as does the scope of the book itself, creat-
ing room and inclusivity for topics that reflect the great diversity of climate change 
and its challenges. With a wide range of topics covered, this work will become a key 
compendium for most enthusiasts of climate change. The major advantage being it 
covers observations of climate change across the world.
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Chapter 2

Spatiotemporal Variation Analysis
of Arctic Sea Ice Thickness and
Volume Based on CryoSat-2
Altimetry Satellite Data
Xubing Zhang, Ruizhi Li, Wenxi Li, Liang Zhang and Kai Wang

Abstract

Sea ice monitoring is helpful to the research of the Arctic channels and climate
environment. Through echo signal classification, re-tracking correction, and other
techniques, data from the Cryosat-2 radar altimetry satellite between 2010 and 2020
facilitated the retrieval of Arctic sea-ice thickness and volume. The study subse-
quently analyzed the variations in the average thickness and volume of first-year ice
and multi-year ice in the Arctic sea ice over the past decade. In the past decade, the
volume of sea ice in the Arctic region fluctuates slightly. The multiyear ice changed
greatly in 2013, while the first-year ice shows an increased rate of both winter growth
and summer ablation. The presence of uncertainties arising from the fluctuations in
sea ice density values and the intricate patterns of Arctic circulation might impart
subtle biases in the measurements of sea ice thickness. However, the sea ice freeboard
and thickness data inverted based on the Cryosat-2 data were validated by the data
obtained through the Operation Ice Bridge (OIB), and the validation results indicated
that they are correspondent.

Keywords: sea ice, Cryosat-2, the Arctic, thickness, volume

1. Introduction

As an indicator of the Arctic climate, the sea ice is affected by the climate change
and reacts to global climate. It is an important indicator of global climate change
research and a window to understanding the current situation and change trend of the
Arctic environment. For a long time, limited by the harsh natural environment of the
Arctic region, the Arctic sea ice observation is high cost and low efficiency. Therefore,
it is difficult to realize the large-scale, multi-scale, and long-time series monitoring.
With the rapid development of remote sensing technology, satellite altimetry has
become an effective method to continuously obtain the accurate global thickness
information on the sea ice [1]. The Earth Explorer Opportunity Mission-2 (CryoSat-2)
satellite which launched in April 2010, with full coverage of the Arctic region and a
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centimeter-level precision [2], could meet the need for long-term monitoring of the
sea ice thickness.

At the same time, the theoretical method of the altimetry satellite inversion of the
sea ice thickness has also attracted the attention of many researchers. In 2003, the sea
ice thickness in the 40°N � 81.5°N range was retrieved by Peacock, Laxon et al. based
on the Earth Resources Satellite-1 altimetry satellite [3, 4]. As mentioned in the
articles [3, 4], the sea ice was distinguished from the water according to the pulse
peaks and backscattering coefficients of the radar echo signals. After that, the echo
signals are corrected by the re-tracking algorithm to calculate the elevation of the sub-
satellite point and obtain the elevation difference between the sea ice and the sur-
rounding seawater namely sea ice freeboard. Then, the sea ice thickness is estimated
based on the static equilibrium state of the sea ice, and some parameters such as snow
density and snow depth as well. Currently, the echo signals classification [5–8], re-
tracking correction algorithm [9–12], and sea ice thickness inversion model parame-
ters [13–16] have become hot issues in sea ice thickness monitoring.

To study the changes in the Arctic sea ice thickness between 2010 and 2019, this
paper selects the following data such as the CryoSat-2 data with high accuracy and full
coverage, the MASAM2 sea ice density product with daily update of the 4 km resolu-
tion grid, the OSI SAF (Ocean and Sea Ice Satellite Application Facility) daily update
product of the sea ice type with 10 km resolution grids, the UCL13 MSS (Mean Sea
Surface model of the University College London 2013) and the ice snow thickness data
with the 24 km resolution grids of daily update produced by the Canadian Meteoro-
logical Center. With the above data, this paper analyzes the variation characteristics of
the sea ice thickness in recent years, which could provide the data basis for the change
trend research of the large-scale sea ice thickness in the Arctic region.

2. Sea ice thickness inversion data

2.1 Cryosat-2 altimetry satellite data

CryoSat-2 was launched by the ESA on April 8, 2010. The Synthetic Aperture
Radar Altimeter (SIRAL), carried by CryoSat-2, includes three modes of operation:
Low-Resolution Measurement Mode (LRM), Synthetic Aperture Radar Mode (SAR),
and Synthetic Aperture Radar Interferometry Mode (SARIn). The LRM model is
primarily used to make measurements of continental ice caps and the vast majority of
the Earth’s ice-free ocean and land areas. The SAR model measures mainly the sea ice
and some ocean basins and coastal areas. The SARIn model measures mainly the ice
cap, mountain glaciers, ground-transfer currents, hydrographic basins, and the coastal
zone regions. In this paper, the L1B data of the SAR model and SARIn model are used
to estimate the Arctic Sea ice thickness before September 2014, and the L1B data of
the SAR model is used to retrieve the whole Arctic Sea ice thickness after this time
point.

2.2 Sea ice density data

The sea ice density product is used to classify the CryoSat-2 radar satellite echo
signal waveforms. We use the SSM/I_SSMIS dataset provided by the National Snow
and Ice Data Center (NSIDC) to obtain sea ice density data from October 2010 to
March 2012, which provides daily and monthly updates of 25 km gridded sea ice
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density data [17, 18]. After October 2012, the MASAM2 (MASIE-AMSR2) dataset
provided by NSIDC was used. Compared with the AMSR2, the MASAM2 data are less
affected by the weather, have higher accuracy and resolution, and are more accurate
in calculating the sea ice density during sea ice melt. The visualization of the MASAM2
data is shown in Figure 1.

2.3 Sea ice type data

The sea ice type data could assist in calculating the sea ice thickness. We use the
Ocean and Sea Ice (OSI SAF) dataset produced by the Norwegian Meteorological
Service’s Ocean and Sea Ice Satellite Application Facility (OSSAF), which is a daily
updated 10 km grid sea ice type product from 2005 to the present [19]. A schematic
diagram of the sea ice type data visualized from the OSI SAF for March and October
2018 is shown in Figure 2.

2.4 Sea ice snow thickness data

As the input parameter of the sea ice static equilibrium model, the sea ice snow
thickness data are directly related to the accuracy of the sea ice thickness calculation

Figure 1.
The MASAM2 sea ice density data.

Figure 2.
Schematic diagram of the OSI SAF sea ice type products in March and October 2018.
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results. The daily updated snow thickness data from the Canada Meteorological Cen-
tre (CMC), is a dataset based on the snow depth data provided by the World Meteo-
rological Organization Information System (WMOIS) and daily snow thickness
measurements in the field [20]. A schematic of the monthly average snow thickness
data for March and October 2018 for this dataset is shown in Figure 3.

2.5 The operation ice bridge data

The Operation IceBridge (OIB) science data are used to validate the results of the
sea ice thickness inversion process. IceBridge L4 sea ice freeboard height, snow depth,
and ice thickness data (IDCSI4, IceBridge L4 Sea Ice Freeboard, Snow Depth, and Ice
Thickness) are used to validate the sea ice freeboard and thickness inversion results of
this study [21, 22]. The March 2013 OIB flight path is shown in Figure 4.

2.6 Arctic mean sea surface data

The Mean Sea Surface in the Arctic region is one of the parameters used for the sea
ice freeboard estimation. We use the UCL13 mean sea surface model produced by

Figure 3.
Schematic of the Canadian Meteorological Centre snow thickness products in March and October 2018.

Figure 4.
Schematic diagram of the March 2013 OIB flight path.
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University College London (UK) in 2013. Because previous mean sea surface models
of the Arctic lacked satellite data north of 81.5°N, the UCL13 is more accurate over the
entire Arctic region [23–25].

3. Sea ice thickness inversion

The thickness and volume of the sea ice in the Arctic region are estimated in this
paper by using L1b level data from the Cryosat-2 radar altimetry satellite, and the
main steps are illustrated in Figure 5. First, the echo signal data in the Arctic sea
region are denoised. Then, the echo signal classification and re-tracking correction are
performed, and the sub-satellite point elevation is calculated. Finally, the sea ice
thickness is calculated based on the sea ice static equilibrium model, supplemented by
the snow depth and the sea ice density data.

3.1 Data preprocessing

The satellite altimeter transmits and receives the reflected pulse signals to the sub-
satellite point, and the distance from the satellite altimeter to the sub-satellite point is
obtained by calculating the time difference between the transmitted and received
pulse signals [26–28]. Where the echo signal waveform reflected from the sub-satellite
point is recorded in the CryoSat-2 satellite L1b data, the shape of which is shown in
Figure 6. The echo signal information needs to be pre-processed to reduce the back-
ground radiation, the instrument noise, or the waveform anomalies. The satellite data
in the region north of 60°N latitude is also screened to remove waveforms with
missing or mutilated information.

3.2 Echo signal classification

The pulse-peakiness (PP) and the pulse standard deviation so-called stack standard
deviation (SSD) are used to distinguish between the sea ice and the seawater in this
paper [6]. The pulse peak value is used to describe the shape of the echo signal, and

Figure 5.
Inversion process of the sea ice thickness.
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the larger the value is, the peak exists in the waveform. The pulse standard deviation is
the standard deviation of the scattering direction of the echo signal. And the larger the
value is, the more dispersed the echo signal reflected from the surface is, conversely,
the reflection direction of the echo signal is concentrated. Pulse standard deviation
values are provided in the L1b file, and the PP value is calculated using the following
equation:

PP ¼ Pmax

Pmean
(1)

Where PP is the pulse-peakiness, Pmax is the maximum power in the echo signal,
and Pmean is the average power in the echo signal. Specular echoes occur when the
radar pulses are reflected from a smooth, mirror-like surface such as the sea ice leads
or very thin ice (Figure 6a). Diffuse echoes occur when the radar pluses are reflected
from a rougher surface such as an ice floe or the open ocean (Figure 6b).

Specular echoes are defined as those with a pulse-peakiness greater than 18 and the
SSD less than 6.29 for SAR mode echoes or the SSD less than 4.62 for SARIn mode
echoes. Diffuse echoes are those with a pulse-peakiness less than 9 and the SSD greater
than 6.29 for SAR mode echoes or the SSD greater than 4.62 for SARIn mode echoes
[6]. Subsequently, it is necessary to distinguish the echoes of the sea ice from the
echoes of the ocean, as both are classified as diffuse reflection waveforms. Addition-
ally, the sea ice concentration products MASIE-AMSR2 used in this paper only
recorded the regions with sea ice concentration above 70%. We thereby define the sea
ice regions as those with a sea ice concentration greater than 70%, or else, the diffuse
echoes are not trusted to come from either sea ice or open ocean and are removed
from the processing.

3.3 Echo signal re-tracking correction

The distance between the satellite altimeter and the sub-satellite point is calculated
by the time interval between the satellite altimeter transmitting pulse signal and
receiving the echo signal reflected by the ground object. Generally, the time tracking
point of the transmitting signal has been set on the satellite. Similarly, the time
tracking point of the echo signal is pre-set at the midpoint of the waveform sampling
window. However, the actual tracking point would always be offset from the original

Figure 6.
Cryosat-2 measurement waveform. (a) is the specular echo; (b) is the diffuse echo.
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set tracking point, but the round-trip time of the pulse signals is still calculated
according to the positions of the original set tracking points. That it is necessary to
correct the distance differences between the actual tracking points and the preset
tracking points to obtain high-precision height measurement values [29]. In this
paper, a threshold first maximum re-tracker (TFMRA) is adopted, which is based on
the empirical estimation of statistical [15]. The flow chart is shown in Figure 7. The
main formulas are shown in Eqs. (2)–(5):

Pnoise ¼ 1
noise

Xnoise
i

Pi (2)

A ¼ max Pnð ÞFirst
� �

, n ¼ 1, 2, 3, … ,N
A>0:15þ Pnoiseð Þ (3)

Th ¼ Pnoise þ q� A� Pnoiseð Þ (4)

Re ¼ Gk�1 þ Th � Pk�1

Pk � Pk�1
(5)

where noise is the number of the range bins, and the value in the Cryosat-2 echo
signal is generally 6 Pnoise is the noise value of echo waveform. The average value of the
echo power corresponding to the first six range bins is taken as the noise value Pnoise. Pi
is the echo power corresponding to the range bin i. A is the first peak of the echo
waveform, and it needs to be larger than the sum of 0.15 and the value of Pnoise. Pn is
the power value of the normalized echo waveform. n is the number of the range bins,
and the total number of the range bins is 256 in the SAR mode, and 1024 in the SARIn
mode. q is the proportional coefficient namely the threshold value. Th is the power
value of the re-tracking point. Re is the range bin number obtained after re-tracking

Figure 7.
Flow chart of TFMRA.
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correction, and if it is between two range bins, it would be calculated by linear
interpolation. Gk-1 is the previous range bin corresponding to Re.

3.4 Sea ice freeboard inversion and verification

After re-tracking correction, the sea ice and seawater elevation could be calculated,
and then the sea ice freeboard value is obtained. Figure 8 shows the schematic
diagram. The orbit elevation hcs of the altimetry satellite is known and stored in the
L1b file. First, the distance H between the sub-satellite point and the altimetry satellite
is calculated by the round-trip time of the radar pulse. The difference between hcs and
H is the elevation value of the sub-satellite point under the reference of the WGS84
ellipsoid. Then the sea ice freeboard is calculated according to the elevation difference
between the sea ice and the sea ice leads. Although some experiments have shown that
the scattering layer of the radar pulse at the ice-snow interface of the sea ice with
snow cover varies with the increase in temperature [30]. However, the variation of
the scattering layer has little effect on the results in the annual sea ice observation
[31]. Therefore, we assume that the radar pulses are scattered at the ice-snow inter-
face, and the formulas are shown in Eqs. (6)–(8):

hf ¼ hCS � hssh �H � CG (6)

H ¼ ctn
2

þ CR (7)

CR ¼ b0 � bnð ÞΔb (8)

Where hf is the freeboard of the sea ice, representing the height of sea ice above sea
level. Hssh is the elevation of the local sea level. And this paper refers to the elevation
value of the Arctic sea surface model UCL13. CG is the influence of various factors in
the atmosphere on a radar range, such as dry troposphere, wet troposphere, iono-
sphere, ocean tide, geocentric polar tide, and so on. C is the speed of light. tn is the
time in which the radar pulse is transmitted from the satellite and reflected by the
surface of the sub-satellite point, and then received by the satellite. CR is the re-
tracking correction value. b0 is the number of the range bin located in the middle,

Figure 8.
Schematic diagram of sea ice altimetry.
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which is 128 in SAR mode and 512 in SARIn mode. bn is the number of the bin
determined by waveform re-tracking and Δb is the bin width (0.2342 m).

Because the electromagnetic waves will travel slower when they move into the
snow layer, it will cause errors in calculating the freeboard. It is necessary to modify
the calculation of the sea ice freeboard. The corrected sea ice freeboard is shown in
Eq. (9) [31]:

f c ¼ f i þ hs
cv
cs
� 1

� �
(9)

where fc is the corrected sea ice freeboard. fi is the original sea ice freeboard. hs is
the snow depth. cv is the speed of light propagation in a vacuum (3 � 108 m/s). And cs
is the speed of light propagation in the snow (2.4 � 108 m/s). Therefore, the corrected
freeboard is simply expressed as:

f c ¼ f i þ 0:25� hs (10)

To comprehensively evaluate the effect of the echo signal correction based on
TFMRA, the sea ice freeboard values, which were inverted by TFMRA based on the
different threshold q Eq. (4) of the sea ice, are compared with that of the airborne OIB
data. The verification time selected is March 2013, during which the flight missions of
the airborne OIB data are only carried out within seven days fromMarch 20 to 24, and
26 to 27. The flight route was in the sea area of northern Canada. Cryosat-2 satellite
data from March 18 to 29 are selected for inversion verification. The horizontal spatial
resolution of Cryosat-2 is about 300 meters, while that of OIB data is close to 1 meter,
and then the Cryosat-2 data points are sparse and the OIB data points are dense. To
compare the two data, a 5 km resolution grid is made based on the OIB data. The
average value of data points in the grid is used to represent the value of the grid. The
grid containing both Cryosat-2 and OIB data points was selected for comparison. A
total of 1172 grids meet the requirements. Figure 9 shows the freeboard diagram of
the sea ice measured by airborne OIB.

The statistics of the survey points in the 1172 grids are shown in Table 1. The
number of the altimetry points of the Cryosat-2 in the grid is far less than that of the

Figure 9.
Schematic diagram of sea ice freeboard measured by airborne OIB in March 2013 (Using WGS 1984 North Pole
LAEA Atlantic projection coordinate system).
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airborne OIB, and the altimetry points of both data are not evenly distributed in the
grids. Inevitably, there are some errors between the measured values of the Cryosat-2
data and that of the airborne OIB. Comparing the altimetry data of Cryosat-2 within
10 days and the measured data of the OIB within 7 days. Because of the inconsistent
timing of the acquisition of the two types of data, it is possible that the sea ice
thickness changed during this period, resulting in some errors between the Cryosat-2
and the OIB data.

Calculating the sea ice freeboard requires the local sea level elevation. We use
UCL13 mean sea level elevation model produced by the University of London to
obtain the sea level elevation of sea ice. The threshold q Eq. (4) is significant to the
results of the TFMRA. Therefore, the threshold q of the sea ice was set to 0.5, 0.6, 0.7,
and 0.8 to correct the sea ice echo signal by TFMRA, respectively. The sea ice free-
board values are calculated based on the UCL13 sea level average elevation model and
the Canadian snow data set, and the results compared with the OIB measurements are
shown in Table 2.

The scatter plots based on the airborne OIB measurements and the inversion
freeboard values on different thresholds are shown in Figure 10. Every scatter point
denotes the inversion freeboard mean value and the OIB measurement mean value of
the altimetry points in the same grid abovementioned. The scatter plot shows the
difference in the number and distribution of the inversion freeboard values and OIB
measurements in the grids. Ideally, the more points are concentrated in the line of
y = x, the closer the inversion freeboard values are to the OIB measurements, which is
more consistent with the actual situation.

As shown in Figure 10a, the scatter points are concentrated in the lower right area,
which means that the inversion freeboard values are generally larger than the OIB
measurements, and the largest deviation is 18.7 cm, when the threshold is set to 0.5.
As shown in Figure 10c, the scatter points are relatively evenly distributed on both
sides of the y = x line, which means that the inversion freeboard values are generally

Total number Mean value Maximum value Minimum Median

OIB high points 78,696 67.20 155 1 69

Cryosat-2 high points 12,034 10.28 42 1 8

Table 1.
Inversion of the number of high points in 1172 grids.

OIB
data/m

TFMRA-50%
threshold
value/m

TFMRA-60%
threshold
value/m

TFMRA-70%
threshold
value/m

TFMRA-80%
threshold
value/m

Mean value 0.380 0.567 0.463 0.361 0.263

Mean difference / 0.187 0.083 �0.019 �0.117

RMSE / 0.257 0.198 0.187 0.222

Correlation coefficient / 0.512 0.463 0.427 0.385

The significance of “/” is that values are missing.

Table 2.
Comparison of airborne OIB freeboards and sea ice freeboards based on different threshold values of the sea ice
according to TFMRA.
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closer to the OIB measurements, and the average deviation is 1.9 cm, when the
threshold is set to 0.7. Overall, compared the four plots of Figure 10 the freeboard
inversion results are the most consistent with the actual situation when the threshold
is set to 0.7.

3.5 Sea ice thickness inversion and verification

According to the actual situation of the sea ice in the Arctic ocean, it is assumed
that the sea ice covered with snow is in equilibrium with the seawater. The sea ice
thickness could be calculated by the static equilibrium model [3], as shown in Eq. (11):

hi ¼ f cβw þ hsρs
ρw � ρi

(11)

where hi is the sea ice thickness, fc is the sea ice freeboard, and ρw is the density of
the seawater. In this paper, the seawater density is 1023.9 kg/m3. hs is the snow
thickness on the sea ice, referring to the snow thickness data of the Canada Meteoro-
logical Center. ρs is the snow density on the sea ice, referring to Spreen [32], being
330 kg/m3. ρi is the sea ice density, which is 882.0 kg/m3 for multi-year ice density and
916.7 kg/m3 for first-year ice density, referring to Alexandrov [33].

In most cases, the hydrostatic equilibrium model is applicable to the calculation of
sea ice thickness. However, sometimes, as the thinner sea ice is pressed by the thick

Figure 10.
Freeboard scatters point inversion based on different thresholds of TFMRA and OIB. (a) 50% threshold inversion;
(b) 60% threshold inversion; (c) 70% threshold inversion; (d) 80% threshold inversion.
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snow and fluctuates up and down by the wave influence, and the seawater may
penetrate the sea ice snow and form a snow-water mixture (Figure 11) [34, 35]. Under
these circumstances, the sea ice freeboard values measured by the satellite altimeter
may be zero or negative.

When the freeboard of sea ice is zero or negative, the properties of the snow-water
mixture layer are very different from those of the sea ice and the snow cover. There-
fore, when the snow cover, snow water mixture, and the sea ice are in equilibrium in
the seawater, the calculation formula of the sea ice thickness is shown in Eqs. (12) and
(13) [36]:

hi ¼ ρslh � ρw
ρw � ρi

� hslh þ ρs
ρw � ρi

� hs (12)

hslh ¼ �hf (13)

where hi, hs, ρw, ρs and ρi are the same as the Eq. (11). hf is the freeboard height of
sea ice, hslh is the thickness of the snow water mixture, and ρslh is the density of the
snow water mixture. The thickness of the snow-water mixture layer is equal to the
absolute value of the sea ice freeboard, and its density is 940 kg/m3 [37].

To verify the availability of the inversion results of the sea ice thickness, the
inversion results were compared with the airborne OIB data. The abovementioned
5 km resolution grids based on OIB data are adopted here. The grids containing
Cryosat-2 and OIB data points were selected for verification. A total of 1025 grids met
the requirements. The sea ice thicknesses measured by the airborne OIB are shown in
Figure 12. The Canadian snow data product and UCL04 snow thickness model are
used to calculate the sea ice thickness, and the results are compared with the airborne
OIB measurement data, respectively as shown in Table 3.

As shown in Figure 13, at sea ice thickness of less than 1 m, there is a large
difference between the calculated sea ice thicknesses of the Canadian snow data
product and the UCL04 snow thickness model. The points in Figure 13a are scattered,
while the points in Figure 13b are closer to the x = 1 line. Can be introduced on sea ice
thinner than 1 meter, UCL04 have larger thicknesses of the snow on the sea ice than
that of the Canadian snow data.

When the reversion values of the sea ice thicknesses are greater than 1 m, the
points in Figure 13a and b are distributed consistently and concentrated in the lower
right region of the y = x straight line, indicating that the Canadian snow data product
and the UCL04 have almost the consistent snow thicknesses.

Figure 11.
Static equilibrium model in various cases (from left to right, the freeboard value is positive, zero, and negative).
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Figure 12.
The sea ice thicknesses were measured by airborne OIB in March 2013 (Using WGS 1984 North Pole LAEA
Atlantic projection coordinate system).

Thickness
measured by

OIB /m

Sea ice thickness calculated by
combining Canadian snow

cover thickness/m

Sea ice thickness calculated
by combining UCL04 snow

cover thickness/m

Mean value 2.239 2.764 2.961

Mean difference / 0.525 0.722

RMSE / 0.882 1.085

Correlation coefficient / 0.756 0.675

The significance of “/” is that values are missing.

Table 3.
Comparison of the inversion values of the sea ice thicknesses based on different snow products and the sea ice
thickness measured by airborne OIB.

Figure 13.
Scatter plot of inversion values of the sea ice thicknesses based on different snow products and the sea ice thicknesses
measured by OIB.
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Combined with Table 3, the average reversion values of the sea ice thicknesses
based on the Canadian snow data are closer and more correlated to the airborne OIB
measurements. The slightly larger reversion values than the OIB measurements may
be due to the low signal-to-noise ratio of the snow radar echo signal in the ice ridge
region used in the OIB, which resulted in the underestimation of the actual sea ice
thickness by the airborne OIB [38]. In summary, the Canadian snow data products are
largely reflective of Arctic Sea ice thickness variability.

In summary, compared to the sea ice inversion values based on the UCL04, the
inversion values based on the Canadian snow data have a smaller average difference
and a higher correlation coefficient with the OIB measurements, therefore the Cana-
dian snow data product was adopted here to invert the sea ice thickness.

4. Sea ice thickness and volume change analysis in the arctic

4.1 Analysis of Arctic Sea ice thickness variation

According to the above steps, the Arctic sea ice thickness data are inverted based
on the Cryosat-2 data. It is notable that since the limitation of the sea ice concentration
products MASIE-AMSR2 (Section 3.2) the inversion sea ice thickness data are distrib-
uted only in the regions where the sea ice concentration is greater than 70%. And then
the inversion sea ice thickness data are divided using a 5 km resolution grid north of
60°N (Stereographic North Pole for projection). The sea ice thickness of each grid is
represented by the average of the sea ice thickness of the data points within the grid,
and if there are less than 5 available altimetry points in this grid, the average of the sea
ice thicknesses of the surrounding 8 grids would be taken as the sea ice thickness of
this grid. Studies show that the annual sea ice coverage area was greatest in March,
and as temperatures rose in April, the sea ice continued to melt and the sea ice
coverage area and thickness decreased to the lowest point in October [39]. Therefore,
to highlight the change of sea ice, the sea ice thicknesses in March and October are
inverted and compared in this paper.

Figures 14 and 15 depict the schematic distribution of the sea ice thickness in
October and March in the last decade. The sea ice coverage is almost all in the core
area of the Arctic Ocean. In October, there is almost no sea ice grid in the Chukchi,
Beaufort, and the Barents Seas, and only a few in the East Siberian and the Kara Seas.
Figure 16 depicts the grids of the different sea ice thicknesses, where the horizontal
coordinate is the thickness of the sea ice, the vertical coordinate is the number of
grids, and the different colored polygonal lines represent different years.

We can see that, in October, the sea ice is mostly 1–2 meters thick, while in March,
it is around 2 meters thick.

According to Figure 16a, sea ice in October 2016 exceeded subsequent years in
terms of the grid amount and the thickness, which showed a decreasing trend after
2016. In particular, the grid amount of the sea ice thickness being no less than 2 m was
the lowest in October 2011, and the grid amount of the sea ice thickness is less than
2 m was lowest in October 2018. Figure 16b shows that the grid amount of the sea ice
thickness arrives to the highest peak when the sea ice thicknesses are around 2 m in
March of each year. Furthermore, the highest peak grid amount was the largest in
March 2020 and lowest in March 2018.

The average sea ice thicknesses in March and October from 2010 to 2020 are
shown in Figure 17. There are large fluctuations in the average sea ice thickness [40].
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In October 2011, compared to October 2010 the average sea ice thickness decreased by
26.13%, or 0.38 m, which is also the largest decrease in the average sea ice thickness in
nine years. In October 2013, compared to October 2012 the average sea ice thickness
showed a significant increase of 22.88% or 0.27 meters. In March 2014, compared to
March 2013 the average sea ice thickness increased by 15.55%, or 0.29 m. It reached
the maximum value of the average sea ice thickness in the past nine years. In March
and October 2015, compared to October 2014 the average sea ice thickness decreased
by 2.29% and 7.75%, respectively. In October 2016, the average sea ice thickness
showed a significant increase of 12.57%. And in March and October 2017, the average
sea ice thickness changed very slightly, with the changes both within 1%. In October
2018, the average sea ice thickness showed a small increase with 10.71% growth. In
March 2019, the average sea ice thickness increased by 5.4%. In March 2020, the
average sea ice thickness decreased by 7.82%. The average sea ice thickness showed a
significant increase in March 2014 and a small decreasing trend in the rest of the

Figure 14.
Sea ice thickness distribution in October from 2010 to 2019.
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years, with an average annual change rate of �0.51%. Overall, the variation of the
average sea ice thickness in March is relatively stable over the years.

October is the end of autumn in the Arctic region, and the Arctic will enter a long
winter in November. After the melting of the peripheral sea ice in summer, only the
sea ice remains in the core of the Arctic region. The average sea ice thickness change in
October is consistent with the trend of the multiyear ice volume change. Before 2013,
the average sea ice thickness was highly variable. After 2013, the average sea ice
thickness decreased slightly in 2015 and increased slightly in 2018. The annual mean
sea ice thickness decreased by 0.012 m in October 2019 compared to October 2010,
with an average change of 0.18%. In general, there are small fluctuations in the
average thickness change of sea ice in October over the years, and the overall trend is
stable. This is consistent with the findings of Hiroshi Sumata et al. [41] and Feng
XIAO et al. [42] on Arctic sea ice thickness.

Figure 15.
Sea ice thickness distribution in March from 2011 to 2020.
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4.2 Analysis of volume changes of first-year ice and multiyear ice

To further analyze the process and trend of sea ice change, the volume of first-year
ice and multiyear ice was calculated separately over the years. Figure 18 shows the
variation of the sea ice volume in March from 2011 to 2020, and Figure 19 shows the
variation of the sea ice volume in October from 2010 to 2019.

There are small fluctuations in the total sea ice volume in March from 2011 to
2020, And from 2013 to 2014, the total sea ice volume increases by 10.41%. In
addition, in 2020, the total sea ice volume decreases by 10.08%, and in the rest of
the years, the volumes of the sea ice show some fluctuations with the variation
rate being within 5%. Overall, the total volume of sea ice in the Arctic region
was relatively stable in recent years. However, by analyzing the variations of the
multi-year ice and the first-year ice volume, they appeared opposite trends in
recent years. Multi-year ice volume increased by 61.93% in 2014 and 22.70% in 2017,
while showing a continuous decreasing trend in 2018 and beyond. First-year ice
volume decreased by 12.40% in 2014 and 12.51% in 2020, and increased by 15.53% in

Figure 16.
Frequency and sea ice thickness in March and October from 2010 to 2020.

Figure 17.
The average thickness of sea ice in March and November from 2010 to 2020.
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2018 and 18.85% in 2019. The volume changes of the first-year ice and the multi-year
ice showed a negative correlation. The growth of one side was accompanied by the
decrease of the other side.

From 2010 to 2019, the sea ice volume in October was highly variable. It decreased
significantly in 2011 and showed a large increase in 2013. Furthermore, after 2017, the
sea ice volume showed a continuous downward trend. Because usually, the life period
of the first-year ice would not exist more than one summer, after the summer, the
first-year ice maintains a very low total volume in October, and the volume variation
of the multi-year ice would be consistent with the volume variation of the total sea ice.
The first-year ice volume remained stable in 2014 and before. Except in 2017, the
volume of the first-year ice increased to close to the pre-2014, it changed fluctuated
less during the rest of the years. As shown in Figure 18, the first-year ice volume
shows an increasing trend in March 2017. Overall, in recent years, the first-year ice in
the Arctic region grew rapidly in winter and melted in summer, while the amount of
the first-year ice which became the multi-year ice through the summer decreased.

Figure 18.
Folding line graph of sea ice volume change from March 2011 to 2020.

Figure 19.
Folding line graph of sea ice volume change from October 2010 to 2019.
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In summary, from 2010 to 2019, the total volume of the sea ice in March over the
years remained stable, which is consistent with the findings of Julienne Stroeve et al.
[43]. The total volume of sea ice in October over the years fluctuates less after 2013,
but the overall trend is gradually decreasing. However, the total multi-year ice volume
showed a decreasing trend [44]. In winter, the increase of the total first-year ice hided
the decrease of the total multi-year ice, and the change of the total sea ice volume was
not obvious. While in the summer, much first-year ice melted, therefore the increase
of the total first-year ice would be hard to compensate for the loss of the total multi-
year ice.

5. Conclusion

In this study, the sea ice freeboard and thickness are calculated by the TFMRA
algorithm based on the CryoSat-2 satellite L1b altimetry data in the ocean region north
of 60°N latitude, including the echo signal preprocessing, waveform classification,
and re-tracking correction. Furthermore, the thickness results were made into a grid
of 5 km grid resolution and the average sea ice thickness and volume were calculated.
From 2010 to 2020, the variation of the average sea ice thickness in March is relatively
stable over the years. And there are small fluctuations in the average thickness change
of the sea ice in October over the years, while the overall trend is stable. On the other
hand, the total sea ice volume showed some small changes in recent years, while tends
to decline slowly in general. The first-year ice shows a trend of increasing winter
growth and summer ablation with a similar amount of growth and ablation. Decrease
in the number of volumes of first-year ice transformed into multi-year ice. The total
amount of the multi-year ice changed sharply in the previous years, while showing a
slow decreasing trend in recent years.

Our results show that the errors are present in current estimations of Arctic sea ice
thickness. Firstly, the threshold q used to calculate echoes is an empirical value, which
might introduce some errors in a small range. Secondly, due to the limited amount of
Cryosat-2 altimetry data available, the sea ice thickness inversion results exhibit some
striped contamination, which may lead to errors. Furthermore, uncertainties arising
from changes in snow thickness, sea ice density, snow density, seawater density
values, and Arctic circulation patterns can impact the accuracy of sea ice thickness
inversions to varying degrees.

Despite these uncertainties, the CryoSat-2 altimetry satellite method offers high
accuracy and volume, making it a reliable tool for monitoring Arctic sea ice. In future
research, we aim to further investigate the variability of Arctic sea ice thickness for a
more comprehensive understanding of this important area.
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Chapter 3

The Nexus of Climate Change, 
Urban Infrastructure and 
Sustainable Development in 
Developing Countries
Olayinka C. Oloke and Nelson A. Akindele

Abstract

This study weighed in on the topical issue of climate change disasters and  
sustainable urbanization in developing countries. Climate change is a global challenge 
and burning discourse at many national and international fora. The study ruminates on 
the lot and plight of cities and peri-urban communities in developing countries amidst 
the rising concern over climate change pattern and hazards. Scoping review of relevant 
literatures was used for the research method. Specifically, studies relating to the basic 
concept, that is climate change, urban infrastructure and sustainable development 
were reviewed qualitatively in order to present the viewpoint of the current study. The 
study scrutinized the threats of climate change across the globe as well as the implica-
tions for dwellers in developing countries like Nigeria. The process of urbanization and 
the state of infrastructure were also highlighted. Vulnerability of urban settlements 
in terms of infrastructure shortage was brought to the fore in order to enhance their 
preparedness and capacity to withstand the pangs of extreme weather events. The 
study concluded by advocating positive urbanization in developing countries which is 
the essence of sustainable development of human settlements.

Keywords: infrastructure, climate, sustainable, urbanization, developing

1. Introduction

The rising spate of phenomenon and disaster associated with the global warming 
and resultant extreme weather events in the 21st century have beamed attention on 
climate change in most national and international discourse. Across the world, the 
rising incidence of various environmental, ecological and atmospheric disruptions 
such as extreme heat, heat wave, wildfire, heavy winds, hurricane, heavy rain, storm 
surge, flooding, rising sea level, snow storm, landslide, drought, etc. have been largely 
attributed to the unusual fluctuations of weather elements and the climatic system. 
The havocs wrecked by these events endanger humanity, environment and economic 
system of nations and as a result, reports oftentimes present a universal dimension of 
the phenomenon. According to the World Bank [1], climate change portends severe 
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dangers to all living things, the entire ecosystem and infrastructure. Furthermore, 
countries around the world are persistently affected by the unusual patterns of 
dangerous climate events. Apart from the qualitative description of the magnitude, 
the phenomenon has also been buttressed with scientific proof and quantitative 
assessment of the impact [2], averred that prior to industrial revolution, the amount 
of atmospheric carbon-dioxide (CO2) was within 260–280 part per million by volume 
(ppmv), but have risen by about 36 per cent to about 380 ppmv in the last (20th) 
century. In the same manner [3], found that since the arrival of industrialization, the 
concentrations of methane (CH4) and CO2 have risen by 70 per cent beginning from 
1970 to 2004. The [4] concluded that the rise in global temperature often referred to 
as global warming is real. The report further affirmed that the mean earth heat has 
increased by 0.76°C and sea level has risen by 17 cm in nineteenth century. Likewise, 
some world’s leading climate scientist in 2008, strongly advocates urgent reduction of 
CO2 emission [2] to forestall calamity. According to the experts, “paleoclimate signal 
and current climate fluctuations suggest that there is need for reducing atmospheric 
carbon-dioxide from its current 385 ppmv to at most 350 ppmv, else, the conse-
quences would be irremediable tragedy [5].

The gap between the elite and the poor is getting wider as a result of the havocs 
of the climate change. As the hazards strains the financial resources of the rich, 
it further impoverish the poor, thereby aggravating their vulnerability. As often 
revealed in reports, the cost of climate fluctuations calamity across the globe is usu-
ally enormous. For instance, flooding in Sante Fe, Argentina displaced one-third of 
the city population and affected 27,928 households [6]. Damages were approximated 
at US$ 1 billion: US$ 752,000,000 in manufacturing, animal husbandry, agriculture 
and trade sectors; US$ 180,000,000 in infrastructure damages while societal loss was 
put at US$ 91,000,000 [6]. In Nigeria, the destructive pattern of inclement weather 
elements have aggravated socio-economic and infrastructure damage and loss. [7] 
recorded that an estimate of US$ 45 million was lost annually in twelve states due to 
erratic heavy winds, heavy rain and storm surge in 16 years. By implication, the sum 
of US$ 2.2 billion was lost across the thirty-six states and the federal capital territory 
within the period. The report further showed that the overall financial loss as a result 
of the rising precipitation and heavy wind rose from US$ 23.6 million to US$ 82.2 
million between 1992 and 2007, with the highest of USD91.5 million in 2006 and 
lowest of US$ 17.97 million in 1994 respectively. Across the globe, coastal cities are 
witnessing unprecedented rise in sea level, massive flooding, horrendous storm/hur-
ricane, severe erosion, saltwater incursion and disruption in sedimentation forma-
tion [8]. It was further revealed that tropical gales upset 1.4 billion people, which 
constitutes 24 percent of the riverine settlers. Furthermore, in 2010, floods tragedy 
in Pakistan and Chile affected about 18,102,237 and 134,000,000 people, caused 
1985 and 1691 deaths and damages estimated at US$ 9.5 billion and US$ 18 billion 
respectively [9]. Hurricane Katrina that ravaged New Orleans in 2005 also caused the 
death of 1833 persons, displacement of 500,000 people and a loss of US$ 125 billion. 
In Senegal, the World Bank estimates the value of assets exposed to flooding at about 
€40 billion (Forty billion Euro), twice the Gross Domestic Product of the country 
[10]. According to [11], over the past ten years, climate change has caused about 3852 
catastrophes, the death of more than 780,000 and displaced over 2 billion people with 
property worth more than US$ 960 billion lost to the tragedy.

Arising from the above, the reality of climate change and its huge financial 
implications of the consequences become very conspicuous. Reports across the 
world according to [12] showed disturbing pattern of climate change consequences. 
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Nonetheless, public discourse generally has attributed disparate level of urgency to 
issues of climate change thereby prioritizing it above other critical economic and envi-
ronmental debacles that threaten human existence. Davenport et al. [13] stated that 
up to 70 member states of the United Nations significantly prioritize climate change 
risk above security risk. Nations have essentially ascribed the various socio-economic, 
ecological, environmental, political and security problems to climate change. [14] 
observed that most countries face economic, political, and social hardship resulting 
from uncertainties occasioned by climate change hazards. According to [15], coun-
tries like Turkey, Brazil, Egypt and Iraq are confronted with security risk triggered by 
the conflict among armed forces due to the consequences of climate change. A notable 
example of security challenge of continental significance is the herders’ militancy in 
Nigeria whose violent clashes with farmers have always claim lifes and properties.

Whilst not playing down the danger that climate change poses, it is important to 
know that the spate of havocs wrecked by climate change events in recent times is 
as a result of aggressive industrialization and urbanization in the last two centuries. 
Besides, there are numerous challenges in rural and urban areas around the world that 
have undermined human dignity and normal/decent existence over the years. These 
challenges have been aggravated in recent times by climate change. The diverse socio-
economic, political, environmental and security challenges in different countries are 
first and foremost, symptoms of policy failure, bad governance, mismanagement 
and lack of political will especially in developing countries. These consequently get 
complicated by the erratic climate manifestations. In this regards, the universal per-
spective of climate change hazards tends to obfuscate the experience at regional and 
local levels. Therefore, prioritizing climate change problems over other basic societal 
challenges engender the risk of mis-characterization, misplaced focus, waste of scarce 
resources, death and damages to properties and environment. Certainly, climate 
change according to [8] is intricately connected to urbanization, but not the most 
severe environmental issues facing humanity. Hardoy and Pandiella [16] concluded 
that climate change has put the already vulnerable urban settlements under enormous 
stress thereby making the situation require quick and comprehensive approach 
to resolve the problems. The socio-economic and environmental problems facing 
developing nations include acute poverty, widespread illiteracy, insecurity, gender 
inequality, environmental pollution, infrastructure deficit, unemployment and poor 
governance to mention a few. In the light of the foregoing, it becomes imperative to 
put in context the diverse challenges that confront developing countries and develop a 
comprehensive framework to resolve them. Finding solutions to these issues engender 
the resilience of human settlements against the impact of climate change in Nigeria 
and other developing countries.

2. Theoretical framework: theory of change

This study is anchored on the postulations of the theory of change as explained 
in [17, 18]. The theory of change according to [19] has a wide range of possible uses 
in developing, managing and evaluating interventions that are meant to produce a 
desired long term change. Reinholz and Andrews [20] described a set of assumptions 
that should be taken to achieve a long term goal as well as the linkages between the 
activities and results of an intervention program. Davies [21] stated that theory of 
change is a process that is meant to evolve an articulated sequence of events that will 
eventually usher in the expected outcome. The study further described the theory as 
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a strategic map that shows the multiple interventions required to produce immediate 
results and are pre-conditioned to a long time change. It depicts the pathway that is 
consistent to producing the impact expected to support the desired long term change. 
In the application of the theory of change, [22] suggest that to accomplish a success-
ful change, there is need to empower the driving forces and weaken the restraining 
forces. This according to [22] could be achieved through the following:

i. intensifying the driving forces responsible for diverting the behavior away 
from the present situation;

ii. reducing the influence of forces that adversely affect the movement away from 
the existing situation; or

iii. combining the two methods

The relevance of the theory of change to the current study is contained in the inher-
ent popular interest to tackle the environmental and ecological hazards unleashed by 
global warming. The incidence of climate change has been debated in the past decades, 
however, the reality is being established by the ominous signs of its impacts globally. 
Notwithstanding, the hype about the phenomenon in developing countries distract 
attention from issues that are grave, grievous and constitute daily threat to human 
existence in this part of the globe. As such the study believe in prompt intervention as 
enunciated in the theory of change and align with [22] to empower the driving forces 
and weaken the restraining forces especially for the developing nations. This could 
be achieved by developing appropriate policy and developmental interventions in the 
areas of urbanization process and infrastructure delivery based on the principles of 
sustainable development. This would ultimately reinforce the capacity to withstand 
and combat the periodic barge of climate change in less advanced countries.

3. Methodology

Scoping review was adopted as the research method for undertaking this study. 
This approach was engaged due to the broad and intricate nature of the specific 
concepts involved. A scoping review of a body of literature can be of particular use 
when the topic has not yet been extensively reviewed or is of a complex or heteroge-
neous nature [23]. Hence, studies and reports on the subject of climate change, urban 
infrastructure and sustainable development were scoped in the review process. A 
scoping review identifies the key concepts in a research area together with the main 
sources and types of evidence. The strategy was engaged to identify relevant body of 
literature, put the current research in context, summarize and present research find-
ings and make necessary recommendations.

