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model is based on the Transformed Soil Adjusted Vegetation Index (TSAVI),
elevation, and distance from the sea. TSAVI was retrieved using the quantile
regression method. Stepwise regression was implemented with the minimization of
the Akaike information criterion and Mallows’ Cp indicator. The model validation
is performed using ten in-situ measurements from rain gauge stations (the most
available data). The result shows that the model presents the best fit of the TRMM
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the concentration and emissions of atmospheric greenhouse gases (i.e., carbon
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of carbon sequestration in the biosphere.
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to provide potentially effective strategies to promote oasis agriculture under climate
change. As a conclusion, the authors found that the use of different biofertilizers
could be a potential strategy to mitigate climate change effects on oasis agriculture
in Morocco.

Section 2
Productive Ecosystems: Challenges and Solutions

Chapter 5
Impact of Thermal Stress on the Moroccan Argan Agroecosystem.................. 108
Issam Ifaadassan, Cadi Ayyad University, Morocco
Ahmed Karmaoui, Southern Center for Culture and Sciences, Zagora,
Morocco
Mohammed Messouli, Cadi Ayyad University, Morocco
Houssam Ayt Ougougdal, Cadi Ayyad University, Morocco
Mohammed Khebiza Yacoubi, Cadi Ayyad University, Morocco
Abdelaziz Babqiqi, Regional Observatory of the Environment and
Sustainable Development, Morocco
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agroecosystem is already damaged. It is particularly vulnerable to climate change
as well as the harsh natural conditions aggravated by the current population growth

printed on 2/14/2023 11:51 AMvia . Al use subject to https://ww.ebsco.coniterms-of-use



EBSCChost -

and the exploitation in excess of the production capacities. Unfortunately, during
the 20th century, its area has been reduced by half. Current projections indicate an
increase in temperature under climate scenarios. Anticipated climate change could
accelerate this trend resulting in the argan tree degradation. To assess the climate
change impact, the authors used the SDSM model at the argan agroecosystem scale
and the thermal stress model to assess its vulnerability and estimate its tolerance
response in relation to temperature stress for a projected climate in the near term
(2010-2025 years). In this chapter, the authors explored the impact of climate change
on the argan tree regeneration.
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Ecosystems are part of human wellbeing and their sustainable managementis essential
for the survival of the human race and biodiversity. This chapter explores the concept
of sustainable ecosystem management (SEM), its principles, elements, faces, and
implementation. SEM is defined as environmentally sensitive, ecosystem-based,
and eco-regional based. Its successful implementation is therefore complex due to
the different priorities of stakeholders, the scope of ecosystems, some of which are
transboundary, and the ever-changing nature of these areas amidst environmental
uncertainties. These aspects are vulnerable to political changes and reconciling them
is difficult. This chapter proposes a five-step implementation plan on SEM that is
pegged on adaptive management and holistic consideration of ecological resources.
Using documented case studies, SEM is a proposed solution to ecosystem challenges
of modern-day amidst hindrances of rising resource demand, population increase,
and climate variability.
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This chapter provides a general overview of the effects of climate change on the
terrestrial ecosystem and is meant to set the stage for the specific papers. The
discussion in this chapter focuses basically on the effects of climatic disturbances
on terrestrial flora and fauna, including increasing global temperature and changing
climatic patterns of terrestrial areas of the globe. Basically, climate disturbances
derived increasing temperature and greenhouse gases have the ability to induce this
phenomenon. Greenhouse gases are emitted by anumber of sources in the atmosphere
such asurbanization, industrialization, transportation, and population growth, so these
contributing factors and its effects on climatic events like temperature rise, change
precipitation pattern, extreme weather events, survival and shifting of biodiversity,
seasonal disturbances, and effects on glaciers are relatively described in this chapter.
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This chapter examines climate change and variability emergency disaster risks
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food production and yet they are often overburdened with reproduction, household
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management, gender-specific discrimination, and adverse climate change effects like
agricultural droughts, flash flooding, violent windstorms, or water stress. To ensure
sustainable food security in the face of climate change vulnerability risks, the role
of women is vital. Communication strategy to promote local climate information
service (CIS) delivery system has been developed by the local government district
planners in the park areas, but there is a lack of capacity to raise public awareness
of the gender equality for the empowerment of women and girls for sustainable food
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may contribute to food insecurity at local and regional levels. To counteract this
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Preface