4. Urbanization challenges in Africa

In the preceding sections, it was revealed that climate change is one of the nega-
tive outcomes of intensified urbanization. Urbanization depicts increase in the 
number of urban dwellers. Usually, urbanization is as a result of rise in natural birth 
rate, migration to urban areas and regrouping of rural into urban areas. However, 
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industrialization has transformed the process of urbanization around the world. 
Consequently, this has redefined the overall perception of urbanization. According 
to [24], urbanization is the transformation of rural to urban centres via the process 
of economic enhancement and mechanization. This implies that urbanization is a 
transition from primarily rural settlement to urban centre. Through proper planning, 
good governance and efficient management of human, capital and natural wealth, 
urbanization heralds opportunities for socio-economic growth and development. In 
addition, it brings employment opportunities and provide platform for sustainable 
urban development. Urbanization in many developing nations is driven by natural 
birth and rural–urban migration. This though has been rapid but not supported 
with investment in infrastructure, capacity development and entrepreneurship. As a 
result, the process has not resulted in liability for the developing nations. As pointed 
out in [8], urbanization in Africa has not resulted in economic transformation and 
prosperity as expected. Illiteracy, poor physical infrastructure and bad governance 
have hindered the efficient use of productive resources to promote economic growth 
and development. Current economic momentum in Africa according to [8] is tied 
to the prosperity in other regions of the world. Despite the surge in urban dwellers 
in many African countries in the past decades, diverse economic and environmental 
challenges are still predominant ranging from infrastructure deficit, pollution, 
congestion, inadequate shelter, and poverty [24]. The haphazard urbanization has 
caused acute socio-economic, cultural and environmental issues for the developing 
nations [25–27].

Nigeria is the most populous nation and one of the rapidly urbanizing nations 
in sub-Sahara Africa. In Nigeria, as obtained in many African countries, urbaniza-
tion predates colonization and industrialization in the 19th century, when economic 
activities such as trading and marketing and administrative expediency played 
critical roles in the growth and development of urban settlements [28]. In the 20th 
century, the growth in urban population and spread of urban centres were attributed 
to distinct economic cum policy developments which include the development of 
wheeled transportation, classification of settlements by hierarchy, transition to 
monetized economy, periodic geopolitical restructuring and lately, industrialization 
process between 1960 and 1975 [29]. In addition, the oil boom in the 70s accelerated 
infrastructure provision in major urban centres and caused remarkable rural–urban 
pull in Nigeria. Consequently, urban growth in Nigeria have been swift, spontaneous 
and uninhibited [30] leading to all sorts of haphazard expansion and infrastructure 
collapse. Studies [31–33] have shown that poor planning and intense land use in the 
inner-city has exacerbated urban problems. Upholding this, [34, 35] averred that 
the rate and style of development in Nigeria has caused greater harm to the country. 
The problems as mentioned in the studies include slum proliferation, pollution, vio-
lence and crime, environmental degradation, sicknesses, poverty and complex traffic 
challenge. This situation is similar in most urban centres in Nigeria. For instance, [36] 
maintained that Ibadan city is beset with diverse problems which are mostly con-
sequences of population growth, macro-scale economic conditions, environmental 
challenges and weak urban development policy. Consequently from the foregoing, the 
following points came to the fore:

i. urbanization in developing countries precedes industrialization

ii. direct relationship exist between urbanization and urban challenges in develop-
ing countries
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iii. urbanization in developing countries do not necessarily translate to industriali-
zation and economic empowerment of the people

5. Urban infrastructure in Africa

The challenges of urban infrastructure in developing countries are enormous, 
complex and intertwined. These often range from complete lack to inadequate 
infrastructure and decay of existing infrastructure. Urban centres across Africa suffer 
a great deal from infrastructure deficiency and this constitutes formidable hindrance 
to national economic growth. Across the world, [37] stated that an estimated one 
billion city dwellers occupy slums. Moreover, around fifty percent of city populace in 
sub-Saharan countries does not have access to basic sanitation while close to twenty 
percent lack access to safe water, good drainage and proper waste management [37]. 
Generally, there is acute shortage of basic infrastructure such as housing, pipe borne 
water, drainage, sanitation, solid and waste water treatment facilities, transport, rail 
and road infrastructure, power and health infrastructure [8]. [38] also averred that 
cities in developing countries are bedeviled with dysfunctional economic system, 
infrastructure deficiencies, governance failure, weak policies and social breakdown. 
Despite these, physical expansion or rather, urban sprawl continues uninhibited 
without commensurate growth in economic activities and infrastructure develop-
ment thereby culminating in a strong positive correlation with the rise in societal 
disorderliness and diverse challenges. Unlike the nature of urban growth experienced 
in advanced countries which was equally driven by population increase among other 
factors, urban growth in developed countries occur hand in hand with economic 
growth [39]. In those countries, the issue there is more of maintenance of infrastruc-
ture than lack of it. Good governance and strong economic development policies 
have been put in place to propagate positive urbanization and sustainable physical 
development. On the contrary, the rising poverty index among the urban populace is 
an indication of persisting economic conundrum facing most developing countries. 
For example, the official statistics of Nigeria’s poverty profile revealed that the relative 
poverty index rose from 54.4% in 2004 to 69% in 2010 [40]. Road network experience 
heavy traffic almost every day and do not have pedestrian walkway, flood/waste water 
canal and are poorly maintained [40]. The sub-urban communities usually lack good 
road networks and are difficult to access during raining season. Pipe borne water is 
basically non-existent even in city centres and many households cannot afford proper 
treatment of their solid and waste water. There is the proliferation of slums in urban 
areas and shortage of housing units. The current state of infrastructure in urban 
centres of most developing countries is in a dire strait and is again being pummeled by 
the occasional rage of climate change.

6. Economic growth and infrastructure development in Nigeria

The state of economic growth in Nigeria has been on the decline in the last two to 
three decades, throwing millions deeper down the pit of poverty. This though, is not 
unconnected to the population growth, bad leadership, poor policies and endemic 
corruption. Studies have shown that rapid population growth slows down the growth 
of per capital income and perpetuate inequalities of income distribution in developing 
countries [41]. Before the COVID-19 crisis 2020, it was estimated that about 4 in 10 
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Nigerians were living in poverty and millions more were vulnerable to falling below 
the poverty line [41]. However, based on the most recent official survey data from 
the Nigerian National Bureau of Statistics, 39.1 percent of Nigerians lived below the 
international poverty line of $1.90 per person per day (2011 PPP) in 2018/19 [42]. Yet 
a further 31.9 percent of Nigerians had consumption levels between $1.90 and $3.20 
per person per day, making them vulnerable to falling into extreme poverty when 
shocks occur. The continued dependence on oil, high population growth rate and 
limited job creation has hampered the broad-based growth required to tackle poverty. 
In the same vein, the Nigeria’s energy poverty has been quite appalling [43, 44]. 
Currently, Nigeria has an approximate population of over 200 million with an aver-
age estimated demand of 31.2 GW, and the country has an installed capacity of 14.38 
GW with an average supply capacity of 6GW [45]. This implies that the system could 
only generate 40% of its installed capacity. This acute energy deficit has resulted in 
economic decline, low standard of living, citizen hardship and widespread poverty. 
It has scared foreign investors and forced several industries to relocate to countries 
with much more reliable and stable energy supply. The economic impacts and loss of 
human capital occasioned by the state of electricity infrastructure in Nigeria, is by all 
ramifications, far greater than the loss induced by climate change hazards [45]. [46]
and [47] concluded that stable and reliable energy supply plays significant role in the 
economic development, poverty reduction industrial, agriculture, manufacturing, 
commerce, infrastructure development, employment, and security. In addition, it 
plays a vital role in ensuring that basic needs and services (food and water, housing, 
health services, and education) are adequately provided [48]. Furthermore, medical 
tourism and declining standard of education are another consequence of a broken 
governance system with severe impact on the citizenry. Medical tourism not only 
manifest in citizens seeking the best of healthcare in India, Europe and United States, 
but also in brain drain of health workers, particularly the nurses and medical doc-
tors to countries where their services are adequately remunerated. It was reported in 
[49] that about N576 billion ($1.2 billion) is lost to medical tourism yearly in Nigeria. 
Corroborating this, Price Waterhouse Coopers report that Nigerians spend $1 billion 
annually on medical tourism [49]. [50] listed brain drain, underfunding, dilapidated 
structures and obsolete equipment, industrial strike, and negative attitude of health 
professionals as problems facing the Nigerian health sector. These and several other 
socio-economic problems have contributed more to the economic backwardness and 
infrastructure disease that plaque the Nigeria nation. These were not as a result of 
climate change, but only compounded by climate change disasters.

7. Sustainable urban development

Industrialization, urbanization process and man’s anthropogenic activities 
have increased atmospheric temperature and triggered the phenomenon known as 
global warming. This in turn has culminated into unpredictable pattern of climate 
events/disasters in recent times. Climate change and urbanization are both global 
phenomenon though the impact are largely localized. By implication, climate 
change can release its disrupting capability on any part of the earth. The advanced 
nations have contributed more than the developing countries, to the emission of 
greenhouse gases that cause global warming. The unpredictable patterns of weather 
events triggered by global warming often unleash tragedies at places without regard 
to the level of development, type or pattern of settlement. However, the factors that 
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distinguish locations lie in their resilience and recovery capability. Urban resilience 
has to do with the level of economic and infrastructure development while recovery 
is contingent on good policy, proper planning and good governance. According 
to [8], urban population will record 95% growth over the next two decades in 
developing countries. The report admitted that the dramatic rise in urban popula-
tion of emerging nations exposes the masses and infrastructure to dangerous 
environmental consequences. Climate change disasters expose the susceptibility of 
built-up neighborhoods in developing countries and compound the existing urban 
challenges. Table 1 presents the global occurrence of natural hazards between 2002 
and 2010.

The Table showed relevant statistics that reinforce the position of this study. 
The frequency, mortality rate and affected locations all points to the fact that 
climate change disasters are usually localized. As shown, about 228 earthquake 
disasters happened across the globe between 2002 and 2010. Out of this, only 
seven occurred in Africa [51]. Countries affected include DR Congo in 2002 & 
2008; Algeria in 2003; Morocco in 2004; Tanzania in 2005; Mozambique in 2006 
and Malawi in 2009. Similarly, the record of volcanic eruptions globally in the 21st 
century showed that only Democratic Republic of Congo and Eriteria were affected 
in Africa in the year 2002 and 2011 respectively [52]. Furthermore, the incidence 
of drought, flooding and heat wave in inner cities and northern parts are being 
managed with modern technology and infrastructure. Unlike other economic and 
environmental plagues that has become recurring decimal in Nigeria and many 
Africa countries.

Classification of 
hazard

Nature of hazard Frequency 
of 

occurrence

Mortality 
risk

Vulnerable urban 
areas

Geophysical Earthquake 228 High Cities on or near 
fault lines

Volcano 53 Low Cities near volcanoes

Geophysical and 
hydrological

Tsunami 19 High Coastal cities

Mass movement (landslide, 
rockfall, avalanche, 

subsidence)

167 Low —

Hydrological Flood 1501 Medium Coastal cities

Storm surge 25 Low Coastal cities

Meteorological Storm and cyclone 899 High Coastal cities
tropical cities

Climatological Drought 133 Low Cities in or near 
desert & dry areas

Extreme temperature (heat 
and cold)

173 Medium 
– high

Inland cities

Wildfire 101 Low —

Source: EMDAT, OFDA/CRED International Disaster Database (2011) cited in [8].

Table 1. 
Global occurrence of natural hazards between 2002 and 2010.
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Amidst the predicament of urbanization and infrastructure deficit, the concept 
of sustainability has been introduced in the present and future development of man’s 
physical environment and almost every aspect of human activities. [53] described 
sustainable development as one that satisfies current needs without jeopardizing that 
of future generations. In order not to expend limited resources on finding solution to 
existing urban misnomer, the concept of sustainable development plays an important 
role. Sustainable development is crucial to re-direct and redefine urbanization in 
developing countries. Taking a cue from the United Kingdom, the UK political agenda 
has centered on sustainability agenda in the last three decades [54]. Sustainable 
development has the remedy to the existing urbanization pattern in developing coun-
tries. Sustainable development combines infrastructure development with economic 
growth and employment opportunities thereby converting population growth to 
economic advantages. For instance, the UK Government’s sustainable development 
agenda for residential development is based on four concurrent objectives ([55] cited 
in [54]):

• Social progress which meets the needs of everyone;

• Effective protection of the environment,

• Prudent use of natural resources, and

• Maintenance of high and stable levels of economic growth and employment

The UK department of Community and Local Government (CLG) recognizes that 
sustainable community should comprise “…places where people want to live and work, 
now and in the future, meet the diverse needs of existing and future residents, are sensitive 
to their environment and contribute to a high quality of life. Such communities are safe 
and inclusive, well planned, built and run and offer equal opportunity and good services 
for all” [56].

8. Conclusion and recommendation

Without doubt, climate change is happening as claimed in different studies earlier 
cited. Nevertheless, the phenomenon is certainly not the most critical problem 
facing developing countries at this time. Climate change threatens the fabrics of 
every settlement alike, but of higher significance is the negative urbanization syn-
drome that characterizes urban growth in developing countries. There is therefore 
the urgent need to reverse the trend of urbanization in most African countries to 
embrace positive urbanization. Positive urbanization connotes economic growth 
that combines infrastructure development with employment opportunities for the 
rising population. Positive urbanization is the primary intent and result of sustainable 
development of urban centres. It is an inclusive development strategy that engenders 
disaster preparedness of neighbourhoods and goes further to absorb and absolve 
the problems of previous urbanization anomalies. Consequently, positive urbaniza-
tion, whether driven by natural birth, rural–urban migration, industrialization or 
combination of all is sine qua non for meaningful sustainable urban development in 
developing countries. Through this, investment in infrastructure is prioritized, right 
policies are enacted to empower the masses, conducive atmosphere is created for 
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entrepreneurship to thrive thereby creating employment opportunities. Sustainable 
urban development engenders urban resilience and improves recovery in case of 
disaster occurrence. Tackling infrastructure gap in urban centres and promoting 
sustainable development would go a long way to achieving the United Nations’ 
sustainable development goals #10, #11 and #13 in developing countries.
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Chapter 4

Risks and Threats on the Coast of 
Quintana Roo: The Case of Tulum, 
México
Joel F. Audefroy

Abstract

The 160 km of the Riviera Maya from Cancun to Tulum are highly valued by 
investors in the tourism sector. In the case of the city of Tulum, the problem is more 
acute due to hydrometeorological risks and effects on the environment, such as 
mangroves and underground rivers. The development of basic urban infrastructure 
(water, sanitation, and solid waste) for the resident population does not allow 
the development of large tourism real estate projects that are the site of several 
controversies between environmentalists, landowners, the municipality itself and 
the investors. The existence of a Tulum National Park and the Sian Ka’an Biosphere 
Reserve put a brake on massive tourism development, but they are nevertheless 
affected. The methodology of analysis is based on a comparison between the risk 
maps and the municipal development plans, which reveals little interest in potential 
risks. Faced with this problem, the research proposes sustainable development 
and participatory risk management that will not affect the environment, including 
nature-friendly tourism development.

Keywords: risks, threats, urban development, tourism, investors

1. Introduction

The Municipality of Tulum was founded on March 13, 2008, from the territory 
of the municipality of solidaridad and is part of the Chichen-Itza-Coba-Tulum 
archaeological axis. It is located on the Mayan coast south of Cancun (132 km) and 
is part of the Cancun-Tulum tourist corridor. The geographical context of Tulum has 
long beaches and is situated in front of the largest chain of reefs in the world, wide 
extensions of mangroves, and surrounded by a jungle of great biodiversity, as well as 
numerous cenotes and caverns that are part of a system of underground rivers, in the 
northern and southern part of the urban area.

The city of Tulum is now facing pressure from the tourist real estate market, and 
its negative effects, such as real estate and urban speculation on communal land and 
environmental effects, such as sanitary landfills at the top of their capacity. There 
is also an environmental deterioration of hydrological systems, wetlands, coastal 
dunes, and coral reefs and insufficient infrastructure making the city vulnerable 
to all kinds of threats. In the year 2000, the Riviera Maya megaproject emerged, 
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including Ciudad del Carmen and Tulum. The Rivera Maya was planned as a tour-
ism megaproject for mass tourism without considering the effects, and it could 
have on the environment along the coast of Quintana Roo. The development of 
the City of Tulum should be limited by the Tulum National Park, founded in 1981, 
where the archaeological site (664 hectares) is located, and the Sian Ka’an Biosphere 
Reserve, both of which are considered natural protected areas (PNA). The Sian 
Ka’an Biosphere Reserve is part of the hydrological complex of lagoons, wetlands, 
underground rivers, and cenotes of the Mesoamerican Reef System and is located 
10 kilometers south of Tulum and has an area of 528,147 hectares (ha). On January 
20th, 1986, it was declared a biosphere reserve, as a World Heritage Site, by UNESCO. 
These wetlands form a natural barrier to weather disturbances, such as hurricanes, 
waves, and storm surges. The existence of these protected areas has done little to 
limit the expansion of tourist and housing developments in these areas. However, 
the areas that remain between the city itself and the coast are becoming real estate 
developments, such as Aldea Zama, despite occupying mangroves, gradually disap-
pearing from the jungle.

The existence of ejido land around the city of Tulum, regulated by the urban 
development plan (2006–2030), predisposes future growth [1, 2]. These ejido lands 
are subject of high real estate speculation despite being jungle land. There are more 
than 14 tourist developments in Tulum National Park.

There is a conflict between the local authorities that approved an update to 
2006 and urban development plan that proposed the construction of 60,000 
hotel rooms within 25 years and the federal authorities demanding that the urban 
development plan conform to the legal framework without encroaching on federal 
powers. This urban development plan, updated in April 2008, was revoked in May 
2008 by the supreme court of justice of the nation (SCJN) for invading the powers 
of the central state in the management and protection of natural protected areas 
and the Tulum National Park, thereby which the municipality of Tulum will not 
be able to assign population densities or assign land uses to the protected area, as it 
intended.

There are also conflicts between environmental groups, environmental NGOs, 
federal institutions and, on the other hand, local politicians, ejido owners, large 
international corporations, and private investors. The first conflict consists 
of a legal dispute over land ownership between the former owners and those 
requesting recognition of the expropriated territory for the national park and the 
archaeological zone.

There are several works about the environmental problems in Tulum and on the 
Mayan coast, most of them pose problems linked to tourism González [3–5], the 
coastal environment [6], urban resilience to hurricanes Camacho Sanabria José [7], 
effects of climate change on the coastal zones [8, 9], but few associate hydrometeoro-
logical risks with urban development caused by the growth of tourism.

The environmental problem manifests itself around four main axes:

• Hurricanes: Few are considered in the plans of tourism developers, but few are 
considered by the different factors as an important criterion.

• Flooding: Urban development plan (2006–2030) and the municipal development 
plan (2018–2021) do not consider the flood risk map considered in the municipal 
risk atlas [10]. The urban development plan was prepared before 2015 but does 
not justify this omission.
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• The presence of underground rivers: South system: Sac Ox Belha and North sys-
tem: Sac Actun, mentioned in the urban development plan were not considered 
by the plan itself in its urban growth plan, nor in the partial municipal plan.

• Sea level rise: Due to climate change, an effect of sea level rise between 0.5 and 1 
m was estimated, the result of which shows a loss of 20% of the beaches and 90% 
respectively [8].

• The real estate invasion of the Sian Ka’an Biosphere Reserve.

These risks and threats are not contemplated in urban development plans, much 
less in city growth plans. It seems that the growth plans are unaware of these risks 
when they have been highlighted by various studies. The conceptual framework 
below explains in some way why these risks and threats have not been considered in 
the city’s growth plans.

2. Conceptual framework

The conceptual framework is based on the following research questions: How 
are risks and vulnerability constructed in a coastal city? and How do risks and 
vulnerability grow over the years? To begin with, the importance of vulnerability 
is recognized, followed by risks and their social construction as central concepts in 
the occurrence of disasters that are by no means natural [11, 12]. Urban disasters are 
processes, sometimes long with multi-causal, social, economic, and political factors, 
particularly in cities like Tulum, which began to grow in the 1990s. This growth pro-
cess illustrates how risk has been built over the last 30 years. Natural threats have not 
changed in this same period hurricanes, floods, permeable karstic soil, etc. What has 
changed is the occupation of the territory mainly due to pressure from the tourism 
industry. The social construction of risks has its origin in the creation of vulnerable 
conditions, for example, the construction of housing complexes on mangroves that 
thus disappear, and that are a natural barrier against the effect of hurricanes and 
limiting flooding.

Currently, new concepts are used by various researchers, such as adaptation and 
resilience. Although adaptation processes have always existed since the beginning of 
humanity, now it is about adaptation processes in the face of climate change that are 
promoted by international organizations. Likewise, several studies focus on “urban 
resilience”, studying whether a city is resilient or not, these concepts may help to 
understand the phenomena but do not help to propose solutions to limit the vulner-
ability of cities to natural phenomena and socio-natural threats.

3. Methodology

An observation period of the municipality of Tulum goes between 1987 and 
2020, corresponding to the data obtained in relation to urban and population growth 
between these dates. The analysis is developed from cartography prepared by the 
urban development plan (2006), the municipal development plan (2018-2021) 
and the municipal risk atlas (2015), and the partial program of urban development 
polygon south of the Tulum population center (2011). The proposal results from a 
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comparison and superimposition layer of risk maps and urban growth and develop-
ment maps carried out both by state and municipal authorities, as well as the private 
sector and tourism infrastructure promoters. Neither the municipal authorities nor 
the promoters of tourist infrastructures do this map crossing, if they had done so, 
their proposals in flood zones would be invalidated and unmarketable. For example, 
the flood zones marked in red in the risk atlas of Tulum do not appear in the urban 
development plans that have subdivided all the land around the urban center of 
Tulum. The mangrove areas located between the urban center and the coast have also 
been subdivided. Underground rivers no longer appear in the urban development 
plan. This method has aimed to highlight these omissions that leave the developer 
companies a free field for their projects without any restrictions other than those of 
the construction regulations.

4. Diagnosis: risks, threats, and vulnerability

Tulum suffers from two potential threats hydrometeorological events (hur-
ricanes and floods) and anthropogenic threats caused by pressure from tourism 
and population growth. From a strictly environmental point of view, Tulum cannot 
grow due to the characteristics of its soil and subsoil (karstic soil, mangroves, and 
underground rivers). All growth brings with it conflicts between the environment 
and urbanization. The natural system is highly vulnerable: “Furthermore, the 
mangrove, like the reefs, is altered by the action of hydrometeorological phenom-
ena, since during its action, salinity increases and exerting greater environmental 
pressure on this species” [13].

4.1 Hurricanes and floods

Since ancient times several hurricanes have impacted Quintana Roo and the 
Municipality of Tulum, we can observe that since 1951 eleven hurricanes have 
impacted with a category between three and five on the Saffir-Simpson scale, the 
coasts of Quintana Roo (see Table 1).

Hurricanes are generally accompanied by floods, strong winds and result in trees, 
and power poles falling. In Tulum, when a hurricane occurs, the internet is also cut 
off since the plant does not have a power generator, and the population is cut off from 
communication.

A study carried out by the University of Quintana Roo in 2019 [7] has shown 
through a survey, the percentages of the population of Tulum in relation to hurricanes 
to measure the level of urban resilience (Table 2).

This survey shows that more than 50% of the population that resides in Tulum 
is not prepared to face a hurricane of category two or more; however, 67% of the 
population has an emergency plan and knows the location of a temporary shelter. 
Most of the population is aware that their city is affected by hurricanes, but more than 
50% have never experienced a hurricane and only 24% have received training on what 
to do in the event of a hurricane or flood.

Figure 1 clearly shows the upward trend from the year 2005 in affectations due 
to floods caused by hurricanes. In the municipality of Tulum, the flood zones are the 
following (Figure 2).

The entire coast where the main tourist infrastructures (hotels and bars) are 
located in a flood zone. In addition, the polygon considered for the extension of the 
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city in the Tulum Development Plan (2010) is also in a flood zone. This Polygon is 
considered an “urban reserve” for population growth (see Figure 3).

In summary, we have a population that is relatively unprepared to receive hurri-
canes and floods whose impacts are growing as of 2005, and a possibility of extension 
of the city of Tulum (Polygon South) in an area threatened by floods, and a coastal 
hotel zone as well as, subject to floods and hurricanes. We will see later that tourism 
megaprojects do not consider the threats clearly defined in the risk atlas as well as 
those defined in the urban development plan, nor the natural protected areas.

Name Year category Most affected municipalities

Charlie 1951 4 Cozumel, Solidaridad

Janet 1955 5 Othon P. Blanco, Chetumal

Beulah 1967 5 Cozumel

Gilberto 1988 5 Cozumel, Solidaridad

Roxanne 1995 3 Felipe Carrillo Puerto, Tulum

Emily 2005 4 Tulum

Stan 2005 1 Chetumal

Wilma 2005 4 Cozumel, Solidaridad, Cancun

Dean 2007 5 Quintana Roo

Olga 2007 TS Tulum

Dolly 2008 2 Puerto Morelos

Rina 2011 3 Tulum

Gamma 2020 1 Tulum

Delta 2020 4 Puerto Morelos, Tulum (efecto menor)

Zeta 2020 3 Tulum, Playa del Carmen

Source: Historical hurricane tracks (NOAA, 2021).

Table 1. 
Hurricanes and tropical storms that impacted Quintana Roo.

Indicator %

% of the population that has not experienced a hurricane 63

% of the population is unaware that the city is affected by hurricanes 7

% of the population that is aware that their home is located in a flood zone or that it may be 
affected by a hurricane

41

% of households that have a family emergency plan 67

% of homes insured against hurricanes and floods 7

% of households that have received training on what to do in the event of a hurricane or flood 24

% of the population that is aware of risk prevention programs for hurricanes and floods 32

% of the population that knows the location of the closest temporary shelter to their home 67

% of the population that knows the evacuation routes for hurricanes and floods 31

Source: [7].

Table 2. 
Percentage of the population of Tulum in relation to their perception to be affected by hurricanes.
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Figure 1. 
Houses damaged and/or destroyed by floods in Quintana Roo in the period 1970–2013 (Source: Desinventar.net).

Figure 2. 
Flood hazard map (in pink) (Sources: From the Risk Registrations of the Municipality of Tulum, 2015 and the 
Municipal Development Plan).
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4.2 Water bodies and underground rivers

There are two underground river systems on each side of the city of Tulum: the 
southern system: Sac Ox Belha and the northern system: Sac Actun (map 3). These 
underground water body systems are connected to the cenotes. These systems are 
very vulnerable to all kinds of contamination, by sanitation systems: most houses 
have no drainage, only septic tanks whose absorption wells can contaminate under-
ground rivers. The partial plan of the State of Quintana Roo, (2010) locates urban 
growth on the southern system of underground rivers (see map 4). The karstic rock 
soil is characterized by its high permeability; therefore, the infiltration of contami-
nants is very likely (Figures 4 and 5).

Figure 3. 
Partial Development Program of the city of Tulum (Source: From the municipal development plan).

Figure 4. 
Underground rivers: South system: Sac Ox Belha and North system: Sac Actun (Source: Urban Development 
Plan, 2006–2030).
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The current urban center does not have drainage and the porosity of the soil means 
that all matter is filtered and reaches the underground body of water. Fecal matter has 
already been found in the caverns. Urban growth without sewage treatment plants 
would lead to environmental and health catastrophes.

5. Solid waste management

According to data from the Tulum City Council, in 2014 around 22,636 m3 of (urban 
solid waste (USW) was collected and in 2015 around 25,606 m3 of municipal solid 
waste (MSW) was collected. It is estimated that an average of around 180 tons of USW 
is collected daily, which is deposited in an open-air dump that is located 9.5 km from the 
housing center on the road towards Coba. The dump is reaching its maximum capac-
ity, to try to solve this problem the local authorities began, in 2010, steps to carry out 
a sanitary landfill that is located 18 km to the south of the city on federal highway 307 
Chetumal-Cancun. The landfill came into operation in 2016 and receives between 100 
and 120 tons/day of solid waste. However, no garbage separation system would allow 
the recycling of some materials, such as paper and cardboard, glass, and plastics. When 
the sargassum (Sargassum fluitans and Sargassum natans) arrives, in the hot season, 
there are no alternative places to process the brown algae, other than covering the algae 
with sand in places where there are no hotels. The growth of the population, as well 
as the growth of the floating population due to tourism, will increase the need for the 
collection and processing of MSW, and make the city more vulnerable to solid waste.

6. Interactions between urban growth, tourism, and hazards

A study carried out by the Universitat Rovira i Virgili, Spain, [5] based on the 
opinion on the impacts of climate change on the different actors involved in the 
management and promotion of the Riviera Maya (politicians, private sector, and 

Figure 5. 
Growth area of the city of Tulum on the southern system of underground rivers (Source: from the Municipal 
Development Plan).
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associations) reveals three main impacts: sea level rise, major weather events (hurri-
canes), and coral bleaching. There is no mention of the threats of floods and droughts 
or the lack of basic services that could be disastrous in the event of a lack of drainage 
in the event of hurricanes. They consider that these three impacts are already generat-
ing negative effects on tourism activity. For the mitigation of these threats, most of 
the interviewees agree on the lack of public resources when the strong urban growth 
for tourism generates many resources for the municipalities of Tulum. The fragility 
or scarcity of basic services and the absence of mitigation measures have nothing to 
do with climate change, thus, these studies on the impacts of climate change make it 
possible to hide real problems and threats on the territory and contribute to building 
future disasters.

6.1 Map analysis

If we cross the flood map (from the risk atlas) with the urban growth plan (see 
map No. 2), we can see that a large part of the projected extension of the city is in a 
flood zone (very high in red). Most of the urban extension is intended for housing 
complexes for tourism, each lot or set of lots is labeled with the name of the owner. 
As for the underground river zones (see map No. 4) we can also observe that they are 
located below the growth zone of the city. In the medium or long term, it is evident to 
forecast that investments in tourism will be affected by floods caused by hurricanes or 
other meteorological phenomena. Likewise, the underground rivers will probably be 
more polluted by the black and gray waters of the housing complexes.

6.2 Evolution of marginalization in Tulum

The idea that the development of the tourist infrastructure could contribute to 
reducing the level of marginalization and the precariousness of the dwellings of the 
inhabitants is not evident if we compare the last three years. The percentage of the illit-
erate 15-year-old population grew due to the arrival of the migrant population looking 
for service and cleaning jobs. The percentage of occupants of dwellings without piped 
water decreased in 2015 but grew in 2020. Likewise, the number of occupants in 

Years 2010 2015 2020

Total population 28263 32714 46 
721

% Illiterate population aged 15 or over 8.26 5.97 29.67

% Occupants in private dwellings without drainage or toilet 9.94 3.10 3.64

% Occupants in private dwellings without piped water 6.5 0.95 2.85

% Occupants in private dwellings with dirt floors 5.38 4.19 7.43

% Private dwellings with overcrowding 55.58 43.83 43.24

% Employed population with incomes less than 2 minimum wages 30.91 23.39 51.26

Degree of marginalization Low 0.76 Low 0.87 Low 
0.88

Source: National Population Council (CONAPO).

Table 3. 
Evolution of marginalization in Tulum from 2010 to 2020.
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dwellings with dirt floors increased in 2020, only overcrowding decreased a little. In 
other words, there are no indications that the quality of life and housing has increased. 
The hypothesis stating that tourism development goes hand in hand with population 
and development cannot be verified in the case of Tulum (see Table 3).

7. Conclusions and recommendations

To reduce the impacts caused by the effects of climate and climate change, some 
basic principles are proposed. The city of Tulum is very vulnerable to these events and 

Phenomena Impacts Basic Principles

Storm 
surges, 
storm 
surges, and 
hurricanes

Destruction of buildings, 
infrastructure, and natural 
systems.
Erosion of beaches and 
coastal dunes.
Flooding of buildings, 
infrastructure, open spaces, 
and natural systems.

1. Maintain the natural dynamics of floods, temporary 
outlets, storm surges, regular waves, and groundwater 
flows

• Do not obstruct the flow of water

• Do not obstruct sand deposition and dune forma-
tion, or their erosion

• Maintain native vegetation in good condition

2. Build in the least exposed areas.

3. Maintain natural coastal protection systems (dunes, 
reefs, and mangroves).

Intense rains 
caused by 
north winds 
and storms

Flooding of buildings, 
infrastructure, open spaces, 
and natural systems.
Soil erosion and the creation 
of gullies or ditches.

4. Maintain the natural dynamics of flooding, catch-
ment, and release of the area

• Maintain natural catchment and flooding areas

• Create catchment areas and temporary flooding

• Maintain or reconstruct the natural routes of water 
discharge towards areas of the flood.

• Maintain or establish vegetation barriers to reduce 
erosion by runoff

5. Build elevated buildings above the flood elevation.

6. Disturb the slopes of the land and the vegetation as 
little as possible so as not to increase runoff.

Stronger 
and more 
frequent 
storm and 
hurricane 
winds

Destruction of buildings, 
infrastructure, and natural 
systems.
Erosion of coastal dunes and 
beaches.

7. Maintain or restore the vegetation as a living barrier 
against the wind, according to the strength of the 
wind.

8. Build solid infrastructure to withstand winds.

9. Build open infrastructure to allow wind to pass 
through.

Sea level rise 
and waves

Erosion of beaches and 
coastal dunes
Flooding of buildings, 
infrastructure, open spaces, 
and natural systems.

10. Maintain natural coastal protection systems: dunes, 
reefs, and mangroves.

11. Do not build structures that interrupt the coastal 
dynamics in dunes, lagoons, and wetlands

12. Maintain free areas where natural systems can mi-
grate when increasing the sea level.

Source: From [9], Sobrevive al cambio climático.

Table 4. 
Basic principles against climatic phenomena.
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will be more so in the future, therefore it is important to know the coastal dynamics 
and not hinder natural processes through infrastructure or buildings. We summarize 
these basic principles in Table 4.

From these basic principles, recommendations can be made for land use practices 
and construction practices.

8. Land use practices

1. Areas adjoining the coastline: the construction of hotels or facilities should not 
be allowed; only light infrastructure should be allowed that does not impact the 
ground and that easily allows evacuation. In the municipality of Tulum, these are 
the protected natural areas (ANP).

2. In areas far from the coast, higher densities can be allowed (up to C.U.S. of 4.0) 
with a maximum of four levels but leaving a minimum of 50% of the land for 
green use and recharge.

3. A floor occupancy coefficient (C.O.S.) limit of 0.3 is recommended in coastal 
areas that contain tourist accommodation and up to 0.5 in urban areas.

4. Essential services, such as electrical power substations, hospitals, and health 
centers, should be located outside the storm surge zone of influence and outside 
the flood zone.

5. Do not obstruct the natural outlet areas towards the sea and keep them as green 
areas without construction or filling. Local knowledge and topographic surveys 
can determine these zones.

6. The buildings located interspersed allow the circulation of the prevailing winds.

7. Protect the mangroves because the roots and trunks cushion the impact of natu-
ral waves and storms on the beaches, thus reducing erosion, trapping debris, and 
generating soil.

9. Constructive practices and concepts

1. In flood-prone areas, it should be built on piles since it reduces the risk of 
flooding, facilitating the flow of tidal waves and reducing the temperature and 
humidity inside the room.

2. Use isolated triangular or oval footings to minimize the impact on the foundation 
due to the force of the water.

3. The open floor plan allows better ventilation inside the rooms and avoids the use 
of air conditioning.

4. The presence of an interior patio generates a different micro-climate from the 
exterior with native vegetation.
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5. Preferably use heat-insulating materials, such as wood or bamboo in the con-
struction of envelopes and roofs.

6. The portico allows shade and reduces sunlight on the walls, facing south or west.

7. Circular walls offer less resistance to hurricane winds (i.e. the traditional Mayan 
house).

8. Use lattice windows in case of large dimensions to better resist strong winds.

9. Cover with openings at the ends to ensure cross ventilation (chimney effect).

10. Obligation for all residential or tourist complexes to build a treatment plant for 
black and gray water.

11. Capture and store rainwater so as not to depend on the supply of drinking water, 
especially in areas with low-capacity aquifers, such as the fringes of dunes be-
tween the sea and coastal lagoons.

These recommendations consider the Tulum Urban Development Plan that 
foresees growth that will have a negative impact on the land, environment, trans-
portation, and circulation. The way to limit the negative impacts is to follow these 
recommendations both at the level of land use and in construction practices. The 
demand for tourism infrastructure is such that large tourism companies have already 
bought properties and lots on the outskirts of the urban center of Tulum. In the next 
10–15 years, the current Tulum will change into an important city in terms of popula-
tion, which is why drastic measures are required from now on so that Tulum is a city 
that is resilient to such growth.
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Chapter 5

Evaluation of Net Radiation in San
Luis Potosí City – México, with
Remote Sensing Processes
Abraham Cárdenas-Tristán, Andrés Gerardo Castro-Ovalle,
Oscar Reyes-Cárdenas and María Guadalupe Galindo Mendoza

Abstract

Net radiation is essential in analyzing the earth’s energy balance since it regulates
the soil’s temperature, humidity, and thermal processes. Then, energy regulates an
urban area’s climate and heat distribution. Therefore, problems such as heat islands
arise if these areas have more impervious surfaces than vegetation cover. The main
objective of this study is to evaluate the net radiation in the city of San Luis Potosí
from a multi-temporal analysis applying remote sensing. Satellite images from the
Landsat 5 TM and 8 OLI/TIRS sensors were used. Through remote sensing processes,
the imagery has been calibrated to obtain the net flux extracting the incident and
outgoing radiation. Our results show that net radiation levels decrease in the dry
season and increase in the rainy season. It was also observed that the incident radia-
tion predominates over the outgoing radiation on the city’s impervious surfaces,
causing temperature increase. This study is helpful in decision-making related to the
city’s planning.

Keywords: net radiation, remote sensing, multitemporal analysis, urban climate,
Landsat imagery

1. Introduction

All bodies in the universe with a temperature greater than zero can emit radiation.
After the emission of radiation, the next step is its propagation to a second body
through the air or space, where different processes arise: reflection, scattering,
absorption, refraction, dispersion, and transmission of radiation [1]. Solar radiation is
a term that refers to the energy flow produced by the sun in the form of photons or
electromagnetic waves [2], which provides energy to the atmosphere, clouds, and the
earth’s surface. How energy flows to enter and leave the earth’s surface is known as the
surface energy balance. This process determines the surface temperature and is closely
related to the atmosphere and surface elements (e.g. water, rocks, and vegetation) [3].

Net radiation is a crucial factor in the energy balance of the surface, serving to
study characteristics of the earth’s surface such as albedo, emissivity, temperature,
and humidity, and thermal processes of the soil. Also, it is the leading actor in
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processes such as soil and air heating, photosynthesis, evapotranspiration, crops and
water resources [4–6]. In an urban environment, net flux regulates climate and heat
distribution. Therefore, when these areas grow uncontrollably and impermeable
materials replace the earth’s surface, the energy balance of the surface is affected, and
problems such as heat islands arise [7, 8]. Besides, the heterogeneous nature of urban
areas causes the kinetic and thermodynamic properties of the surface to change
dramatically if the physical characteristics of the soil are modified. As a result, this
causes cities to have unique microclimates [6].

Generally, net radiation is measured from meteorological stations with the help of
radiometers. However, these expensive instruments do not effectively represent the
net flux variation throughout the territory and do not accurately reflect its effects on
the earth’s surface [6]. However, other techniques have been developed to measure
net radiation effectively. Remote sensing is a science focused on acquiring the elec-
tromagnetic energy emitted or reflected by the earth in the form of digital images to
obtain information about an object without being in direct contact with it [9]. In
addition, data can be continuously produced with high spatial resolutions and at a
regional scale [10]. Net radiation retrieval through remote sensing allows its estima-
tion in topographically complex areas. Radiative transfer models, meteorological data,
and Digital Elevation Models (DEM) are often necessary to compute net flux [10, 11].
Various technological advances have been made these days by applying remote sens-
ing to estimate net flux with high spatial resolution and precision, trying to reduce
dependence on meteorological data [7, 10–14].

The city of San Luis Potosí has experienced gradual and unplanned growth during
the last decades, mainly in the city’s peripheral areas [15], which in conjunction with
the lack of green spaces in the area, has caused an imbalance in the climate, raising
temperatures in some parts of the city. A study carried out in the city of San Luis
Potosí shows that deforestation worsens the heat island phenomenon; however, as it is
only a descriptive methodology of the urban tree canopy [16], it is not thoroughly
analyzed why this occurs. Therefore, it is essential to understand how net radiation
behaves in the city and what factors affect the urban climate. This work’s main
objective is to evaluate net radiation behavior in the city of San Luis Potosí through a
multi-temporal analysis applying remote sensing. This analysis will serve to determine
the net flux influence degree on the urban climate of the area, which is crucial to
support decision-making for the improvement of urban planning and the establish-
ment of mitigation measures for heat island phenomena.

2. Remote sensing processes for net radiation computation

2.1 Study area

The city of San Luis Potosí is the capital of the San Luis Potosí State, which is part
of the 32 states that make up the Mexican Republic, located in the north-central zone
of the state between the parallels 22.2214° and 22.0058° North latitude and the merid-
ians �101.0566° and �100.7743° West longitude (Figure 1). According to the 2020
Population and Housing Census derived from the National Institute of Statistics and
Geography (INEGI) [17], the study area has a population of 1,243,980. The city has an
average elevation of 1860 meters above mean sea level and is considered an area with
a dry-semi-desert climate. The average level of precipitation is 245 mm. However, this
value varies depending on the year. The mean temperature is 16.8°C.
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2.2 Data acquisition

In order to evaluate energy throughout the San Luis Potosí city, it was necessary to
obtain a DEM at a resolution of 30 m from INEGI. Also, satellite images from the
Landsat 5 TM and 8 OLI/TIRS sensors were used, with a spatial resolution of 30 m.

The study was developed for the period 1990–2017, and two representative images
of the region’s rainy and dry seasons per year were needed. Table 1 describes the
characteristics of the sensors used. Landsat 5 TM can record the electromagnetic
energy reflected and emitted by the earth’s surface in seven different wavelengths
(three bands in the visible spectrum, one near infrared, one shortwave infrared and
one thermal infrared). While Landsat 8 has two instruments: OLI, composed of nine
bands from the visible spectrum to the short-wave infrared, and the TIRS sensor,
consisting of two spectral bands in the thermal infrared region [18].

Table 2 shows the images used by each sensor for path and row 28/45. These
images were downloaded from the Earth Explorer page (https://earthexplorer.usgs.g
ov/) managed by the US Geological Survey (USGS). For the Landsat 5 TM sensor, ten
images acquired in the period 1990–2009 were used, and for Landsat 8, four images
were downloaded in the period 2015–2017.

2.3 Preprocessing for Landsat imagery

The digital number of the satellite images must have a standard and representative
scale to calculate the net flux. For this reason, it is necessary to apply a radiometric

Figure 1.
Study area location.
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correction. In this case, the methodology proposed by Chander et al. [19] (Eq. (1))
was used. The process described was developed for the Landsat 5 TM sensor; however,
it can also be used for the Landsat 8 sensor, considering that the gain and bias factors
are band-specific values and can be found in the image metadata.

Lλ ¼ Grescale �Qcal þ Brescale (1)

where Lλ is the spectral radiance (W/m2 sr μm); Qcal is the digital number of the
pixel; and Grescale and Brescale are band-specific rescaling factors of gains and bias from
the sensor. For Landsat 8 OLI/TIRS Grescale is RADIANCE_MULT_BAND_x and Brescale

is RADIANCE_ADD_BAND_x from metadata.