Climate change is expected to influence several productive sectors, but especially
agriculture. This important sector contributes to a large part of the global economy
and includes crops, livestock, and seafood. Agriculture and aquaculture are closely
linked to the climate. Changes in climatic conditions can affect animal and plant
productivity, which in turn influence human well-being. The book provides an
integrated assessment of climate change impacts on agriculture and aquaculture,
and explores a set of strategies to secure sustainable food security. Information is
synthesized from the scientific literature on the theory, models, and decision support
tools. The main objectives of this edited book are:

e  To explore the associations among climate change, agriculture, aquaculture,
food security, and socio-economic development.

e  To highlight good agricultural practices for the adaptation to climate change.

e  Tomake auseful reference document for the development of recommendations
for sustainable management of soil, water, and food.

Several researchers advance that the accumulation of greenhouse gases was
considered the main cause of climate change. This later threatens the production
systems (aquatic and terrestrial ecosystems), which raises disruptions of food
availability. Consequently, dangerous levels of food security can be recorded in
vulnerable societies, mainly for children and women in Africa and Asia. Reduced
water quality and quantity, decreased agricultural production, raised sea-levels, and
acidified oceans are the most serious examples of climate change impacts.

The current edited book deals with two productive systems that are linked to
climate change and anthropogenic impacts: agriculture and aquaculture with a focus
on agricultural activity. Agriculture is a system of food production by humans using
and controlling the physical and biological components of ecosystems. Increased
temperatures, more variable precipitation, heightened levels of pests, and higher
concentrations of carbon dioxide and methane in the atmosphere may greatly influence
agricultural production and food quality as well as deteriorate soil and water quality.
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Preface

These changes will have major implications for the stability of poor communities
and the biological diversity of these areas. For the most part, agriculture is one of the
factors that exacerbate climate change through human activity, especially turning the
forest into agricultural land. Poor land management and overuse can accelerate the
desertification process, which is among the most devastating threats to food security.

The last special report of the Intergovernmental Panel on Climate Change (IPCC)
(2019: Desertification. In: Climate Change and Land: an IPCC special report on
climate change, desertification, land degradation, sustainable land management,
food security, and greenhouse gas fluxes in terrestrial ecosystems) advanced the
important action of the desertification and land degradation in the arid and semi-
arid regions on agriculture and, consequently, poverty and food security. The report
showed that desertification has decreased agricultural productivity and caused the loss
of biodiversity in some arid zones and its risk will increase due to climate change.

Several solutions and sustainable technologies were developed and adopted in
many countries for climate-friendly farming. Symbiotic systems such as aquaponic,
aeroponic, and hydroponic systems are some interesting examples of these smart
technologies. Some of these systems, mainly aquaponic systems, are used both for
plants and fish production and result in much less water use. The orientation toward
smartagriculture and the use of renewable energies to support the associated activities
can be used as strategies to cope with climate change and extreme events impacts.

Aquaculture activity refers to production activities of organisms (aquatic plants,
fish, crustaceans, etc.) in an aquatic environment. The scientific community considers
aquaculture as an important solution to food insecurity. This farming activity is
subject to several climate impacts such as temperature, salinity, and sea level rise,
which subsequently influence food security for a large part of the world population.
These changes affect the ecosystems, influencing their productivity. Several hundreds
of people throughout the world depend on aquaculture, among the most important
sources of protein in the whole world, making it an essential economic resource,
mainly in poor societies.

ORGANIZATION OF THE BOOK

The eleven chapters of the collective book are organized into three sections: Section
1 deals with climate change and agriculture; Section 2 highlights the productive
ecosystems, challenges and solutions; and Section 3 investigates Climate change and
aquaculture. Within these three sections, Chapter 1 explores the downscaling of open
coarse precipitation data using a machine learning algorithm. In this chapter, the
authors propose a novel statistical model with a residual correction of downscaling
coarse precipitation TRMM 3B43 product. The presented study was carried out over

XV
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Morocco, and the objective is to improve statistical downscaling for TRMM 3B43
products using a machine learning algorithm. Indeed, the statistical model is based
onthe Transformed Soil Adjusted Vegetation Index (TSAVI), elevation, and distance
from the sea. TSAVI was retrieved using the quantile regression method. Stepwise
regression was implemented with the minimization of the Akaike information
criterion and Mallows’ Cp indicator. The model validation is performed using ten
in-situ measurements from rain gauge stations (the most available data). The result
shows that the model presents the best fit of the TRMM 3B43 product and good
accuracy on estimating precipitation at lkmaccording to R2, RMSE, bias, and MAE.
Besides, TSAVI improved the model accuracy in the humid bioclimatic stage, and
in the Saharan region to some extent due to its capacity to reduce soil brightness.

Chapter 2 highlights the designing a Framework for Agrisector Considering
Disaster and Climatic Change. Change of technology, utilization of genetically
modified crops, and organic farming can be taken care to improve the fertility of
land and to increase production in farming, but the effect of climate change is a big
problem for the Indian farmers. Farmers have to face extreme weather conditions, the
heavy workload during the fieldwork like weeding, harvesting, etc. The conventional
method of farming, lack of advanced technology makes farming too difficult. Due
to climate change high heat, heavy rain, frost not only productivity decreases lands
became barren, but farmer also suffers from a mental and physical disorder. Hence
an effort is taken to design a framework for the agriculture sector keeping climate
change factors in view. To improve the agricultural system in Indian Agrisector some
implications must be done to avoid wastage of rainwater. By Creating an efficient
drainage system in the crop field the extra water can be reused. To avoid loss due
to heavy rain, Greenhouse or poly house can act as an effective way during natural
calamities.

Chapter 3 investigates the mitigation of climate change through carbon
sequestration. Climate change is considered one of the burning issues and threats
to the globe. One of the most important drivers of climate change is the increasing
concentration of atmospheric greenhouse gases that triggers the altered climate
pattern. Therefore, researchers are now very much concerned to tackle the adverse
impact of climate change as well in minimizing the concentration and emissions
of atmospheric greenhouse gases. i.e. carbon sequestration seems one of the most
attractive choices for the researchers that could be useful for mitigating climate
change conditions. The process deals with the capturing of atmospheric carbon
dioxide (CO2)in various segments of natural ecosystems like soil, biological systems,
oceans and thereby offsetting the adverse impact of climate change. In this review,
the author examines the current scenario of carbon sequestration in the biosphere
and how it can be effectively implied over a specific ecosystem.

XVi
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Chapter 4 reviews the vulnerability of oasis agriculture to climate change in
Morocco that is considered as one of the most threatened countries. Over the last
century, oases ecosystems in this country showed a high vulnerability to climate
variation which has led to water scarcity, an increase in land salinity, and therefore,
a decrease in agricultural production. Conscious of these issues, several solutions
are initiated by the government to cope with climate change adverse effects. Many
programs of rehabilitation were launched and advanced researches are in progress
in order to use some biofertilizers to improve tolerance of oasis crops to drought
and salinity toward sustainable agriculture. The aim of this chapter is to give an
overview of the impacts of climate change on oasis agriculture in Morocco and to
provide potentially effective strategies to promote oasis agriculture under climate
change. As a conclusion, the authors found that the use of different biofertilizers
could be a potential strategy to mitigate climate change effects on oasis agriculture
in Morocco.

Chapter 5 explores the Impact of climate change through the thermal stress on
the Moroccan Argan Agroecosystem. The argan tree is an exclusively endemic in
the drylands of Southwest Morocco, an agroecosystem of great ecological, cultural,
and economic importance. The argan agroecosystem is already damaged. It is
particularly vulnerable to climate change as well as the harsh natural conditions
aggravated by the current population growth and the exploitation in excess of the
production capacities. Unfortunately, during the twentieth century, its area has been
reduced by half. Current projections indicate an increase in temperature under climate
scenarios. Anticipated climate change could accelerate this trend resulting in the
argan tree degradation. To assess the climate change impact, we used the SDSM
model at the argan agroecosystem scale and the thermal stress mode in order to assess
the vulnerability of the argan agroecosystem and estimate its tolerance response in
relation to temperature stress for a projected climate in the near term (2010-2025
years). In this chapter, the authors explored the impact of climate change on the
argan tree regeneration.

Chapter 6 focuses on sustainable ecosystem management, challenges, and
solutions. Ecosystems are part of human wellbeing and their sustainable management
is essential for the survival of the human race and biodiversity. This chapter explores
the concept of sustainable ecosystem management (SEM), its principles, elements,
faces, and implementation. SEM is defined as environmentally sensitive, ecosystem-
based, and eco-regional based. Its successful implementation is therefore complex
due to the different priorities of stakeholders, the scope of ecosystems, some of which
are transboundary, and the ever-changing nature of these areas amidst environmental
uncertainties. These aspects are vulnerable to political changes and reconciling them
is difficult. This chapter proposes a 5-step implementation plan on SEM that is
pegged on adaptive management and holistic consideration of ecological resources.