2.4 Net radiation calculation

For this study, energy retrieval was computed using the processes described by
Allen et al. [20]. Net flux is the energy flow from the sun and the earth’s surface [14].
It is computed by extracting the incoming short wave and long-wave radiation and the
outgoing long-wave radiation (Eq. (2)):

Rn ¼ Rs↓� αRs↓þ RL↓� RL↑� 1� ε0ð Þ RL↓ (2)

Sensor Spectral band Wavelength (μm)

Landsat 5 TM Blue 0.45–0.52

Green 0.52–0.60

Red 0.63–0.69

NIR 0.76–0.90

SWIR 1 1.55–1.75

Thermal 10.40–12.50

Swir 2 2.08–2.35

Landsat 8 OLI/TIRS Costal/Aerosol 0.432–0.451

Blue 0.452–0.512

Green 0.533–0.590

Red 0.636–0.673

NIR 0.851–0.879

SWIR 1 1.566–1.651

SWIR 2 2.107–2.294

Panchromatic 0.503–0.676

Cirrus 1.363–1.384

Thermal 1 10.60–11.19

Thermal 2 11.50–12.51

Table 1.
Landsat 5 TM and Landsat 8 OLI/TIRS spectral bands.
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where Rs↓ is the incident shortwave radiation (W m�2); α is the superficial
(dimensionless) albedo; RL↓ is the incident long-wave radiation (W m�2); RL↑ is
the reflected long-wave radiation (W m�2); and ε0 is broad band (dimensionless)
surface thermal emissivity. The term (1 � ε0) RL↓ represents the incident long wave
fraction reflected from the Earth’s surface.

2.4.1 Incident wave radiation

Defined as the difference between the incident short-wave radiation (W m�2) on
the Earth’s surface and the short-wave radiation reflected to the atmosphere (Eq. (3)):
Rs↓ is one of the essential fluxes to estimate the net radiation, its calculation was
carried out from a Digital Elevation Model of the study area:

Rs↓ ¼ GSC cos θrelτsω
d2

(3)

where GSC is the constant of solar (1367Wm�2), θrel is the solar incidence angle, d
2

is the relative distance between the earth and the sun (Eq. (9)), and τsω is transmis-
sivity of the atmosphere, to determine the level of atmospheric transmissivity present
in the study area, we use the function expressed in the Eq. (4). Knowing the trans-
missivity of the atmosphere is crucial to determine the transmissivity Rs↓value. τsω for
the study area was determined from its atmospheric pressure and the water content in
the atmosphere. (Eq. (4)).

Acquisition date Season Sensor

January 27, 1990 Dry Landsat 5 TM

May 3, 1990 Rainy Landsat 5 TM

February 10, 1995 Dry Landsat 5 TM

October 8,1995 Rainy Landsat 5 TM

January 23, 2000 Dry Landsat 5 TM

August 18, 2000 Rainy Landsat 5 TM

April 26, 2005 Dry Landsat 5 TM

July 31, 2005 Rainy Landsat 5 TM

March 4, 2009 Dry Landsat 5 TM

July 26, 2009 Rainy Landsat 5 TM

January 16, 2015 Dry Landsat 8 OLI/TIRS

July 27, 2015 Rainy Landsat 8 OLI/TIRS

February 22, 2017 Dry Landsat 8 OLI/TIRS

October 20, 2017 Rainy Landsat 8 OLI/TIRS

Table 2.
Satellite images used to obtain net radiation.
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τsω ¼ 0:35þ 0:627 exp
�0:00146 P
Kt cos θhor

� 0:75
W

cos θhor

� �0:4
" #

(4)

where P is the atmospheric pressure (kPa), W is the water content in the
atmosphere (mm), and θhor is the zenithal solar angle on a horizontal surface. Kt

corresponds to a turbidity coefficient of 0 < Kt < 1.0, in which Kt = 1.0 is used in areas
with clean air, while Kt = 0.5 is used in areas with extreme turbidity, dust, or polluted
air. P calculating its variation with respect to elevation pixel by pixel using a Digital
Elevation Model (DEM) and applying the following formula (Eq. (5)):

P ¼ 101:3
293� 0:0065 z

293

� �5:26

(5)

where 293 is the standard air temperature (K) and z is the altitude above sea
level (m). W (mm) is obtained from near-surface vapor pressure data, which are
obtained from meteorological stations within the study area by applying (Eq. (6)). In
this work, e represents vapors pressure near the surface and was calculated pixel by
pixel from the dew point recorded in the study area. This represents an advantage
because W was not only taken as a constant value of a meteorological station but its
special variation throughout the study area was determined.

W ¼ 0:14eaPair (6)

The solar incidence angle is defined as the angle existing between the solar beam
and a vertical line perpendicular to the earth’s surface. In order to calculate θrel, slope
and aspect are extracted from the DEM and Eq. (7) is applied:

cos θrel ¼ sin δ sinφ cos s� sin δ cosφ sin s cos γ þ cos δ cosφ cos s cosω

þ cos δ sinφ sin s cos γ cosωþ cos δ sin γ sin s sinω

(7)

where δ is the Earth’ declination (positive during summer in the northern hemi-
sphere); φ is the pixel latitude; s is the slope; γ is the surface aspect angle; and ω is the
hour angle.

2.4.2 Surface albedo

Surface albedo is the quantity of radiation that is reflected by the earth’s surface; it
is a biophysical characteristic that regulates net flux. Its value varies according to the
land cover, and in some cases, a low albedo value (as it is in the case of urban cover)
represents an increase in temperature. It is estimated by using wavelengths capable of
reflecting energy (Eq. (8)).

as ¼
Xn

b¼1

ρs,bwb
� �

(8)

where Wb is the weighting coefficient representing the solar radiation fraction on
the surface that occurs within the spectral range in a determined band [20]; n is the
number of bands of the sensor; and ρs,b is the surface reflectance of each band, which
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was calculated using the Fast Line-of-sight Atmospheric Analysis of Spectral Hyper-
cubes (FLAASH) method, eliminating aerosols’ effect, intrinsic radiance introduced
into the sensor and reflected in the image. This method includes the MODTRAN
radiative transfer code [21].

2.4.3 Reflected long-wave radiation

This flux is a surface-driven radiation produced by temperature and emissivity,
and to obtain it we used the Stefan-Boltzmann equation (Eq. (9)): The calculation of
this variable was used to understand how the land surface of the study area is heated.

RL↑ ¼ e0σTS
4 (9)

where e0 is the surface emissivity (dimensionless); σ is Stefan Boltzmann constant
(5.67 � 10–8 W m�2 K�4); and TS is the temperature of surface (K). The surface
emissivity is estimated using the Eq. (10). e0 was obtained from the LAI (Leaf Area
Index), which measured the relationship between the total leaf area per unit of land
area. e0 allowed us to know the degree of relationship between land cover in the study
area and its temperature.

e0 ¼ 0:95þ 0:01 LAI when LAI≤ 3; e0 ¼ 0:98 when LAI> 3 (10)

Surface temperature is a direct indicator of the earth’s surface temperature, which
can vary due to geological, geophysical, and geochemical parameters of the Earth and
atmosphere [22, 23]. This parameter can be calculated by applying the modified Plank
equation, which includes atmospheric corrections and surface emissivity (Eq. (11)):

TS ¼ K2

ln εNB
K1
Rc

� �
þ 1

h i (11)

where εNB corresponds to the short-wave emissivity of the satellite thermal sensor
and Rc is the fixed thermal radiance of the surface, which is obtained from the spectral
radiance of the thermal bands (Eq. (12)). For Landsat 5 TM, K1 = 607.8 and
K2 = 1261 W m�2 sr�1 μm�1. For thermal 1 band of Landsat 8, constants K1 = 774.89
and K2 = 1321.08 W m�2 sr�1 μm�1.

Rc ¼
Lt,T � Rp

τNB
� 1� εNBð ÞRsky (12)

where Lt,T is the spectral radiance of the thermal bands (Wm�2 sr�1 μm�1); Rp is
the radiance path at length 10.4–12.5 μm Wm�2 sr�1 μm�1; Rsky is the short-wave
thermal radiation in clear sky conditions; and τNB is the transmissivity of air in the
length range of 10.4–12.5 μm. The Atmospheric Correction Parameter Calculator [24]
was used to calculate Rp, τNB and Rsky, which are values that require an
atmospheric correction model. These parameters were calculated exclusively for
each representative image of the study area, considering its characteristics. These
parameters are the following: date of image acquisition, location, atmospheric model
of the study area and terrestrial conditions (elevation, average temperature, and
atmospheric pressure).
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Surface emissivity for the thermal band is calculated through the narrow band
transmissivity, and for this work was calculated using band 6 of sensor 5TM and band
10 of sensor 8 TIRS. (Eq. (13)):

εNB ¼ 0:97 þ 0:0033 LAI, for LAI≤ 3; εNB ¼ 0:8, for LAI> 3 (13)

Eq. (13) is applied when the Normalized Difference Vegetation Index (NDVI) is
greater than zero. NDVI less than zero indicates the presence of water, snow or ice,
resulting in εNB = 0.985.

2.4.4 Incident long-wave radiation

The incoming long-wave radiation is an atmospheric flux from the
thermal region of the electromagnetic spectrum (W m�2) and is calculated by the
Stefan-Boltzmann equation (Eq. (14)): RL↓ depends on atmospheric emissivity and
surface temperature, so it is important that this flux be determined according to the
characteristics of the study area.

RL↓ ¼ εaσTa
4 (14)

where εa is the effective atmosphere emissivity (dimensionless) and T? is the air
temperature near the surface (K). εa calculation can be performed using Eq. (15): εa
depends on τsω, therefore in the studio area τsω was calculated pixel by pixel to record
its spatial variability, allowing εa to not just be taken as a constant value.

εa ¼ 0:85 � ln τsωð Þ0:09 (15)

where τsω is the broadband atmospheric transmissivity of short-wave radiation
derived from Eq. (4). The parameter Ta can be replaced by surface temperature (Ts).

3. Net radiation assessment in the city of San Luis Potosí

3.1 Dry season

The net radiation in the dry season in the city of San Luis Potosí was calculated
from a representative month (January to May, November and December). Figure 2
shows the maps with the energy values for 1990–2017. In 1990 there was more
incident radiation than reflected radiation, with a maximum value of 695.3 W m�2

and a minimum value of �61.3 W m�2. For this year, most of the study area tends to
have high net flux values because, in 1990, the city was not so developed, and there
was a more significant presence of vegetation, unlike impermeable materials. In 1995
the maximum value of energy decreased to 523.3 W m�2. These values are mainly
found in urban coverage, where materials such as pavements and roofing absorb more
incident energy. While the minimum radiation values are in the vegetation zones,
some of these areas present negative values, which indicate that an energy deficit is
being experienced (a slight cooling of the surface).

Further, in 2000 and 2005, it is observed that the city presents average values
between 80 and 60 W m�2. The lowest values are in areas with vegetation, indicating
that most of them are outgoing radiation. In 2009, the highest net flux was
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concentrated in mountainous regions. Values of approximately 100 W m�2 can be
observed on the city’s impervious surfaces, and some minimum values (�30 W m�2)
were in farmland areas. In 2015, net flux below 100 W m�2 was obtained. In 2017 the

Figure 2.
Maps of net radiation in the dry season for 1990-2017.
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behavior was very peculiar because the energy recorded was very low, which means
there was less incident radiation concerning the outgoing, resulting in a warming of
the study area.

3.2 Rainy season

The energy estimation in the rainy season was performed considering a represen-
tative month (June to October) as a sample. Figure 3 shows the net flux behavior in
the rainy season from 1990 to 2017. In 1990 the highest net flux (322.1 W m�2) was in
the impervious covers and the lowest (around �84 W m�2) was in vegetation covers.
The behavior is very similar to the dry season, although the level of net flux is lower.
In 1995, the incident radiation exceeded outgoing radiation. Values of 693.0 W m�2

were observed on surfaces such as pavements and roofing. In contrast, values close to
�57.4 W m�2 were found in vegetation areas. In 2000, most of the city presented
energy of approximately 200 W m�2, relief zones had values close to 625.6 W m�2,
and negative values (�14.9 W m�2) continued to be concentrated in vegetation areas.
However, for this year, negative values were lower.

On the other hand, the maps show similar behavior for the years 2005 and 2009.
The net flux values are between �94 and 580 W m�2. The highest net flux was in
some of the city’s main avenues and the lowest was in farmland and vegetation areas.
In 2015 it was observed that the energy deficit was more significant than in 1995 in the
dry season since most of the city’s territory registered values close to �100 W m�2,
which suggests that there was a cooling in surface temperature because the outgoing
radiation exceeded the incident radiation. In 2017, the city mainly presented energy
close to 30Wm�2. During the period 1990–2017, it was observed that generally, in the
rainy season, the net flux increases concerning the dry season, which is typical
behavior in summer [10]. Also, the results show that in the city’s impervious surfaces,
the incident radiation is greater than the outgoing radiation, which means that in these
areas, the energy cannot be used by processes such as evapotranspiration, causing an
increase in temperatures in the city.

4. Net radiation changes implications

During the period 1990–2017, it was observed that, in the rainy season, net flux
increases compared to the dry season; this is considered a typical behavior in summer
[10]. Related to the surface temperature values recorded in the area, it has been found
that in the dry seasons, the surface temperature increases, mainly between March to
May [25].

On the other hand, in this study, it was found that the city’s impermeable materials
have the highest values of net flux, meaning that, in these areas, the energy cannot be
used for the evapotranspiration processes, causing an increase in the temperature of
the city. According to Ovalle et al. [25], it has been verified that the surfaces with
coverage without vegetation and urban areas tend to have higher temperatures in the
study area. Likewise, the study area has presented climatic changes related to soil
cover [25, 26]. Several analyses registered similar behaviors [27–29], where the energy
depends on the ground cover. Impermeable surfaces such as asphalt mainly store
the incident radiation and reflect less radiation, producing increases or decreases in
surface temperature and causing phenomena such as urban heat islands.
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In this study, images from the Landsat 5 TM and 8 OLI/TIRS satellites were
used because they have a sensor capable of recording wavelengths corresponding to
thermal infrared, which is essential in the methodology used to calculate the net

Figure 3.
Maps of net radiation in the rainy season for 1990-2017.
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radiation. However, the methodology could be adapted to Sentinel 2 sensors
since its images have been found to have greater spatial detail and help estimate
net flux in regions with complex terrain. Unlike Landsat sensors, which, due to
their temporal resolution, do not allow the analysis of detailed canopy
information [30]. Also, the energy analysis in San Luis Potosí city could be
complemented with land cover maps to have greater certainty of the effects caused by
net radiation.

5. Conclusions

In this study, an evaluation of the energy in San Luis Potosí city was performed.
This multi-temporal analysis is essential to know the net flux behavior throughout the
study area and how it affects its climate. In addition, it is a turning point in the energy
flow exploration of the soil in the San Luis Potosí city. This analysis can support
decision-making on how the city’s development is being planned and if it is consider-
ing how the urban climate interferes with the population’s comfort.

The climate in an urban environment is a multifactorial problem since its variation
is due to different causes; the natural soil replaced by impervious surfaces, the reduc-
tion of vegetation or the release of greenhouse gases. Therefore, one way to study the
climate of a city is through its energy balance. Net radiation is a crucial factor in
studying the earth’s surface characteristics, such as albedo, emissivity, temperature
and humidity and processes. According to the results obtained in this work, the San
Luis Potosí city, in the dry season, has low levels of net flux. In the rainy season, there
is higher energy. This behavior is typical for winter and summer. However, in both
seasons, it was observed that incident radiation predominates over outgoing radiation,
which means a problem for the city, which has a significant presence of impervious
materials. These surfaces retain energy and emit it in the form of an increased
temperature-producing urban heat islands.

This paper proposes to analyze the urban climate of the San Luis Potosí city
through net radiation. The methodology includes a multi-temporal analysis to observe
the net flux behavior related to its unplanned growth. The method used to estimate
the energy was adequate for the study area to produce high-precision maps. Also, the
net flux calculation through remote sensing processes was of great help since indica-
tors with a high spatial resolution were generated, showing the net radiation’s vari-
ability through space and time. However, for future research, determining the city’s
energy balance and including information on land cover in the study area could
improve the urban climate analysis.
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Abstract

One of the most critical environmental factors for plant growth is water defi-
ciency and it can be anticipated that climate change will exacerbate this problem in 
the future. Plants have evolved a variety of different mechanisms at morphological, 
physiological, cellular, and biochemical levels to overcome water stress conditions. 
Maize is one of the three leading global cereals, which helps to feed the world. Several 
biometrical techniques, that is, North Carolina Model, generation mean analysis, dial-
lel and line × tester, are available for genetic analysis. An effective breeding strategy 
for developing water-deficit tolerant varieties considerably depends on knowledge 
of the inheritance mechanism of the stress tolerance in maize, high broad-sense 
heritability and additive genetic variance for the characters which are contributing to 
drought tolerance. Thus, this study aims toward to explore the inheritance of physio-
biochemical traits that lead to increase stress tolerance in maize under the water defi-
cit conditions. This also exhibited a differential pattern of gene action for these traits, 
suggesting that genotypes possess significant differences for physio-biochemical traits 
that help to resistance of maize against water deficit stress. Our findings open a door 
to achieve higher yield of maize under drought stress. These insights might be useful 
to the plant breeders and farmers for developing water-deficit tolerant maize variet-
ies, and morphological and physio-biochemical markers.

Keywords: gene action, heritability, maize (Zea mays L.), physiobiochemical traits, 
water deficit

1. Introduction

The simulation results suggest that climate variability including storms, flooding, 
and other extreme weather with increases of temperature may ultimately disrupt crop 
yield [1]. By century’s end, climate change with temperature increases could reduce 
11–25% global crop productions [2]. Growth in the temperature and global population 
can result in shortage of water reserves [3]. Moreover, weather forecast uncertainty 
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will result in decrease of precipitation and increase of evapotranspiration relatively 
[4]. These factors can lead to drought and reductions in growth and crops yield. One 
of the main economic solution to increase stability in the production of agricultural 
products is the genetic modification of plants to withstand abiotic stresses [5]. 
Therefore, improving crops productivity under deficit irrigation is crucial and needed 
to ensure food security [6, 7].

As staple food, maize is an important cereal crop and main source of food security 
which plays a major role in the diets of millions of individuals, fodder, and bioenergy 
production in the world [8]. Drought stress as the most limitations to productivity of 
crops than any other abiotic stresses, substantially determines the maize production 
[9]. Maize is extremely sensitive and vulnerable to water-deficit stress at different 
growth and development stages that cause great yield reductions during grain fill 
[10]. Annually, 15–20% of maize production decreases due to climate change and 
drought. According to FAO statistics [11], maize production in 2016 decreased by 
31% in comparison to 2015 due to drought stress and because of many problems of the 
global climate change and the expansion of maize yield under drought stress condi-
tions. The development of drought-tolerant maize varieties are of high priority in 
plant breeding and crop science [12].

The knowledge inheritance of various morphological, biochemical, molecular, and 
physiological mechanisms of the drought maize tolerance is a key breeding strategy 
and helps the resistance of maize varieties against water-deficit stress [13, 14]. 
Water-stress tolerance is a complex quantitative trait that is controlled by many 
microeffective genes [15]. Relevant physiological traits include chlorophyll concen-
tration, relative water content, leaf chlorophyll index, photosynthetic pigments, as 
well as biochemical traits such as protein content, synthesis of osmolytes, various 
enzymatic antioxidants, polyphenol oxidase which alters in response to drought and 
helps resistance of crops against stress [16, 17]. Breeders estimate the effects of genes 
controlling inheritance of traits in breeding populations, using different mating 
designs. According to the types of genetic material, the power of estimating addi-
tive, dominance, and epistasis gene effects are different [18]. Estimation of variance 
components of traits (additive, dominance, and epistasis) is important to determine 
which breeding method can optimize gene action more efficiently to recognize the 
need to produce hybrids or pure-line varieties [19, 20]. Additionally, levels of the 
additive effect and dominance degree are very important in designing a plant breed-
ing for improving the trait of interest. Efficiency of selection majority depends on 
additive genetic variance, the environment, and the genotype × environment interac-
tion effects and this encourages the breeders to understand to what extent the varia-
tion is heritable and how much of this variation is usable genetically. Knowledge of 
interact and gene act determine which breeding system can improve gene action and 
illustrate the role of this system in the crop plants evolution.

The main objective of this chapter was to determine the genetic control of vari-
ous physiobiochemical traits which alter in response to water deficit and help the 
resistance of maize against stress. The knowledge of the physiobiochemical traits can 
be used to explore new genotypes of maize to increase grain yield under water stress 
conditions. The genetic component studies, inheritance pattern, and involvement of 
nonadditive, additive, and maternal genetic effects about various physiobiochemical 
traits were observed under water-deficit stress conditions. The obtained results will 
provide a source of potential genetic resources and inheritance patterns, which may 
be further studied to develop water-deficit tolerance maize varieties and, morpho-
logical and physiobiochemical markers.
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2. Methods

Various biometrical techniques, that is, North Carolina Model, generation mean 
analysis, diallel, and line × tester design could be used for understanding of gene 
action controlling of different plant traits. These methods give information on the 
importance of average additive and dominance gene effects in determining genotypic 
values of the generations. Among these, generation mean analysis is the one which 
determines the type of epistasis (nonallelic gene actions) at digenic level using scaling 
test, accurately and efficiently [20]. In other words, generation mean analysis model 
in addition to estimating the genetic parameters viz. mean, additive gene effects, and 
dominance gene effects, determines three types of nonallelic gene interactions viz. 
additive × additive, additive × dominance, and dominance × dominance [19]. In this 
method, the overall average for each trait is shown as follows:

 [ ] [ ] [ ] [ ] [ ]α β α αβ βY=m+ d + h + 2 i + 2 j + 2 l  (1)

where Y: the generation means, m: F∞ metric, d: additive effects, h: dominance 
effects, i: additive × additive interaction, j: additive × dominance interaction, 1: domi-
nance × dominance interaction, and α, 2αβ and β2: coefficients of genetic parameters. 
All genetic parameters are tested using a t-test for significance. Then additive variance 
(VA), dominance variance (VD), and environmental variance (VE) are obtained as 
follows [19]:

 =2VF2-VBC1-VBC2VA  (2)

 ( )=4 VBC1+VBC2-VF2-VD VE  (3)

 ( )=0.25 VP1+VP2+2VF1VE  (4)

Broad sense ( 2hbs ) and narrow sense ( 2hns ) heritability are estimated using the 
following equations:

 ( ) ( ) ( ) ( )2 2h ;hbs ns= VA+VD / VA+VD+VE = VA / VA+VD+VE  (5)

The North Carolina (NC) mating designs permit determination and/or estima-
tion of variance components (additive and dominance components) by using the 
information from half-sib families. The experimental material of North Carolina 
designs I, II, and III is developed from F2 generation as a base material. The design 
III (NCIII) involves backcrossing the F2 plants to the two parental inbred lines from 
which the F2 were derived. The NCIII design was extended to include a third tester. 
This third tester is the F1 from the two parental inbred lines: in this extended form, 
this design is known as the triple test cross [21]. Line x Tester mating design uses 
inbred lines as the base population. The design is useful in deciding the relative ability 
of a number of female and male inbreds to produce desirable hybrid combinations 
[22]. When the same parents are used as females and males in breeding, the mating 
design is called diallel. Parents used the range from inbred lines to broad genetic base 
varieties to clones. The design is the most commonly used in crop plants to estimate 
general combining ability (GCA) and specific combining ability (SCA) and variances. 
Analysis of the diallel for GCA and SCA are based on the Model I, which is proposed 
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by Griffing [23]. The GCA/SCA ratio reveals that different characteristics show an 
additive or nonadditive gene action. AGCA/SCA ratio with a value greater than one 
indicates additive gene action, whereas a GCA/SCA ratio with a value lower than one 
indicates dominant gene action. Furthermore, high additive gene action indicates 
higher heritability and fewer environmental influences [24].

3. Water deficit as the most serious abiotic stress

Among all other abiotic stresses (such as floods, salinity, temperature extremes, 
heavy metals), water deficit or drought is a significant restricting factor for global 
agricultural production. Additionally, drought stress is a primary limitation effect-
ing crop yield due to complexity of fresh water limiting and climate change [25, 26]. 
Water stress occurs when turgor and water potential are reduced to the point where 
they disorder normal metabolic functions and reproductive capacity of plants [27]. 
Drought severity depends on several variables, for example, precipitation rate and 
distribution, evaporative demands and water-maintaining ability of soils [28]. 
Drought is predicted to become severe owing to global warming, low precipitation, 
and high evaporation particularly in arid and semiarid regions due to climate change 
[29]. Moreover, depletion of available water resources, growing world population rise, 
increasing food demand and climate changes cause water availability less predict-
able in many areas that exacerbate impacts of drought on global agriculture [30]. 
Therefore, water scarcity has become a great concern and brought more and more 
investigations on the drought-resistant crops and knowledge of the water-saving 
mechanisms of plants under water limitation conditions, especially in arid and 
semiarid environments [31]. Variety of physiological, biochemical, morphological, 
and molecular traits of the plants are impaired in water-limiting environments [32].

Water deficit significantly reduces development, grain yield, and yield compo-
nents of maize at vegetative and reproductive growth stages [33]. Since the heritabil-
ity of grain yield is low and strongly influenced by the environment, direct selection 
for it in the different generations is unreliable. Taking this matter into consideration, 
it is essential for breeders to identify traits that have high heritability, high correla-
tion with grain yield, and low-cost measurement. Then, in the breeding programs, 
indirect selection for grain yield using these traits could be easier than selection based 
on direct grain yield [34, 35].

4. Genetic variation of the water-deficit tolerance-associated traits

Understanding about the genetic variation for traits relating to water stress toler-
ance has great importance in developing breeding program strategies. Depending on 
the stress duration and severity and the stage of plant development and plant species, 
water stress causes many morphological, physiological, biochemical, and molecular 
changes in plants [36]. Plants respond to survive under water deficit condition 
through the induction of both regulatory and functional sets of genes [37]. The selec-
tion of drought-tolerant genotypes and associated traits is globally recognized as an 
effective strategy to maintain the growth and survival of agricultural crops exposed 
to future drought periods. A better knowledge of the physiobiochemical traits can 
be used to create new varieties of crops to increase productivity in water scarcity 
conditions [38]. Due to the complex genetic basis of water deficit tolerance and poor 
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heritability of the crop yield trait, individual trait components, is more frequently 
identified and characterized due to its better heritability in replicated experiments 
[39]. Crop yield becomes especially vulnerable when water deficit stress occurs 
during the reproductive phase of plant development. Correlated secondary traits are 
generally easier to measure and show a higher heritability and thus may represent a 
more suitable target for improving maize response to water stress [40, 41].

4.1 Physiological traits of water-deficit tolerance

Chlorophyll fluorescence is a fast and noninvasive tool used for probing the 
activity of photosynthesis that can be successfully used for discriminating tolerance 
of plants to drought stress without damaging the plants [42]. One of the most-often 
applied chlorophyll fluorescence parameters is Fv/Fm that gives the information about 
the amount of the light absorbed by photosystem II via chlorophyll [43]. A decrease 
in the Fv/Fm parameter under water-stress conditions indicates the possibility of 
inhibiting or destroying the photochemical reaction centers due to the reduction 
of the electron acceptance and transfer capacity from the chlorophyll complex to 
photosystem II [44]. This parameter is reliable as a stress indicator in crops which has 
been documented for photochemical processes [45]. Kalaji et al. [46] concluded that 
in several studies, fluorescence parameters have been considered as selection tools in 
plant breeding. They also emphasized the importance of measuring traits related to 
fluorescence that have a high correlation with yield and especially stress resistance. 
The previous studies with the genetic analysis of wheat [47] and maize [48, 49] indi-
cated low additive gene effect and high broad sense heritability for FV/Fm (quantum 
efficiency of PS II). Contrary, with genome analysis in soybean, moderate magnitude 
of broad sense heritability has been documented for FV/Fm [50].

Leaf chlorophyll content as an important physiological parameter plays a major 
role in evaluating photosynthetic efficiency, crop stresses, and nutritional status 
for breeding programs [51]. Chlorophyll is an essential pigment for photosynthesis 
and growth of plants where it converts light energy to chemical energy. In the stress 
conditions, chlorophyll content of leaves decreases in plants; therefore, it is a useful 
indicator of plant health [52]. The previous research provided that total chlorophyll 
content in plants such as wheat, rice, and cotton was controlled by dominance gene 
effects [53–55]. It is revealed by Said [56] and Shirinpour et al. [57] who reported that 
generation mean analysis in wheat and maize showed dominance effects for chloro-
phyll content and chlorophyll index under drought stress, respectively. Whereas in the 
other research, genetic analysis of chlorophyll index in rapeseed was observed to be 
under the control of additive gene effects as the main genetic effects for this trait [58]. 
Meanwhile, Akbari et al. [59] observed the high amount of narrow-sense heritability 
in the expression of total chlorophyll content and indicated the additive effects that 
play an important role in the control of this trait. Therefore, selection method could 
be an effective method to improve the mentioned trait in breeding programs.

The relative water content (RWC) of leaves is a key indicator for the degree of 
plant cell and tissue wilting and has been suggested as a selection criterion of cultivars 
for drought stress tolerance [60, 61]. The photosynthetic activity of resistant cultivars 
to water-deficit stress is higher than sensitive cultivars in high RWC and low-osmotic 
potential [62]. The reason for this is the ability of most plants to be tolerant to drought 
stress to reduce water loss through the epidermis of the leaves after closing the 
stomata or minimizing the open stomata [63]. In addition, the positive and significant 
correlation of RWC with photosynthesis and grain yield and its high heritability 
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under water stress has made measuring this trait an important indicator in deter-
mining the water status of the plant and identifying cultivars resistant to low stress 
[64, 65]. The relative water content of leaves is one of the traits that lead to increase 
the stability of yield under drought stress [66]. Under water-deficit stress, a decrease 
in RWC occurs due to the lack of cell turgor pressure in the leaf and leads to stomatal 
closure and reduced photosynthetic rate [67]. In fact, the reduction of RWC is the 
usual response of plants to stress [68]. In some studies, it has been reported that the 
high percentage of RWC in plants that are exposed to water stress is associated with 
stress tolerance in plants, and it is considered as an index to determine the difference 
between cultivars in terms of water-deficit stress tolerance [69, 70]. Moradi et al. [71] 
by evaluating six lines of maize under normal and drought stress conditions reported 
that RWC is controlled by the over-dominance effects of genes under both the condi-
tions. In another research by the generation mean analysis of maize, it has been stated 
that both gene effects of dominance and epistasis play an important role in the genetic 
control of RWC under control and water-deficit-stress conditions [72]. By studying 
the gene effect of RWC in sunflower, the main role of additive gene effects in control-
ling the heritability of this trait has been expressed under water-deficit stress [73, 74]. 
Naroui Rad et al. [75] observed the importance of both additive and nonadditive gene 
effects in controlling the inheritance of this trait.

4.2 Biochemical traits of water-deficit tolerance

Plants needed to evolve different mechanisms including osmotic adjustment and 
antioxidant defense systems, which enhance their capacity to adjust and adapt to 
water-stress conditions. Water-deficit stress leads to the overproduction of reactive 
oxygen species (ROS), such as hydrogen peroxide (H2O2) and superoxide anion radi-
cals (O2)̄ which result in plant growth and productivity inhibition [76]. Various enzy-
matic antioxidants, such as superoxide dismutase, peroxidase, catalase, and ascorbate 
peroxidase, can be activated to balance between ROS generation and scavenging [77]. 
Furthermore, accumulation of soluble sugars and proline and changes in protein 
expression have been reported in maize to increase plant resistance under water-
deficit conditions [78]. High narrow-sense heritability (0.53–0.71) has been observed 
for protein, proline, and soluble sugar concentrations under severe stress conditions. 
These results indicated that the selection in the parents’ inbred lines or early segregat-
ing generations could be useful to improve these characters in the maize [79]. Gorji et 
al. [80] reported that there is moderate and low value of narrow-sense heritability for 
antioxidant enzymes activities under drought stress and normal condition, respec-
tively. According to Shirinpour et al. [79], the values of narrow-sense heritability for 
antioxidant enzymes activities of catalase, peroxidases, and polyphenol oxidase were 
between low to moderate and expressed the major role of dominance variance in the 
inheritance of these enzymes. For improvement of the antioxidant enzymes, selection 
in the later generation and utilization of heterosis will facilitate the breeding program.

In corn, proline accumulation due to drought has been reported in the different 
growth stages for the maintenance of cell turgor and protection of cell structures for 
improvement under limited water [81]. Under stress conditions, genotypes with high 
proline content are mainly considered to be tolerant to a number of abiotic stresses 
suggesting the use of this trait as an index for indirect selection [82, 83]. According 
to Rahimi [84], proline content displayed over-dominance gene effects by using 
Haymen’s graphical approach in lines of maize. The narrow-sense heritability was 
0.14, and this causes the use of heterozygosis and the production of hybrid varieties 
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can be used to breeding of this trait. The same result was reported by Naroui Rad 
et al. [75] in bread wheat and Khalil et al. [83] in sunflower who found that nonaddi-
tive gene effects were predominant for the proline concentration. This result disagrees 
with Pourmohammad et al. [74] who inferred the presence of additive gene effects for 
this trait in sunflower. They suggested that selection of proline concentration should 
be made in the early generations.

Sugars are known as carbon suppliers; therefore, they are considered as an energy 
source not only for plants but also for most other organisms. Sugar plays a decisive 
role in the negative osmotic potential in the cytoplasm and, as a result, control the 
osmotic regulation. Also, they act as osmotic protectors of membranes and proteins 
and detoxify oxygen-free radicals [85, 86]. They also maintain and stabilize cell 
membranes under stress conditions [87]. The change in the amount of soluble sugars 
depends on the type of plant species, and the duration and severity of the drought 
stress [88]. An increase in the amount of soluble sugars in corn plants has been 
observed with an increase in the duration and intensity of stress during the low-water 
period [79, 89]. Accumulation of high amount of sugars such as trehalose, man-
nitol, sorbitol [90], sucrose, hexose, and raffinose helps the stability of dehydrated 
membranes and tissues and increases plant tolerance against water stress [91, 92]. In 
the QTL study for the content of seed-soluble sugars in sweet corn, the importance 
of both additive and dominance main effects in controlling the inheritance of this 
trait [93] and the effective role of dominance variance in controlling soluble sugars by 
examining the genetic analysis of chickpea seeds [94] has been reported.

One of the major biochemical changes that occur due to the decrease in soil 
moisture in agricultural plants is the change in the amount of production of plant 
proteins in order to degrade or prevent the synthesis of some of them, as well as the 
production of stress-specific proteins [95, 96]. The synthesis of stress proteins is the 
response of the plant to water-deficit-stress conditions. These proteins are soluble in 
water and therefore, by hydrating the plant's cellular structures, they help to with-
stand the stress. The synthesis of various transcription factors and stress proteins 
plays a significant role in the tolerance of plants to stress [97, 98]. Water-deficit 
stress causes oxidation of carbohydrates, proteins, lipids, and even DNA [99, 100]. 
In general, water stress reduces the number of cell polysomes in tissues that have less 
water content, depending on different plant species, and ultimately leads to a reduc-
tion in the production of proteins. In addition, the reduction of photosynthesis under 
drought stress causes a reduction or even a stop of protein production [101, 102]. 
Enzymes are an important group of intracellular proteins whose activity is inhibited 
under the influence of water-deficit stress. While some enzymes are stable and their 
activity may even increase under drought stress [103], Shirinpour et al. [79] using 
generations mean analysis of hybrids maize SC704 revealed that the high narrow 
sense heritability and the presence of additive variance for protein content under 
normal irrigation and water-deficit stress conditions. The authors concluded that the 
additive gene effects have a major role in controlling of this trait. Then, for improv-
ing of the protein content in both normal and water stress conditions, selection in 
the early segregating generations will be effective. Similar results were observed in 
the study of Akram et al. [104] and reported the genetic control of protein content 
by additive and partial dominance effects using bread wheat genetic analysis. These 
researchers also stated the effectiveness of selection in the early generations for this 
trait. Meanwhile, Abid et al. [100] indicated the nonadditive gene effects and low 
narrow sense heritability in the genetic control of protein content in cotton under 
water-deficit stress.
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5. Conclusion

Under recent climatic changes, both the biotic and abiotic stresses are a serious 
threat for global food security and plant production sustainability. Among the abiotic 
stresses, water-deficit stress is gaining attention due to its adverse effect on plant 
growth and development and significant reduction in plant yield causing global food 
insecurity. Various morphological, biochemical, and physiological mechanisms are 
affected by water-deficit stress that hampers plant productivity. To tackle the adverse 
effect of the water stress on plants, certain mechanisms are adopted by the plants 
which enhance drought tolerance. Genetic improvement of maize for various traits 
which are contributing to drought tolerance relies primarily on understanding the 
genetic control of the traits. Knowledge of genetics or genetic control of these traits 
enables breeders to formulate techniques and strategies for trait selection to bring 
out the desired genetic improvement in the target traits. Therefore, understanding 
the genetics of important traits is of paramount importance for rapid and efficient 
improvement in any crop. This chapter deals with the genetic control of physiobio-
chemical traits so that effective breeding strategies and selection can be employed 
to achieve greater progress in maize genetic improvement programs. It can be stated 
that the genotypes which are maintaining high various physiobiochemical traits such 
as chlorophyll fluorescence, leaf chlorophyll content, relative water content, various 
enzymatic antioxidants activities, proline, and sugars accumulation under water-def-
icit stress are considered tolerant genotypes under deficit moisture stress and used for 
the selection process. Therefore, these findings might be useful to the maize breeders 
and farmers for future phenotypic and genotypic association studies. Also, it may be 
further studied to develop morphological and physiobiochemical markers and will 
encourage to develop water-deficit tolerance maize varieties. Genetic components 
depict the involvement of nonadditive and additive genetic effects in the inheritance 
of various physiobiochemical traits, suggesting that genotypes possess significant 
differences for these traits. Clearly, additional attention and research on molecular 
findings of response and resistance of maize generations are needed to identify most 
resistant crop varieties in field conditions particularly under water-deficit stress.
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Chapter 7

Recent Trends in the
Yield-Nutrient-Water Nexus
in Morocco
Terence Epule Epule, Vincent Poirier, Simon Lafontaine,
Martin Jemo, Driss Dhiba, Ayoub Kechchour, Soumia Achli,
Lahcen Ousayd, Wiam Salih and Perez Lionnel Kemeni Kambiet

Abstract

Climate change is impacting environmental systems including agriculture. In
Morocco, declining precipitation and increasing temperatures are negatively
impacting crop yields. Consequently, crop yields in Morocco are now dependent on
nutrient and water management. Most studies have focused on experimentation
through fertilizer application and irrigation without any attention to the intrinsic
linear relationships that exist between crop yields, fertilizers, and agricultural water
withdrawal. The time series agricultural water withdrawal data were collected from
AQUASTAT for the period 1990-2022 while data on nitrogen, phosphorous, and
potash fertilizers were collected from FAOSTAT. Yield data for maize, barley, sor-
ghum, and wheat were also collected from FAOSTAT. The data were analyzed using
two machine learning models fitted through multiple linear regression. The key results
show that for the three fertilizers, phosphates tend to have the strongest impacts and
cause changes in crop yield as seen in the context of wheat. When both fertilizers and
agricultural water withdrawal are fitted against yield, agricultural water withdrawals
tend to have a strong relationship with yields. This work has helped us to identify
which crops and management options need to be valorized in terms of increased
access to nutrients and water.

Keywords: agriculture, water withdrawal, water management nutrient management,
trends, multiple linear regression

1. Introduction

Across Africa, agriculture is essentially rainfed; however, due to climate change and
variability, precipitation is not often sufficient for crop production. Consequently,
alternative sources of water need to be harnessed for crop production. The recent
Intergovernmental Panel for Climate Change Report (IPCC) [1] has noted that across
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Africa, temperatures will continue to increase while the pattern of precipitation will
continue to be variable regionally. For example, the various Representative Concen-
tration Pathway (RCP) scenarios show that in terms of precipitation, north Africa
including Morocco and southern Africa will continue to witness declines in
precipitation, especially during the growing season of crops while west, central and
east Africa will witness high intensity and poorly distributed precipitation. To
ensure food security for over nine billion people by 2050, agricultural production at a
global scale must increase by between 70 and 100% [2]. If care is not taken, global
production as per recent projections for the period 2006–2050 will decline from 2.2 to
1.1% [3]. In Africa, during the same period, the annual growth rate of food
production is projected to decline from 3 to 2.1% [3]. These downward trends in crop
production are likely to have devastating effects; some of these constraints are crop
yield related [4–7].

Amidst these constraints imposed by climate on agriculture, across Africa
and around the world, crop production has become increasingly based on water
withdrawals/irrigation and fertilisation [8]. Currently, only about 15% of
Moroccan agriculture is irrigated while about 85% is dependent on rainfall. Within
this context of insufficient rainfall and an arid environment, crop yields are thus
subjected to enormous stress [8]. Food insecurity and lagging food production in
Africa are shifting attention to irrigation. Irrigation and fertilisation are among key
investments and technical inputs that are needed to revamp crop production in
Africa [8]. Therefore, there is an increased emphasis on the valorisation of water
withdrawal and fertilisation in a bid to adapt to the limits imposed by climate
change. Water withdrawal represents the total amount of water extracted from river,
soil moisture, ground water and precipitation and used to enhance crop productivity.
To respond to these stressors, communities, governments and other organisations
across Africa are making efforts to make African agriculture resilient through sus-
tainable withdrawal of water and fertilisation [8, 9]. Across Africa, organisations,
such as the African Development Bank (AfDB), United Nations Reduction of
Emissions from Deforestation and Forest Degradation (UN-REDD+) and Office
Chérifien des Phosphates (OCP) Africa/Foundation, are now having programmes
that aim at enhancing agriculture by the valorisation of water withdrawal and
fertilisation [10–12].

Morocco is located on the North-West edge of the African continent, between
latitudes 21°N and 36°N and longitudes 1°W and 17°W. The country has a total area of
nearly 711,000 km2. This includes 2934 km of coast on the Atlantic Ocean to the West
and 512 km of coast on the Mediterranean Sea to the North. It borders Algeria to the
East and South-East and Mauritania to the South-West. According to the latest 2014
census, its population is estimated at nearly 34 million people. Morocco is
characterised by a wide variety of topographies ranging from mountains and plateaus
to plains, oases and Saharan dunes. For this reason, the country experiences diverse
climatic conditions with large spatial intra- and inter-annual variability of precipita-
tion. Morocco faces irregular rain patterns, cold spells and heat waves increasingly
resulting in droughts, which significantly affects agriculture [13, 14].

Morocco’s policy to modernise its agriculture and make it profitable for small- and
medium-sized farmers and for the Moroccan economy in general is outlined in the
“Green Morocco Plan” (GMP) that was established in 2008–2018 [13, 14], now
replaced by the “Generation Green Plan” (GGP) to cover the next decade [15]. These
plans have established goals to assist farmers to access water for agriculture as well as
other agricultural inputs such as fertilisers (Agence Pour le Développement Agricole
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(i.e. the Agricultural Development Agency (ADA)) [16, 17]. Invariably, these policies
have had positive effects on the Moroccan agricultural economy envisioned through
increased agricultural production epitomised through greater access to fertilisers,
water for irrigation and increased mastery of the irrigation process.