XVii
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Using documented case studies, SEM is a proposed solution to ecosystem challenges
of modern-day amidst hindrances of rising resource demand, population increase,
and climate variability.

Chapter 7 explores the climate change and its impact on terrestrial ecosystem.
It provides a general overview of the effects of climate change on the terrestrial
ecosystem and is meant to set the stage for the specific papers. The discussion in this
chapter focuses basically on the effects of climatic disturbances on terrestrial flora
and fauna, including increasing global temperature and changing climatic patterns
of terrestrial areas of the globe. Basically climate disturbances derived increasing
temperature and greenhouse gases have the ability to induce this phenomenon.
Greenhouse gases emitted by a number of sources in the atmosphere such as
urbanization, industrialization, transportation, and population growth, so these
contributing factors and its effects on climatic events like temperature rise, change
precipitation pattern, extreme weather events, survival and shifting of biodiversity,
seasonal disturbances and effects on glaciers are relatively described in this chapter.

Chapter 8 investigates the water-food-energy nexus in the climate change era
and highlights the roadmap to implementation in South Africa. The WFE nexus
is an important aspect in building sustainable economies. Water is used in food
production while water supply and food processing require energy. Understanding
the interrelationships of the nexus components is a growing interest for researchers
and policymakers towards sustainable development. This chapter analyses the in-
depth meaning of the WFE nexus, its importance, and its involved processes. The
chapter also evaluates the effects of climate change on the nexus using case examples
in South Africa. It also proposes a road map to facilitate better management of the
nexus by recommending useful action plans. These action plans prioritize on baseline
data collection, optimization of WFE nexus processes and cooperative management
of resources, and climate change adaptation.

Chapter 9 analyses the industry 4.0 based large scale symbiotic systems for
sustainable food security in Namibia. Climatic changes can cause severe food
and water shortage and desert nations such as Namibia can be challenged more
than other countries for obvious reasons. Dependency on imports for food and
electricity in Namibia is continuously in recent times. However, industry 4.0 based
large scale symbiotic systems can potentially help in achieving a sustainable food
security regime, as they operate under controlled conditions. Namibia is blessed
with abundant sunshine and land availability and hence ample opportunities do
exist for producing solar energy, which is used to meet the energy requirements of
symbiotic systems. This chapter examines typical local operating conditions and
then makes a strong case for fully automated symbiotic systems that use low-cost
desalination and renewable energies.

xviii
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Chapter 10 assesses gender equality and climate change advocacy for sustainable
community agricultural food security in South Western Uganda. This chapter examines
climate change and variability emergency disaster risks on the small-holder farmers’
livelihoods and food security of the local communities’ agricultural communities
around the south-western Ugandan Lake Mburo National Park. Ugandan women
contribute up to 75 percent % of domestic food production and yet due to fragile
ecosystems and climate change impacts like agricultural droughts or water stress. To
ensure sustainable food security in the face of climate change vulnerability risks, the
role of women is vital. Communication strategy to promote local climate information
service (CIS) delivery system has been developed by the local government district
planners in the park areas but there is a lack of capacity to raise public awareness of
the gender equality for the empowerment of women and girls for sustainable food
security through agriculture production in Uganda for enhanced livelihood assets.

Chapter 11 explores the effects of climate change and anthropogenic activities
on algivorous cichlid fish in Lake Tanganyika. Over the last century, water
temperatures in Lake Tanganyika have risen due to climate change which increased
thermal stratification and reduced the magnitude of nutrient availability. A rise in
temperature increases the C:N:P ratio resulting in a poor algal diet. In addition,
lake littoral habitat is experiencing increased sediment load due to deforestation of
the watershed caused by anthropogenic activities. Sediments cover benthic algae
and reduce its nutritional value, consequently affecting the foraging behavior,
distribution, and growth performance of algivorous fish. Algae and algivorous fish
are an important link in the lake food chain, therefore, if the rise in temperature
will continue as predicted, then, this may have a cascading effect for the rest of the
community in the food chain including human being. This, in turn, may contribute
to food insecurity at local and regional levels. To counteract this adaptation and
mitigation measures such as environmental monitoring systems, and creating new
opportunities should be considered.

In summary, it is the purpose of this text, and of the authors who contributed
their scholarly work, that peoples in all corners of the world will take to heart the
importance of climate change in relation to agriculture and aquaculture survival
and productivity. A hungry world awaits increased food security and sustainable
socio-economic development.
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ABSTRACT

In this chapter, the authors propose a novel statistical model with a residual
correction of downscaling coarse precipitation TRMM 3B43 product. The presented
study was carried out over Morocco, and the objective is to improve statistical
downscaling for TRMM 3B43 products using a machine learning algorithm. Indeed,
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the statistical model is based on the Transformed Soil Adjusted Vegetation Index
(TSAVI), elevation, and distance from the sea. TSAVIwas retrieved using the quantile
regression method. Stepwise regression was implemented with the minimization of
the Akaike information criterion and Mallows’ Cp indicator. The model validation
is performed using ten in-situ measurements from rain gauge stations (the most
available data). The result shows that the model presents the best fit of the TRMM
3B43 product and good accuracy on estimating precipitation at 1km according to
R2, RMSE, bias, and MAE. In addition, TSAVI improved the model accuracy in the
humid bioclimatic stage and in the Saharan region to some extent due to its capacity
to reduce soil brightness.

INTRODUCTION

Precipitation is the most significant component in the hydrologic cycle (Elhassnaoui
etal., 2019). Indeed, precipitation data is a fundamental requirement for full features
of meteorology, hydrology, groundwater, streamflow, flood, drought, agriculture,
and economics (Maidment, 1993). In a context of climate change, providing high
precise precipitation data as a vital variable that describe a variety of features and
phenomenon is very significant (Chen & 1i, 2016; 1. Tang et al., 2015; Zhao et al.,
2017).

From ancient times, rain gauge stations have been an essential tool for precipitation
observation in a hydro-meteorological perspective(Schneider etal., 2014; Schwaller
& Morris, 2011). However, due to the topographical characteristic of the catchments,
the rain gauge network suffers from sparse spatial distribution (Guofeng et al., 2016;
Maggioni et al., 2016). The sparse rain gauge network cannot provide a significant
statistical distribution rainfall using interpolation (Kro & Law, 2005). Furthermore,
rain gauge stations face many impediments to record and monitor precipitation data
namely the weather modification, wind speed, type of precipitation, which lead to
significant errors in rainfall observation (Essery & Wblcock, 1991; peck, 1974;
Rodda & Smith, 1986; John Rodda & Dixon, 2011; Spring & Peck, 1980).

To overcome rain gauge errors, and provide a quantitative spatial measurement
of precipitation, remotes sensing techniques have been developed (Gregg & Casey,
2004; Karaska et al., 2004). Besides, passive satellite sensors can provide accurate
global coverage of precipitation data without data interpolation (Duan & Bastiaanssen,
2013; Kidd & Levizzani, 2011; Zhang & Li, 2018). Indeed, satellite sensors with
a set of algorithms that embody microwaves radiation have a high potential for
measuring precipitation, because, microwaves are directly related to the raindrop
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through emission, absorption and scattering techniques (Ezzineetal.,2017; Liuetal.,
2018; Maidment, 1993). The temperature threshold method is the standard method
for estimating rainfall by remote sensing (Arkin et al., 1980.; Arkin et al., 1979).

Satellite sensors programs have become an advanced and efficient tool for
providing accurate precipitation data (Silva & Lopes, 2017), covering a broad spatial
distribution (Ezzine et al., 2017; Irvem & Ozbuldu, 2019; Kidd, 2001).

Straight away, many derived data from satellite sensors are freely available
to the public, namely the Climate Precipitation Center morphing technique
(COMRPH), the Tropical Rainfall Measure Mission (TRMM) Multi-satellite
Precipitation Analysis (TMPA), and the Integrated Multi-Satellite Retrievals for
Global Precipitation Measurement (GPM) mission, ERA-Interim (ERAI), Global
Precipitation Climatology Centre (GPCC) and Multi-Source Weighted Ensemble
Precipitation (MSWEP) (Belay et al., 2020; Ezine et al., 2017; Mondal et al., 2014;
Nichol & Abbas, 2015; Xue et al., 2015; Zheng, 2015).

Among these satellite products, the Tropical Rainfall Measure Mission (TRMM)
is a passive microwave sensor that provides precipitation data (Najja et al., 2018). It
is considered as a convenient sensor to estimate precipitation at a spatial resolution
of 0.25°%0.25°(Chen & Li, 2016; Milewski et al., 2015). TRMM product has
been used TRMM was developed jointly by the National Aeronautics and Space
Administration (NASA) and the Japanese Aerospace Exploration Agency (JAXA)
in 1997. Moreover, TRMM was retired on April 8, 2015 after more than 17 years
of rich data collection (Zhou et al., 2020).