Due to this emphasis on water withdrawal and fertilisation, research interest has
also been tilted towards this direction. However, most of the studies have focused on
aspects of agricultural management in the context of experimental agriculture. The
goal has so far been to investigate through process-based models of how various
scenarios of irrigation and fertilisation impact crop response [18–24]. To the best of
our knowledge, this is the first study that uses historical data to assess recent trends in
the yield of maize, barley, sorghum and wheat at a national scale in Morocco. The
national scale approach adopted is essentially aspatial and seeks to provide insights
into how national historical yields of the concerned crops respond to nutrient and
water management. Therefore, this work assesses recent trends in the relationship
between yield (dependent variable) and fertilisers (nitrogen, phosphate and potash-
independent variables) on the one hand and between crop yield (dependent variable)
and water withdrawals and fertilisers (independent variable) on the other. This
approach is used to determine the effect that fertilisers and agricultural water with-
drawal have on the selected crops to determine where emphasis can be made to
improve food production. Therefore, this work seeks to assess at a national scale the
recent trends in the relationships between the yields of the various crops and how they
interact with aspects of nutrient and water management. This approach will improve
understanding of these recent trends at the national scale. It will also go a long way in
providing vital information necessary for closing yield gaps.

2. Materials and methods

2.1 Data collection

To be able to assess the recent trends in the crop yield, fertiliser and water with-
drawal nexus, historical data on the key variables (crop yield, agricultural water with-
drawal, nitrogen, phosphate and potash) were collected. The methodological steps
employed in this study are presented in Figure 1. The collected time series data were
selected for the period 1990–2020 for which data were available. For the years 2012–
2022, the missing data were obtained by linear interpolation (see Section 2.3 below).
Less than an insignificant 10% of the data were missing. Yield data were collected on
maize, barley, sorghum and wheat (hectograms per hectare per year (hg/ha/year)) and
were collected from FAOSTAT (FAO’s agricultural database) [25]. The historical data
on fertilisers for nitrogen, phosphate and potash (tons/year) were also collected from
FAOSTAT (FAO’s fertiliser statistics) [25]. The fertiliser data presented here represent
fertiliser data used in agriculture in Morocco and reported by the government of
Morocco to the FAO). Agricultural water withdrawal data were downloaded from
AQUASTAT (FAO’s irrigation and water withdrawal database) [26]. The data from
FAOSTAT and AQUASTAT are observed data that are collected from individual coun-
tries and reported by the FAO. In cases of missing data, the FAO estimates the missing
data but, in most cases, the data are observed records. Agricultural water withdrawal is
used here as a proxy for irrigation. It includes surface water, ground water and
non-conventional water that has been used for agriculture. The agricultural water
withdrawal data are often reported by governments to the FAO.
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2.2 Data analysis

The time series historical data were collected for the period 1990–2020. However,
except for agricultural water withdrawal that had complete data from 1961 to 2020, all
the other variables (fertilisers and yields) covered the data from 1990 to 2020. There-
fore, the analysis was performed with the data that spanned the period 1990–2020.
The data were analysed using the Statistical Package for the Social Sciences (SPSS)
software while the graphs were produced using excel software. The inferential statis-
tics used included simple linear regression, multiple linear regression, coefficient of
determination (R2), p-values (significant at (p ≤ 0.05), t-values, linear interpolation
and the related standard errors.

2.3 Linear interpolation

For homogeneity, the linear interpolation approach was used to estimate the miss-
ing data for yield and fertilisers for the period 2021–2022. The linear interpolation
procedure used is defined below (Eq. (1)). The linear interpolation method is often
used to estimate the unknown values or missing data through the known values or
available data.

Yyrnr ¼ y1þ x–x1ð Þ= x2� x1ð Þð Þ ∗ y2� y1
� �

(1)

where Yyrnr represents the unknown values or missing data for maize, barley,
sorghum and wheat yield as well as missing values for nitrogen, phosphate and potash
fertilisers, x represents the known values for maize, barley, sorghum and wheat yields
as well as missing values for nitrogen, phosphate and potash fertilisers, x1 and y1 are
the coordinates that are below the known x value and x2 and y2 are the coordinates
that are above the known x value.

Figure 1.
Methodological steps employed.
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Once linear interpolation was finalised, a complete dataset for maize, barley,
sorghum and wheat yields as well as missing values for nitrogen, phosphate and
potash fertilisers were obtained covering the period 1990–2022.

2.4 Multiple linear regression

To assess the relationship between yield, agricultural water withdrawal and
fertilisers, multiple linear regression was used to identify which independent variable
impacts yield the most. Two regressions were fitted for each crop (Eqs. (2)–(9)), one
based on the relationship between yield and nitrogen, phosphate and potash and one
based on the relationship between yield, fertilisers and agricultural water withdrawal.
This procedure was repeated for each crop as follows:

2.4.1 Maize

Ymaize_yf ¼ aþ bX1þ bX2þ bX3þ ∈ (2)

where X1, X2, X3 (for nitrogen, phosphate and potash, respectively) are the
explanatory variables and Ymaize_yf is the dependent variable (maize yield). The
slope of the line is b, and a is the intercept (the value of y when x = 0) and ∈ is the
error term.

Ymaize_ywf ¼ aþ bX1þ bX2þ ∈ (3)

where X1, X2 (agricultural water withdrawal and fertilisers, respectively) are the
explanatory variables and Ymaize_ywf is the dependent variable. The slope of the line
is b, and a is the intercept (the value of y when x = 0) and ∈ is the error term.

2.4.2 Barley

Ybarley_yf ¼ aþ bX1þ bX2þ bX3þ ∈ (4)

where X1, X2, X3 (nitrogen, phosphate and potash, respectively) are the
explanatory variables and Ybarley_yf is the dependent variable (barley yield). The
slope of the line is b, and a is the intercept (the value of y when x = 0) and ∈ is
the error term.

Ybarley_ywf ¼ aþ bX1þ bX1þ ∈ (5)

where X1, X2 (agricultural water withdrawal and fertilisers, respectively) are the
explanatory variables and Ybarley_ywf is the dependent variable (barley yield). The
slope of the line is b, and a is the intercept (the value of y when x = 0) and ∈ is the
error term.

2.4.3 Sorghum

Ysorghum_yf ¼ aþ bX1þ bX2þ bX3þ ∈ (6)
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where X1, X2, X3 (nitrogen, phosphate and potash, respectively) are the explana-
tory variables and Ysorghum_yf is the dependent variable (sorghum yield). The slope
of the line is b, and a is the intercept (the value of y when x = 0) and ∈ is the error
term.

Ysorghum_ywf ¼ aþ bX1þ bX2þ ∈ (7)

where X1, X2 (agricultural water withdrawal and fertilisers, respectively) are the
explanatory variables and Ysorghum_ywf is the dependent variable (sorghum yield).
The slope of the line is b, and a is the intercept (the value of y when x = 0) and ∈ is the
error term.

2.4.4 Wheat

Ywheat_yf ¼ aþ bX1þ bX2þ bX3þ ∈ (8)

where X1, X2, X2 (nitrogen, phosphate and potash, respectively) are the explana-
tory variables and Ywheat_yf is the dependent variable (wheat yield). The slope of the
line is b, and a is the intercept (the value of y when x = 0) and ∈ is the error term.

Ywheat_ywf ¼ aþ bX1þ bX2þ ∈ (9)

where X1, X2 (agricultural water withdrawal and fertilisers, respectively) are the
explanatory variables and Ywheat_ywf is the dependent variable (wheat yield). The
slope of the line is b, and a is the intercept (the value of y when x = 0) and ∈ is the
error term.

3. Results

3.1 Fertiliser use in Moroccan agriculture

In terms of the use of nitrogen, phosphate and potash fertilisers in African agri-
culture, Morocco is among the highest users as can be seen in Figure 2. For example,
in the context of nitrogen fertilisers used in agriculture, Morocco records about
1,155332.34 tons together with other Africa countries like Egypt, Nigeria, Ethiopia and
South Africa (Figure 2a). In terms of phosphate fertiliser usage in agriculture,
Morocco still ranks among the top users in Africa. The country records about
410,513.54 tons together with countries like Algeria, Egypt, Nigeria, Ethiopia, Kenya
and South Africa (Figure 2b). In the context of potash, Morocco still ranks among the
highest users in Africa, using about 355,225.81 tons in its agriculture together with
other leading countries such as Egypt, Nigeria and South Africa (Figure 2c).

3.2 The evolution of crop yields, fertilisers (nutrients) and agricultural water
withdrawals in Morocco

In the context of the four crops under consideration in this study (maize, barley,
sorghum and wheat), the evolution over time is one that has been highly variable and
fluctuating between 1990 and 2022 (Figure 3a). Despite this observation, wheat
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records the highest yield during this period followed by barley, maize and sorghum
(Figure 3a). In terms of fertilisers/nutrients used in agriculture in Morocco, the
results are consistent with those reported in Figure 2a, b and c. For example, in
Morocco, though also slightly variable as yields, fertilisers/nutrients are generally
dominated by nitrogen fertilisers that record the highest values throughout the series;
this is followed by phosphate and potash, respectively (Figure 3b). In terms of
agricultural water withdrawal, the historical data show a slight decline between 1990
and 2022 (Figure 3c).

3.3 Scatter plots and linear regression outputs of the relationship between
fertilisers/nutrients and maize yields in Morocco

The scatter plots depict the linear relationship between maize yields as the depen-
dent variable and fertilisers as the independent variable. In the context of nitrogen
fertilisers used in maize cultivation, it can be observed that an R2 of 0.0014 (0.14%) is
obtained. This implies that only 0.14% of changes in maize yield can be explained by
changes in nitrogen fertiliser application (Figure 4a). In terms of phosphate fertilisers

Figure 2.
Agricultural fertilisers (tons) used in Africa (1990–2020). (a) Nitrogen, (b) phosphate and (c) potash. Source:
Developed by authors from FAOSTAT.
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used in maize cultivation, it can be observed that an R2 of 0.07 (7%) is obtained. This
implies that only 7% of changes in maize yield can be explained by changes in
phosphate fertiliser application (Figure 4b). Considering potash fertilisers used in
maize cultivation, it can be observed that an R2 of 0.041 (4.1%) is obtained. This
implies that only 4% of changes in maize yield can be explained by changes in potash
fertiliser application (Figure 4c). From these linear trends, it can be observed that the

Figure 3.
Evolution of (a) yields, (b) fertilisers/nutrients and (c) water withdrawal for irrigation in Morocco.
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changes in maize yields cannot be explained by changes in fertiliser application.
However, phosphate fertilisers seem to outbid the other nutrients as they record
relatively higher R2 of 7%. Phosphate fertilisers tend to explain more of the changes in
maize yield as depicted by the R2 of 7%, a statistic that is relatively higher than those
recorded for nitrogen and potash.

Figure 4.
Scatter plots of maize yield against (a) nutrient nitrogen, (b) nutrient phosphate and (c) nutrient potash.
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The results from the scatter plots (Figure 4a, b and c) are consistent with multiple
linear regression outputs (Table 1). This is observed, as phosphate fertilisers tend to
record the lowest p-value of 0.15 and the highest t-value of 1.44. This is followed by
potash (p-value = 0.34, t-value = �0.95) and lastly nitrogen (p-value = 0.72, t-value-
= �0.35). Even though nitrogen represents higher levels of application in Moroccan
agriculture, when it comes to maize, phosphates tend to explain more of the changes
in maize yield than the other fertilisers. When the linear relationship between maize
yield as the dependent variable and agricultural water withdrawal and fertilisers as the
independent variables is considered, it is observed that agricultural water withdrawal
records the lower p-value (0.11) and the highest t-value (�1.63) (Table 2). In relative
terms, agricultural water withdrawal tends to explain more of the changes in maize
yield when compared to fertilisers.

3.4 Scatter plots and linear regression outputs of the relationship between
fertilisers/nutrients and barley yields in Morocco

The scatter plots depict the linear relationship between barley yield as the depen-
dent variable and fertiliser as the independent variable. In the context of nitrogen
fertilisers used in barley cultivation, it can be observed that an R2 of 0.0005 (0.05%) is
obtained. This implies that only 0.05% of changes in barley yield can be explained by
changes in nitrogen fertiliser application (Figure 5a). In terms of phosphate fertilisers
used in barley cultivation, it can be observed that an R2 of 0.076 (7.6%) is obtained.
This implies that only 7.6% of changes in barley yields can be explained by changes in
phosphate fertiliser application (Figure 5b). Considering potash fertilisers used in
barley cultivation, it can be observed that an R2 of 0.0002 (0.02%) is obtained. This
implies that only 0.02% of changes in barley yield can be explained by changes in
potash fertiliser application (Figure 5c). Phosphate fertilisers outbid the other nutri-
ents as they record the highest R2 of 7.6% and the lowest p-values of 0.11. Phosphate
fertilisers tend to explain more of the changes in barley yield as depicted by the R2 of
7.6%, a statistic that is much higher than those recorded for nitrogen and potash.

The results from the scatter plots (Figure 5a, b and c) are consistent with linear
regression outputs (Table 3). This is observed as phosphate fertilisers tend to record
the lowest p-value of 0.11 and the highest t-value of 1.64. This is followed by nitrogen
(p-value = 0.63, t-value = �0.48) and lastly potash (p-value = 0.77, t-value = 0.29).
Even though nitrogen represents higher levels of application in Moroccan agriculture,
when it comes to barley, phosphates tend to explain more of the changes in barley
yields. Still, none of these nutrients correlates significantly with barley yields. When
the linear relationship between barley yields as the dependent variable and agricul-
tural water withdrawal and fertilisers as the independent variables is considered, it is
observed that agricultural water withdrawal records the lower p-value (0.15) and the
highest t-value (�1.44) (Table 4).

3.5 Scatter plots and linear regression outputs of the relationship between
fertilisers/nutrients and sorghum yields in Morocco

In the context of nitrogen fertilisers used in sorghum cultivation, it can be
observed that an R2 of 0.075 (7.5%) is obtained. This implies that only 7.5% of changes
in sorghum yield can be explained by changes in nitrogen fertiliser application
(Figure 6a). In terms of phosphate fertilisers used in sorghum cultivation, it can be
observed that an R2 of 0.23(23%) is obtained. This implies that only 23% of changes in
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Figure 5.
Scatter plots of barley yield against (a) nutrient nitrogen, (b) nutrient phosphate and (c) nutrient potash.
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Figure 6.
Scatter plots of sorghum yield against (a) nutrient nitrogen, (b) nutrient phosphate and (c) nutrient potash.
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sorghum yields can be explained by changes in phosphate fertiliser application
(Figure 6b). Considering potash fertilisers used in sorghum cultivation, it can be
observed that an R2 of 0.26 (26%) is obtained. This implies that only 26% of changes
in sorghum yield can be explained by changes in potash fertiliser application
(Figure 6c). Phosphate fertilisers outbid the other nutrients as they record a relatively
higher R2 of 23% and the lowest p-values of 0.009. Phosphate fertilisers tend to
explain more of the changes in sorghum yield as depicted by the R2 of 23%, a statistic
that is much higher than those recorded for nitrogen and potash.

The results from the scatter plots (Figure 6a, b and c) are consistent with linear
regression outputs (Table 5). This is observed as phosphate fertilisers tend to record
the lowest relative p-value of 0.009 and the highest t-value of 2.78. This is followed by
nitrogen (p-value = 0.29, t-value = �1.06) and lastly potash (p-value = 0.68, t-value-
= �0.40). Even though nitrogen represents higher levels of application in Moroccan
agriculture, when it comes to sorghum, phosphates tend to impact maize yields more
than the other fertilisers. When the linear relationship between sorghum yields as the
dependent variable and agricultural water withdrawal and fertilisers as independent
variables is considered, it is observed that agricultural water withdrawal records the
lower p-value (0.025) and the highest t-value (�2.35) (Table 6). This depicts the fact
that agricultural water withdrawal has a more significant relationship with sorghum
yield when compared to fertiliser application.

3.6 Scatter plots and linear regression outputs of the relationship between
fertilisers/nutrients and wheat yields in Morocco

In the context of nitrogen fertilisers used in wheat cultivation, it can be
observed that an R2 of 0.015 (1.5%) is obtained. This implies that only 1.5% of changes
in wheat yield can be explained by changes in nitrogen fertiliser application
(Figure 7a). In terms of phosphate fertilisers used in wheat cultivation, it can be
observed that an R2 of 0.03 (3%) is obtained. This implies that only 3% of changes in
wheat yields can be explained by changes in phosphate fertiliser application
(Figure 7b). Considering potash fertilisers used in wheat cultivation, it can be
observed that an R2 of 0.0002 (0.02%) is obtained. This implies that only 0.02% of
changes in wheat yields can be explained by changes in potash fertiliser application
(Figure 7c). Also, though most of the relationships are weak, phosphate fertilisers
seem to outbid the other nutrients as they record a relatively higher R2 of 3% and the
lowest p-values of 0.05. Phosphate fertilisers tend to explain more of the changes in
wheat yield as depicted by the R2 of 3%, a statistic that is much higher than those
recorded for nitrogen and potash.

The results from the scatter plots (Figure 7a, b and c) are consistent with linear
regression outputs (Table 7). This is observed as phosphate fertilisers tend to record
the lowest p-value of 0.05 and the highest t-value of 2.04. This is followed by nitrogen
(p-value = 0.78, t-value = �0.26) and lastly potash (p-value = 0.81, t-value = �0.23).
Even though nitrogen represents higher levels of application in Moroccan agriculture,
when it comes to wheat, phosphates tend to impact wheat yields more than the other
fertilisers. When the linear relationship between wheat yields as the dependent vari-
able and agricultural water withdrawal and fertilisers as independent variables are
considered, it is observed that agricultural water withdrawal records the lower p-value
(0.17) and the highest t-value (�1.39) (Table 8). This depicts the fact that agricultural
water withdrawal though generally weak has a relatively more significant relationship
with wheat yield when compared to fertiliser application.

111

Recent Trends in the Yield-Nutrient-Water Nexus in Morocco
DOI: http://dx.doi.org/10.5772/intechopen.112552



C
oe

ff
ic
ie
nt
s

St
an

da
rd

er
ro
r

t
St
at

P
-v
al
ue

L
ow

er
95

%
U
pp

er
95

%
L
ow

er
95

.0
%

U
pp

er
95

.0
%

In
te
rc
ep

t
25
26

.1
99

86
6

16
97
.3
73
58
8

1.
48

82
99

0.
14

74
67

�9
45

.3
18
9

59
97
.7
18
64

�9
45

.3
18
91

59
97
.7
18
64

2

X
1:
N
it
ro
ge
n

0.
00

70
45

38
8

0.
00

65
90

74
4

1.
06

89
82

0.
29
38

95
�0

.0
06

43
4

0.
02

05
24

97
�0

.0
06

43
42

0.
02

05
24

97
3

X
2:
Ph

os
ph

at
e

0.
01

93
10

40
1

0.
00

69
24

96
5

2.
78
85
2

0.
00

92
52

0.
00

51
47

3
0.
03

34
73
54

0.
00

51
47

25
7

0.
03

34
73
54

4

X
3:
Po

ta
sh

0.
00

52
43

35
2

0.
01

28
26

93
5

0.
40

87
77

0.
68

57
07

�0
.0
20

99
1

0.
03

14
77
38

�0
.0
20

99
06

8
0.
03

14
77
38

1

T
ab

le
5.

Li
ne
ar

re
gr
es
sio

n
ou
tp
ut
s
of

th
e
re
la
tio

ns
hi
p
be
tw

ee
n
so
rg
hu

m
yi
el
d
an

d
fe
rt
ili
se
rs
.

C
oe

ff
ic
ie
nt
s

St
an

da
rd

er
ro
r

t
St
at

P
-v
al
ue

L
ow

er
95

%
U
pp

er
95

%
L
ow

er
95

.0
%

U
pp

er
95

.0
%

In
te
rc
ep

t
15
95
3.
27
16
7

60
53
.1
00

47
2

2.
63

55
54

0.
01

31
67

35
91
.1
91
29
8

28
31
5.
35
20

4
35
91
.1
91
3

28
31
5.
35
2

X
1:
W

at
er

w
it
hd

ra
w
al

�1
20

7.
80

68
37

51
3.
01

94
74

6
�2

.3
54

31
0.
02

52
99

�2
25
5.
53
23
8

�1
60

.0
81
29
4

�2
25
5.
53
24

�1
60

.0
81
29
4

X
2:
Fe

rt
ili
sa
ti
on

0.
00

71
63

75
7

0.
00

41
90

16
4

1.
70

96
6

0.
09

76
55

�0
.0
01

39
37

0.
01

57
21
21
4

�0
.0
01

39
37

0.
01

57
21
21

T
ab

le
6.

Li
ne
ar

re
gr
es
sio

n
ou
tp
ut
s
of

th
e
re
la
tio

ns
hi
p
be
tw

ee
n
so
rg
hu

m
yi
el
d,

w
at
er

w
ith

dr
aw

al
an

d
fe
rt
ili
se
rs
.

112

Climate Change – Recent Observations



Figure 7.
Scatter plots of wheat yield against (a) nutrient nitrogen, (b) nutrient phosphate and (c) nutrient potash.
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4. Discussion

This work has found that of the three fertilisers under study and for all the crops
included, phosphate fertilisers tend to have a relatively stronger linear relationship with
yields. Wheat records the most significant relationship with fertilisers and more specif-
ically in the case of phosphates (p-value = 0.05). Phosphate fertilisers are obtained from
phosphorus rocks that are essential in crop growth and food cultivation. Phosphorus
fertilisers constitute a strong element in Moroccan agriculture. Phosphorus is essential
found in just a handful of countries around the world, with Morocco being the number
one producer of phosphate fertilisers followed by China [27, 28]. About 70% of the
global distribution of phosphate rocks will be depleted within the next 100 years.
Morocco, with >77% of global phosphorus rock reserves, will need to increase produc-
tion by 700% to be able to meet its deficits by 2075 [27, 28]. Invariably, Morocco’s
reserves accounted for almost all the increases in the global reserves of phosphate rocks
[28, 29]. Morocco will have to increase its production to be able to meet the local and
international demand for phosphate fertilisers. This work has assessed the recent trends
in the linear relationships between the yields of the concerned crops and fertilisers and
water withdrawal. This approach is important because as in the case of Morocco, as an
arid country in which agriculture is mainly rainfed, water and nutrient management are
key drivers of crop yields. However, there is need for more analysis with several vari-
ables on the climatic and non-climatic spectra to be able to better understand these
trends. Perhaps therefore, the key contribution here is that yield prediction based on a
few variables as in the case of this work does not often yield good outputs as yields are
complex and generally impacted by a complex combination of several factors. In the
current scientific literature, it remains unclear how these components of nutrient and
water management play out in determining crop yields. For example, there are no
national scale studies that have integrated components of nutrient and water manage-
ment in yield prediction. Existing studies have either focused on nutrients or water
management mostly in the context of irrigation [30]. A better understanding of this
relationship will play a crucial role in determining how well yield gaps can be closed
through nutrient and water management. In other words, this work sets the pace for a
better understanding of the combinations and the need for more research for improved
insights into such relationships on nutrient and water or irrigation that can be used to
close future yield gaps. By understanding the linear trends between yield and nutrients
or water, it becomes possible to identify where the linear trends are weak and which
combinations of irrigation and nutrients can be used to close such gaps. The only other
study that comes close to this is the work published in 2012 in Nature by Muller et al.
[30] as it examines the use of nutrient and water management strategies to determine
yield gaps using essential non-linear regression models at a global scale. Our work builds
on the same strategy but focuses essentially on Morocco for which the global study did
not dwell in detail.

In Morocco, it is important to however understand that there exists a spatial
variation in crop yield as are climatic conditions. Normally, from south to north, crop
yield increases for most crops. This has been explained by the south–north spatial
variations in climate. This is seen as a straddle from south to north shows increased
precipitation and lower temperatures due to the presence of the Atlantic Ocean and
the Mediterranean Sea. Furthermore, sociodemographic data have also shown that
due to its European and temperate influence, the north has higher literacy and lower
poverty rates. This mix of climatic and non-climatic variables plays an important role
in determining crop yields. The results have shown that in most cases, the changes in
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yield are explained by relatively small changes in fertilisation as depicted by the R2.
There is a need to identify how much, when and where nutrients and water are
needed to improve crop yields. This is especially true as many of the farmers involved
are essentially small-scale farmers who do not have access to nutrients and irrigation.
Wheat, on the other hand, has a relatively more significant relationship with phos-
phate fertilisers when compared to the other crops because the crop has been more
valorised over the years as it is not just a major staple crop, but it also plays an
important economic role in the country. Therefore, this work helps us to understand
which crops need more valorisation in the context of access and use of nutrients and
water, insights that can help in the formulation of agricultural policy.

It is now evident from previous scholarship that the relatively stronger impact that
phosphate fertilisers have on crop yield in Morocco in general and especially on wheat
when compared to the other crops is highly tied to the country’s dominance in the
production of phosphate fertilisers, which is also tied to its huge phosphate rock
reserves [27, 29]. Morocco is often described as the Saudi Arabia of phosphorus
because it is blessed with huge phosphate rock reserves. It has been argued that
comparing Morocco with Saudi Arabia in terms of Morocco’s phosphate rock reserves
is very simplistic as Morocco would be better compared with all OPEC (Organisation
of the Petroleum Exporting countries) put together [31–33].

The current global reserves of phosphate rocks may last for an additional 300–
400 years. By this time, most countries would have exhausted their stocks. This global
figure is hugely impacted by Morocco with a rock-phosphate ratio of close to
2000 years. Globally, the countries that currently have rock-phosphate ratios of less
than 100 years are responsible for about 70% of the global production and continuous
depletion will result in huge deficits [28]. China and the United States account for
over 50% of the global production and these might be depleted within the next
60 years at the current rates of extraction. The delicate global phosphorus intricate
situation that surrounds phosphate extraction is going to intensify as Morocco has an
ever-greater share of global phosphate production [29, 34]. This has implications for
food and phosphorus security unless new phosphate reserves can be accessed. This
will further mean that the world will be more reliant on Morocco [28, 35].

In terms of the relationship between yield as a dependent variable and agricultural
water withdrawal and fertilisers as independent variables, agricultural water with-
drawals are observed to have a stronger relationship. Here, it can be concluded that
agricultural water withdrawal as a proxy for irrigation in agriculture plays a very
important role. As a management option for agriculture, water withdrawal plays a keen
role in filling the gaps created by unreliable precipitation. Farmers in most arid and
semi-arid countries and regions often depend on precipitation as the main source of
water for their crops. However, due to climate change and other anthropogenically
induced stressors such as unsustainable systems of farming, there is often not enough
precipitation for crop growth for systems that are basically rainfed. The recent IPCC
Sixth Assessment Report confirms this assertion when it notes that most of north Africa
including Morocco will continue to witness declining precipitation and rising tempera-
ture under various Representative Concentration Pathways (RCP) scenarios [36, 37].
The government of Morocco, through the Green Morocco Plan (GMP) and the Gener-
ation Green Strategy (GGS), have subsidised irrigation to make it accessible for farmers
at various scales. Irrigation is therefore a significant driver of agriculture in Morocco.

Within the pessimistic climate conundrum that necessitates irrigation and
fertilisation, such water withdrawals are often based on surface water resources,
groundwater resources and non-convectional water resources. The mean precipitation
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records about 140 billion cubic meters per year [38, 39]. Evapotranspiration triggers a
leakage of about 118 billion cubic meters per year. Natural water potential is estimated
at about 22 billion cubic meters per year. In Morocco, the amount of economically
exploitable water is 80% of the available water resources, revealing the constraints in
water resources and the difficulties associated with their utilisation for agriculture
[39]. For example, the hydrological regime of all basins is characterised by rife
interannual variability marked by wet and dry sequences, interspaced with years of
intense drought stress. The Ouergha basin, for example, is among the most productive
basins in Morocco by virtue of its surface water flow variations of 2.5 billion cubic
meters per year. Thus, the large regional differences in rainfall also trigger large
surface water flow variations that vary from a few million cubic meters (MCM) with
most arid basins in Morocco such as the Saharan basins, to about one billion cubic
meters per year for the most water-rich basins. The Sebou basin in the north of
Morocco, for example, holds 30% of surface and groundwater resources in Morocco.
Although it represents only 6% of the total area of Morocco, 18% of the country’s
population lives within its frontiers [40, 41]. Internal water reallocations are applied
to reduce the shortages in each river basin. About 0.3 million cubic meters per year is
transferred from the Oum er-Rbia basin to dry areas in Tensift, essentially to sustain
irrigation. Similarly, another 0.16 million metric cubic meters per year is transferred
from the Sebou and Oum er-Rbia basins to support Bouregreg’s domestic water needs
in other parts of Morocco. Ground water, on its part, accounts for 20% of all water
resources in Morocco. Aquifers cover about 80,000 km2, about 10% of the national
territory. Total groundwater withdrawal is estimated at about 3170 million cubic
meters per year. However, the huge water withdrawal stress here is exhibited as about
4.2 billion cubic meters per year are extracted (higher than the rate of recharge)
[30, 42]. On a final note, non-conventional water withdrawal is governed by the
National Water Plan, which aims to address issues of gaps between water demand and
water supply through inter alia desalinisation of sea water. The establishments of
plants to this effect have enabled the desalination of nearly 515 million cubic meters
per year [30, 42, 43].

The generally weak relationship between yield and fertilisers on the one hand
and water withdrawal on the other hand shows us that crop yield is not that
simple. Crop yields are determined by a complex interplay of several variables
including precipitation, temperature, soils, fertilisers, irrigation, crop pests and
diseases and livestock. Isolating yield and a few independent variables may
provide insights into how many of the changes in yield are explained by changes in
fertilisers and irrigation, but it is good to caution that several variables often impact
crop yields.

Phosphorus can also be released from compost, green manures and animal
manures. These elements contain mineralised phosphorus and micronutrients that are
easier for plants to use. These alternative ways of adding phosphorus to increase soil
fertility are good but cannot independently match the phosphorus that is obtained
from phosphorus rocks [30, 40–43]. Also, combining phosphorus rock with green
manure crop buckwheat might have significant benefits but phosphate rock deposits
will remain the main source of phosphate fertilisation. Incubated phosphorus rocks
have been observed to increase phosphorus uptake in buckwheat crop but the buck-
wheat residues did not however enhance the yield of the next crop. It has however
been observed that using green manure crops on different soils might produce more
positive results, but the scale does not match natural phosphorus. Green manure crop
like legumes might also perform better [30, 40–43].

117

Recent Trends in the Yield-Nutrient-Water Nexus in Morocco
DOI: http://dx.doi.org/10.5772/intechopen.112552



In the case of inorganic fertilisers, the phosphorus is removed from the rock using
acids, rendering the phosphorus more soluble and easier to absorb. The problem now
is to employ the same technique in organic agriculture to see how organic farms can
enhance the update of phosphorous—one of the three key micronutrients together
with potash and nitrogen for plant growth. This is even more challenging as
micronutrients have no substitutes and their absence might hamper plant growth
[30, 40–43]. In fact, inorganic phosphorus can be obtained through farm-level
recycling of organic materials such as composts, green manure and animal manures.
Adding green manure residues to soils can increase mineralisation rates of phosphorus
but, at the same time, low concentrations of residues often do limit crop demand.
Using green manure crop species that have high phosphorus uptake can overcome this
limitation. Buckwheat, for example, absorbs concentrations of phosphorus beyond its
own needs such that excess of it is left in the soil for future use [30, 40–43]. This has
evidently shown us that, the future of phosphorus fertilisation depends on natural
phosphorus rocks and Morocco will continue to play an important role in the agricul-
tural food-chain in Morocco.

5. Conclusions

This study has shown that though fertiliser application and water withdrawals
have a weak relationship with crop yields (indicating the need for valorisation), these
inputs nevertheless potentially constitute key variables that can trigger a veritable
agricultural revolution in Moroccan agriculture that needs to be investigated further.
More specifically, this work has shown that phosphate fertilisers have strong impact
on the yields of all the crops, especially wheat, relative to nitrogen and potash. With
the reality of the depletion of phosphorus rocks across the world in the frame of the
huge dependence of agricultural systems on phosphate fertilisers, several questions
come to mind. For example, how can land use policy be streamlined to ensure that
global agricultural systems continue to have the phosphates they need to thrive? What
are the potential alternative sources of phosphorus away from the huge phosphorus
deposits in Morocco? If the Moroccan phosphorus monopoly is maintained, what are
the likely actions needed to ensure access to phosphate fertiliser for the rest of Africa
without extreme high prices? These among others are some of the questions that come
to mind when the likely future trends in the use and stock of phosphorus resources are
considered.

However, this study focuses mainly on fertiliser use and irrigation; in reality, crop
production is more complex than simplified here, as it is often impacted by a complex
interplay of several climatic and non-climatic variables. Potential areas of further
research however would estimate yield gaps using the relationship between actual and
attainable yield towards closing yield gaps as well as the relationship closing the latter
through nutrient and water management. The use of machine learning-based
approaches to determine the drivers of crop yields with several climatic and non-
climatic drivers will go a long way in providing a balanced understanding of crop
yields.
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Abstract

Most farmers in urban and peri-urban areas in West Africa have limited land, so 
practice farming systems targeted at the production of high-value crops used in urban 
diets, especially exotic vegetables. Moreover, rapid urban population growth and 
adverse climate change are causing increased demand for food and water, leading to 
water scarcity in those cities. The intense pressure of increasing food demand in cities 
pushes small farmers to depend on untreated wastewater, undecomposed manure, 
and pesticides for their production, which negatively affect the health of the popula-
tion. This chapter presents an overview of the identification of pathway and levels of 
vegetables contamination in SSA and the identification of interventions employed 
to reduce public health risk. The microbiological and chemical assessment of irriga-
tion water, fertiliser and vegetable samples collected from farms and markets in SSA 
revealed their contamination with pathogenic bacteria above the recommended 
standard of WHO and ICMSF. They were also contaminated by heavy metal above the 
safe limits by FAO/WHO and pesticide residues. The treatment of irrigation water, 
proper composting of manure and appropriate use of pesticides could be complement 
disinfection of vegetables before consumption to reduce public health risk.

Keywords: West Africa, vegetables, water scarcity, fertiliser, pesticides

1. Introduction

Agriculture is becoming less beneficial to rural farmers in the Sahelian region 
of West Africa (WA) because of the population explosion, severity and persistence 
of climate change, scarcity of irrigation infrastructure, degradation of the environ-
ment and slow pace of technology change amongst other factors. These challenges 
have resulted in a large number of rural farmers migrating to cities in search of 
social and economic opportunities and its accompanying increase in urban food 
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demand [1, 2]. Most farmers in urban and peri-urban areas have limited land, and 
so practice farming systems targeted at the production of high-value crops used in 
urban diets, especially exotic vegetables. These farming systems, known as urban 
and peri-urban agriculture (UPA), have evolved in different African cities, and in 
WA involves 20 million people essentially farming for subsistence and/or income 
generation [3–5]. The contribution of urban agriculture (UA) in strengthening the 
living conditions of urban Africans is unknown or is seen as a small role in the fight 
against chronic hunger [6, 7]. The urban population involved in urban UA in Africa 
is estimated at 50% in Ghana [8, 9], 46% in big cities in Mali [10], 80% of families 
in Brazzaville, 68% in six Tanzanian cities, 45% in Lusaka, 37% in Maputo, 36% in 
Ouagadougou and 35% in Yaoundé [11, 12].

In Mali, agriculture contributes about 23% of export earnings and 40% of gross 
domestic product (GDP) [13], with 5.1% growth rate in 2019 [14]. Vegetable produc-
tion in Malian cities is usually done on open lands along streams, rivers and roadsides. 
Due to the inaccessibility of clean irrigation water and the high cost of chemical 
fertiliser, urban and peri-urban farmers use drainage water and untreated animal 
waste for production. They are also involved in unselective use of pesticides [15, 16] . 
These indiscriminate practices negatively affect the health of the population [17–19].

The primary public health problem associated with the consumption of 
vegetables produced using untreated irrigation water in WA include contamina-
tion with pathogenic microorganisms such as Escherichia coli [20]. Helminths 
transmitted to crops through soil are also responsible for some parasitic diseases 
prevalent in sub-Saharan Africa (SSA) [18, 21, 22]. Studies in West African coun-
tries have generally revealed high levels of harmful microorganisms, heavy metals 
and pesticide residue in irrigation water and vegetables [23–25] far exceed recom-
mended levels set by World Health Organisation (WHO) [26] and International 
Commission of Microbiological Specifications for Foods (ICMSF) [27]. Many 
authors [16, 19, 28] also reported high contamination levels of lettuce with 
pesticide residue and Salmonella species in WA. Other biological and chemical 
contaminants of water for UPA in WA include dye effluents from textile dyeing 
activities and industrial and domestic waste. The effective wastewater treatment 
published by WHO [26] is impracticable in most parts of SSA due to high cost. 
Wastewater treatment for urban vegetable production is therefore currently not 
a realistic option for WA, and banning the use of untreated irrigation water will 
also threaten many livelihoods, affect urban vegetable supply, and will therefore 
be-contrary to poverty alleviation. In order to mitigate these problems, the 
characteristic of UPA has been reviewed for major cities in SSA countries such as 
Ghana [29], Burkina Faso [30], Kenya [31], Nigeria [32] etc. The present chapter 
reviews the identification of pathway and levels of vegetables contamination and 
also the identification of interventions employed to reduce public health risk 
without compelling farmers to change their cropping system or water sources.

2. Material and methods

For this study, research was conducted using scientific papers, books, reports 
and statistical data from WHO to quantify the level of vegetable contamination and 
determine key points where necessary interventions could be applied to reduce public 
health risks in SSA. The concept is based on the biological and chemical identification 
of irrigation waters, fertilisers and vegetables, pre- and post-harvest risk management 
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strategies for pathogens. Microbiological analysis and helminth eggs were done using 
standard methods of ISO and standard morphological characteristics, respectively. 
Heavy metals and pesticide residues were quantifying by atomic absorption spectro-
photometry and Gas Chromatography, respectively.

3.  Contribution of urban and peri-urban agriculture to food security and 
livelihoods in African cities

Food insecurity is a significant problem in Africa due to rapid urbanisation as urban 
needy people spend 60–80% of their income on food which, is of low quality and quan-
tity [5, 33]. This food insecurity pushes the rural population to migrate to cities in search 
of better living conditions. UPA is very beneficial in Africa as it supplies vegetables to 
urban areas within 30 km radius and this contribute about 70% of their food’s needs 
[34]. In the short term, it increases food security, diversification, food self-sufficiency, 
earnings, job creation and encourage the use of municipal waste as composts [35, 36].

4. Challenges of vegetables production in SSA

The lack of training of farmers in West Africa on education on innovative agricul-
tural practices and agricultural extension affects vegetable production by causing the 
yield loss. The yield loss negatively impacts the incomes of farmers and their means 
of subsistence. Some agricultural practices such as irrigation of vegetable farms 
with contaminated water, the use of animal or human wastes, pre and post-harvest 
handling practices, transportation, storage and processing are factors that contribute 
to bacterial and fungal contamination of vegetables [25, 28, 37–40]. In addition, 
contaminated water (irrigation water) used to wash vegetable from the farm before 
they are put on sale are probable factors contributing to parasitic contamination on 
soil and transmission to vegetables [37].

5.  Quality of organic fertilisers and irrigation water used for vegetable 
production

5.1 Quality of organic fertilisers

One of the good agricultural practices is the use of organic and inorganic fertilisers 
that increase soil fertility and plant quality [41]. These two fertilisers provide essential 
food components for the development of the plant [42]. Similar to other African coun-
tries, fresh organic manure and compost are the commonly used soil fertility improve-
ment materials in Malian cities [43]. However, the application of organic manures 
promotes microbiological contamination of soil and vegetables [15, 37, 44, 45].

5.2 Quality of irrigation water used for vegetable production

Rapid urban population growth and adverse climate change in Africa are causing 
increased demand for food and water, leading to water scarcity in cities. The intense 
pressure of increasing food demand in cities is pushing small farmers to depend on 
untreated wastewater for their production [46]. Wastewater, rich in organic matter, is 
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available, freely (because it comes from stagnant streams or lakes), and is beneficial 
for soil fertility [47]. However, wastewater has a high level of contamination with 
microbial pathogens and chemicals. African cities do not have adequate sewage facili-
ties, pushing the population to dump waste directly into waterways [48]. Small urban 
farmers find it difficult, often impossible to get good quality water (visually clear 
water), and eventually use this water (of poor quality) for their production. Studies 
in WA have shown high levels of contamination of irrigation water with foodborne 
pathogens (faecal coliforms) above WHO [26] recommended standard [49–51]. 
Akinde et al. [28] found total coliforms (1.27 104 CFU/ml), Klebsiella pneumoniae 
(27.9%), Pseudomonas aeruginosa (26.2%), E. coli (8.2%), Citrobacter, Enterobacter and 
Salmonella spp.) in Nigeria. These pathogens are from the faeces of animals or humans 
or domestic and industrial waste [52, 53]. They cause public health problems because 
they can be a source of disease amongst consumers of these vegetables (especially 
those consumed raw) [54]. These diseases can be infectious and are amongst the lead-
ing causes of death in the world [55]. In developing countries, 80% of death are from 
water-related diseases [56]. Several epidemiological studies have shown links between 
the use of wastewater in agriculture and the risk of infections (viral, protozoan, 
intestinal and bacterial) amongst farmers, their families, and consumers [38, 39, 57]. 
Several studies conducted in WA over the last decade have linked vegetable con-
taminations with helminth eggs such as Ascaris lumbricoides, Hymenolepis diminuta, 
Trichuris trichiura, Fasciola hepatica and Strongyloides larvae to use of untreated irriga-
tion water [49, 51, 58]. At-risk groups are farmers, consumers, children, especially the 
general population living in the vicinity of an unsuitable irrigated water field [59]. 
Amoah et al. [18] found higher prevalence of soil-transmitted helminth (6–16.103 
eggs/L) in wastewater irrigation areas in developing countries.

Heavy metals pollution in agricultural soils and water are mainly from anthro-
pogenic sources such as fertilisers, waste disposal, mining, smelting, sewage sludge, 
urban effluent and vehicle exhausts [60]. Heavy metals such as lead, cadmium and 
mercury, have been found in irrigation water in many countries in WA and their 
concentration varies depending on the region of crop as well the type of metals 
[24, 51, 61, 62]. The source of heavy metal contamination in water in Mali include 
industrial and domestic waste and dye effluents from textile dyeing activities 
(which are poured directly into rivers or drains (that flow directly into rivers) 
without receiving suitable treatment).

Many pesticides are not easily degradable, some persist in the soil, penetrate 
surface and groundwater and contaminate the environment. They often penetrate 
the organism according to their chemical properties and cause bioaccumulation. The 
duration of pesticides in the soil varies from a few hours to several years in the case 
of organochlorine pesticides [63]. The aerial drift of pesticides, the wind erosion 
of treated soil and the volatilisation of applications in terrestrial environments are 
mostly responsible for pesticide contamination of aquatic ecosystems [19]. Farmers in 
Africa generally do not follow safety measures in the formulation and application of 
pesticides and ignore the environmental impacts [64, 65]. In general, pesticides found 
in water in Africa are organochlorines [66].

6. Quality of fresh vegetables in farms and markets in SSA

Enteric bacteria can contaminate vegetables during cultivation, harvesting, 
transportation and processing. A study by Alemu et al. [67] in Ethiopia showed 
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the contamination of 48.7% of the vegetables sold (cabbage predominated with 
71.9%) in Arba Minch Town (Southern Ethiopia) by bacteria. The most frequently 
detected contaminant amongst vegetables was E. coli (31.4%). Microbiological 
analysis of endives, tomatoes, and ready-to-eat raw produce sold on the mar-
ket in Côte d’Ivoire revealed a high level of contamination by faecal coliforms, 
Enterococcus and Pseudomonas. Washing of vegetables reduced microbial load 
[68]. Cabbage, lettuce, and scallions sold in Abura and Kotokuraba markets in 
Ghana were found to be contaminated by E. coli, Enterobacter spp., Klebsiella 
spp., Salmonella spp., Serratia marcescens, and Staphylococcus [40]. The resistance 
of infectious stages (cysts, oocysts, and eggs) of helminth parasites on irrigated 
vegetables to chemicals disinfectants, high temperatures and desiccation is 
responsible for their high prevalence in developing countries [69]. Alemu et al. 
[67] reported that vegetables sold in markets in Ethiopia contained in a bucket 
with water and without prior washing had a high risk of being contaminated by 
parasites. The level of produce contamination depends on people’s health habits as 
well as sanitation in a particular environment, such as the location of market as an 
example and the water (mainly pipe borne water which contained low parasites) 
used to wash vegetables [70]. Adamu et al. [71] reported that helminth parasite 
contamination of vegetables sold in Maiduguri (Nigeria) market was due to 
irrigation water. Illiteracy and insufficient public health awareness lead residents 
to indiscriminate defecation resulting in helminth contamination of water bodies 
and agricultural land. Animal and human waste used as manure to supplement 
fertilisers and contaminated water used to wash produce such as lettuce and 
carrots from the farm before they are put on sale also promote parasitic contami-
nation [37]. Lettuce, which is a crop positioned close to the ground, easily become 
contaminated by geohelminths during heavy rains and floods [70]. Unhygienic 
harvesting methods, as well as hands contaminated with faeces, and sprinkling 
of water on vegetables to make them fresh, can also contaminate vegetables, as is 
the case with tomatoes [72]. Helminth infection in SSA, results in skin irritation, 
blood and nervous disorders, tumours, infertility problems, breathing difficul-
ties, nausea, vomiting and endocrine disruption amongst others [73, 74]. The 
risks linked to the consumption of vegetables irrigated with untreated water were 
described in the study of epidemics. Studies on the risks of typhoid, gastroenteric, 
cholera, shigellosis, hepatitis and amebiasis due to the consumption of vegetables 
irrigated with untreated wastewater have been reported [75, 76]. In South Africa, 
several food-borne disease outbreaks partly attributed to vegetable contamination 
have been reported particularly for school children [77–79]. Newell et al. [80] 
reported many cases of food-borne disease outbreaks from 1990 to 2010 in Ghana, 
Nigeria and Sudan due to the consumption of untreated irrigated vegetables. 
Salmonella spp., Campylobacter spp., E. coli and Listeria monocytogenes were 
identified as the major bacterial pathogens in the aforementioned outbreaks. In 
Mali, outbreak of foodborne diseases sometimes occurs, but there are not official 
records on them.

The content of heavy metals in plants depends on their ability to absorb them 
selectively and on the characteristics of the soil [81]. Heavy metals can also be 
absorbed by the aerial parts of plant leaves from dust and atmospheric precipita-
tion in polluted areas, or from the fossil fuels used for heating, traffic density, 
fertilisers, and protective agents [82, 83]. Vegetables may also be contaminated 
with trace metals from the water used by farmers to wash vegetables before they 
are placed on the market [84]. Vegetables grown in urban and peri-urban areas 
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are more likely to be contaminated with high levels of heavy metals. However, the 
levels of heavy metals in vegetables grown in Ghana were below the recommended 
dietary thresholds [85]. Plant roots and leaves accumulate high concentration of 
metals (from soil and irrigation water) relative to other crops and parts of plants 
[86, 87]. The closer the plant is to the soil, the higher the transfer of heavy met-
als from the soil to the plant. Ali et al. [88] reported high levels of heavy metal 
contamination on ready-to-eat lettuce and spinach in Nigeria, which were above 
the safe limits by FAO/WHO [89]. Some of these metals are toxic to humans, even 
at low concentrations. Ogunkunle et al. [90] found high concentrations of lead 
in cabbage and lettuce (1.840 and 1.930 mg/kg respectively) that were above the 
WHO maximum value or the level authorised by the FAO. Meanwhile the concen-
trations of cadmium, zinc, copper, cobalt, manganese, and nickel were below the 
standards recommended by WHO. Aber et al. [84] revealed that cadmium, lead, 
and mercury were major contaminants in vegetables sold on the streets of Nigeria. 
Lente et al. [61] reported lead (1.8–3.5 mg/kg), contamination of vegetables 
irrigated with waste and ground water above the safe limits in Ghana. Taghipour 
& Mosaferi [91] also found high level of contamination of kurrat, onion, and 
tomatoes by heavy metals, which was higher than the standard levels. Excess lead 
and cadmium in food can be responsible for many diseases, especially nerve, bone, 
kidney and cardiovascular disease that can lead to death [92, 93]. The rapid growth 
of industries is of concern to the population regarding the potential accumulation 
of heavy metals in plants, water and soil [94, 95]. Studies have shown that excessive 
assimilation of heavy metals by plants gives them toxic effects which could enter 
food chains, biomagnify and be a source of potential threat to the health of the 
population [96–98].

In controlling pests, smallholders rely heavily on pesticides in the production of 
vegetables [65]. Bertrand [99] reported the use of 50% herbicides in horticulture 
in Africa, more than 20 active ingredients are used in Benin and Senegal [101]. 
According to Kariathi et al. [101], the largest consumers of tomatoes contaminated 
by pesticides are the most exposed. The intense application of pesticides has also 
affected the environment, water and air [102, 103]. Fresh produces contain high levels 
of pesticides compared to other types of food, and their consumption poses a high 
risk to human health [19, 103, 104]. The most widely used synthetic insecticides active 
ingredients are organophosphates, carbamates, pyrethroids, and organochlorines and 
their toxicity can be very high in the short term or the long term [105]. The misuse 
of pesticides in SSA is due to the high level of illiteracy, lack of training, ignorance, 
maladjustment to the product and insufficient knowledge of the pests and diseases 
[106]. The level of toxicity of pesticides varies depending on the toxicity class [100]. 
Factors such as type of pesticide, location of pesticide deposition, temperature, pH, 
duration of pesticide sprayed during growth, duration of treatment and nature of the 
vegetable influence the stability of the pesticide [107]. The health effects of pesticides 
appearing on the body of users after contamination, depend on the duration and 
extent of the exposure. These effects can range from mild skin irritation to congeni-
tal disabilities, tumours, genetic changes, blood and nervous disorders, endocrine 
disruption and even coma or death [108, 109]. Pesticides also affect the reproductive, 
endocrine, and immune systems [110] and symptoms such as headache, stomach and 
chest pain, skin and eye irritation, breathing difficulties and vomiting amongst farm-
ers in Tanzania have been reported [74]. Better education on handling practices and 
sometimes stricter controls on the distribution of pesticides is necessary to minimise 
their effects on the health of sprayers and vegetable consumers.
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7. Health risk management strategies

7.1 Pre-harvest risk management measures for pathogens

Risk management strategies in agriculture include biological control, integrated 
pest management and the use of physical barriers such as greenhouses or plastic tun-
nels [111]. Guideline procedures have been published by WHO [26] for the manage-
ment of health risks in wastewater irrigation. These instructions are described in eight 
methods: wastewater treatment; crop restriction; wastewater application techniques 
that minimise contamination; withholding periods to allow pathogen die off between 
last irrigation and consumption; hygienic practices at food markets and food prepara-
tion measures; health and hygiene promotion; produce washing, disinfection and 
cooking; and chemotherapy and immunisation. The methods to identify and quantify 
the public health risks and decisions by risk managers to determine appropriate 
control measure strategies are as follows: “(1) quantitative microbial risk assessment 
(QMRA) to determine the overall reduction of essential pathogens to achieve the 
health objective for different routes of exposure; (2) determination of the necessary 
degree of reduction of pathogens to achieve the health objective (3) knowledge of 
the number of pathogens in untreated wastewater is essential; (4) choice of control 
measures or intervention methods to achieve a safe level of reduction of pathogens; 
and (5) establishing the level of monitoring of treatment verification according to 
the pathogen or an indicator e.g. E. coli in the cultures or the final effluent from the 
treatment plant”. Amongst all these methodologies, the implementation of QMRA is 
perhaps the most important. It provides a scientific basis for comparing the types of 
risks and solutions. Studies on QMRA in the health field are difficult to adopt due to 
insufficient information provided by stakeholders and limited resources [112]. Public 
health and wastewater treatment can be improved through the provision of adequate 
sanitation and wastewater treatment infrastructure like waste stabilisation ponds. 
This infrastructure will allow better management of wastewater while improving its 
quality; evaluate control during and after harvest as well as human exposure [113]. 
The quality of water used for irrigation can be improved after the first treatment. 
Primary treatment of wastewater involves different options such as sedimentation or 
clarification of solid waste within the water; chemically-enhanced sedimentation and 
up flow anaerobic sludge blanket reactors [114, 115]. Secondary treatment is neces-
sary for complete elimination of biological and chemical contamination. It is possible 
to do the secondary treatment by various methods, including artificial wetlands, 
seepage-percolation, and anaerobic upwelling reactors [116]. Hygienic measures 
can also be applied by farmers to minimise the risk of contamination and the spread 
of sewage infections. These measures constitute farmers’ awareness of the dangers; 
wearing gloves and boots, a vaccination campaign against diseases transmitted by 
wastewater; changing irrigation methods, and washing the arms and legs after using 
wastewater [117]. On-farm risk management measures for pathogens are only pos-
sible with the implementation of appropriate practices at the farm level, such as the 
use of good quality water and appropriate methods for irrigation, wearing gloves and 
boots by farmers, regular disinfection of work tools after use.

Fertiliser application measures, fundamental amendments, as well as sanitary 
measures, must be applied to the soil [117]. The fundamental amendments are not to 
produce edible plants, especially if inorganic contaminants contaminate the soil. The 
application of limestone is useful for soils contaminated by a high level of sodium. 
Fertiliser should not be used on acid soils to avoid chemical reactions. In this case, 
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specific management of acidic soil treatment is necessary while selecting crops that 
do not accumulate hard metals. For calcareous soils, there is no appropriate treat-
ment. Soil treatment time varies depending on the type and degree of contamination 
[118]. Drip irrigation with treated wastewater and appropriate planting area is also an 
effective way to reduce pathogen contamination of crops [119]. The type of fertiliser 
used in urban vegetable production in Africa is dependent on the crop cultivated. 
Fresh organic manure and compost are commonly used for vegetables production in 
African countries compared to synthetic fertilisers. Fallow system in SSA, important 
in agriculture, contributes to improve soil fertility [43, 120].

7.2 Post-harvest risk management measures for pathogens

Measures used for post-harvest risk management of pathogens include improving 
the harvesting process, cleaning harvested vegetables, good sanitary measures during 
transportation, selling and disinfecting before consumption. Vegetables should be cut 
above a certain height of soil (greater than 10 cm) and washed in the field to reduce 
contamination by pathogens. Transport vehicles must be well equipped for the specific 
produce and disinfected before and after transport. In this case, the vegetables must 
be put in hermetically sealed sterile boxes. Vegetables once on the market should be 
cleaned, put on clean shelves while being covered by clean covers for sale. Wash rim 
at the market must be changed regularly. In the kitchen, vegetables should be kept in 
a well cleaned place and disinfected before consumption, especially those consumed 
raw. Cooking can also result in about 5–6 log reductions in pathogen loads on vegetable 
consumed uncooked as lettuce [26]. However, there are a combination of food prepa-
ration measures that have small reductions of pathogens of leafy vegetables like lettuce 
consumed uncooked. This whole process helps reduce biological contamination. 
Chemical contaminants (heavy metals and pesticide residue) are impossible to remove 
once absorbed [121], hence all potential sources of contaminations must be addressed.

7.2.1 Sanitisers used to decontaminate harvested vegetable produce

Disinfection of vegetables before consumption is necessary to reduce microbial 
numbers. Several factors affect the effectiveness of disinfection including the type of 
disinfectant, the susceptibility of pathogens to antimicrobials and their topographic 
characteristics. For example, the skin of vegetables made of a multi-layer hydropho-
bic cuticle of cutin, makes their surfaces highly water-repellent [122]. Nonetheless 
disinfection remains important in reducing microbial contaminations.

7.2.1.1 Tap water

For centuries, tap water has been used to decontaminate vegetables. A survey 
in Lomé on the use of disinfectants in households revealed that 8% of consumers 
cleaned vegetables with water [123]. Coulibaly-Kalpy et al. [68] in Côte d’Ivoire 
showed that washing tomatoes and endives with tap water for 10 min reduced the 
rate of faecal coliforms, Enterococci and Pseudomonas by more than 70%. However, 
Subramanya et al. [124] showed a small reduction (one log CFU/ml) of the bacte-
rial load on the coriander leaves washed with tap water. Traoré et al. [125] also 
have showed that tap water was not effective in reducing faecal coliforms on 
lettuce (1.3, 1.6 and 1.9 log CFU/100 g at 5, 10 and 15 minutes, respectively). In 
addition, Bhilwadikar et al. [122] signalise that tap water was not very effective 
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(11.1% to 23.7%) in reducing the residue of dimethoate, pirimiphosmethyl and 
malathion in potatoes. Amoah [126] demonstrated that water is not very effective for 
removing helminth eggs.

7.2.1.2 Bleach (sodium hypochlorite: NaClO)

Bleach is used as a disinfectant of choice because of its moderate cost, ease of use 
and safe and environmentally friendly nature [127]. Eighteen percent of families 
in Lomé used NaClO to disinfect vegetables. Washing tomatoes and endives with 
NaClO (17.8 mg/l) solution for 10 min reduced the rate of faecal coliforms, Enterococci 
and Pseudomonas by more than 95% [68]. Disinfection of lettuces leaves in Mali for 
5(0.00855 ppm), 10(0.00570 ppm) and 15 min (0.00285 ppm) in NaClO solution 
led to 2.5, 2.8 and 3.5 log reduction in faecal coliforms and complete elimination of 
Salmonella spp. [125]. However, the same authors [128] previously obtained complete 
disinfection of lettuce by using 2.6 mg/l of bleach for 15 min, which did not affect its 
quality and the chlorine residues on the produce was less than the maximum acceptable 
value (5 mg/l) in drinking water [129]. Using sodium hypochlorite at higher concentra-
tions may give much better results, but have toxic effect on the human body cells [51].

7.2.1.3 Potassium permanganate (KMnO4)

Potassium permanganate is a powerful oxidant. In Lomé, 22% of consumers 
washed vegetables with potassium permanganate solution [123]. Traoré et al. [125] 
reported complete disinfection of Salmonella spp. and 3.3 log reductions of faecal 
coliforms on lettuce with potassium permaganante solution at 170 ppm for 15 min. 
Cleaning coriander leaves for 10 min in KMnO4 solution (0.1%) eliminated 4 logs 
CFU of pathogenic bacteria [124]. Subramanya et al. [124] reported 4.1 log reductions 
of bacterial bioload on raw Coriandrum sativum with KMnO4 solution at 0.1% for 
10 min. Bhilwadikar et al. [122] revealed the efficacy of KMnO4 (0.001%) in remov-
ing residue of carbaryl (93.50%) and methomyl (47.57%) on Chinese cabbage at 
15 min. Potassium permanganate at the highest concentration caused purpled discol-
oration on vegetables (e.g. lettuce leaves) [125].

7.2.1.4 Vinegar

A study by [125] showed the effectiveness of 3.2 log CFU/100 g 0.00285 ppm 
vinegar solution applied for 15 min in reducing the faecal coliforms present in 
lettuce. Amoah [126] in Ghana reported that dipping lettuce leaves in vinegar 
12,500 ppm for 10 min reduced faecal coliforms populations by 3.5 log units. 
Disinfecting of vegetables with vinegar have sometime negative sensory effects on 
vegetables [125, 126].

7.2.1.5 Common salt (NaCl)

Adjrah et al. [123] point out that 22% of consumers used saline water to disinfect 
vegetables in Lomé. Traoré et al. [125] demonstrated the efficacy of salt in reducing 
faecal coliforms and eliminate Salmonella spp. populations on vegetables. Amoah 
[126] in Ghana reported that washing lettuce with salt 35 ppm for 10 min reduced 
faecal coliforms populations by 2.1 log units. High concentrations of salt, however, 
deteriorate the external quality of some vegetables such as lettuce [126].
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7.2.1.6 Electrolysed water (EOW)

It is a powerful bactericide [130, 131]. Studies have shown the use of different 
types of EOW in disinfection of fresh produce [132–134]. A study by Chen et al. [135] 
showed the reduction of cyanidine, pelargonidine and 2,2-diphenyl-1-picrylhydrazyle 
(DPPH) radicals in red cabbage treated with EOW. Many studies demonstrated the 
effectiveness of EOW against aerobic mesophiles, enterobacteria, mould and yeast 
contaminating the surface of vegetables [136–138]. The acidic EOW is very effective, 
but its corrosive and unstable characteristics limit its application [139].

8. Conclusions

This chapter has provided a comprehensive discussion of the sources of veg-
etables contamination in SSA and health reduction intervention approach that 
can be employed in preventing vegetable contamination. Many farming practices 
impacted positively and negatively on the health risk of vegetables produced in SSA, 
particularly in Mali. Generally, vegetables produced are contaminated by pathogenic 
bacteria, helminth eggs, heavy metals and pesticides. In addition to irrigation water 
and soil, possible sources of vegetables contaminations include the use of untreated 
organic manure. It is important to sensitise and train farmers to improve their knowl-
edge in good agronomic practices in order to reduce microbial and chemical con-
tamination of vegetables in the farm. Some of these practices could be the treatment 
of irrigation water, proper composting of manure and appropriate use of pesticides.
These farm contamination reduction measures could complement disinfection of 
vegetables before consumption to save the health of vegetable consumers.
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Chapter 9

Arousing Public Attention on Sea 
Level Rise in New Zealand through 
Art-Science Collaboration
Laura Donkers

Abstract

In New Zealand, climate scientists predict that climate change-induced sea level 
rise will have an earlier and greater impact on coastal communities than previously 
anticipated. In Auckland, the “City of Sails,” Aucklanders’ prize the opportunity to 
sail on the ocean and live near the beach. However, in 2019 Auckland Council released 
information that by 2060, a projected increase of 50 cm sea level rise would inundate 
the homes of 43,000 citizens. If citizens are to safeguard their lifestyles, they need to 
make effective decisions about how and where they choose to live. While artists are 
not often qualified to disseminate scientific knowledge, they are able to offer artistic 
comprehension through aesthetic intelligence, experientiality, and the creation of 
mental imagery. Building on this position, this chapter explores how an art-science 
exhibition, Blue Radius, deployed a range of sensorial, emotional, and scientific 
perspectives to imaginatively engage citizens with the phenomena of climate change-
induced sea level rise and present relevant scientific information to assist citizens 
develop informed decision-making skills.

Keywords: art-science collaborations, climate change testimony, decision-making, 
imagination, aesthetic intelligence

1. Introduction

In this chapter, I hypothesise that artist-scientist collaborations can help to gener-
ate discrete engagement strategies that arouse public attention towards consciously 
and effectively engaging with climate and ecological science. The Blue Radius art 
exhibition (hereafter Blue Radius) was designed to raise public awareness of climate 
change-induced sea-level rise with the aim of exploring how art-science collabora-
tions can help citizens to navigate, accept, and understand the future to make better 
environment-influenced decisions.

Human behaviours and activities have been changing the climate and ecology 
since industrialisation began. From disappearing ice to plastics in our food chain, in 
a little over 100 years we have speeded up the process of global warming by nearly 
doubling the volume of carbon in our atmosphere. This excess carbon is a major factor 
in causing average sea levels to rise at an alarming speed [1]. Also, as glaciers and ice 
sheets melt, the volume of the ocean is expanding as the water warms [2]. In addition 
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to the problem of sea level rise, is the ongoing damage caused to marine ecology 
through activities like coastal sandmining for construction and marina construction 
on fragile ecological sites, which destroy the seabed environment [3, 4].

However, not all sea level rise is due to climate change. In countries that sit on 
tectonic plate boundaries, such as New Zealand, the coastline is also sinking due to 
“vertical land movement” (Figure 1) [5]. This is expected to accelerate the impact of 
climate change-induced sea level rise in high-population areas such as the Auckland 
region—currently 1,715,600 citizens with a population density of 347 people per km 2 
(June 2021) [6]. Current safeguarding choices focus on coastline protection using sea 
walls and flood defences, adapting buildings and roads, or by retreating from “at-
risk” areas [7]. However, environmental scientists, such as Professor Judy Lawrence 
and Dr. Paula Blackett, are calling for a “shift in mindset” where citizens support 
longer term solutions to protect future generations using relevant, accessible informa-
tion to inform better decision-making [8].

Figure 1. 
Map of New Zealand showing areas impacted by sea level rise (Image Credit: Auckland Council).
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It is beyond doubt that present modes of culture and lifestyles are contributing 
towards the climatic and ecological problems. But how society chooses to respond to 
these multiple ecological crises will determine its future [9]. In the most recent report 
by the International Panel on Climate Change (IPCC), experts stress that “if human 
behaviours do not change then existing climate trends will worsen” [10]. Therefore, 
if we are to safeguard the future, we must come to terms with our unsustainable 
relationship with nature. We need to learn about the consequences that have been 
unleashed and embrace ways to live more sustainably so that we do not endanger the 
opportunities for future generations, both human and nonhuman, to meet their basic 
needs. Sustainable development involves the creation of new things—such as envi-
ronments, objects, and lifestyles—but also new visions and concepts that can support 
ethical, proactive, and optimistic future development [11].

This is where art can help “summon the future” by enabling us to perceive with 
new eyes, new minds, and new awareness [12]. But these possible futures must also 
include more holistic perspectives that show compassion and empathy for the crea-
tures we live with. To this end, art can promote a change in attitude that involves “joy, 
ingenuity, self-respect, and a responsible attitude” [11], all of which can be highly 
effective in helping communities to see themselves as part of the nature/culture 
continuum [13].

Art helps to develop aesthetic intelligence, which is the human capacity to under-
stand beauty; “where something deep within us is touched and fills us with delight” 
[14]. Aesthetic intelligence is a perceptual communication that arises through 
embodied and social experience: “a call-and-response between [self] and place” that 
occurs through experiences, memories, and making connections [15]. Ecological 
art highlights the interdependence between society and nature, commodities and 
matter. Its focus is on the interrelationships between the physical and the biological, 
cultural, political, and historical aspects of ecological systems. Art with an ecological 
focus seeks to reclaim, restore, or remediate natural environments. It informs the 
public about the environmental problems we face and aims to re-envision ecologi-
cal relationships, proposing new possibilities for co-existence, sustainability, and 
healing [16, 17].

While artists are not often qualified to spread scientific knowledge, nor explain 
the environmental effects of decisions made in society they are able to offer artistic 
comprehension of life-based on aesthetic intelligence—through the experiential 
and observed, and the development of one’s own mental images, public expression, 
and what can be visualised [11, 14]. When artists work with scientists they can 
create new awareness of the climate crisis and help citizens to perceive the future 
with new perspectives. “[T]he combination of science and artistic expression [can] 
bridge the emotional divide and penetrate the audience’s consciousness with a 
glimpse of reality” [18]. “Critical and creative thinking […] provide a unique and 
innovative way to engage with both the challenges and opportunities arising from 
climate change” [19].

2. Methodology

I used a collaborative art-science exhibition and engagement programme as a 
methodology to present a range of perspectives around the impacts that climate 
change induced sea level rise pose for the community. Blue Radius was presented at 
Depot Artspace, a community gallery in one of Auckland’s many coastal suburbs for 
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a four-week period from 3 to 28 September 2022. It comprised of exhibits by artists, 
activists, scientists, and organisations, and was the venue for several motivational 
talks by activists and scientists.

The exhibition aimed to present:

• connections between human activities and their impacts on the ocean and 
marine ecology

• adaptation options for citizens in response to sea level rise impacts

• the potential for creative engagement to help citizens understand more about the 
impacts of climate change induced sea level rise

2.1 Questions

This study was structured around answering the following research questions:

1. How can we develop more holistic perspectives to improve relationships with 
oceans and marine ecology?

2. How can we learn to engage with the loss of human control over our natural 
environment that climate change imposes?

3. What role can creative engagement play in helping us to explore these challenges?

2.2 Exhibition components

Blue Radius brings together the work of artists, activists, scientists, and organisa-
tions who reflected upon a range of perspectives as impetus for the public to consider 
their own positions and support to guide better decision-making about how they will 
continue to live in their places (Figure 2).

Figure 2. 
Diagram identifying the various elements of the exhibition used to engage viewers (Image credit: Laura Donkers).
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The exhibition introduced the following works:

• Land Radius|2—an audio-visual exchange between artists, scientists, community 
members, and activists who share testimony of their observations and frustra-
tions about the ecological emergencies happening in the Haruaki Gulf Marine 
Park. Directed by Laura Donkers, this meditative film developed awareness of 
human interdependence with nature and individual perspectives affecting a 
range of environments and communities.

• My Coastal Future—a new “Serious Game” created especially for the exhibi-
tion by NIWA (New Zealand’s National Institute of Water and Atmospheric 
Research), provided the player with the experience of decision-making about 
their coastal property as the sea level rises. The player could decide to build a sea-
wall, move their house, or move elsewhere. The game introduced several models 
that include costings and worst case/least case scenarios to allow some elements 
of chance to enter the game and make it more of an experience for the player in 
the hope that key information would stick in their mind.

• Coast Under Threat—is a photographic essay by fine art photographer Stephen 
Perry that documents the deteriorating structures introduced by authorities and 
individuals as hard engineering to hold back nature. Piles of imported stones, 
concrete, and rusty steel are photographed far from the cliff face presenting 
evidence of their temporary nature. This misguided enthusiasm is repeated by 
current cliff-top dwellers who instal ever more elaborate constructions to hold 
back the elements. When will it stop?

• Tuakana Teina—takes center stage in the exhibition. A “Carbon Stack” created 
by Bianca Ranson and Te Aata Rangimarie Smith, forms a towering, tactile, 
three-dimensional object to stimulate pro-environmental consciousness. It 
promotes more sustainable ways of living through community food growing 
and taking an activist’s approach highlighting the destruction of Kororā, Little 
Blue Penguin, habitats due to construction of a controversial 140-berth marina 
on Waiheke Island. This work involves 300 piles being rammed into the seabed, 
causing a section of active Kororā habitat to be destroyed.

• Not Quite a Church | Inciting Public Gathering—is the work of Nââwié Tutugoro, 
which references the raid on Camp Kororā, the activist’s camp on Waiheke Island.

• Ngā Aua Rere Kaharunga—a woven sculpture by Atareta Black who weaves tra-
ditional Māori knowledge, genealogy, and traditional stories to convey relation-
ships to the sea, land, and environment

3. Analysis

Blue Radius brought together art and science perspectives to drive home the 
immediacy of climate change—something so large, world-altering, and seemingly too 
distant to fathom—by looking to local manifestations of ecological collapse that we 
could be preventing. It was a collaboration between artists, scientists, organisations 
and businesses that presented unique sensorial, emotional and scientific perspectives 
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to illustrate how human choice influences our ability to contemplate, respond to, and 
act on the ecological challenges we have created. The exhibition proposed that a more 
holistic perspective would enable people to confront how present modes of living 
diminish not only our lives but also the prospects of future generations.

The exhibition took place in Auckland, which is New Zealand’s largest city. It is 
home to many harbours and marinas with moorings for more than 500,000 sailboats 
and yachts, giving rise to its nickname, the “City of Sails.” With a coastline extending 
to 3200 km, living with the ocean is part of Aucklanders’ identities, as an estimated 
25% of households own at least one boat, and living with a beach view is highly 
sought after. However, sea level rise threatens this idyll. In 2019 newspapers were 
widely reporting new research released by Auckland Council that by 2060 a projected 
increase of 50 cm sea level rise, increased storm surges, high tides, and large waves 
would mean that the homes of more than 43,000 Aucklanders will be inundated and 
leave up to 30% of the city center at risk [20–22].

Considering this situation, Blue Radius sought to present climate change and 
human decision-making as the key issues prompting sea level rise and other ecologi-
cal emergencies taking place along Auckland’s coastlines. Spanning photography, 
sculpture, audio-visual installation, and video gaming, Blue Radius reflected on the 
function of art as a platform for critical engagement that juxtaposed the perspectives 
of artists and activists, scientists and organisations to examine the impact of sea level 
rise on the lives of citizens. It sought to change perceptions of climate and ecological 
crises by offering a range of spatial interventions for gallery visitors to navigate, using 
observational imagery, audio-visual testimony, an interactive “Serious” game, and the 
confronting spectacle of an eight-cubic meter Carbon Stack made of layered hay, cof-
fee husks, and dried leaves, placed right in the middle of the gallery space (Figure 3).

At two-meters high, Tuakana Teina disrupted views across the gallery. Visitors 
were at times perplexed by its presence: “it’s impossible to avoid, there it is—every-
where you look!”, “a larger-than-life structure that gets in the way”, “its spoiling my 
view of the other works”, “it blocked my view of the speakers”. The Carbon Stack 
concept belongs to Richard Wallis, founder of The Carbon Cycle Company, and 
inventor of the Carbon Composter who helps individuals, companies, and communi-
ties to reduce CO2 emissions by composting local food waste. Having a store of carbon 

Figure 3. 
Blue Radius exhibition view (Image Credit: Laura Donkers).
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beside your community compost heap ensures that local food waste can be properly 
composted down to a beneficial growing medium.

Wallis created a composting system with Bianca Ranson at the community garden 
at her local marae in Waiheke Island. Ranson chose to use the idea of the Carbon Stack 
as a metaphor for healing environmental and societal ills, identifying that “Climate 
justice starts with those most vulnerable in our community including our taonga 
(treasure) species. Extraction, pollution, and governance have left our moana (ocean) 
in a biodiversity crisis, facing ecological collapse. The mauri (life force) of our moana 
is under threat.”

Her “elephant-sized” Carbon Stack is decorated with a shredded 1000-page court 
injunction and a Pohutukawa tree that was ripped out by the private developers who 
were building the unwelcome luxury 140-berth marina. She, along with 31 other 
members of her community, were each sanctioned with a trespassing injunction and 
given a $750,000 fine for swimming in their own bay in protest at the construction 
work that destroyed the habitats of the nesting Kororā (native Little Blue Penguin). 
The concept of her work, Tuakana Teina, highlights the Māori belief that all valued 
species such as the Kororā “come before us in our whakapapa (genealogy). Our 
relationship to them is tapu (sacred) and we have an inherent responsibility to protect 
them.” The Carbon Stack contributes to the composting of all food waste on Waiheke 
Island. When these artefacts become nutrient-rich soil and food, they will feed the 
hungry stomachs of those making this urgent stand at a time of climate crisis and 
biodiversity loss (Figure 4).

NIWA’s My Coastal Futures Game afforded a very different experience to visi-
tors. Its accessible format invited participation, which was for all ages from 10 
years upwards. The game took you through a decision-making process in around 
5 minutes. Its purpose was to help players understand some of the science of climate 
change and the things we can do to combat it both individually and, with their 
families, schools and communities (Figure 3). The idea was to bring the impact 
of changing climate, rising seas, and worsening storms that damage the coastline 
into the hands of the players to make decisions about their coastal property as the 
sea level rises. All is not lost, there are ways you can adapt. You can build a seawall, 
move your house back on the section, or move elsewhere. What you choose is up to 
you but watch out—things can change quickly! Spend your money wisely to deter-
mine your coastal future.

NIWA, the National Institute of Water and Atmospheric Research, is New 
Zealand’s Crown Research Institute for climate, freshwater and marine science. They 
provide decision makers with the science-based information they need to make 
informed choices in a changing world.

3.1 Effective decision-making around sea level rise impacts

Blue Radius presented a local exploration of the ecological emergencies taking 
place along Auckland’s coastlines and how human activity was inducing climate 
breakdown. It looked at the ways humans damage local marine ecology through ongo-
ing extractive practices by mining coastal sand for construction that destroys seabed 
environments, while permits are granted for marina construction on fragile ecologi-
cal sites. The exhibition proposed that a more holistic perspective would confront 
how our present modes of living diminish not only our lives but also the prospects 
of future generations. Building on our human capacities to innovate is an important 
way to motivate action [12] but our innovative capacities must include compassion 
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and empathy for the non-human entities we live with and rely on for our continued 
prosperity.

Spanning photography, sculpture, audio-visual installation, and video gaming, 
Blue Radius reflected on the function of art as a platform for critical engagement 
that juxtaposed the perspectives of artists and activists, scientists and organisations 
to examine the impact of sea level rise on the lives of citizens. It sought to change 
perceptions of climate and ecological crises by offering a range of spatial interven-
tions for gallery visitors to navigate, through observational imagery, audio-visual 
testimony, a towering, tactile, three-dimensional object, and a relevant, interactive 
“Serious” game. The exhibition explored how individual and collective voices can 
help to illuminate structures of policy and decision-making and give voice to the 

Figure 4. 
Family playing my coastal futures game (Image credit: Laura Donkers).
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non-human entities that exist and suffer because of destructive human activity. This 
multi-disciplinary approach supported connection-building across human and non-
human communities to imagine, engage, and inform the public.

4. Conclusion

Exhibitors presented visualisations that imaginatively explored aspects of the 
climate and other emergencies. Video, photography, sculpture, and an online, interac-
tive Serious Game presented the impacts of decision-making that result in eroded 
favourite beaches, ruined shellfish colonies, and destroyed habitats such as that of the 
Kororā, the Little Blue Penguin. The interrelated artworks enabled visitors to reflect 
on and process different experiences of loss that are expected to be experienced in the 
future: the loss of favourite beaches, loss of homes and lifestyles, loss of species, loss 
of community.

Blue Radius created a platform for an innovative and experimental exchange 
of views where culture, community and science could meet in a non-hierarchical 
dialogue. The novelty of this approach lay in the explorative nature of where the 
process could lead. The goal was to develop imaginative strategies that would help to 
improve understanding, increase levels of engagement and help to share experiences 
of climate change induced sea level rise and other issues affecting marine ecology, in 
the hope that those present might be willing to consider the impact our behaviours 
and attitudes are having on nature.

Thus, Blue Radius contributed to knowledge exchange across art, sustainability 
education, ecology, and environmental disciplines. It connected with a broad cross 
section of citizens who might be struggling to focus their efforts in a world of 
biodiversity loss and climatic change, such as children and young people, teachers, 
local communities, indigenous communities, artists, politicians, local authorities, 
business owners, tourists, new immigrants, and community organisations. Further 
to these associations, this exhibition provided opportunities to extend the reach 
of artistic production by building awareness, decision-making, education, and 
empowerment to encourage local communities to undertake pro-environmental 
action.

To conclude, Blue Radius provided a public platform for a diverse group of artists, 
activists, scientists, and organisations whose work imaginatively explored the phe-
nomena of climate change induced sea level rise. The exhibition introduced creative, 
ecological, and science-based methods to develop awareness of human interdepen-
dence with nature. It stimulated pro-environmental consciousness by promoting 
more sustainable ways of living. It gave voice to imaginative and moral states of mind 
towards nature. It developed new collaborations that helped to unlock new forms 
of inquiry. It explored how individual and collective voices can help to illuminate 
structures of policy and decision-making and give voice to the non-human entities 
that exist and suffer because of destructive human activity. This multi-disciplinary 
approach supported connection-building across human and non-human communities 
to engage and inform the public.
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Abstract

The NICRA project is being implemented in two villages viz., Chamua  
(since 2010–2011) and Ganakdalani (since 2012–2013 till 2016–2017), which are  
situated in the west of Lakhimpur district of North Bank Plains Zone of Assam. 
Chamua village is situated in Kherajkhat Mauza (Taluka), which is 45 km away 
from North Lakhimpur, the headquarter of district Lakhimpur. On the other 
hand, Ganakdoloni is situated at Dhalpur Mauza, situated 60 km away from North 
Lakhimpur and 15 km away from the local township Narayanpur. During 2017–2018 
four villages viz., Jakaipelua, Borbali, Borkhet, and Nogaya were adopted under the 
project. Analysis of long-term rainfall data confirmed the significant decreasing 
trend of annual as well as monsoonal rainfall in both the Brahmaputra and Barak 
basins of Assam, India. Variability of rainfall has been increasing in terms of the 
increased frequency of high-intensity rains and the reduced number of rainy days, 
leading to localized flash floods and the occurrence of multiple dry spells. Mean 
season-wise rainfall 2011–2021 indicates long dry periods during the winter season, 
leading to prolonged dry spells affecting crop growth. About 69% of total rainfall 
(average annual rainfall of Assam is 2000 mm) is received during the monsoon 
season, resulting in flash floods leading to crop damage. Out of 12 years of investiga-
tion, 10 years are deficit years, resulting in crop stress both during the monsoon and 
post-monsoon period. Preparation and implementation of real-time crop contingen-
cies are important in responding to weather aberrations in different strategies like 
preparedness, real-time response, etc. Identification of various adaptation strategies, 
including climate-resilient crops and cultivars, rainwater harvesting and recycling, 
efficient energy management through farm mechanization, dissemination of weather 
information, and weather-based agro-advisories to farmers in a real-time basis, is 
important adaptation technologies for building climate-resilient agriculture. The 
study showed that adaption of climate-resilient crop and cropping system and use of 
harvested rainwater resulted in a 12 to 30% increase in yield observed by the cultiva-
tion of high-yielding rice varieties (HYVs) (Ranjit, Gitesh, Mahsuri, etc.) when sown 
in time (before 15th June) over late sowing conditions (after 20th June). In the case 
of early season drought, replacement of long duration traditional varieties with short 
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duration HYV and life-saving irrigation using harvested rainwater increased yield by 
about 59% (short duration var. Dishang) over non-irrigated fields. In case of mid-
season and terminal drought, application of an additional dose of 22 kg ha−1 MOP at 
maximum tillering to grain growth period an increase in yield of about 33% (Ranjit), 
32% (Gitesh), 64% (Shraboni), and 57.5% (Mulagabharu) has been observed over 
farmers’ practice. In highly flood-affected areas under lowland situations replacement 
of submergence tolerant varieties (Jalashree and Jalkuwari) with traditional deepwa-
ter rice varieties resulted in reduced crop loss due to the genetic trait of the deepwater 
rice, which can withstand water logging for a long period. With an increase in the 
level of mechanization through the use of machinery available in the custom hiring 
center the human and animal hour requirement for paddy cultivation was reduced 
from 795 to 350 hrha−1 and 353 to 23 hrha−1, respectively. Alternate land use in terms 
of low-cost poly house, vermicompost production, and mushroom cultivation also 
resulted in nutritional security and generation of higher income for the farmers

Keywords: climate change, ecosystem, extreme weather, vulnerability,  
National Innovations on Climate Resilient Agriculture (NICRA), North Bank Plains 
Zone (NBPZ) of Assam

1. Introduction

Climate change has become an important area of concern for India to ensure 
food and nutritional security for the growing population. Climate change has been 
one of the most talked about subjects by both scientists and common people today. 
The major concern has been the question of food security soon under the changed 
climatic situation. Climate is changing and this change is now for real. It has come as 
a daunting challenge to agriculture and agriculturists. The impacts of climate change 
are global, but countries like India are more vulnerable because of the high popula-
tion depending on agriculture. The Government of India has accorded high priority 
to research and development to cope with climate change in the agriculture sector. 
The Prime Minister’s National Action Plan on climate change has identified agricul-
ture as one of the eight national missions. Therefore, the time has come to shift our 
focus from assessing the impact on agriculture to the management-based solution to 
cope with food production sustainability. Many researchers are underway to evolve 
climate-friendly, climate-smart, and climate-neutral agricultural technology for the 
benefit of society.

The impact of climate change has been increasingly visible in terms of change in 
temperature, precipitation, retreating ice caps and glaciers, sea level rise, atmospheric 
circulation pattern, and ecosystems. Climate change is not simply the increasing tem-
perature but is indeed responsible for the increasing frequency of extreme weather 
events, such as heat waves, cold waves, droughts, and floods. In India, the increased 
frequency of pronounced heat waves, cold waves, droughts, and floods has already 
been realized in the last few decades. Analysis of long-term rainfall data confirmed 
the significant decreasing trend of annual as well as monsoonal rainfall in both the 
Brahmaputra and Barak basins of Assam, India [1]. Variability of rainfall has been 
increasing in terms of the increased frequency of high-intensity rains and the reduced 
number of rainy days, leading to localized flash floods and the occurrence of multiple 
dry spells [2]. The chapter will deal with strategies to adapt to climate variability from 
farmers’ perspectives based on the experiences of the All-India Network Project on 
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National Innovations on Climate Resilient Agriculture (NICRA) being implemented 
in the North Bank Plains Zone of Assam (NBPZ), India since 2011.

1.1 Physiography of Assam

Assam is one of the states of northeast India situated between 24°and 28°16΄N lati-
tude and 89°4΄and 96°E longitude. It is surrounded by Bhutan and Arunachal Pradesh 
in the north, Arunachal, Nagaland, and Manipur in the east, Mizoram, Tripura, and 
Meghalaya in the south, and Bangladesh, Meghalaya, and West Bengal in the west. 
Assam has a geographical area of 78,523 square km comprising fertile land and water 
resources. Despite these resources, Assam is lagging in the agriculture sector. The 
farming community mostly belongs to small (20.9%) and marginal (62.2%), with 
large farmers being very low (0.19%). The average farm size is decreasing over the 
years (1.11 ha) (Table 1) [3].

The physiography of the state can be divided into three distinct units: the plain, the 
plateau, and the hills. Two primary units for agricultural development in Assam are 
the Brahmaputra and the Barak valley, accounting for 80.8% of the total geographi-
cal area. The state of Assam has been divided into six agro-climatic zones based on 
physiographic variation, climate, soil, farming systems, crops and cropping systems, 
and hydrology under the National Agricultural Research Project (NARP) (Table 2).

1.2 Soil and climate of Assam

The major portion of the soils of Assam belongs to Inceptisols (49.3%) followed 
by Entisols (32.3%), Alfisols (12.3%), and Ultisols (6.1%). The texture of the soils 
varies from sandy loam to clay loam depending on the agroclimatic conditions and 
physiographic units. The soil of Assam is acidic having a pH range from 4.2 to 5.8. 
The average status of available nitrogen, phosphorus, and potassium status in the soil 
is low to medium, with a slight variation in the content [5, 6]. The soil of the state as 
a whole is deficient in boron and marginal in the case of zinc, iron, and aluminum 
toxicity are also observed sporadically.

The climate of Assam is humid subtropical in nature with warm humid summer 
and cool dry winter. The rainfall in Assam is in general high, but its distribution 
over time and space is not uniform and even. The monsoon period is characterized 
by high-intensity rainfall, while the winter (December to February) is virtually dry. 
Flood is a regular feature affecting the Kharif rice (winter paddy) production in about 
7.75 Lakh ha of agricultural land annually. The mean annual maximum temperature 

Class All classes

Number %age

Marginal (<1 ha) 1,669,252 62.2

Small (1.0–2.0 ha) 561,078 20.9

Semi medium (2.0–4.0 ha) 351,245 13.1

Medium (4.0–10.0 ha) 96,418 3.5

Large(> 10.0 ha) 5004 0.2

Table 1. 
Number of land holdings according to size classes of Assam [3].
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lies between 23.6°C and 31.7°C, while the mean minimum temperature varies from 
10°C to 25.2°C. The interception of bright sunshine is only 36 to 38% of the astro-
nomically possible sunshine hours from June to August due to continuous overcast 
sky. Though sunshine hours are the longest from November to February (70 to 74%) 
radiation is not up to the desired level due to foggy weather.

1.3 Flood

A flood is a natural calamity where the state is exposed to vagaries of climate to an 
extreme scale, endangering the life and property of the farmers. The state is home to 
a mega network of rivers comprising 48 major and 128 small rivers, which are respon-
sible for the annual floods, resulting in an average annual loss of Rs.200 crores for the 
state. Horticulture crops occupy 7.57 and 15.25% of total land and total cropped area, 
respectively.

1.4 Land use pattern

Assam has a total geographical area of 78,523 square km, of which 24.91% is under 
forest. The net cropped area constitutes 35.1% of total land area and 70.66% of total 
cultivated area. About 58.5% area is mono-cropped, especially with winter rice, with 
the cropping intensity being 146% (RKVY-Assam, 2022). About 186 lakh hectares 
and 1.51 lakh hectares are remaining fallow and waste. The state has a population of 
31.17 million and the population of the state is expected to swell to 35.6 million by 
2025, putting tremendous pressure on land and water resources.

1.5 Irrigation status in Assam

Irrigation is very critical in terms of nullifying the ill effect of weather vagaries, 
getting a response to input and other management practices, and exploiting the 
genetic potential of modern varieties. Irrigation has gained much importance given 

Sl. No. Agro-Climatic 
Zones

Number of 
Districts

Net cropped 
area(ha)

Area sowed more 
than once

Cropping 
Intensity (%)

1 Lower Brahmaputra 
Valley Zone

10 9,29,757 4,69,422 150

2 North Bank Plain 
Zone

5 5,36,598 3,36,323 163

3 Central Barak Valley 
Zone

2 3,27,637 85,615 126

4 Upper Brahmaputra 
Valley Zone

5 6,20,320 1,94,629 131

5 Barak Valley Zones 3 2,41,715 1,01,989 142

6 Hill Zones 2 1,54,570 1,00,824 165

Assam 27 28,10,597 12,88,865 146

Table 2. 
Agro-climatic zones of Assam [4].
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weather extremities line flood and drought-like situations frequently occurring as a 
result of climate change. At present only 18.5% of the net cultivated area of the state is 
under irrigation.

1.6 Present status of rainfall and temperature variability

1.6.1 Temperature

According to the fourth assessment report of the Intergovernmental Panel on 
Climate Change (2021), the increase in global surface temperature from 1850 to 1900 
is assessed to be 1.09 [0.95 to 1.20] °C [7]. In the northeast region of India, the annual 
mean temperature is reported to be rising at a rate of 0.04°C per decade [8]. Assam 
also exhibits warming trends throughout with minor spatial variations. Analysis of 
temperature data during 1961–2010 reveals a warming trend in both mean maximum 
and minimum temperature. The magnitude of minimum temperature was higher 
compared to those of maximum temperature. Similar trends were also observed by 
other researchers [9].

1.6.2 Rainfall scenario of Assam

Assam experiences an average annual rainfall of 1980 mm, while during pre-
monsoon (March–May), monsoon (June–September), post-monsoon (October–
November), and winter period (December–February) average rainfall received is 
486.5 mm (24.57%), 1279 mm (64.64%), 150.3 mm (7.59%), and 63.3 mm (3.20%), 
respectively (Table 3).

Deka and Mahanta reported a declining tendency of annual rainfall at a rate of 
7.9 mm per 100 years in the NE region of India [10]. The summer monsoon rainfall in 
the region is decreasing (−48.0 mm/100 years), while rainfall during the post-monsoon 
season exhibited an increasing trend (+36.3 mm/100 years). The contribution of June, 
August, and September rainfall to annual rainfall exhibits a decreasing trend, while the 
contribution of July and October rainfall marks a rising trend [11]. On an annual basis, a 
long-term decreasing trend of rainfall has been observed in both the Brahmaputra basin 
and the Barak basin of Assam. Decreasing tendency (39.1 mm/decade) in the Barak 
valley, while in the Brahmaputra basin the annual decreasing trend was 9.6 mm per 
decade also reported [11]. About 72 million hectares of net sown area in India is rainfed, 
which is practiced in diverse climates and agro-ecologies contributing to about 40% of 

Rainfall Normal rainfall Normal rainy days (No.)

Pre-monsoon (March–May) 486.5 32

Monsoon (June–September) 1279.0 56

Post-monsoon (Oct–Nov) 150.3 9

Dry periods (Dec–Feb) 63.3 8

Total 1979.1 105

Table 3. 
Mean season-wise annual rainfall and rainy days in NBPZ of Assam [5].
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the country’s food basket. The agricultural production, productivity, and stability in 
rainfed areas are more vulnerable to climate variability, particularly during the kharif 
season, due to high dependency on the southwest monsoon. Monsoon failures result in a 
drought that has serious implications for small and marginal farmers. The annual aver-
age rainfall and the seasonal monthly distribution of rainfall for two districts of Assam 
(the study area and the adjacent district of the domain area) situated in the NBPZ of 
Assam had been shown in Figures 1–4, respectively.

1.7 Crops and cropping systems

See Tables 4 and 5.

1.8 Climate change in India and Assam

Climate change and its variability are emerging as major challenges facing Indian 
agriculture. The high inter and intra-seasonal variability in rainfall distribution, rain-
fall events, and extreme temperature are causing crop damages and losses to the farm-
ers [12]. In many parts of India, the frequency of occurrence of cold nights declined, 
while the frequency of occurrence of warm nights and warm days significantly 

Figure 1. 
Average annual rainfall, normal rainfall, and the deviation for Lakhimpur district of Assam (2010–2021).

Figure 2. 
Average seasonal rainfall for the Lakhimpur district of Assam (2010–2021).
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increased. Overall climate change pattern has already begun affecting the Indian 
agriculture sector adversely by enhancing abiotic and biotic stress to the crops and 
livestock. Various future climate models indicate a consistent warming trend over 
India, in short, mid as well as long-term scenarios [13]. Overall, the temperature rise 
is likely to be much higher during the rabi (October/November to January/February) 
than the Kharif (June/July to October/November) season. In addition, droughts and 
floods as well as cold and heat waves are likely to increase due to increased variability 
in temperature and may cause crop losses up to 30% by 2080. Assam also exhibits 
warming trends throughout with minor spatial variations. Analysis of temperature 
data from 1961 to 2010 revealed a warming trend in mean maximum temperature 
over Dibrugarh (0.120°C) per year, Jorhat (0.006°C per year), Nagaon (0.007°C/per 
year, Diphu (0.001°C per year and Guwahati 0.016°C. Tezpur, however, showed a 
decreasing trend of mean maximum temperature at the rate of 0.007°C per year. The 
magnitudes of trends of minimum temperature were higher compared to maximum 
temperature. The long-term (1901 to 2010) mean annual rainfall of the Brahmaputra 
basin is 2293 mm with a standard deviation of 225 mm. Barak valley basin receives 
3204 mm rainfall with a stand’s deviation of 420 mm. On an annual basis, a long-term 
decreasing trend of rainfall has been observed in both the basins [11].

Figure 3. 
Average annual rainfall, normal rainfall, and the deviation for Biswanath district of Assam (2010–2021).

Figure 4. 
Average seasonal rainfall for Biswanath district of Assam (2010–2021).
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As per the findings of the State Action Plan for Climate Change, the annual mean 
temperature has increased by 0.59°C and the annual rainfall has decreased by −2.96/
mm per year over the last six decades (1960–2000). Climate change projections for 
Assam indicate that the mean average temperature is likely to rise by +1.7–2.2°C by 

Crop Season Sowing time Variety Duration 
(days)

Average 
yield (qha−1)

Direct seeded 
early Ahu

Autumn Mid-February Luit, Kapilee, IR 50, IR 
36, Dishang

110–120 20–25

Transplanted 
early Ahu

Autumn Mid-February Luit, Kapilee, Govind, 
IR 36, Rasi, IR 50, Jaya

125–135 25–35

Normal Ahu 
direct seeded

Autumn March/April Rasi, IR 36, Govind, 
Banglami, Rangadoria, 

Maibee

105–120 25–30

Normal Ahu 
transplanted

Autumn March/April 
sowing in nursery

Lachit, Chilarai, 
Gopinath, Luit

125–140 30–35

Sali Rice Kharif May/June in 
nursery

Ranjit, Bahadur, 
Maniram, Mahsuri, 

KetekiJoha

130–150 45–60

Boro Rabi November/ 
December sowing 

in nursery

Joymoti, Kanaklata, 
Dinanath, Swarnabh

160–170 50–65

Bao Autumn March/April Panindra, Padmanath, 
Maguri, Panchanan, 

Padumoni

200–240 25–35

Maize Kharif March–May Ganga, Vivek maize 
hybrid 47, Vivek maize 

hybrid 53, Novjot, 
Bio-9544

110–130 45–50

Greengram Kharif Mid-August to 
Mid-September

T-44, Pratap, K-851, 
ML-56, ML-131, 

Kopergaon

60–70 10–12

Blackgram Kharif Mid-August to 
Mid-September

T-9,T-27, Pant U-19, 
T-122, SB-121

80–90 10–12

Sesamum Kharif July-1st fortnight 
of August

Madhavi, Gouri, 
Vinayak, ST-1683

70–85 8–9

Toria Rabi Mid-October to 
Mid-November

TS-36, TS-38, TS-46, 
TS-67

90–95 10–12

Jute Autumn Mid-March to 
May

Sonali, Shyamali, 
Bohagi, Navin

110–120 22–26*

Pea Rabi Mid-October Rachna, Pant 14 120–125 10–12

Sugarcane Autumn February /March Daria, Kalang, Barak, 
Dhansiri, Luhit

280–300 700–800**

Potato Rabi October/
November

Kufri Pokhraj, Kufri 
Jyoti, Kufri Megha

80–110 85–100

*Fiber yield.
**Cane yield.

Table 4. 
Major rainfed crops of Assam [5].
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mid-century between 1971 and 2000. There is likely to be an increase in extreme 
rainfall events by +5 to 38%, including floods. There is a chance of an increase in 
droughts weeks are going to rise as well, by more than 75% concerning the baseline 
(1971–2000) in the southern districts of Assam. As regards floods, projections 
increase the rise in events by more than 25% [14].

1.9 Impact of climate change on agriculture of Assam

The impact of climate change on agriculture is both direct and indirect. The direct 
impact of climate change would be small on rainy season crops but the crops will 
become vulnerable due to increased incidence of weather extremes, such as changes 
in rainy days, rainfall intensity, duration and frequency of drought and flood, diurnal 
asymmetry of temperature, change in humidity, and pest incidence and virulence. 
Winter crop production may become more vulnerable and the climate impact on cere-
als will vary widely in the rainy season as well as the winter season. Rainfed agricul-
ture is likely to be more vulnerable because of the high dependency on monsoon and 
aberrant behavior of the south-west (SW) monsoon [15].

1.10 Farm mechanization

Agricultural productivity goes hand in hand with the mechanization of different 
agricultural operations, which aims at achieving timeliness of operations, efficient 
use of inputs viz., seed, fertilizer, and chemicals, etc., improvement in quality 
of produce, safety and comfort of farmers, reduction in the cost of produce and 
drudgery of farmers [16]. Mechanization would increase land and labor produc-
tivity and reduce the drudgery of humans and animals. In the changing climatic 
environment, the frequency of destructive weather aberrations (such as heat waves, 
heavy rainfall events, drought, and floods) affects the agriculture sector more 
vulnerable. In such situations, timely completion of farm operations is very impor-
tant, which could be accomplished through the use of improved implements and 
machines. Thus, mechanization is the key to building climate-resilient agriculture 
in the country [17, 18].

Assam has the largest cultivable plain land in northeast India but power consump-
tion for mechanization is 0.75 kWha−1, which is still below the national average of 1.5 
kWha−1. For sustainable food grain production and drudgery reduction, the mecha-
nization of agriculture is mandatory to an optimum level. Three main sources of farm 
power being utilized for these tools, machines, and equipment are manual (human), 
draft animal, and mechanical power. In many developing countries, up to 80% of 
farm power is provided by animal sources of power (Table 6) [18].

1.11 Real-time contingency planning–concept

Real-time contingency planning is considered as “any contingency measure 
either technology related (land, soil, water, and crop) or institutional and policy-
based, which is implemented based on real-time weather pattern (including 
extreme events) in any crop growing season” [19]. Real-time contingency planning 
(RTCP) was conceptualized to minimize crop production and productivity losses 
and to improve the efficiency of the rainfed production system. The major objec-
tives of RTCP are:
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• To establish a crop with the optimum plant population during the delayed onset 
of monsoon.

• To ensure better performance of crops during seasonal drought (early/mid and 
terminal draught) and extreme events.

• To enhance performance, improve productivity, and income.

• To enhance the adaptive capacity and livelihood of the farmer.

1.12 Crop and cropping system to cope with weather aberration

The whole concept of farming revolves around the seed. Identification of crops 
and varieties that fit well into changed climatic conditions is a common denominator 
for sustainable crop production in all land use conditions. An ideal variety should be 
high yielding, plastic enough to withstand weather aberration, tolerant to multiple 
abiotic and biotic stresses, responsive to augmented carbon dioxide levels and fit well 

Operation Implement/machinery

Bullock drawn/manual Tractor drawn

Land preparation Indigenous plow, mold board plow Mold board plow, 2 bottom mold 
board plow, disc plow, heavy-duty 
disc harrow

Tillage Indigenous plow, ladder Harrows, cultivators, clod crushers, 
levelers, rotary tillers, rotavators, 
puddlers

Sowing Broadcasting, transplanting, manual rice 
transplanter

Rice transplanter, self-propelled 
paddy transplanter

Residue incorporation Disc plow/ harrow

Interculture Bindha/weeder, hand hoes/kodal Cultivators, rotary tillers, cultivators 
with rigid and spring-loaded tynes

Weeding Japanese rice weeder/dryland —

Weeder, cono weeder/ hoes/ kodal/ 
sprayer, long handled weeders, hoe-
cum-rake, wheel hoes

Plant protection Manual sprayers, handheld sprayers, 
backpack and knapsack sprayers, 
knapsack power sprayer-cum-duster, 
dusters

—

Foliar sprays Manual sprayers, manual sprayers, 
handheld sprayers, backpack and 
knapsack sprayers, knapsack power 
sprayer-cum-duster, dusters

—

Harvesting Sickle/desi plow, paddy reaper Digger, mowers, self-propelled paddy 
harvester

Table 6. 
Farm types of machinery and implements mostly used by the farmers of the region [5].
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to farming situations. Sowing the right varieties of the right crops at the right time 
under the right land use conditions makes a significant difference in attaining higher 
yields. Efforts have been made by ICAR and State Agricultural Universities to develop 
high yielding varieties (HYVs) suitable for biotic and abiotic stresses. The short-
duration varieties and several climate-ready varieties have already been released to 
cope with the aberrant climatic conditions.

1.13 Weather aberration during the last decade

Due to aberrant weather conditions, Indian agriculture, in general, is experi-
encing the delayed onset of monsoon, deviation in rainfall, early season drought, 
mid-season drought, terminal drought, and flash floods. Most of the studies dur-
ing the last decades in India have pointed out that India’s annual rainfall, together 
with monsoon rainfall, is trendless and is mainly random in nature over a long 
period, particularly on an Indian scale. However, large inter-annual and decadal 
variations have been observed. The summer monsoon rainfall has sown significant 
decreasing trends in the subdivision of south Assam (−12.5 mm) per decade. The 
declining trend of annual rainfall at a rate of 7.9 mm/100 years is also reported [10]. 
The summer monsoon rainfall in the region is decreasing (−48.0 mm/100 years), 
while rainfall during the post-monsoon season showed an increasing tendency 
(36.3 mm/1000 years).

1.14 Crop production architecture

Packages for climate neutral variety, flood stress resistant variety, and insect pest 
resistant/tolerant varieties are to be developed over the years. Science of robotic 
application in production farm for weed management, etc., and application of GPS in 
farm planning and soil fertility management will have to be perfected.

Opinions for and against the SRI method of rice cultivation will require to be 
scientifically assessed to bring in needed refinement for water saving method of rice 
production. Designing and prototyping suitable farm types of machinery to suit 
changed crop production planning will need focused attention. A multidisciplinary 
team involving an agronomist, plant breeder, biotechnologist, meteorologist, ento-
mologist and pathologist, and engineers will have to come together to remodel the 
crop production module. A team consisting of an expert from different branches of 
horticulture will have to initiate research to develop smart farming for small farm-
ers, a model of hi-tech/climate control horticulture spreading the dimension to the 
hydroponic and aeroponic horticulture, including vertical space utilization in the 
greenhouse and soil-less farming, rooftop farming, etc.

The way the rainfall pattern is changing–sometimes early, sometimes late, some-
times scanty, sometimes in excess, sometimes erratic. Therefore, our established 
method of crop production will demand a change, necessitating advancing sowing 
time in some cases and delaying the time in some others.

Since 2011, under National Innovations in Climate Resilient Agriculture (NICRA), 
23 centers of AICRPDA are conducting on-station and on-farm demonstrations/trials 
under NICRA with a focus on RTCP implementation and preparedness to cope with 
weather aberrations. Similarly, alternate and resilient crops and cropping systems 
are demonstrated in AICRPDA-NICRA villages as preparedness to cope with weather 
aberration.
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2.  Adoption of climate-resilient technologies to minimize the effect of 
climate change in AICRPDA-NICRA adopted villages of Lakhimpur 
district of Assam – a case study

2.1 Methodology

2.1.1 Climate vulnerability

The climate of the village is characterized by hot and humid summer and dry 
and cool winter. The village is situated in a high rainfall zone. The long-term average 
annual rainfall of two nearby stations of the village is 1987 mm (Biswanath Chariali) 
and 2900 mm (north Lakhimpur) with 125 numbers of rainy days. The rainy season 
in the village starts in March and the quantum of rainfall as well as the number of 
rainy days increases gradually and reaches the maximum in July/August and then 
declines to a minimum during November/December. Temperatures of the village gen-
erally remain within a comfortable range, however, when there is a dry spell during 
the summer season, high temperature along with high humidity increases insect pests 
and diseases of crops. August is the hottest month and February is the coldest month.

In recent years, a substantial reduction in rainfall amount during monsoon season 
is noticed in this region. The village experienced drought-like situations in recent 
years viz., 2001, 2005, 2006, 2009, and 2011. There was a substantial yield reduction 
of Sali rice during those years. In the Lakhimpur district of Assam, there is a reduc-
tion in rainfall at the rate of 0.52, 1.86, and 0.24 mm per annum during pre-monsoon, 
monsoon, and post-monsoon seasons, respectively [9].

Chamua and its adjoining villages have different weather-related problems, such 
as dry spells, during the growing season of Sali rice, scanty rainfall during the rabi 
season, and the occurrence of occasional flash floods in a portion of the village. 
Almost every year the Ganakdalani village is affected by 3–5 numbers of flash floods 
of 7 to 15 days duration during the kharif season. On the other hand, during rabi sea-
son due to prolonged dry spells, soil moisture deficit is a problem. Due to the presence 
of only low-lying land situations, there is limited scope for crop diversification. Sali 
rice grown in the village suffers from floods every year.

2.1.2 Soil type

The altitude of the village varies from 83 m to 90 m, which indicates that the 
village has different land situations varying from upland to lowland which remains 
flooded continuously for about 6 to 7 months. The soils in this village are mainly 
Inceptisols. The soils are of sandy loam to silty clay loamy with pH ranges from 4.7 to 
6.4. The organic matter content of the soils of the village varies from 0.34 to 3.03%. 
The status of available nitrogen (275–540 kgha−1) and potassium (138 to 330 Kgha−1) 
is medium; however available phosphorus (21.4–54.0 kgha−1) content of the soil is low 
to medium [20]. High soil acidity, high phosphate fixation, micronutrient deficiency, 
iron toxicity, periodic soil moisture stress during winter seasons, etc., are some of the 
soil-related problems of this village.

During 2010–2011, participatory rural appraisal (PRA) has been conducted by a 
team of scientists of AICRP for Dryland Agriculture, Biswanath Chariali Center with 
extension experts at Chamua and Ganakdalani village. Following problems have been 
identified during participatory rural appraisal (PRA).
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2.2 Constraints

2.2.1 Weather constraints

Following information about the weather/climate variability in the village was 
extracted during the PRA study in the village.

• Early season drought/normal onset followed by 15–20 days dry spell, mid-season 
drought, long dry spell, etc. (2001, 2005, 2006, and 2009).

• Erratic and scanty rainfall during rabi season.

• Occasional flash flood due to very heavy rainfall in a portion of the village.

• Groundwater is contaminated with arsenic and problems of iron toxicity.

• High rainfall and inundation of fields at the time of harvest of Ahu rice are limit-
ing factors.

2.2.2 Production constraints

• Small and fragmented land holdings (marginal and small farmers).

• No farm mechanization.

• Upland (25 ha) of the village remains fallow.

• Sali rice dominated the rainfed monocropping system with indigenous 
cultivars.

2.2.3 Constraints related to cultivars

• Farmers grow only a few high-yielding rice varieties, such as Ranjit and Mahsuri, 
on a limited scale.

• Farmers of the village do not grow short or medium-duration cultivars that are 
suitable for an early vacation of the land for subsequent rabi crop.

• Farmers of the village use their seeds year after year.

2.2.4 Constraints related to agronomic practices

• Farmers do not follow scientific water management practices in paddy fields.

• Farmers generally go for haphazard planting or broadcasting instead of planting 
in rows or line sowing. It has been established that there is a yield reduction of 1.5 
to 1.8 tha−1 due to haphazard planting.

• No soil test-based nutrients management/INM.
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2.2.5 Constraints related to insect-pests and diseases

• Major insect pests of rice in NICRA village are stem borer, gall midge, caseworm, 
hispa, etc. The major diseases are blast, blight, brown spot, false smut, etc. 
Farmers of the village do not use any control measures to protect the crop from 
the insect-pests and diseases. Weeds infestation is a major problem in Ahu rice.

2.3 Objectives

To overcome the climatic constraints interventions under National Innovations on 
Climate Resilient Agriculture (NICRA) under All India Coordinated Research Project 
for Dryland Agriculture are being implemented under adaptive strategies for adap-
tion to the climate change effect from 2011 to 2012 to evaluate the technology options 
for adaptation to the climatic vulnerability through on-farm interventions. The 
interventions are categorized under two heads viz., real-time contingency planning 
(RTCP) and preparedness. Under RTCP, interventions are implemented to cope with 
delayed onset of monsoon, early season/mid-season/terminal drought through the 
demonstration of proven technologies. As preparedness, interventions are being dem-
onstrated under different themes, such as rainwater management, crops and cropping 
system, alternate land use, and energy management. With more than 150 participants 
farmers with the following objectives -.

1. Real-time contingency plan implementation in a participatory mode.

2. Preparedness.

2.3.1 Real-time contingency plan (RTCP) implementation

2.3.1.1 Interventions in case of delayed onset of monsoon

In Assam, the monsoon starts in the first week of June. However, delayed onset of 
the monsoon was observed in 2011 and 2014 by 15 days and 14 days, respectively, in 
the village. The villages receive an average rainfall of 400 mm during the pre-monsoon 
months (March to May). Farmers used to sow the rice seeds in nursery beds depending 
on the monsoon rainfall. But delay in monsoon affects timely sowing of long-duration 
rice varieties (more than 150 days) before 15th June. It leads to delay in transplanting 
and hence affects the production. Farmers were advised to use harvested rainwater in 
farm ponds during pre-monsoon months to prepare the rice nursery beds in time using 
water lifting pumps of custom hiring center (CHC). This helped in the timely trans-
planting of rice seedlings, which facilitated a better establishment, better growth, and 
better yield of long-duration cultivars as compared to fields of other nearby villages 
where transplanting was delayed due to delay in sowing. An increase in yield from 12 
to 30% has been observed among the rice varieties (Ranjit, Gitesh, Mahsuri, etc.) when 
sown in time (before 15th June) over late sowing conditions (after 20th June).

2.3.1.2 Interventions in case of early season drought

The villages experienced early season droughts of 14 days, 19 days, 11 days, 21 days, 
and 8 days in 2011, 2014, 2015, 2016, and 2018, respectively. In 2015, in the month of 
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August, the NICRA village Chamua received 63% less rainfall than a normal one. The 
rainfall activities in the month were reduced substantially, and the village experienced 
two dry spells of 6 (10 to 15 August 2015) and 13 (17 to 29 August) days’ duration. The 
effect of dry spell was not prominent in the case of long and medium duration variet-
ies, which were grown in the lowlands, however, short duration cultivars (Dishang, 
Luit) and farmers’ varieties, which were cultivated in the uplands of the village and 
were at early tillering/PI stage affected considerably. Even rice varieties grown in the 
medium lands (tillering stage) were affected to some extent. The effect of a dry spell 
on short-duration varieties grown in the medium land situations was comparatively 
lower than those grown in the upland situation. As the real-time response, farmers of 
the village were advised to irrigate short-duration cultivars (Dishang), which were in 
tillering or PI stage with supplemental irrigation of 5 cm depth from harvested rainwa-
ter. There is an increase in yield of 59% (Dishang) over non-irrigated fields.

2.3.1.3 Interventions in case of mid-season drought

The village experienced a mid-season drought of 12 days, 21 days, and 25 days in 
2015, 2016, and 2018, respectively. Though the effect of a dry spell on Sali paddy was 
not very much prominent in lowland, early transplanted short-duration varieties 
grown in the upland situation (active vegetative, early tillering, and PI stage) were 
affected considerably. During 2016 and 2018, in the medium land situation, long dry 
spells affected the PI stage of medium duration varieties. In real-time response, farm-
ers were advised to irrigate (2 cm depth) the crop by harvested rainwater in the farm 
ponds using water lifting pump from the custom hiring center.

2.3.1.4 Interventions in case of terminal drought

The occurrence of terminal drought in long-duration rice varieties in upland and 
medium land situations has been observed in NICRA adopted villages of the Lakhimpur 
district of Assam. The terminal drought of a duration of 14, 25, 25, 25, 9, and 25 days 
during 2011, 2013, 2014, 2015, 2016, and 2017, respectively, have been observed. As 
a contingency, short and medium-duration rice cultivars were cultivated in upland 
and mid-land situations, respectively as these varieties can escape mid-season and 
terminal dry spells. There is an if long duration high yielding and traditional cultivars 
were cultivated in upland and mid-land situations the crop would have suffered from 
terminal drought which was experienced by the village. Short-duration cultivars–Luit, 
Kolong, Dishang, and Lachit, and medium-duration cultivars–Shraboni, Mohon, and 
Mulagabharu, were demonstrated as contingency plans for the management of mid-
season and terminal droughts. An increase in yield of 26% (Dishang), 17% (Luit), 14% 
(Shraboni), and 18% (Mulagabharu) has been observed over farmers’ practice, that is, . 
cultivation of long-duration cultivars irrespective of the land situation.

2.3.1.5 Flash flood management through varietal manipulation

Unlike NICRA village Chamua, a flash flood is the major weather aberration in the 
NICRA village Ganakdoloni. Every year the entire village is affected by 3–5 numbers of 
the flash flood of 7 to 15 days duration, affecting the Sali rice grown in that village. In 
2012, Sali rice grown in the village was under intermittent submergence for a total of 
32 days and there was a total crop failure. Different Sali rice varieties, including sub-
mergence tolerance variety–Jalkunwari, grown in the field were damaged. However, 
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one variety–Jalashree, withstand the intermittent submergence and was able to give 
some yield (9.0 qt/ha). In 2013, submergence tolerance (Jalashree and Swana sub-1), 
staggered planting (Gitesh and Prafulla), and Bao rice varieties (Kekowa, Tulshi, 
Dhushuri, Bahadur, Maguri, and Rangabao) were in the village. In 2014, locally avail-
able six varieties of deepwater rice (Bao rice) viz., Kekowa (23 qha−1), Rangabao  
(26 qha−1), Dhushuri (24 qha−1), Maguri (23 qha−1), Bahadur (19 qha−1), was dem-
onstrated in farmers’ field of Ganakdoloni. Four improved Bao cultivars, namely, 
Panchanan, Panindra, Basudev, and Padmapani were collected from RARS, Lakhimpur, 
and cultivated in the village. Despite a very long submergence period (more than 
40 days) local Bao varieties performed well, however, improved Bao varieties were 
damaged completely by flash floods.

From the experiences gained from the on-farm trials conducted at farmers’ fields 
of the village during 2012–2013, 2013–2014, and 2014–2015, it was found that the 
normal farmers’ varieties, including Ranjit, Mahsuri, Punjublahi, etc., could not 
withstand and were completely damaged. Though submergence tolerant rice varieties 
can withstand submergence up to 15 days during the seedling and tillering stages, the 
same varieties fail to survive if exposed to submergence for a few days during or after 
the panicle initiation stage. Submergence tolerant rice varieties (such as Jalkunwari 
and Jalashree) evaluated in the village did not perform well or exhibited total crop 
failure in cases when the plants at the panicle initiation (PI) or grain filling stage were 
exposed to submergence during the latter part of September or in October (as in case 
of 2012) the flash floods. Some of the improved Bao rice varieties were evaluated, 
which failed to survive during 2013–2014. Against the failure of normal, submergence 
tolerant improved Bao rice varieties evaluated in different crop seasons, six traditional 
bao varieties evaluated in the study area could survive intermittent submergences 
in both the crop seasons (2013 & 2014). The traditional bao rice varieties are having 
some special characteristics, such as tall stature, elongation ability, and kneeing abil-
ity, which are suitable for withstanding short or long-duration submergence.

2.3.1.6 Drought management through nutrient management in Sali paddy

Before the implementation of the NICRA project, farmers of the NICRA village 
Chamua did not apply any chemical fertilizers in the Sali rice growing field. Nutrient 
management through the balanced application of fertilizers (N, P, and K), and proper 
method of application proved to be beneficial even in situations like mid-season 
and terminal drought. Midterm corrections in the case of mid-season and terminal 
drought were suggested in terms of the application of an additional dose of 22 kg ha−1 
MOP in maximum tillering to grain growth period to the farmers of NICRA vil-
lage. An increase in yield of 33% (Ranjit), 32% (Gitesh), 64% (Shraboni), and 57.5% 
(Mulagabharu) has been observed over farmers’ practice.

2.3.1.7 Management of drought with alternate crop and crop diversification

Before the implementation of the NICRA project, rice crop was grown on all 
types of the land situation available (up, medium, and lowland) in the NICRA village 
Chamua. As rainfed rice requires a higher quantity of water during crop growing 
season, rice crops are grown in the upland as well as well-drained medium land 
situations in the village often suffer from a mid-season as well as terminal drought. 
In a worse situation (experienced in 2006 and 2011), the yield of rice grown in the 
upland areas of the village even goes below 9 qha−1. Therefore, an alternate strategy of 
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growing high-value crops, such as ginger, turmeric, sesame, black gram, green gram, 
summer vegetables, and winter vegetables, was taken up as a contingency measure for 
the management of drought (delayed onset of monsoon, mid-season, and terminal 
drought). Crop diversification with high-value crops along with organic mulch-cum-
manuring proved to be more resilient to stressful situations arising during mid-season 
and terminal dry spells during kharif as well in rabi season. Therefore, farmers of 
NICRA village Chamua were encouraged to take up crop diversification to cope with 
rainfall variability instead of growing Sali rice, especially in upland situations.

2.3.2 Preparedness

2.3.2.1 Rainwater management

Thirteen farm ponds and a canal of 0.5 km length were renovated at Chamua 
village for rainwater harvesting during pre-monsoon and monsoon seasons after the 
implementation of NICRA. Rainwater harvesting in the renovated farm ponds during 
pre-monsoon months is used for sowing Sali rice in a nursery bed in case of delayed 
onset of monsoon. Rainwater harvesting in the canal and farm ponds during the 
monsoon months is efficiently utilized for providing 1–2 supplemental irrigation in 
rabi crops, such as potato and rapeseed. It has also acted as a source of drinking water 
for the grazing animals during the dry period of the year. Mulching with locally avail-
able organic mulch material in ginger, turmeric, potato, tomato, etc. was found more 
productive than the crops grown without mulching.

2.3.2.2 Crops and cropping system

In upland well-drained loamy soils, short-duration varieties (Dishang, Luit) per-
formed consistently better as compared to the farmers’ cultivar or long-duration cul-
tivars. It also facilitates the early vacation of the field, thereby helping the farmers to 
grow rabi crops on the same piece of land. In the case of medium land and moderately 
well-drained soil, medium duration varieties performed better despite the occurrence 
of terminal dry spells. In lowland situations and soils with poor drainage, the effect 
of a terminal dry spell is the minimum. Therefore, long duration varieties are grown 
instead of farmers’ variety or medium duration varieties. Efforts are being made to 
introduce maize in the adopted village. It was observed that this crop can be sown in 
all types of the land situation available in the village in the driest period (in terms of 
rainfall received) of the year (December to February) after the harvest of Sali rice as 
well as other rabi crops, such as potato and rapeseed. Under NICRA, land situation-
specific, profitable, and climate-resilient double cropping systems were identified 
and implemented in the adopted villages and it was observed that rice equivalent 
yield, as well as net income, increased significantly in all the identified double crop-
ping systems as compared to the existing monocropping of rice. Growing alternate 
crops and crop diversification not only helped the farmers to minimize the risk due to 
extreme weather events but also in better income generation and nutritional security. 
In flash flood-prone areas, traditional Bao rice varieties (Kekowa, Rangabao, Maguri, 
etc.) performed better than the improved submergence tolerant varieties (Jalashree, 
Jalkuwari, Padumoni, Panindra, etc.). It was observed that submergence tolerant 
varieties could not withstand an intermittent flash flood. Presently, the farmers of 
Ganakdalani village have adopted traditional Bao rice varieties and almost 80% of the 
rice cultivated area of the village is under traditional Bao rice.
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2.3.2.3 Alternate land use

During 2014–2015, seven low-cost polyhouses were erected in Chamua village 
under NICRA for demonstration of the cultivation of high-value off-season veg-
etables and raising vegetable seedlings in advance of rabi season. Protected cultiva-
tion under low-cost poly houses facilitated the cultivation of high-value crops, such as 
off-season leafy vegetables, ghost chilli, tomato, and cucumber, for better profitability. 
It was observed that farmers earned on an average Rs. 40,000.00 per year from a low-
cost polyhouse of 100 square meters size.

Vermicompost production helped the farmers to meet their organic manure require-
ment as well as profit from selling the same to other farmers. Average vermicompost 
production was 1000 kg per tank per annum. From 2018 to 2019, mushroom cultivation 
was also demonstrated for better nutritional security of the farmers. An average income 
of Rs.7280.00 has been realized by the farmers as an alternate source of income.

2.3.2.4 Energy management

Since resource-poor farmers cannot afford to purchase the costly farm imple-
ments/machines of their own, therefore, custom hiring centers with need-based farm 
implements/machines (rotavator, cultivator, thresher, reaper, transplanter, water 
lifting pumps, duster, sprayers, etc.) was established under NICRA project for timely 
completion of farm operations. These implements were made available for hire by the 
needy at cheaper rates fixed by the NICRA village management committee.

Timely farm operations carried out with the help of the custom hiring center 
facilitated the farmers to complete sowing or transplanting in time. A study con-
ducted on mechanization revealed that with an increase in the level of mechanization, 
the human and animal hour requirement for paddy cultivation was reduced from 795 
to 350 and 353 to 23 hrha−1, respectively. Thus, mechanization helped in a substantial 
reduction of the drudgery of humans and animals.

2.4 Resource characterization

The total land area under the NICRA village was categorized into upland, medium 
land, and lowland based on the soil survey report. Soil health cards were also prepared. 
The presence of a high level of arsenic in groundwater was detected. To minimize the 
effect of arsenic contamination, a low-cost filter technology (Arsiron Nilogon) was 
demonstrated at the village in collaboration with Central University, Tezpur, Assam.

A mini agromet observatory has been established for the collection of rainfall and 
temperature data. Dissemination of agromet advisory service to the farmers helped 
in the decision-making process in the preparedness stage of real-time contingency 
planning, such as land-related (e.g., land situation wise decision making), rainwater 
harvesting (mulching, farm pond, micro irrigation system, etc.), crop-related (selec-
tion of suitable crop/varieties), and management related (management of insect-
pest, diseases, nutrient, weed, etc.).

2.5  Integrated farming system (IFS) is one of the most potent nature-based 
adaptation strategies

A “whole-farm” approach or integrated farming systems that supplement tra-
ditional crops with farming vegetables, fruits, poultry, or fish is re-emerging as a 
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nature-based solution to boosting productivity in climate-stressed regions. A whole-
farm approach or pond-based IFS, however, helped increase production, employ-
ment, and income by generating a mix of enterprises based on rice, vegetables, fruits, 
fish, pigs, and poultry. The integrated farming system adopted, tapped into on-farm 
resources and reduced dependence on external inputs, such as fertilizers and pesti-
cides. The study found that the net returns under an integrated system that included 
ponds, rice, vegetables, and pigs were eight times higher than the normal farmer 
practice of growing a single crop. Scientific fish farming and multiple uses of water 
for growing vegetables, livestock, and irrigation can enhance productivity, income, 
and employment, as well as resilience against climate change. The integrated farming 
approach provides year-round production, employment, and income, reducing farm-
ing risks during climate uncertainty (Table 7) [19].

Adaptation options Farmers adapted measures

Crop variety change HYV as well as a hybrid variety of rice, vegetables, jute, maize, wheat, rapeseeds, and 
mustards

Crop switching/ Mix 
cropping

1. Mix cropping among winter rice, summer rice, rabi vegetables, rape and 
mustard, jute, wheat, kharif vegetables.

2. Crop switching from sugarcane, jute, buckwheat, banana, and lemon to mainly 
horticultural crops (high-value crops), food crops to non-food crops.

Adjusting planting 
dates

1. 10–15 days delay in sowing of winter (Sali) rice to get the benefits of early 
monsoon.

2. 15–20 days earlier plantation of summer (Boro) rice variety to avoid crop loss due 
to rain during harvesting time.

3. Delayed planting of Sali varieties, such as Hatisali and Boradhan, during heavy 
rainfall.

4. Late plantation of rice, such as Hira (Sali), in September to avoid heavy monsoon 
rainfall.

5. Adjusting planting dates of hybrid vegetables, such as turnip, by late planting 
due to heavy rainfall.

Increase the use of 
fertilizers

Rice

1. N-urea has increased to 20 kgbigha−1 from 10 to 15 kgbigha−1earlier.

2. P2O5-phosphorous has increased to 25 kgbigha−1from earlier 15–18 kgbigha−1.

3. K2O-potash increased to 10–12 kgbigha−1from earlier 4–5 kg per hectare.

Vegetables

1. For kharif vegetables, such as tomato, brinjal, and chili urea, is used is 20–22 
kgbigha−1, for capsicum, cauliflower cabbage, turnip, carrot it is 25–30 kgbigha−1, 
broccoli requires up to urea 50 kgbigha−1.

2. P2O5-phosphorous used for cabbage, cauliflower, turnip, brinjal, tomato, 
capsicum, and broccoli are 50–70 kgbigha−1.

3. K2O-potash requirement is 15–20 kg for cabbage, cauliflower, tomato, turnip, 
and capsicum.

4. In addition to this well rotten FYM or compost application in nursery beds is 
used to improve the soil’s physical condition.

5. Borax up to 25 kg is used for some vegetables like cauliflower.

6. Organic manures are used up to 2 quintals per bigha by some farmers.
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The successful interventions under NICRA have also been upscaled across three 
districts of Assam in collaboration with Krishi Vigyan Kendras and convergence 
with other state departments, input agencies as well as different financial institutes 
helped the farmers in terms of technical guidance, agricultural inputs, and financial 
assistance.

3. Conclusion

Climate change is a complex phenomenon and has many manifestations. It is 
very difficult to generalize possible remedial measures. An increase in temperate will 
adversely affect crops by accelerating crop growth rate, reducing crop duration, and 
crop yield, increasing the rate of evaporation/evapotranspiration, and decreasing 
fertilizer use efficiency and negative impact on soil health. However, location-specific 
adaptation and mitigation measures are essential to face the impact of extremes. The 
social and physical impacts of climate change are heterogeneous as the magnitude 
and direction of climate change across the globe vary and even within the same 
regions experiencing climate change are likely to vary [8]. Experiences gained from 
NICRA implementation showed a changing trend of agricultural practices to cope 
with changing weather aberrations. The cost-effective and easily adaptable technolo-
gies are the backbones for enhancing farmers’ income in such situations. Change in 
variety plays an important role in withstanding crop loss. Likewise, alternate land 
use systems are very much beneficial for the small and marginal farmers to increase 
income as well as nutritional security. There is a need for low-cost technologies in the 
form of variety, small machinery, and other technologies so that farmers could get 
benefit from the limited resources available to them.

Adaptation options Farmers adapted measures

Pest and Disease 
management

1. Farmers use various chemicals, such as boric acid powder, Bordeaux, ustad, profax, 
DAP, captan, mancozeb, dithane Z-78, Karathane, bavistin, calixin, and bentate, to 
control pest and diseases.

2. After sowing, some local practices, such as covering the seeds with a thin layer 
of sand mixed with well-dried cow dung, wood fine ash, and dried tree leaves, 
are mashed and spread in to protect from insects like thrips.

3. Dried grass and a banana leaf or thin layers of straw are used in nursery beds of 
vegetables to prevent displacement of seeds as well as protect from water-borne 
disease.

4. Burning rice strips and rice plant roots after harvesting to control insects.

5. Seedling tips of rice are trimmed before sowing.

6. Vegetables, such as French beans seeds, are protected by applying black pepper 
powder to the seeds which prevent storage pests.

7. Applying lime before planting vegetables, such as cauliflower, pea, and carrot.

Using shades or 
shelter

1. Shading is done by the banana stem to protect the crops from harsh sun rays.

2. Use local plants, such as Khoria and Gancha, that not only shelters the plants but 
also help to increase soil fertility.

Table 7. 
Documented the following adaptation strategies at the farm level from the field study [5].
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Chapter 11

Vulnerability of Climate Change
and Potential of Domestic
Adaptation and Mitigation
Pathways
Abdul Rehman Aslam and Fatima Farooq

Abstract

Pakistan is in the eye of global climate change and among the top five countries
which are severely affected by it. Residents facing unprecedented heat waves tem-
perature hikes and flash floods. The vulnerability of climate change varies from sector
to sector relied on the adaptive capability and sensitivity of different regions.
According to the researcher’s knowledge, it is a pioneer study which will broadly
disclose the vulnerabilities of climate change in different economic sectors as well as
how to cope with it through domestic adaptation and mitigation strategies. Cereals
consider a staple food which is most vulnerable to climate change, even in the pres-
ence of effective capital and advancement of mechanisation. The core objective is to
capture the vulnerability of climate change on cereal production via the Cobb-
Douglus Production Function on annual time series data over 1977-2016 with the help
of the Liner ARDL-Bound Test Approach. This study encompasses temperature, pre-
cipitation and inputs indices as well as greenhouse gas emanations which make it
prominent from prior studies. Temperature index and greenhouse gas emanations
have been destructive despite the fact precipitation and input indices, cultivated area
and rural population have constructive liaison with cereal production over a long
period.

Keywords: vulnerability, climate change, adaptation, mitigation, Pakistan

1. Introduction

Since the 20th century, global warming has hastened ominously, due to a large
number of greenhouse gas emanations, a fast increasing population and fossil fuel
combustion. At a worldwide scale, the occurrence of climate-induced natural disasters
increases the frequency and intensity of extreme weather events, floods, droughts,
unpredicted hikes in temperature and unseasonal heavy rainfalls. Global climate
changes hastily influence all sectors of the economy specifically the agriculture sector
through variations in planting patterns and productivity. The frequent appearance of
extreme events, incessant increase in greenhouse gas emanations, hike in temperature
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patterns and sporadic precipitation will pose a great threat to economies. Climate
change has a prominent influence on developing countries, especially in South Asia
and Africa. Furthermore, arid and semi-arid areas of South Asia are under the signif-
icant threat of climate change. Ullah & Takaaki [1] mention that’ Pakistan is listed
among hazard-prone countries which are hardly hit by climate change. For the reason that
it does not have adequate resources to tackle and recover from several large-scale disasters
because it is quite complex and resource-demanding’. Pakistan is included in the list of
those countries that are vulnerable to climate change, and vulnerability is basically
because of its geographical, demographical and adverse climate circumstances [2].
Unexpected variations in temperature and precipitation trends as well as frequent
floods and droughts increase the vulnerability of residents of the country. Climate
change has increased global mean temperature [3, 4] and melting of glaciers and sea [5],
changes in precipitation patterns, and the rise in sea level [6]. Pakistan is included in those
countries which will bear huge losses by climate change in the future [7].

Pörtner et al. [8] disclosed vulnerability, adaptation and mitigation through words:

“The propensity or predisposition to be adversely affected by climate change and
human as well as ecosystems vulnerability are interdependent. Furthermore, it encom-
passes a variety of concepts and elements, including sensitivity or susceptibility to harm
and lack of capacity to cope and adapt”.

“Adaptation in human systems, the process of adjustment to actual or expected climate
and its effects to moderate harm or take advantage of beneficial opportunities. while in
natural systems, the process of adjustment to actual climate and its effects; human inter-
vention may facilitate this”.

“Mitigation is achieved by limiting or preventing greenhouse gas emissions and by
enhancing activities that remove these gases from the atmosphere”.

1.1 Greenhouse gas emission

Greenhouse gases are a combination of CH4, N2O and F-gases (HFCs, PFCs and
SF6). Pakistan contributed 0.8% to global greenhouse gas emissions while standing on
the 135th rank in per capita greenhouse gas emissions, such as 1.9 tonnes per capita, 1/3
of the world average. It is projected to reduce more than 20% of emissions by 2030. The
agriculture sector had got the 2nd number of those contributing 24% in greenhouse gas
emissions globally. In the future, GHG emissions levels are expected to increase numer-
ous times in different sectors. It relies on the assumption that the anticipated whole
GHG emissions are coherent with the economic growth approach which will be more
than triple by 2020 and increase about 23 times by 2050 (compared to 1994 emissions).
Figure 1 illustrates the sector-wise GHG emissions projection during 1994, 2008, 2012,
2015 and 2020, whilst Figure 2 displays future emission scenarios in 2030 and 2050 in
which GHG = greenhouse gas and MtCO2 = million tons of carbon dioxide equivalent.

1.2 Frequency and intensity of temperature, precipitation, humidity, clouds,
sunshine and solar radiations

From 1901 to 2000, the annual mean temperature abruptly increased by 0.75°C in
the South Asian region, whilst 0.57°C in Pakistan [9]. From 1961 to 2007, the tempera-
ture increased by 0.47°C; the year 2004 was recorded as the warmest year until 2007,
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Figure 1.
Sector-wise GHG emissions (Mt CO2). Source: Author’s computations.

Figure 2.
Future GHG emission scenarios Mt. CO2. Source: Author’s computations.
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and the highest temperature rise was recorded during the winter season when it
changed from 0.52°C to 1.12°C [10]. During 1951–2000, the mean annual rainfall
decreased by 10–15% in arid plains and coastal areas against it increased in the north.
During the same time, winter and summer rainfall patterns fell 10–15% in hyper-arid
and coastal areas while rose 18–32% in the monsoon zone, particularly in the sub-humid
and humid areas. In Baluchistan, relative humidity has recorded a decline of 5%. Fur-
thermore, solar radiation rose by 0.5–0.7% over the southern half, and cloud cover
decreased by 3–5% in Pakistan’s central region, with an increase in sunshine hours [11].

The various climatic zone-wise annual mean trends of temperature and precipita-
tion are present in Figure 3. Zone I (a), Zone III, Zone V (a) and Zone V (b) regions
illustrates an increasing trend in the annual mean temperature and precipitation. Zone
I (b) and Zone IV regions exposed negative trends in the case of annual mean tem-
perature whilst the adverse trend in the case of annual mean precipitation. Further-
more, only Zone II showed a negative trend in both cases.

1.3 The climate change-induced natural hazards and economic loss

Climate change-induced natural hazards are considered the most devastating rea-
sons for the tremendous loss of human lives, natural resources and infrastructure.
According to GCM, climate change-induced hazards (droughts, cyclones, floods,
landslides, heat and cold waves) would turn into a greater magnitude, and intensity,
more frequently in different regions of Pakistan. The last decade of the 20th century
in the Bay of Bengal and the Arabian Sea recorded cyclones, storms and depressions

Figure 3.
Zone-wise temperature and precipitation trends (1951–2000). Source: Author’s computations.
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with high frequency that hit Pakistan and other linked countries of it. Furthermore,
this century has also faced seven strong El Niño events. Pakistan’s coastal communities
of Baluchistan and Sindh provinces are vastly vulnerable to cyclones: Gwadar,
Awaran, Lasbella and Ketch and Badin, Karachi, Hyderabad and Thatta, respectively.
(GoPa) mention that from 1971 through 2001, 14 cyclones were noted. During 1994–
2013, extreme climate events did an average annual economic loss of US$ 4 billion.
The Yemyin cyclone (2007) hit coastal communities, and about 1000 people lost their
lives; above 2 million people were affected by power outages and water shortages, and
the cyclone killed more than 2 million livestock. The predicted losses of property from
the storm were around 24 billion rupees.

In Sindh and Baluchistan, regions frequently faced droughts because of the
decrease in rainfall patterns and other socio-economic situations. The worst drought
of history (1998–2001) in South Asia special in Pakistan allied with the La Nina
phenomena [12]. Larsen et al. [13] point out that droughts in the period of 2000 and
2002 disturbed more than 3 million people and loss millions of livestock nearly US$ 2.5
billion. According to Government of Pakistan [14] in 2015, hundreds of people lost
their lives due to the drought in Thar.

During 1950, 1973, 1976, 1992, 2010 and 2022, major floods were recorded with
massive losses of human beings, and the agriculture sector, infrastructure and econ-
omy bore losses of near about US$ 400 billion. The floods of 2010–2014 affected 38.12
million people, damaging 3.45 million houses, destroying nearly about 10.63 million
acres of crops destroyed and causing more than US $18 billion in monetary losses [15].
The flash flood of 2022 has had devasting effects on human and livestock casualties in
addition to extensive home and infrastructure destruction, such as 1600 people killed
and 12,900 injured, 805 thousand houses destroyed and 1.2 million houses damaged,
1.1 million livestock lost as well as 13.1 thousand kilometres of roads damaged [16].
Furthermore, the economic cost of the recent severe flood is US$30 billion [17].

A heatwave is defined as a constant increase in maximum temperature intended
for a particular time frame, whilst in the case of a cold wave, it will be the opposite.
Zahid & Rasul [18] disclosed that ‘during 1961–the 1990s, the heatwave events were not as
much of common, but throughout 1990-2018s, a rise in frequency is observed’. Khan et al.
[19] exposed that Pakistan faced intense heatwave events in the southwest and the
southeast regions due to the high population rate. The month of March 2022 was
recorded as the warmest month in the last 60 years; in addition, March to June
experienced brutal heatwaves and the hottest temperatures especially in the Nawab
Shah city of Sindh, which recorded 51°C and is situated in the southern part of
Pakistan. Across Pakistan especially in Sindh, thousands of people were killed due to
unprecedented heatwaves in 1952, 1978, 1984, 1988, 2002, 2006, 2009, 2010, 2012,
2013, 2015, 2016, 2017, 2018 and 2022. North-western areas of Pakistan have experi-
enced cold waves, which rise for 30–60 days; on the other hand, in the case of Punjab
and the southern areas of Sindh, their trend declined. The average number of cold
wave days did not show any significant trend across the country.

Smog is an amalgamation of smoke and fog, and it is described as a combination of
several gases with dust and water vapour. It occurs mostly in dry and cold winter months.
Three to 4 years ago, smog hit Pakistan, particularly Punjab; it caused lung diseases and
breathing problems. Pakistan’s northern areas, particularly Azad Jammu Kashmir (AJK),
were affected by frequent landslides. Larsen et al. [13] explored that Azad Kashmir, the
northern Areas and Khyber Pakhtunkhwa (KPK) were vulnerable to landslides. Since
1926, 13 landslide events have occurred and 413 lives lost, and avalanches have also
occurred in the Gilgit Baltistan region, northern parts of KPK and Azad Kashmir.
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1.4 Sea level and coastal areas

Climate change threats to coastal areas including Karachi may increase cyclonic
activity and sea-level rise due to a higher sea surface temperature. Chaudhry [10]
mentioned that ‘from 1856 to 2000 coast sea level rose at 1.1 mm per year (mm/year)’,
whilst Pakistan was the least affected by it. Khan & Rabbani [20] point out that
‘Pakistan has 1,046 km-long coastlines with the Arabian Sea in the South falling within
Sindh and Balochistan. The coastal zone of Sindh vulnerability is greater than the Balochi-
stan despite its flat tidal topography and higher speed population growth due to coastal
areas and industrial activities for instance Karachi A 2-m SLR area of 7500 Km2 probably
goes under the Indus Delta and Pasni, can also be affected by SLR since 1.4 mm mean sea
level in the coastal areas. On the other hand, through the Indian Ocean plate, the Balochi-
stan coast is tectonically active in addition to uplift at the rate of 1–2 mm per year’. The sea
level has remained all but level since 1960, which is a 60-year period where nothing
has happened to the sea level despite the purported steady increase in global temper-
ature over the same period. In the future, if the sea level increases, it will raise the
erosion rate beside the coastal belt, decline the quality of drinking water, degrade
mangrove forests and cause a decline in fish and shrimp production. Coastal erosion
and monsoon waves are also a threat to agriculture farms, which are the source of food
and fuel for the population located along the west Makran coast. Pakistan’s mangroves
are assessed to be declining by 4900 hectares per year, which is alarming [21]. These
are being cut to construct shrimp farms and other coastal developments. Near about
80% of fish caught from the coastal water are used for the food web [22].

1.5 Water resources

Water resources are considered as the utmost sensitive sectors of climate change; it
also negatively influences water availability and quality. ‘Pakistan’s Indus Basin Irriga-
tion System is known as the world’s largest contiguous system that is mainly reliant on
precipitation, snowmelt glaciers, and groundwater abstraction’ [10]. The temperature rise
worst affects glaciers and snowfall, which lead to increased stream flows beside glacial
lake outburst floods in the coming decades. Snow cover has decreased by about 10%,
whilst per capita water availability is down from 5000 of water to 1000 m3/capita and
is projected to decrease from 1000 m3 to 800 m3 by way of 2025, transitioning it from
a water-stressed to a water-scarce country. Chaudhry [10] highlighted ‘the use of water
in different sectors such as agriculture (92%), industries (3%), as well as domestic and
infrastructure (5%)’. In the future, sectoral demand for water will rise because of the
high rate of population and socio-economic development.

1.6 Agriculture sector

The agriculture sector is considered the most sensitive to climate change. It can
influence food quality, accessibility and availability. Agricultural cultivation through
irrigation and spate farming systems is vastly sensitive to temperature and precipita-
tion trend variability, and a decline in water availability may lead to a reduction in
productivity. It plays an essential role in the economy as it adds 19.2% to the gross
domestic product (GDP) and engages 38.5% of the labour force. Almost 65–70%
population are directly and indirectly joined with it [23]. GCISC has highlighted that
during Rabi and Kharif seasons, the increase in average maximum temperature is
projected such as 1–2.0°C for RCP 4.5 and 5–6°C for RCP 8.5, which have serious
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implications for the agriculture sector [23]. Dehlavi et al. [24] evaluated that increase
in temperature (+0.5–2°C) would lead to a decline in agricultural productivity by 8–
10% by 2040. Athar [25] found out that major crops yield to fall, specifically wheat
and rice and the growing season’s length in four agro-climatic zones.

Chaudhry [10] mentioned that the findings of the World Bank Knowledge Portal
in these words all major crops and cereals yield will decline, while the yield of wheat
will reduce very sharply at the end of 2080 as well as the yield variations, specifically
in case of wheat production is panic intended for Pakistan, furthermore significant
adaptation and mitigation strategies requires to tackle it. Chaudhry [10] highlighted
that the temperature trend increased at night time greater than in the daytime. It
showed negative effects on agricultural productivity in heat stress, increased water
requirements, and higher respiration rates. Besides the temperature rise, extreme
events contribute to losses of crops and land productivity, pest attack, and soil ero-
sion. The warmer climate may bring minor yield improvements in the north by
extending the growing period, while staple crop yields (wheat, rice and maize) mostly
grown in the south are predicted to decrease.

1.7 Livestock

Livestock is an imperative part of agriculture and plays a vital character in the rural
economy, especially in socio-economic development. It contributed 11.53% of GDP
and 60.07% in value-added in agriculture, and 8 million rural families are associated
with it [23]. Near about 8 million folks are involved and receive more than 35–40%
income from it. Ahmad et al. [26] described that a wide range of pastures and
rangelands are livestock sources. It is projected that 60% of the land be utilised as
rangeland in arid, semiarid areas of Punjab and Sindh, northern areas and Balochistan.
Mansoor et al. [27] mention that just in Balochistan, rangelands provide feed to near
about 93 million livestock which is nearly 87% of the whole population originating
their means of support from it.

Mir and Ijaz [28] mention that GHG emissions from livestock are considered a
large part of the agriculture sector’s total emissions. For instance, approximately 40%
of total GHG emissions while 90% of the agricultural sector emits from fermentation
and manure management. It predicted that the impacts of climate change on livestock
would be in the form of heat stress and drought leading to a reduction in animal
productivity, degradation of grazing systems, a decline in quality and quantity fodder
production in addition to developed stress on rangelands and water resources as well
as epidemics of diseases.

1.8 Fisheries

Climate change also hazards marine and aquaculture fisheries. It is the core
resource of diet employment and income generation in coastal communities.
According to Government of Pakistan, [23, 29] GDP share is 0.4%, while overall
marine and inland fish production remained at 690.600 thousand m. tons in addition
to the exported value of US$ 303.606 million. The Indus Delta’s rise in temperature
may lead to a drop in river flows and superior water habitat and species loss. Further-
more, the surface water of mountainous regions and the Arabian Sea felt an increase
in temperature which adversely affects the growth, existence, reproduction and
migration of cold water species.
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1.9 Energy sector

This sector has causes and effects of climate change such as rising population,
economic growth, varying consumption patterns and the summer month’s rising
demand for air conditioning which will likely increase energy demand and conse-
quently increase GHG emissions from the energy sector in Pakistan. During 1990–
2016, electricity accessibility rose from 59.6 to 99.15%. Unfortunately, continuing
power outages in the summer season because of the demand for cooling on top has
crippled the economy with an annual loss of 2.6% of $5.8 billion. A comparison of the
fiscal year 2012–2013 and 2022 contribution of energy sources was: thermal energy
contribution declined from (64%) to (60.9%), followed by nuclear and renewable
energy demonstrating an increasing rate from 5 to 12.4% and 0 to 3%, respectively,
while hydel energy showed decreasing rate from 31 to 23.7 energy. During 2021–
2022, the electricity consumption pattern indicated that the household sector is the
largest consuming sector (47%), followed by industries (28%), the agriculture sector
(9%) and commercial consumers (7%) in addition to other sectors (8%). Successive
governments have affianced National Electricity Plans which are related to future
power generation projects, pricing issues and setting high standards for power
consumers.

Climate change showed a solid impact on power generation through
asymmetrical river flows, concentrated and numerous floods in addition to
droughts. Hydel power contributed 23.7% to the energy supply. However, the rise in
temperature and fall in rainfall patterns will decline water supplies, leading to a
shortfall in energy production and creating an alarming situation for a future scenario.
Hydel power production is determined in the north, where the temperature rise is
predicted to be at the highest level. In the future, climate change-persuaded natural
threats might negatively influence oil besides gas infrastructure because immense
precipitation leads to a flood. Most gas fields are in the neighbourhood of the Indus
River and are near about 1/3 of primary commercial energy requirements satisfy
through imported oil transported by sea mode. Any impairment in infrastructure
might break the supply intended for a long period and create a large burden on the
national economy. Higher temperatures will increase the evapotranspiration rate,
leading to rising electricity requirements for pumping water used for agricultural
irrigation [10].

1.10 Human health

Climate change can influence health and environmental factors such as clean air, safe
drinking water, sufficient food and secure shelter. It may be over and done with extreme
heat events, variable rainfall patterns and natural disasters. The fluctuations in tempera-
ture and rainfall patterns are associated with the spread of different infectious diseases
and food security [30]. Furthermore, extreme events are also linked with the inhabitant’s
mental health, such as depression, aggression and distress. Rise in temperature increases
the risk of water-borne and vector-borne diseases. Khalid and Ghaffar [31] disclosed that
climate change is projected to increase malaria and dengue by 12–27% and 31–47%.

1.11 Deforestation and biodiversity

Forests play a decisive role in ensuring soil and water preservation and decreasing
climate change’s destructive effects. One of the major reasons for vulnerability to
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climate impacts is a very low forest cover area. “Pakistan is included in the list of low
forest cover countries with only 5% of land area under forest and tree cover; however, the
international requirement is 25%” [2]. The average deforestation rate is 27,000 hectares
per year of which 84% of cut wood is utilised for domestic purposes [2]. Forests are
known as a crucial natural resource for the livelihood of rural areas. It makes available
timber, food, fuelwood, habitat designed for wildlife and numerous significant eco-
system facilities, for instance reducing or controlling cyclones and storms in coastal
areas and mitigating carbon dioxide. “It is projected that the impacts of climate change,
for instance, variation in temperature and precipitation pattern, increasing intensity and
frequency of extreme events will sharply affect the forest in addition to threatening the
biodiversity status, and soil quality” [10]. Trios et al. [32] explored that “At the end of
the century climate change is turning into one noteworthy driver of biodiversity loss”.
Climate change would also worsen the hazard of biodiversity due to variations in land
utilisation besides population pressure.

1.12 Population growth and infrastructure

Pakistan consists of 5th most populated country and top 10th largest labour
force in the world. Its estimated population is 215.25 million folks, while at the
time of independence in 1947, they were only 32.5 million [23]. According to 1951,
1961, 1972, 81 and 1998 censuses, Pakistan had a population of 33.7 million, 42.8
million, 65.3 million, 83.783 million and 132.35 million, while on the 2017 census, the
population of Pakistan was 207.77 million [33]. The average annual population
growth rate is 1.80% which shows that rapid population increases refer to a rise in
demand for water and agricultural products. The population of 10 major cities
increased by 74.8%; major reason for urbanisation is the accessibility of better socio-
economic facilities for mass. Chaudhry [10] revealed that climate change influences
urban agglomeration is well-thought-out due to variations in weather or climate
change in either duration or magnitude. From past experiences, it is explored that in
Pakistan, most infrastructure is situated in hazardous areas from variations in climate.
Generally, the urban infrastructure facilities are mutually dependent; a let-down of
any single infrastructure leads to distractions into further associated urban facilities.
In the next coming decades, climate variation might escalate the frequency of
disturbances.

A review of empirical studies was conducted to access the influence of climate
change on the agriculture sector. Verge and De Kimpe [34] studied the liaison
between greenhouse gases emission and crop production and pointed out that Asia
will be a gigantic food consumer and greenhouse gas producer. Gowdy [35] rendered
a new method to analyse climate change and economic development through a
pragmatic approach. South Asia released a massive quantity of carbon dioxide.
Ahmed and Schmitz [36] investigated the economic impact of climate change on the
agriculture sector in Pakistan and accessed that climate change adversely affects it.
Siddiqui et al. [37] evaluated that increase in temperature in the long and short run
was beneficial and harmful, respectively, for wheat production, while the increase in
precipitation was beneficial. Variation in temperature besides precipitation is
favourable for rice production but the opposite for cotton crops. Furthermore, the
temperature rise is harmful to sugarcane production. Janjua and Samad [38]
explored that climate change will not destruct Pakistan’s wheat production over in
long and short periods. Zhai et al. [39] found out technological progress induced
while climate variables had detrimental impact on wheat yield in China. Simionescu
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et al. [40] explored the greenhouse gases effect in the EU and found out a positive
relationship among them. Chandio et al. [41] examined that carbon dioxide has a
positive influence in the long and short-run, while temperature and rainfall nega-
tively influence just in long run in the case of China. Ahsan et al. [42] quantified a
positive relationship among temperature, rainfall, carbon dioxide and cereal crop
production in the case of Pakistan. Chandio et al. [43] investigated that temperature
and carbon dioxide have a negative association with cereal yield while contrasting in
rainfall.

Warsame et al. [44] revealed that rainfall and temperature have positive and negative
while carbon dioxide has no significant effect on crop production. Abbas [45]
evaluated the impact of climate change on wheat and maize crop production in Pakistan
with the help of a panel-pooled mean group. Temperature revealed significant negative
results on crop production during the long run while insignificant in the short run. Arable
land and fertilisers gave positive and significant effects in the long and short run while
improve quality seeds showed the insignificant result. Baig et al. [46] accessed the asym-
metrical effects of climate change on rice production in India. This research finds out that
rice production has a negative relationship with mean temperatures in the long run while
positive in the short run. Positive shocks in rainfall and CO2 emission have a significantly
negative effect in the long and short run. Furthermore, cultivated area, agriculture credit
and fertiliser consumption positively affect rice production. Chandio et al. [47] probed the
impacts of climate change on cereal production in Bangladesh. CO2 and rainfall have a
negative and positive impact on cereal production in the long and short run, respectively,
while temperature has an adverse impact just in the short run. Furthermore, arable land,
energy consumption and financial development have positive impacts on cereal produc-
tion under both runs.

Furthermore, a considerable number of researchers had provided literature on the
vulnerability of climate change and its impacts on the rest of the world at different
levels and sectors for instance [48–62]. Specific vulnerability-related literature gave
attention to systems, places and activities [63, 64], whereas others focus on ecosys-
tems, livelihoods, individuals and landscapes [65].

Pakistan has high-altitude mountains from north to west, arid deserts in the south,
the hot and dry Indus River Valley in the centre to the south and a humid 990 km
coastline. In this passing century, climate change has become a massive challenge
because of its geographical location and its reliance on natural resources; further
pressure on water resources, the agriculture sector, human health, and the energy
sector, so it has a long-term catastrophic effect on Pakistan’s economy. According to
the researcher’s knowledge and literature review, no sole prior study employs tem-
perature, precipitation and input indices in addition to greenhouse gas emission
against these drawbacks; this research will overcome the gap and give a new direction
to researchers, policymakers, and national and international organisations. Moreover,
the core objective is to evaluate the vulnerability of climate change on cereal produc-
tion in Pakistan and based on the outcome provide adaptation and mitigation strate-
gies to tackle climate change. On these accounts, it will increase the scope of the study
and the nature of the analysis. The research is planned in the following channel; this
first section introduction consists of 12 subsections which comprehensively discuss all
related aspects and literature review of prior studies; the second section deals with
conceptual framework; the succeeding third and fourth sections deal with data col-
lection, model and methodology as well as analysis result with discussion. The last
fifth section contains the conclusion, policy implications and a brief history of
legislation and plans in Pakistan.
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2. Conceptual framework

The liaison between climate change and cereal production reconnoitre through
three approaches: Production Function approach (agronomic models)1, Ricardian
approach (hedonic models)2and Simulation models. Firstly, the inkling of climate
change and agriculture acquaint [66–68] by exhausting “agronomic models” to eval-
uate the environmental variable’s impact on agriculture crop yield. Charles Cobb and
Paul Douglas developed and tested the Cobb–Douglas in contrast to statistical evi-
dence during 1927–1947. Afzal et al. [69] mentioned the pros of Cobb Douglas Pro-
duction Function; it is more appropriate when observations are not large, and it is easy
to estimate and interpret. Production theory assumes that the liaison among multiple
outputs and multiple inputs is replicated through the concept of transformation func-
tion [70] further assumptions (e.g., free disposal of inputs and exclusion of technical
inefficiency) in addition to aggregation of all outputs, the input-output liaison is often
reduced to a production function) [71] in which one output depends on multiple
inputs: Y = f(x). In the traditional specification of the production function, all inputs
are treated symmetrically; that is, they are assumed to contribute to the output in the
same way [70].

3. Method (data collection and analysis)

This study encompasses annual time series data of Pakistan over 1977–2016 in details
temperature, greenhouse gas emanations, precipitation, cereal production, cultivated
area and rural population data acquired fromWorld Development Indicators, while
seeds availability, water accessibility, fertilisers, mechanisation and agriculture credit
comes from Economic Surveys of Pakistan. Prior studies employed temperature and
precipitation data (maximum or minimum or average) which are not favourable for
cereal production; these models may have either under- or overestimated; in addition to
wind speed, sunshine and humidity also play a core role in cereal production but due to
unavailability of data going to skip them. Furthermore, this current research developed
temperature and precipitation indices which are the summation of maximum, mini-
mum and average data, while the input index is a combination of water accessibility,
seeds availability, fertilisers, agriculture credit and mechanisation; in addition, all indi-
ces are constructed by principal component analysis. The rural population engages as a
proxy of the rural labour force due to the inability of data. Furthermore, variable codes
with descriptions and measuring units are listed in the Table 1.

The prior studies related to the impact of climate change on cereal [72] in the case
of Burkina Faso, [73, 74] empirical evidence from China also adapted Cobb–Douglas
production function for estimation purpose. Now, it is also extended according to the
present study in which α0 is intercept, and α1… ..α5 are parameters of variables:

CPt ¼ α0 þ TItα1 þ PItα2 þ GGt
α3 þ CAt

α4 þ IItα5 þ RPt
α6 þ εt (1)

1 The production function approach is based on the agronomic models that consist of mostly controlled
experimental studies.
2 These models are often based on cross-sectional data and based on the Ricardian approach.
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This algebraic form of the Cobb–Douglas production function changed into log
form:

ln CPt ¼ α0 þ α1 lnTIt þ α2 lnPIt þ α3 lnGGt þ α4 lnCAt þ α5 ln IIt þ α6 lnRPt þ εt
(2)

This study takes one ARDL approach introduced by Pesaran and Shin [75] and
Pesaran et al. [76] to search out the cointegration liaison among variables when
their integration order is I(0), I(1) or assortment. It is statistically significant for
small data span, restraint to employ in same order integration and provide unbiased
outcomes in the amalgamation of I(0) and I(1). There is no necessary and
sufficient condition to find out the stationarity order of integration, but to keep a safe
path and avoid I(2), search out variables stationarity through ADF3test; on the bases
of its outcomes, move towards L-ARDL4 technique with the Bound test. For instance,
some previous empirical studies [42, 44, 47, 74, 77] also had employed the same
techniques to determine the impact of climate change on cereal production. The
following model of ARDL is employed for cointegration testing among predictand and
regressors:

Δ lnCPt ¼ Ω0 þ
Xs

a¼1

Ω1aΔ lnCPt�a þ
Xr1
a¼1

Ω2aΔTIt�a þ
Xr2
a¼1

Ω3aΔPIt�a

þ
Xr3
a¼1

Ω4aΔGGt�a þ
Xr4
a¼1

Ω5aΔ lnCAt�a þ
Xr5
a¼1

Ω6aΔ ln IIt�a

þ
Xr6
a¼1

Ω7aΔ lnRPt�a þ Ψ1a lnCPt�a þ Ψ2aTIt�a þ Ψ3aPIt�a

þΨ4aGGt�a þ Ψ5a lnCAt�a þ Ψ6a ln IIt�a þ Ψ7a lnRPt�a þ ϕt

(3)

Variables Description Measuring Units

CP (Predictand) Cereal Crops Production Kg per Hectare

TI Temperature Index Celsius

PI Precipitation Index Millimetres

GG Greenhouse Gases Emanation kt of CO2 equivalent

CA Cultivated Area Hectares

II Input Index

RP Rural Population Million

Source: Author’s Computations.

Table 1.
Data description.

3 Augmented Dicky Fuller
4 Linear Autoregressive Distributed Lag
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Here, Δ is a sign of the first difference and ϕ error term. The null hypothesis
(no cointegration) is articulated as:

H0 : Ψ 1 ¼ Ψ 2 ¼ Ψ 3 ¼ Ψ4 ¼ Ψ 5 ¼ Ψ 6 ¼ Ψ 7 ¼ 0:

H1 : Ψ 1 ¼ Ψ 2 ¼ Ψ 3 ¼ Ψ 4 ¼ Ψ 5 ¼ Ψ 6 ¼ Ψ 7 6¼ 0:

OLS5 is the methodology proposed for testing long-run liaison among point-out
variables in addition to F-statistics employed for the testing hypothesis that indicates
cointegration prevails or not among prediction and regressors. The decision is made
on lower and upper bounds values: if the statistical value is higher than the value of
the upper bound, then rejectH0 (no-cointegration) otherwise case will be the opposite
case if values rely on among both bounds then the result will appear as inclusive. In
the case of cointegration, move on to the second step which highlights the long-run
relationship among variables. The long interval of time for cereals production model
(s, ri) undertakes the succeeding form:

Δ lnCPt ¼ Ω0 þ
Xr

a¼1

Ψ1a lnCPt�a þ
Xr1
a¼1

Ψ2aTIt�a þ
Xr2
a¼1

Ψ3aPIt�a

þ
Xr3
a¼1

Ψ4aGGt�a þ
Xr4
a¼1

Ψ5a lnCAt�a þ
Xr5
a¼1

Ψ6a ln IIt�a

þ
Xr6
a¼1

Ψ7a lnRPt�a þ ϕt

(4)

Here, Ψ and ϕt are the long intervals of time parameter and error term, corre-
spondingly. The last step is to insist on an error correction model for evaluating the
dynamic in cereals production in a short interval of time specified as:

Δ lnCPt ¼ Ω0 þ
Xr

a¼1

Ω1aΔ lnCPt�a þ
Xr1
a¼1

Ω2aΔTIt�a þ
Xr2
a¼1

Ω3aΔPIt�a

þ
Xr3
a¼1

Ω4aΔGGt�a þ
Xr4
a¼1

Ω5aΔ lnCAt�a þ
Xr5
a¼1

Ω6aΔ lnNCIt�a

þ
Xr6
a¼1

Ω7aΔ ln IPCt�a þ ωECMt�1 þ ϕt

(5)

Here, Ω and ϕt are the short intervals of the time parameter and error term,
respectively.

4. Analysis results

In the case of L-ARDL, there is no necessary and sufficient condition to check the
stationarity of the variables although this research did this in the first step to keep the
safe side and confirm that no single variable is stationary at 2nd degree. Results in the
Table 2 indicate that all the variables are stationary at the level except cereal

5 Ordinary Least Squares
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production, greenhouse gases emanation and land under cereal production on the
level at 5%, so now, it is confirmed that the L-ARDL is the best option and Akaike
information criterion chose for optimum lag order. Bound test outcomes and long- as
well as short-run outcomes are mentioned in Tables 3 and 4, respectively.

The estimated F lnCPt (lnCPt/TIt; PIt; GGt; lnCAt; lnIIt; lnRPt) came out 5.840 and
superior from upper and lower analytical outcomes of the bound test at 5 and 10%
outcomes presented in Table 2. Furthermore, Eq. (6) and Figure 4 disclose the
cointegration among predictand and regressors during 1977–2016.

Cointeq ¼ CPG� � 1:000 ∗TIþ 0:175 ∗PI� 0:617 ∗GGþ 2:384 ∗CAþ 0:303 ∗ II
�

þ 0:095 ∗RP
�

(6)

The empirical outcomes of the long and short run are presented in Table 3 panel A.
Temperature index has a coefficient value of �1.000 and a significant probability
value of 0.029, indicating that cereal production will drop when the temperature
upsurges. The previous studies outcomes are sustained by Pickson et al. [74], Chandio
et al. [41], Chandio et al. [43], Warsame et al. [44], Chandio et al. [78] and Baig et al.
[46] in case of India by using N-ARDL on data from 1991 to 2018 found that temper-
ature has an adverse influence on rice production. In a short interval of time, the
coefficient of temperature index is 1.049 and significant which means that a 1°C
increase in temperature will increase the 1.049 tonnes of cereal production which is
reinforced by Chandio et al. [79] and Baig et al. [46]. While contradicts [79] attained
on the rice crop of Pakistan coving 1968–2014 through ARDL and [47] relied on ARDL
achieved in cereal production in Bangladesh during 1988–2014.

The precipitation index has a coefficient value of 0.175 and a significant probability
value of 0.022 which illustrates that cereal production will trigger as precipitation
increases. This outcome is congruent with previous results [43, 44, 47, 72, 74, 78, 80,
81] achieved on cereal production in Bangladesh. The short-run coefficient of the
precipitation index is significant, and 0.092 reveals that a 1 mm upsurge in precipita-
tion will lead to a 0.092 tonnes escalation in cereal production [43, 47, 72, 74, 80, 81]
also sustained the same results.

Variables Intercept Intercept and Trend None Outcomes

CP 8.786 8.678 6.704 I(I)

TI 8.203 8.087 8.282 I(0)

PI 13.361 13.182 13.540 I(0)

GG 4.750 4.670 1.349 I(I)

CA 5.370 5.527 2.866 I(I)

II 4.846 4.840 3.230 I(0)

RP 6.550 6.460 2.082 I(0)

Source: Author’s Computations.

Table 2.
Outcome of ADF test on level.
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Greenhouse Gas Emanations has a coefficient value of �0.617 and a highly signif-
icant probability value of 0.002 which indicated that cereal production will decline
when greenhouse gas concentration starts increasing in the atmosphere. Findings are

lnCPt = f (lnCPt/ TIt;PIt;GGt; lnCAt; lnIIt; lnRPt)

F-Statistics 5.840

Critical Values

5% 10%

I(0) Bound I(1) Bound I(0) Bound I(1) Bound

2.04 3.24 1.75 2.87

Source: Author’s Computations.

Table 3.
Outcomes of bound test.

Predictand: ln CP; Selected Model: ARDL (1,1,0,1,1,0,0)

Predictors Coefficient Std.Error TStat. Prob.

Panel A: long and short-run outcomes

TI �1.000 0.437 �2.285 0.029

DTI 1.049 0.420 2.498 0.018

PI 0.175 0.072 2.416 0.022

DPI 0.092 0.043 2.150 0.040

GG �0.617 0.187 �3.284 0.002

DGG �0.153 0.220 �0.696 0.492

LnCA 2.384 0.944 2.524 0.017

D(lnCA) 1.365 0.566 2.410 0.022

LnII 0.303 0.118 2.558 0.016

D(lnII) 0.318 0.115 2.765 0.009

LnRP 0.095 0.311 0.306 0.761

D(lnRP) 0.100 0.326 0.306 0.761

C �6.648 11.195 �0.524 0.421

Coint. Eq (�1) �1.049 0.145 �7.190 0.000

Panel B: Model Criteria

R-Squared 0.599 Adjusted R Square 0.474

Durbin-Waston 1.811 Jarque-Bera 2.105 (0.349)

Breusch-Godfrey 1.545(0.229) Ramsey Reset 0.86 (0.80)

Breusch-Pagan-Godfrey 0.972 (0.459)

CUSUM Stable CUSUM Square Stable

Source: Author’s Computations.

Table 4.
Outcomes of long and short intervals of time.
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in line with just CO2 emission. Pickson et al. [74] employed ARDL on time series data
(1990–2013) from cereal production in the case of China. Chandio et al. [79] also
achieved the same result on the rice crop of Pakistan through ARDL from 1968 to
2014. Findings are contradicting [41, 42, 72, 79, 82]. While in the short run, it also has
an adverse but insignificant liaison with cereal production such that 1kt will reduce
0.153 tonnes of cereal production this outcome is similar to [43, 46, 47, 74, 78].

Cultivated Area is known as a prime influencer for cereal production which has a
coefficient value of 2.384 and a significant probability value of 0.017 and showed
cereal production will increase in case of a rise in land under cereal production.
Chandio et al. [41, 42, 44–47, 74, 78, 79, 83, 84] also provided similar result. The land
under cereal production coefficient is 1.365 and significant which makes it possible
that 1 per cent rise in the area will promote 1.365 per cent cereal production past
studies; Chandio et al. [41, 42, 45, 47, 74, 79] supported it.

The input Index plays a pivotal character to boost and cope with the negative
influence of climate change on cereal production over a long interval of time. The
cereal input index coefficient is 0.303 with a probability value of 0.016 which exhibits
that a 1 per cent increase in it will upsurge 0.303 cent cereal output. Proper practice of
inputs helps to enhance soil fertility and nutrition and in addition is a major source of
boosting production [41, 45, 46, 78, 79, 83]. In a short interval of time, cereal input
index coefficient is 0.318 which means that a 1 per cent increase in it will increase
0.303 per cent cereal output and is similar to [41, 45, 83].

Rural Population is employed as a proxy of the rural labour force, indicating
positive but insignificant linkages with a cereal production coefficient value is 0.095
which suggests that in the long interval of time, 1 per cent rise in it will increase 0.095
per cent cereal production. Results are matched by [42, 74, 77, 78] on labour force and
[43] on rural population contradict by Warsame et al. [44]; and Sossou et al. [72].
Also, in a short interval of time, it has positive and insignificant such as a 1 per cent
rise in it will ease �0.100 per cent cereal production [43].

Figure 4.
Cointegration graph. Source: Author’s computations.
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The Error Correction Coefficient is �1.049 and significant which infers a higher
converging speed in the direction of equilibrium. This infers that the change in cereal
production from short to long intervals of time is adjusted by almost 1% per year. The
adjustment is highly significant because of the probability value. The input index
plays a pivotal role to absorb any adverse shock in a short interval of time.

Furthermore, diagnostic inspection tests attempted to enhance the validity of
analysis Table 3, and panel b displayed the outcome of it, which accessed that the
cereal production model is normally specified, functional form and free from serial
correlation, as well as heteroscedasticity. Mutually cooperated stability tests CUSUM6

and CUSUMQ7 plots specified that the cereal production model is stable and cannot be
rejected, which are displayed in Figures 5 and 6. Furthermore, The pore over model is
the goodness of fit for the reason that R2:0.599 and Adj- R2:0.474 suggest that very
nearly 59% variations in cereal production are expounded by temperature index,
precipitation index, greenhouse gases emanations, cultivated area, input index and
rural population as well as a remaining error term.

5. Conclusion and policy relevance

Pakistan is known as a climate change persuaded hazard-prone country. Due to its
geographical position, climate change manifests in the form of temperature rise,
deplete glaciers, storms, heavy rainfall, an upsurge in sea level, typhoons, flash floods,
glacial lake outbursts, unusual smog, droughts and landslides. The agriculture sector
has got a crucial position in Pakistan’s economy, and climate change has greatly
influenced its production as compared to rest of the sectors. This article has drawn
attention towards the vulnerability of climate change and the significance of adapta-
tion and mitigation-based policies. Numerous models of climate change scenarios

Figure 5.
Cumulative sum.

6 cumulative sum
7 cumulative sum of square
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draw attention to the decline in cereals production during the current situation. The
L-ARDL analysis hindered that temperature and greenhouse gas emanation have
negative bonds with cereals production in the long run although greenhouse gas
emanation is just in short intervals. Pakistan is standing in the row of low greenhouse
gas emissions countries and, on the other hand, is drastically disturbed by it. This
research suggests some adaptation and mitigation strategies through which we can
tackle climate change:

• The government needs to introduce a national climate fund and insurance
schemes for poor farmers. Rice crops should be cultivated through the latest
cultivation way with lower methane emission and nitrous oxide from
agricultural soil.

• World Trade Organisation plays a pivotal role to reduce barriers to transferring
low-carbon and environment-friendly technologies.

• Decline dependency on fossil fuels for energy purposes and transfer from fossil
fuels to renewable energy resources (solar energy and hydropower) and the need
to construct large hydropower projects according to present and future
requirements.

• To mitigate greenhouse gas emissions, the government should introduce
sustainable development policies. It is time for the administrative system to take
strong steps to promote the Clean Development Mechanism to reduce the carbon
footprint of different sectors and employ a carbon pollution tax on those who
emit more than a limited amount of carbon dioxide.
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Figure 6.
Cumulative sum of square.
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Annexure 1

A.1 Brief History of Legislation and Plans of Climate Change in Pakistan

On 25th September 2015, United Nations introduced sustainable development
goals with the 13th Sustainable Development Goal being “Climate Action”. The past
and present governments are acquainted with this issue and adopt strategic measures
at national and international levels to abate climate change effects. Furthermore,
climate change concerns are overcome with the help of endorsing legislation and
generating strategies and policies instead of a healthy environment. The leading legis-
lations and strategies to combat the climate change challenge are as under:

i. In 1983, Pakistan Environment Protection Ordinance was endorsed.

ii. During 1991–1993, National Environmental Quality Standards were prepared
by the National Conservation Strategy adopted in 1993.

iii. In 1997, Pakistan’s Environmental Policy derived from the Pakistan
Environment Protection Act.

iv. During 2004–2005, Prime Minister Committee on Climate Change convenes
National Environment Policy.

v. For the duration of 2008, the Planning Commission recognised the task force
and Inter-Ministerial Committee introduced on climate change.

vi. Ministry of Disaster Management was renamed and converted into the
Ministry of Climate Change

vii. In 2012, National Climate Change Policy introduced a plan to talk about
climate change. And the National Disaster Risk Reduction Policy was also
introduced

viii. Climate Change Policy Implemented framework for the duration of 2014
Framework.

ix. In 2015, the Division of Climate Change upgraded to the Ministry of Climate
Change, Ministry Of Climate Change designed Forest Policy.

x. Green Pakistan Programme was designed for the plantation of 100 million
plants all over the country.

xi. In the course of 2016, the government of Pakistan endorsed the Paris Climate
Change Agreement in addition to the announced Climate Change Bill.

xii. Pakistan Climate Council was developed for the implementation of the Kyoto
Protocol and the Paris Agreement.

xiii. During 2014–2018, the government took some positive steps to reduce carbon
emissions, especially the adoption of Euro-II standard fuel, switching to RON
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92 petrol from RON 87, banning the import of furnace oil for power
generation and plans to CAP coal-fired power generation plants.

xiv. For the year 2019–2023, the Ten Billion Tree Tsunami Programme was
launched which will plant 3.296 billion 1586.18 million planted in the whole of
Pakistan.
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Knowledge Coproduction 
for Transformative Climate 
Adaptation: Building Robust 
Strategies
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Abstract

Adaptation is a process of adjustment to actual or expected climate and its effects 
in order to moderate harm or exploit beneficial opportunities. Most adaptation 
options are scalable and applicable but may result in inequitable tradeoffs stemming 
from maladaptation. Thus, climate adaptation and maladaptation are inseparable and 
are equally likely. Adaptation has been commonly envisioned as coping mechanisms 
or incremental adjustments from existing strategies. However, both coping and incre-
mental adaptations have failed in explicitly address the underlying drivers of systemic 
inequalities. Enabling and catalyzing conditions for transformative adaptation, both 
locally and regionally (i.e. strengthening collaborative governance, building capaci-
ties, promoting iterative multi-stakeholder engagement), is, therefore, crucial in 
building robust climate change adaptations under deep uncertainty. However, the lack 
of approaches entailing decision analytics, stakeholder engagement/deliberation, and 
interactive modeling and evaluation may hinder transformative adaptation success. 
Combining robust decision-making approaches with collaborative research and 
co-production processes can be constructive in illuminating the decision-rule systems 
that undergird current adaptation decision-making. This chapter offers some insights 
into how knowledge coproduction can be used to inform robust climate adaptation 
strategies under contexts of deep uncertainty while facilitating transformative system 
change.

Keywords: climate change adaptation, knowledge coproduction, transformations, 
robust decision-making, sustainability

1. Introduction

Climate change is a multicausal, technically complex, controversial, and highly 
uncertain problem [1]. The ability of coupled human-earth systems to adapt to the 
direct and indirect impacts of climate change is, therefore, critical in order to achieve 
sustainability [2–4]. Climate change adaptation became a popular concept among 
scholars after the United Nations climate change convention in the 1990s. From that 
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point, climate change adaptation has been implemented as coping mechanisms that 
tend to focus only on proximate causes, as well as incremental adjustments of exist-
ing institutional, financial, and technological adaptation strategies [5–7]. As climate 
change intensifies, fundamental shifts in existing resource systems, policies, power 
dynamics, and stakeholders’interests and mindsets will be required if we are to keep 
the average rise in temperature below 2°C [8, 9]. However, both coping and incre-
mental adaptation strategies are not sufficient to promote these long-lasting system 
transformations [9–11]. Transformative climate adaptation, on the other hand, has 
the potential to respond to the magnitude of cascading climate risks by facilitating 
radical shifts in coupled human-earth systems.

In coupled human-earth systems, characterized by interlocked multisector 
interactions and feedbacks (e.g. environmental, socio-economic, technological, 
governance, and institutional), climate change adaptation planning is further com-
plicated by high degrees of uncertainties [12]. Uncertainty emerges from the limited 
and contested knowledge among stakeholders regarding (i) the appropriate models 
to describe the key drivers of the system (e.g. population growth, urban sprawl, and 
water demand), (ii) the probability distributions about key variables and parameters, 
and (iii) the relative importance of alternative outcomes (e.g. trade-offs among goals) 
[12, 13]. According to Ref. [13], uncertainty also arises from human actions, which are 
taken in response to unpredictable situations over time. In order to manage uncer-
tainty in an efficient way, adaptation planning should be able to confront and navigate 
alternative adaptation strategies in order to choose robust ones that perform well over 
a wide range of plausible futures.

Adaptation planning cannot be successfully addressed with traditional linear 
analytical approaches. In this regard, the field of Decision Making Under Deep 
Uncertainty (DMDU) has emerged as a promising framework that supports and 
informs climate change adaptation planning under uncertainty [7, 12, 13]. DMDU 
includes a set of approaches including Robust Decision-Making (RDM), Dynamic 
Adaptive Planning (DAP), Dynamic Adaptive Policy Pathways (DAPP), and Info-Gap 
Decision Theory (IG). These approaches accentuate the transition from classical 
“predict then act” risk management to exploratory modeling. In particular, RDM 
explicitly follows a learning process called deliberation with analysis that supports 
decision-makers and stakeholders to iteratively and collaboratively frame the adap-
tation problem, specify performance metrics and modeling methods, design the 
experimental framework, evaluate the performance of strategies across multiple 
futures, and choose or modify robust adaptation strategies [12, 14].

However, climate change adaptation planning is generally built on divergent 
stakeholder interests and disparate problem framings, meaning that planners do 
not always agree on common problem definitions and plausible pathways to adapta-
tion [1, 14, 15]. Moreover, adaptation planning is also embedded within political, 
social, and institutional contexts that shape how networks of actors interact through 
formal and informal relationships, rules, and norms [15]. In this perspective, col-
laborative research and coproduction processes can be constructive in illuminating 
the decision-rule systems that undergird current stakeholder decision-making and 
revealing how they are, or are not, functioning to deliver desired results, helping 
stakeholders interrogate what their preferences are and how those preferences can or 
cannot be met under a wide variety of conditions [13]. Knowledge coproduction has 
been acknowledged as an action-oriented practice that enables consensus, coordina-
tion, and transparency among stakeholders, thus enhancing policy-relevant climate 
knowledge [16–18].
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This chapter exposes the readers with a synthesis of the state-of-the-art theory and 
practice associated with climate change adaptation planning under deep uncertainty. 
The text consists of three subsections. The first subsection presents a review of the 
different adaptation strategies and their scope in addressing key drivers of systemic 
inequality. The second subsection presents an overview of robust decision-making 
(RDM) approaches illustrated through a hypothetical case study for transformative 
adaptation planning. The last subsection presents some insights into how knowledge 
coproduction can be used to inform robust climate adaptation strategies under 
contexts of deep uncertainty.

2.  Knowledge coproduction for climate change transformative adaptation: 
building robust strategies

2.1 Coping, incremental, and transformative climate change adaptations

Adaptation to climate change is an ongoing process by which coupled human-earth 
systems adjust in response to the observed and expected climatic stimuli in order to 
better manage the risks posed by climate change [2, 3]. Adapting to climate change 
involves cascading decisions that transverse multiple sectoral – infrastructure (i.e 
freshwater, energy, food, and health), governing institutions (public and private), 
and regulatory agencies – and geographical boundaries (i.e. local, regional, and 
global), underscoring the complexity of this global phenomenon [19–21]. Adaptation 
takes place across multiple temporal and spatial scales and usually entails vulnerabil-
ity and risk assessments, identification of strategies, planning, monitoring, evalua-
tion, and review [4]. In the climate-change literature, adaptation has been commonly 
envisioned as a mechanism to cope with risks (e.g. borrowing money to repair 
houses) and as increments of existing adaptation strategies (e.g. building higher 
dams or resistant buildings) aimed at accommodating change [10, 21]. However, both 
coping and incremental adaptation strategies have generally failed to directly address 
the underlying drivers of systemic inequalities in climate change impacts, that is, to 
deliberately and fundamentally change systems to achieve equitable distribution of 
adaptation outcomes (Figure 1) [10, 11, 21].

Climate change adaptation planning takes place in a context of multiple uncertain-
ties including epistemic (i.e. imperfection of knowledge), normative (i.e. impossibil-
ity of knowing the evolution of ethical values), political-induced (i.e. deliberative 
ignorance of public agencies), knightian (i.e. impossibility ok knowing all the 
information), and deep uncertainty (i.e. disagreement about the adequacy of models) 
[22]. Moreover, as a process, climate change adaptation is highly controversial since it 
usually entails the participation of multiple stakeholders with asymmetric power and 
competing knowledge [1, 15, 22]. Thus, planning for transformative climate change 
adaptation must explicitly address the historical power struggles and imbalances, the 
goals and mindsets of powerful actors, and the structure and rules-in-use that shape 
system dynamics [1, 10, 11]. However, transformative adaptation planning often 
encounters multiple barriers that can dampen efforts to create long-term climate-
robust adaptation strategies [14].

For example, Ref. [3] and Ref. [14] identified a set of external and internal barriers 
to transformative adaptation development and implementation. External barriers 
include, for instance, the uncertainties related to climate change projections, future 
distribution of extreme meteorological events, expected risks, and vulnerability 
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outcomes, as well as potential adaptation costs and benefits of climate change policy 
instruments. Internal barriers relate to the interaction and feedback across the exist-
ing institutional arrangements and governance structures underpinning system’s 
dynamics and which operate within specific political, cultural, and social contexts. 
Moreover, a number of internal barriers to effective decision-making have also been 
highlighted by Ref. [1] and Ref. [16] including, for instance, analytical difficulties in 
explicitly incorporating multiple stakeholders’ values, interests, and attitudes into 
socially-accepted and climate-resilient adaptation plans.

Transformative adaptation entails challenging the status-quo of the current system 
by fundamentally changing the material (e.g. policies and practices), procedural/
relational (e.g. power dynamics), and conceptual/cognitive (e.g. values and prefer-
ences) dimensions of human-earth systems (Figure 2) [8, 11]. These changes include, 
for instance, modifying economic paradigms and development patterns, decoloniz-
ing knowledge systems, reforming governance institutions, and transforming the 
relationships and power dynamics among actors, as well as enabling individual and 
collective empowerment through learning and knowledge coproduction [11, 15, 16].

2.2 Robust decision-making (RDM) for transformative climate adaptation

Complex and uncertain sustainability issues, such as the climate change crisis, 
require the adoption of robust decision-making (RDM) approaches that help decision 
makers identify adaptation strategies that perform well over a wide range of uncertain 
futures given socio-economic, environmental, political, and technological future 
trends [12, 13]. Following [13], “RDM explicitly follows a learning process called 
deliberation with analysis that promotes learning and consensus-building among 
stakeholders.” In this perspective, deliberation with analysis entails the coproduction 
of policy-relevant and legitimate knowledge.

In the context of climate change, the RDM deliberative process starts by elicit-
ing stakeholders’ priorities, preferences, and assumptions underpinning adapta-
tion planning [9, 15]. As noted by Ref. [15], transparency concerning the norms 
and procedures for deliberation is critical to maximize consensus and minimize 
conflicts among the stakeholders. Deliberation with analysis requires participants 

Figure 1. 
Coping, incremental, and transformative climate change adaptation.
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to actively engage with sharing their knowledge in order to collectively frame the 
decision problem, specify performance metrics and modeling methods, design 
the experimental framework, evaluate performance of strategies across futures, 
and choose or modify robust strategies [7, 12, 13]. Table 1 presents a hypothetical 
case study for climate change adaptation planning. Through an RDM deliberative 
process, stakeholders identify relevant sources of uncertainties, system parameters, 
variables and relationships, analytical methods, alternative adaptation strategies, 
and performance metrics regarding an adaptation planning problem. This informa-
tion is organized in a four-quadrant matrix called XLRM as follows: (1) exogenous 
uncertainties (X) including, for example, temperature and precipitation projec-
tions under multiple global climate models and radiative forcing scenarios, urban 
sprawl scenarios, socio-economic future trends, and changes in risk perceptions; 
(2) alternate adaptation strategies (L), which are driven by stakeholders; (3) causal 
relationships (R) to simulate interactions and dynamics of human-earth systems; 
and (4) performance metrics (M) to assess strategy performance and characterize 
robustness.

However, coordinating and implementing RDM deliberative processes may be 
challenging due to divergent and competing stakeholders` climate risk perceptions 
and attitudes [15]. Moreover, mainstreaming community, indigenous and local 
climate change risk perceptions and attitudes into climate change adaptation plan-
ning has generally been uncommon in RDM processes [23–25]. Enabling tools such 
as computer platforms, computer-based scenarios, and visualization techniques (i.e. 
boundary objects [16]) offer some potential to facilitate RDM deliberative processes. 
These boundary objects can be used to iteratively integrate stakeholders’ values, 
interests, and knowledge examine the main processes and uncertainties affecting 
human-earth system’s dynamics, and collectively identify potentially vulnerable 
zones to climate change impacts [12, 13]. Interaction with these decision support tools 

Figure 2. 
Transformative climate adaptation entails radical changes in the material (e.g. policies and practices), 
procedural/relational (e.g. power dynamics), and conceptual/cognitive (e.g. values and preferences) dimensions of 
human-earth systems through knowledge coproduction under conditions of deep uncertainty.
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helps stakeholders to formalize their value judgments regarding risk thresholds and 
uneven outcomes across alternate adaptation strategies [1, 15, 26].

As an “agree-on-decision” approach, RDM next uses simulation models (R) to 
evaluate selected adaptation strategies (L) over a wide range of uncertain futures 
(X) (Table 1). This step usually generates large databases of simulation model results 
[12, 13]. RDM advances the use of multi-objective optimization algorithms to trace 
out a range of potentially robust solutions [12–14]. Analysts and decision makers 
then apply visualization and data mining techniques including Patient Rule Induction 
Method (PRIM) and Classification and Regression Tree (CART) algorithms on these 
large databases to explore and characterize uncertain factors that define vulner-
abilities. The vulnerability analysis is an iterative and interactive exercise that allows 
stakeholders to better understand the system’s conditions and uncertainties under 
which systemic failures in adaptation can take place [13, 27]. The goal of these analy-
ses is to establish a basic plan that dynamically adapts to signposts over time [7, 28].

As a result of the vulnerability analysis, new adaptation strategies emerge and are 
reexamined. Alternative strategies can be crafted using expert knowledge, thus con-
veying a collective strategic vision of a desired future state and the ways to get there 
[28, 29]. As stated by Ref. [28], policy-making becomes then an essential component 
of the storyline. Nevertheless, these top-down strategies are usually constrained in 
their ability to represent disruptive social and technological innovations and imagi-
naries, meaning they are relatively unresponsive to the underlying drivers of systemic 
inequalities [29]. Knowledge coproduction processes have the potential to inform 
robust transformative climate adaptations by engaging with diverse knowledge 
systems in order to ground alternative adaptation strategies in local realities, perspec-
tives, and visions [15, 29].

2.3 Knowledge co-production for climate change adaptation planning

In the last decades, academic scholars have recognized the urgency to trans-
form traditional science-practice relationships into action-oriented collaborative 
research in order to effectively address the most pressing challenges of society 
[17, 18]. Knowledge coproduction is part of this evolving set of action-oriented 
approaches defined by Ref. [30] as an “iterative, interactive and collaborative 
process involving diverse types of expertise, knowledge, and actors to produce 
context-specific knowledge.” This definition underscores the normative aspira-
tions underpinning collaborative scientific practices aimed at transcending the 

Uncertainties (X) Levers (L)

Climate change projections
Urban sprawl
GDP /socioeconomic trends
Risk perceptions

Current adaptation strategy
Strategy including tech. Inn.
Strategy including carbon incentives
Strategy including tech. Inn. & agency

Relationships (R) Metrics (M)

Spatially-explicit simulation model (MEGADAPT) to 
evaluate urban socio- hydrological vulnerability

Reduction in socio-hydrological vulnerability
Increase in adaptive capacities
cost

Table 1. 
XLRM matrix showing the main elements of a hypothetical RDM deliberative process.
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narrowness of disciplinary worldviews through the inclusion of diverse societal 
actors’ perspectives, discourses, expertise, beliefs, and interests to solve complex 
and uncertain problems [1, 17, 30–34].

Knowledge coproduction is a context-based, pluralistic, goal-oriented, and itera-
tive process that bridges knowledge to action [9, 18, 33]. Thus, coproduction entails 
multi-stakeholder (i.e. academic and nonacademic) engagement and participation to 
generate impact-driven information, which is sufficiently credible, legitimate, and 
salient. In accordance with Ref. [16], credibility concerns the technical adequacy of 
information, legitimacy refers to the perception that the production of information 
has been respectful for stakeholders’ interests and needs, and salience refers to the 
relevance of the information. By directly connecting science, policy, and action, 
coproduction not only generates salient, credible, and legitimate knowledge to define 
adaptive interventions but also capacities (e.g. technical, analytical procedural, and 
evaluative), actor network partnerships, and inter-institutional organization funda-
mentally required for transformative climate change adaptations [10, 11, 21, 22].

Coproduction has been widely incorporated in the fields of health, education, 
development, and environmental planning [32]. Though the rate of use of coproduc-
tion processes in decision-making remains below expected needs, increased public 
participation in climate change adaptation planning has been recently reported in 
peer-reviewed scholarly publications [32–35]. In a comprehensive literature review 
of more than a hundred scientific publications on climate change, Ref. [35] found no 
common notion of coproduction but rather a broader collection of conceptual lenses 
from which coproduction is conceived and implemented. In this perspective, the 
lenses shed light on the diversity of coproduction goals, theories, practices, capacities, 
and outcomes providing key insights for policy making [33–35]. Despite differences 
in how the coproduction lenses interweave knowledge and action, the concept of 
boundary work was shown to serve as a common tool to both account for conflicting 
interests between political, social, and environmental externalities and to systemati-
cally reflect on the normative and participatory dimensions of the decision-making 
process (Table 2) [26, 30, 33, 35].

Climate change adaptation planning is generally built on uncertainty, divergent 
stakeholder interests, disparate problem framings, and dynamic socio-environmental 
interactions [1, 15, 19, 20]. Given the “wicked” nature of climate change adaptation 
planning, deterministic approaches are highly inappropriate since they can give rise 
to maladaptation and increase climate change vulnerabilities [27]. Vulnerability refers 
here to the susceptibility to being harmed by climate change, and it dynamically 
differs within communities and across regions and countries [36]. Research suggests 
that vulnerability stems from historic structural inequalities, power dynamics and 
legacies of past interventions, uneven resource distribution (e.g. water, housing, 
land), centralization of political power, systemic racism, and preexisting social and 
cultural norms that reinforce unsustainable paradigms [1, 11, 15, 20]. Consequently, 
advancing climate change transformative adaptation planning demands effectively 
responding to the magnitude of climate hazards while addressing the drivers of 
inequality in order to achieve successful outcomes under a wide range of uncertainties 
and different operational planning periods [7, 11, 28, 37].

International initiatives such as the World Bank Climate Change Action Plan and 
the NOAA Regional Integrated Science Assessment (RISA) have the potential to foster 
transformative adaptation planning through interdisciplinary research and engage-
ment [34]. The former represents a global effort to support participation in key 
partnerships and forums aimed at improving climate change adaptation and resilience 
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while addressing, to some, the root causes of vulnerability. The latter, on the other 
hand, represents a regionally-focused initiative aimed at building sustained partner-
ships to support equitable and collaborative adaptation to climate change risks [34, 
37]. Other examples pertaining the Global South include the binational laboratory on 
sustainability, vulnerability, and adaptation to Climate Change (SVACC), a university-
based node of collaboration among the US, Mexico, Central America, and the 
Caribbean aimed at strengthening regional technical and institutional capacities for 
effective climate change collaborative governance [26]. Despite institutional efforts 
to drive climate actions by actively and interactively engaging with stakeholders, the 
climate change research community has not yet achieved a shared conceptual and 
methodological decision support framework for collaboratively identifying sources of 
uncertainty, assessing (weight and appraise) risks and vulnerabilities, navigating and 
prioritizing risk–benefit adaptation trade-offs, choosing among adaptation strategies, 
and finally evaluating outcomes throughout the decision-process [3, 15].

3. Conclusions

Knowledge of coproduction processes is required if we are to navigate climate 
change uncertainty and support evidence-based adaptation policy-making. Large-
scale systemic thinking at the material (e.g. policies and practices), procedural/rela-
tional (e.g. power dynamics), and conceptual/cognitive (e.g. values and preferences) 
dimensions of human-earth systems is increasingly promoted as a means of enhanc-
ing transformative climate change adaptation. Robust decision-making approaches 
are grounded on a learning process called deliberation with analysis. Deliberation 
with analysis entails the coproduction of knowledge to support decision-makers and 
stakeholders to frame the decision problem, specify performance metrics and model-
ing methods, design the experimental framework, evaluate performance of strategies 

Lense Description Application

Iterative 
interaction

Relative to the usability of climate 
information products in a decision-
making context

Transform climate science into value-added 
“climate services”

Extended 
science

Looks at ways of doing science 
differently by including the knowledge 
and values of nonscientists

Democratizing practices of transdisciplinary 
science to generate robust climate knowledge

Public services Joint production of public goods and 
services by government agencies and 
citizens

Institutional economics and multilevel 
governance

Institutional Looks at how the processes of knowledge 
coproduction build adaptive capacities 
within governance institutions

Political ecology and environmental science

Social learning Looks at how coproduction facilitates 
social learning about climate issues

Organizational studies, policy research, and 
management theory

Empowerment Looks at the ways coproduction 
recognizes and empowers traditional 
knowledge systems

Anthropology, philosophy of science, and 
resource management

Table 2. 
Normative lenses of coproduction, descriptions, and applications according to Ref. [35].
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across futures, and choose or modify robust strategies. Yet, competing knowledge and 
perceived injustice can dampen efforts to bring together academic and nonacademic 
actors in the process. Knowledge coproduction can help to navigate these challenges 
by making tangible and tractable issues of equity and justice in climate change 
adaptation planning.
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Abstract

Climate change is a global threat to food security as it causes various biotic and 
abiotic stresses that adversely disturb agriculture production. With an increase in 
the worldwide population, the demand for food has also arisen. It is an immediate 
challenge for the scientific community to introduce an innovative tool to achieve food 
security with quality plant production and develop tolerance against abiotic stresses, 
specifically drought. Genetically modifications are effective and time-consuming, 
while biostimulants are in/organic substances with the potential to support plant 
development under stress conditions. This chapter focuses on the impacts of climate 
change on agriculture, challenges for agriculture sustainability and food security, the 
interrelationship between drought, climate change and food security, the potential 
role of biostimulants against drought, future aspects and challenges due to climate 
change specifically drought, and food security challenges. Various studies reported 
that the application of biostimulants results in enhancement of crop productivity and 
mitigates the harmful effects due to climate change. To ensure the quality of chapter, 
we collected references from well-reputed international journals using keywords 
““biostimulants,” “drought,” “food security,” “agriculture sustainability,” and “climate 
change.” In conclusion, biostimulants has a potential to address adverse environmen-
tal conditions without affecting crop quality and yield loss.

Keywords: abiotic stress, biostimulants, climate change, food security, drought stress

1. Introduction

The world population has doubled since 1960, resulting in increased food demand 
and agricultural production [1]. World food production needs to be increased to 
70% to feed this population in 2050 [2]. Due to high warming temperatures and 
precipitation shifts, agriculture has faced a massive yield decline, especially in lower 
latitudes [3]. Global warming speeds up crop development and reduces the maturity 
time and photo-assimilation period thus disturbs crop yield and quality. Moreover, 
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such climatic conditions are more optimistic for pests. During the growing season, 
the climatic water balance has been projected to increase negatively, leading to 
water shortage [4]. Furthermore, it also affects the stomatal closure, cell damage, 
delayed seed germination, disturbed structure and functionality of cell membranes, 
enzyme inactivity, and interferences on protein synthesis, ultimately damaging 
crop productivity [5].

Drought is another environmental hazard described as a long period of reduced 
precipitation occurring in almost all climatic zones, including low and high rain-
fall [6]. Crop productivity and yield depend upon irrigation management, water 
quality, and regimes. At the same time, water shortage disturbs gaseous exchange, 
photosynthetic activity, evapotranspiration, stomatal closure, and nutrient uptake 
and consequently affects plant biomass [1]. Drought stress events are mainly associ-
ated with low rainfall and high soil evaporation due to high-temperature events, dry 
wind, and high light intensity. Scientists and agriculturists have introduced various 
drought-resistance induction strategies to cope with drought and other global warm-
ing impacts [7].

Biostimulants are substances having the potential to improve nutrient use effi-
ciency and uptake, develop resistance against biotic and abiotic stresses, and improve 
quality characteristics when applied to plants [8]. Moreover, biostimulants vary in 
composition depending on the material used in their preparation. It enhances plant 
growth and nutrition when applied in minute quantities; therefore, it should not 
be termed as fertilizers and other soil amendments used in considerable amounts 
to achieve the required yield [9]. Studies reported that paramylon [10], commercial 
Ascophyllum nodosum extracts [11], and exogenous application of melatonin devel-
oped drought resistance and improved tomato quality [12]. Under drought condi-
tions, mint quality and quantity were improved using biostimulants [13].

The objectives of this chapter were to identify the impacts of climate change on 
agriculture sustainability and the role of biostimulants in drought. Climate change 
has adversely impacted the agriculture sustainability while the biostimulants are 
gaining popularity due to its potential in addressing abiotic stresses. Therefore, the 
chapter focuses on provided the alarming signals about climate change and how farm-
ers and other landholders can use biostimulants to achieve food security. The chapter 
consists of eight sections, which include the introduction (Section 1), methodology 
(Section 2), impacts of climate change on agriculture, both biotic and abiotic stresses 
(Section 3), challenges for agriculture sustainability and food security (Section 4), 
the interrelationship between drought, climate change, and food security (Section 
5), potential role of biostimulants against drought (Section 6), future aspects and 
challenges (Section 7), and conclusion (Section 8), respectively.

2. Methodology

To ensure the quality of the chapter, we reviewed researched articles, review 
articles, books, and scientific reports only indexed by Scopus, Web of Science, 
Science Direct, and Google Scholar. We targeted specific keywords including “bio-
stimulants,” “drought,” “food security,” “agriculture sustainability,” and “climate 
change.” The articles published in well-reputed journals were studied. Moreover, the 
articles not related to objectives of the chapter were eliminated. The data and infor-
mation collected were transformed into table and figures.
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3. Impact of climate change on agriculture

Overwhelming environmental changes have harmed agricultural production, 
human health, and natural systems [14]. Agriculture and climate change are linked in 
numerous ways since climate change is the leading driver of biotic and abiotic pres-
sures that have detrimental effects on agriculture in an area. Concerns over the stabil-
ity of the worldwide environment have led to an increase in food demand in tandem 
with the rapid growth of the global population. Agriculture productivity is greatly 
affected by water availability, air pollution, and soil quality [15]. Climate change 
impacts land and agriculture in many ways, including changes in yearly rainfall, heat 
waves, average temperature, weeds, insects, microbes, and atmospheric CO2 or ozone 
level.

3.1 Effects on abiotic factors

3.1.1 Temperature

Temperature affects the growth and development of plants depending on the crop 
being grown [16]. Climate change reduces rainfall, wind speed, and snow cover due 
to rising temperatures and shortens the growing season for plants, affecting crop 
quality and agricultural productivity [7]. The causes of temperature rise can be traced 
back to global warming, which varies from place to region. In the future, developing 
countries will be more vulnerable, which may lead to a rise in food insecurity in the 
region. According to a study on the effects of frost and extreme temperatures on 
wheat production (Triticum aestivum L), frost produced unfruitfulness and abortion 
of created grains, while excessive heat resulted in a reduction in the number of grains 
formed during the filling period of the grain [17]. The high-temperature effects on 
a pearl millet were studied by [18], and the researchers identified sensitive stages of 
the plant’s growth process. This research assessed temperature thresholds, genetic 
diversity, and pollen fertility.

Moreover, the high temperature reduces pollen germination and seed produc-
tion. This also impacts pollen and pistil fertility [18, 19]. Due to the effects of climate 
change on agricultural production, climatic variance threatens crop production 
patterns, causing food insecurity.

3.1.2 Drought and rainfall

One essential abiotic variable that reduces the number of agricultural products 
harvested worldwide is drought [20]. It influences not only the growth of the crops 
but also the yield value. In an experiment on miscanthus for biofuel generation, 
drought treatment lowered plant weight by 45% and affected biomass composi-
tion and cell wall structural stiffness [21]. Due to the distribution and pattern of 
precipitation in tropical regions, the water content of the soil in these regions var-
ies significantly [22]. This means plant water in the soil is dwindling. In addition, 
research to investigate the impact of precipitation timing on rainforest and grassland 
in the United States found that plant-usable soil water content depends on precipita-
tion [23]. In other words, when rainfall distribution is uneven, the soil water content 
decreases, producing stress on plants in afflicted locations. This is frequently the 
outcome of climate change.
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3.1.3 Waterlogging/flooding

Climate change has disrupted the hydrological cycle, reducing or impairing 
agricultural growth in many parts of the world. As a result, waterlogging significantly 
impacts agricultural productivity, particularly on flatland or areas near rivers [24]. 
Heavy rainfall in the area is the primary source of waterlogging, although irrigation 
canal leaks and clean surface drainage can also contribute. Soil compaction increases, 
and the amount of accessible O2 for plant cells decreases because the diffusion process 
of O2 is sluggish in ponding water [25]. Consequently, anaerobic bacteria release 
iron ions, manganese ions, and sulfide in large quantities because oxygen is scarce. 
Physiological and morphological changes occur in crops that are waterlogged [25]. 
In reaction to waterlogging, a plant’s stomata closes, which affects gas exchange and 
water uptake, as well as anaerobic conditions in the rhizosphere, harms the plant’s 
ability to absorb water [24].

3.1.4 Salinity

According to [19], worldwide salinity affects crop yield and food supplies. Since 
salt-sensitive crops (wheat and rice) are grown worldwide (F.A.O., 2015), salinity 
must be addressed soon. According to [26], rice is one of the most widely cultivated 
crops since it is a crucial source of sustenance for nearly all of humanity. Salinity is a 
stressor in dry and semiarid environments when evapotranspiration exceeds rainfall, 
resulting in insufficient rain to filter soluble salts from the root zone. The salinity 
stressor inhibits plants’ capacity to absorb nutrients and water from the soil, stunting 
their development; salt deposits in the transpiration stream harm leaf cells, causing 
leaf burn; it also alters enzyme activity within the plant [27].

3.2 Effects on biotic factors

3.2.1 Livestock

The focus of the cattle industry during the past quarter-century has been on 
enhancing production, altering the environment, and enhancing nutritional manage-
ment rather than improving stress resistance. This method substantially boosted the 
output of domestic animals but also increased their susceptibility to hot surroundings. 
The modes by which domestic animals adjust to environmental changes are crucial to 
their survival, but they frequently have a detrimental impact on the productivity and 
profitability of livestock systems [28]. Heat stress has damaging effects on the health 
and welfare of animals. The direct and indirect impacts of heat stress on the health of 
farm animals in hot environments. Increased temperatures, frequency, and severity of 
heat waves are the primary causes of the direct consequences. These climatic circum-
stances can harm the health of cattle by generating metabolic changes, oxidative stress, 
and immunological suppression, which can lead to illnesses and mortality. Indirect 
consequences include changes in the availability and quality of feedstuffs and drinking 
water and the survival and redistribution of diseases and/or their vectors [29].

3.2.2 Aquaculture and fisheries

Aquatic ecosystems are essential to the global environment. In addition to being 
crucial contributors to biodiversity and ecological production, wetlands offer several 
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benefits to human populations, such as water for drinking and irrigation, recreational 
activities, and habitat for commercially significant fisheries [30]. Marine fisher-
ies contribute significantly to people’s and society’s well-being, particularly in the 
tropics, where coastal populations rely on fisheries for food security, livelihoods, 
economic growth, and culture [31]. Fisheries are becoming increasingly vulnerable to 
changes in the physical and biogeochemical properties of the ocean (such as warm-
ing, sea-level rise, deoxygenation, acidification, and altered nutrient concentrations) 
caused by rising concentrations of anthropogenic greenhouse gases, particularly CO2 
[32]. The distribution, abundance, and reproduction of fish and invertebrate spe-
cies are also being affected by physical and biogeochemical stresses via ecosystems, 
directly and indirectly impacting fisheries productivity [33]. By the year 2050, climate 
change may cause 10–40% of species that are appropriate for marine aquaculture to 
become extinct in the tropics and subtropics [34].

3.2.3 Insect pests

Pests are a key biotic component also affected by climate change and weather 
disturbances. Temperature increases have an immediate impact on pest reproduction, 
survival, dissemination, population dynamics, and interactions between pests, the 
environment, and natural enemies. As a result, it is critical to monitor pest presence 
and abundance since the conditions of their occurrence might change quickly [35]. 
The effect of climate change on arthropod extinction rates is between 100 and 1000 
times more prominent than in the past, with 45–275 species becoming extinct daily. A 
temperature increase of 6°C would result in the extinction of several species, includ-
ing humans. In North America and Europe, bumblebee populations have decreased 
by 46% and 17%, respectively, because of extreme temperatures caused by climate 
change, compared with the base period of 1901–1974 [36]. Climate change produces 
new ecological niches that allow insect pests to develop and proliferate in new 
geographic locations and migrate from one region to another. Due to the changing 
environment, farmers should expect to encounter new and significant insect issues 
in the following years. The spread of agricultural pests across physical and political 
borders threatens food security and is a global issue shared by all nations and regions.

The physiology of insects is extremely sensitive to variations in temperature; as a 
rule, their metabolic rate will almost double for every 10°C increase in temperature 
[36]. Populations of whiteflies are primarily influenced by environmental conditions 
such as temperature, precipitation, and humidity. Whitefly population growth is 
favorably associated with high temperature and humidity [37]. Increased atmospheric 
CO2 levels can impact the distribution, number, and productivity of insects that feed 
on plants. Such increases may impact insect pests’ growth, fertility, consumption 
rates, and population densities [38]. Climate change is expected to affect the amount, 
distribution, and seasonal timing of pests and their natural enemies, changing bio-
logical control activities [39]. Aphids are handled by natural enemies such as parasitic 
wasps and ladybirds. These species may react differently to temperature changes due 
to global warming [40].

4. Challenges for agricultural sustainability and food security

Agriculture, covering more than 40 of the world’s land, is the sole food provider 
for human beings and animals [41]. It also plays a vital role in most countries’ 
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economic growth [42]. Furthermore, on an average basis, about 77% of the per capita 
energy requirements in the world are also fulfilled through crop base food products, 
while 23% of the remaining food comes from other sources, including meat, egg, and 
milk [43]. Consequently, the nutritional demand of the increasing population is one 
of the basic needs that can only be attained by increasing agricultural production 
[44]. So, in developing economies, there is a direct relationship between employment 
generation and poverty eradication with the progress in the agricultural sector [45]. 
However, this sector faces many problems but is also developing constantly through 
adopting various measures to handle these numerous challenges.

Climate change is likely to have harsh effects on various influences, including water 
resources, coastal regions, agriculture, human liveliness, food security, ecosystems and 
biodiversity. According to [46], climate change may predict about a 30% decrease in 
the yield of different crops in some parts of south and central Asia. Modifications in 
agricultural practices increased industrial products because of the global inevitabil-
ity to assure access to nutrition on behalf of the increasing population along with the 
assimilation of markets and globalization (Figure 1) [47].

The world’s food demand is increasing daily because of the increasing population. 
So, adequate food security is a critical problem [48]. According to the World Food 
Summit, food security can be defined as “when all the people in the world, any time, 
have economically and physically access to adequate, enough, and safe nutritious 

Figure 1. 
Need and goals to achieve agricultural sustainability.
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to fulfil their dietary requirements along with food partialities to spent healthy and 
active life” [49]. Food security has four main components: stability, availability, 
utilization, and access to food [50]. Nowadays, many challenges are faced by food 
security, starting from the application of various fertilizers, such as phosphorous, 
potassium, and nitrogen, to agricultural lands [51], then the deteriorating water 
tables, increasing temperatures, and an abrupt increase in population as well as 
consumption progression [52]. So, the two main challenges to food security are global 
inequity and entrepreneurial forms of production and distribution.

To cope with all these challenges, there is a need to make progress in scientific 
knowledge along with novel agricultural technologies that allow the communal urban 
agriculture practices to change with the present advanced urban agriculture. There 
are two types of urban agriculture, controlled environment agriculture and uncon-
trolled environment agriculture. According to [53], controlled environment agricul-
ture contains agriculture practices related to environmental optimization, usually in 
combination with immediate urban assemblies, such as uses of greenhouse, internal 
farming, vertical farming, and building assimilated agriculture. While, in uncon-
trolled environment agriculture, vegetable farming is done in open space instead of a 
greenhouse and contains different types of gardens, including rooftop and commu-
nity gardens that are usually indicated to play a vital role in food security globally.

5.  The interrelationship between drought, climate change, and food 
security

Drought causes many physiological and molecular disorders in plants through 
excessive production of reactive oxygen species (ROS). It negatively influences the 
morphophysiological traits, including plant height, leaf area, relative water content, 
stomatal oscillation, chlorophyll contents, osmotic potential, and leaf water potential 
in crops [54]. Drought damages the photosynthetic process and causes stomatal 
closure. The reduced photosynthesis due to stomatal closure is reported to limit the 
supply of CO2 [55]. Food security is dependent on social, economic, and climatic 
factors. Climatic extremes, particularly droughts and floods, affect the state of food 
security in Africa [56].

One of the key predictions of climate change is that in some regions, droughts are 
likely to increase in frequency and severity. This will have significant implications 
for the long-term viability of plant populations, especially where water availability 
plays a key role in delineating species ranges [57]. The human influence on the earth’s 
climate is becoming increasingly prominent. Climate observations prove the existence 
of a global warming trend: global average temperature has increased by 0.88°C since 
1900 [58], and the 12 hottest years observed globally since 1880 all occurred between 
1990 and 2005. The climate changes will also have associated consequences for biotic 
(frequency and effects of pest and disease outbreaks) and abiotic disturbances 
(changes in fire occurrence, changes in wind storm frequency and intensity) with 
substantial implications for forest ecosystems [59].

Public awareness of the importance of extreme climatic events is growing [60]. 
While longer-term climatic reconstructions suggest that the occurrence and impacts 
of such climatic events are not new (e.g., Acuna-Soto et al., 2005; Benson et al., 2007), 
there is now a growing concern that anthropogenic global warming could increase the 
severity and frequency of extreme climatic events in the future [60]. From an ecologi-
cal perspective, climate change also represents a major threat to global biodiversity 



Climate Change – Recent Observations

228

conservation. Indeed, it is argued that in the absence of rapid implementation of 
strategies to reduce global greenhouse gas emissions and other processes, many of the 
earth’s biota will likely be committed to extinction [61]. By disturbing plant populations 
and derived ecosystem functions that depend on complex species interactions, extreme 
climatic events are likely to play a central mechanistic role, which influences food secu-
rity [62]. The relationship between drought and agriculture is particularly important as 
84% of the damage and losses caused by droughts relate to the agriculture sector [63]. 
Globally, droughts and extreme heat significantly reduced national cereal production 
by 9–10%, whereas the analysis could not identify flood and harsh cold effects [64]. 
Drought disasters in Indonesia mainly occur in Java and Madura since both islands have 
higher risk and vulnerability than other islands (Figure 2) [65].

Whereas the outcomes of abiotic stresses on crop yield are hard to calculate 
accurately, it is believed that abiotic stresses substantially influence crop production 
depending upon the extent of damage to the total area under cultivation. In future, 
the productivity of the major crops is estimated to drop in many countries due to 
global warming, water shortage, and other environmental impacts [66]. To achieve 
food security, water must be available at the right place, at the right time, in the right 
quantity, and be of the right quality. Water-related disasters negatively affect agricul-
ture and crop production, threatening food security [67].

6. Potential role of biostimulants against drought

Drought stress impacts the agriculture sector and can adversely affect the plant’s 
morphological, physiological, biochemical, and molecular changes, leading to reduced 
plant growth and productivity [68]. Water stress also results in increased reactive oxy-
gen species (ROS) accumulation in the plant, which disturbs different cellular mecha-
nisms, including enzyme inhabitation, protein reductase, DNA, RNA, and membrane 
lipid peroxidation damage leading to cell death [69]. It also disturbed the stomatal 
closure, enzyme activity, photosynthesis process, and transpiration rates [70].

Figure 2. 
Direct, indirect, and socioeconomic effects of climate change.
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Biostimulants can boost crop toleration against drought stress and improve 
crop productivity [9]. Moreover, it can potentially increase the growth and yield 
of plants in farming by developing tolerance against drought stresses, enhancing 
water retention capability, root strengthening and development, and improving 
nutrient and water use efficiency [71]. The impact of biostimulants highly depends 
on time and rate of application, abiotic environmental factors, and crop variety 
[72]. Studies reported that using pollen grain extract as biostimulant improved the 
growth and essential oil productivity of Ocimum basilicum under drought stress 
conditions [73].

In addition, arbuscular mycorrhizal fungi, plant-growth-promoting rhizobac-
teria, and local green compost improve date palm productivity under a water stress 
environment [74]. Ascophyllum nodosum extract biostimulants also developed drought 
tolerance in tomato plants [11]. Under mild drought stress, the application of A. 
nodosum seaweed extract (SWE) enhanced spinach growth [75]. While foliar-applied 
(SWE) improved bean yield cultivars under irrigation regimes by changing fatty acid 
and biochemical profiles [76]. Further benefits of biostimulants and plant responses 
under different conditions are given in Table 1.

7. Future aspects and challenges

To make water available for human consumption and irrigation, an adequate water 
management system must be adopted worldwide for sustainable agriculture and 
profitable activity of water, especially in arid and semiarid regions [83]. Biostimulants 
have been reported to address drought stress while maintaining crop yield and 
productivity [9]. However, the response of different crop cultivars and the long-term 
impacts of biostimulants need to be studied. Moreover, multiple sources of biostimu-
lants should be adopted after identifying their synergistic effects rather than relying 
on a single basis. Literature reported the research conducted at tunnel farms, experi-
mental greenhouse areas, and hydroponic conditions. However, field experiments 
should be performed to find the potential of biostimulants in real-life situations. In 
addition, the use of biostimulants can also provide environmental benefits. It can 
be used to tackle food demand by improving productivity under environment stress 
as well as utilization of waste products to prepare biostimulants for environment 
sustainability.

Furthermore, the effectiveness of biostimulants in normal environmental 
conditions and their comparison with chemical fertilizers can also give new 
insights. The use of biostimulants for sustainable agriculture to reduce agro-
chemical products (such as chemical fertilizers and pesticides) can be studied. 
Moreover, the high demand for biofertilizers and biopesticides can be addressed 
using natural biostimulants, including seaweed, pollen grain, moringa leaf, and 
many other extracts. Therefore, new and economical biostimulants with different 
compositions should be introduced into the market along with their specifications 
to specific crop/cultivar, application method, time, and dose, and their effective-
ness toward specific stress conditions should be mentioned. Biostimulants vary 
in nature depending upon their composition and the material from which they 
are derived. Due to the uniqueness of every type of biostimulant, the mechanism 
behind its activity and performance is still not identified; thus, further studies 
are required in this regard because it can help scientists identify more benefits of 
biostimulants.
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8. Conclusion

High food demand, climate change, increasing incidences of weather extremi-
ties, and other biotic and abiotic stresses have created severe pressure on crops. 
Conventional agriculture practices are challenging to maintain in such scenarios. 

Biostimulant Crop Stress Results Reference

Saprophytic fungi 
(Trichoderma 
harzianum ALL-42)

Common 
bean 
(Phaseolus 
vulgaris)

Pathogenic 
stress

Improved shoot biomass 
production and number of 
lateral shoots, module plant’s 
metabolism and triggers its 
defense response

[77]

Plant and seaweed 
extract

Baby 
spinach 
(Spinacia 
oleracea)

None Improved plant growth, quality, 
and yield

[78]

Fresh seaweed 
extract of 
Ascophyllum nodosum

Lettuce Potassium 
deficiency

Increased the quality of cut 
lettuce

[79]

Alfalfa (Medicago 
sativa) and red 
grape (Vitis vinifera) 
derived biostimulants

Capsicum 
chinensis

None Promoted plant growth and 
the production of secondary 
metabolites

[80]

Salicylic acid, 
beeswax waste and 
liquorice extract

Sesame Drought 
stress

Mitigate drought stress and 
oxidative damages, regulate 
osmoprotectants and antioxidant 
defense system and improve 
sesame productivity.

[81]

A. nodosum seaweed 
extracts

Spinach Drought 
stress

Enhanced gas exchange through 
reduction of stomatal closure, 
resulting in increased plant 
resistance to water stress.

[75]

ERANTHIS®® 
(seaweed A. 
nodosum, Laminaria 
digitata, and yeast-
based extracts)

Tomato Drought 
stress

Mitigate water stress [82]

Biostimulants, 
Vitamin B12, and 
CoQ10

Red radish None Improved fresh and dry weights 
of roots and shoots

[72]

Glycine, lysine, 
aspartic acid, vitamin 
B complex, and 
moringa leaf extract

Radish None Improved morpho-physiology 
properties and yield

[8]

A.M.F. consortium 
(A.M.F.), indigenous 
PGPR (B), and local 
green compost

Date palm Drought 
stress

Mitigated drought stress, 
improved plant biomass and 
phosphorus uptake, and boosted 
plant-water relationship

[74]

Table 1. 
Benefits of biostimulants and plant responses.
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Therefore, farmers and scientists are facing the challenge of finding an appropri-
ate approach to tackle environmental stresses and maintain crop productivity. 
Biostimulants are an innovative tool to address the issue without adversely affecting 
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timulants have reported positive responses against adverse environmental conditions. 
However, further studies are required to identify the crop response in different areas 
of the globe and its long-term potential under other stress conditions.
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