The Tropical Rainfall Measure Mission (TRMM) data promise great potential
for hydrologic, meteorological and agriculture application (Darand et al., 2017;
Naumann et al., 2012; Yong et al., 2008; Immerzeel et al., 2009; Mehta et al., 2008;
Sciences et al., 2007; Tang et al., 2016; Wang et al., 2016; Yuan et al., 2017) since
it has been used in different studies worldwide (Ciabatta et al., 2016; Kim et al.,
2016; Paredes-trejo et al., 2019.; Thiemig et al., 2013; Tuo et al., 2016). However,
it exhibits marked coarse spatial distribution. Corpse precipitation data cannot
identify accurate local phenomenon like weather, topography, winds, maritime,
and atmospheric tidal phenomenon fin scale area (Chokkavarapu & Ravibabu,
2019; Immerzeel et al., 2009). Also, Precipitation data is highly sensitive to spatial
resolution (Brienen et al., 2010; Fowler & Ekstr, 2009; Gutjahr, 2013).

Assessing the hydrological impact of present and future climate change at a fine-
scale spatial distribution requires accurate precipitation data at a small-scale taking
into account the local environmental factors (Brienen et al., 2010). Indeed, the spatial
resolution at the fine-scale is crucial in providing long-term precipitation projection,
prediction of precipitation variability, flood modeling, or rainfall-runoff modeling
(Segond et al., 2007; Wheater, 2017). In this sense precipitation downscaling plays
a significant role in reducing the gaps between global precipitation data and local
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characteristics, in a way to capture climate change at fine-scale spatial distribution
(Brienen et al., 2010).

To overcome satellite corpse dataissues, researchers opt for downscaling methods.
The main downscaling methods are delta/ratio method, statistical downscaling, and
dynamic downscaling (Chokkavarapu & Ravibabu, 2019). Besides, relevant studies
have displayed that precipitation is correlated to topography vegetation and distance
from the sea. In this context, multiple statistical downscaling models, based on an
environmental factor have been developed(Chen et al., 2014; Duan et al., 2017;
Ezzineetal.,2017; Liuetal.,2018; Park, 2013; Chenetal.,2019; Zhanget al., 2018).

LITERATURE REVIEW

To meet the requirement of precipitation resolution data, many researchers have
improved downscaling models. Jia et al., (2011) developed a downscaling model
based on the relation between precipitation, Normalized Difference Vegetation
Index (NDVI) and elevation, in the Qaidam Basin of Chin. The significant results
allow the downscaling of TRMM 3B43 at a fine-scale of 1km using multivariate
regression. Fang et al., (2013) improved downscaling accuracy at 1km resolution
by the introduction of DEM, humidity, and temperature as environmental factors.
Ezzine et al., (2017) enhanced the accuracy of the model based on the Normalized
Difference Vegetation Index (NDVI) and Digital Elevation Model (DEM) by
adding the distance from the sea to integrate the maritime phenomena. This study
enabled to downscale TRMM 3B43 products to a resolution of 1km using stepwise
regression. Tsanis et al, (2016) made a great effort to enhance the downscaling
accuracy by using a machine learning algorithm based on artificial neural networks
(ANN). This study aims to downscale the TRMM 3B43 product to 1km. Chen et al.,
(2014) developed a model-based Normalized Difference Vegetation Index (NDVI)
and Digital Elevation Model (DEM) based on geographically weighted regression
(GWR) to downscale TRMM 3B43 precipitation product at 1km. Similar study
was used Normalized Difference Vegetation Index (NDVI) and Digital Elevation
Model (DEM) to downscale TRMM 3B43 product at 1 km using a regression model
with a residual correction (Zhang & Li, 2018). The downscaling accuracy has been
enhanced by (Jing et al, 2017), through developing a model based on Normalized
Difference Vegetation Index (NDVI), land surface temperature (LST), and digital
elevation model (DEM). This study provides TRRMM product downscaling at
1km using two machine learning algorithms, support vector machine (SVM) and
random forests (RF).

This chapter proposes anovel downscaling model, which best accurate precipitation
data at a fine scale of 1km. This model is based on Transformed Soil Adjusted
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Vegetation Index (TSAVI), Digital Elevation Model (DEM), and Distance from the
Sea, using a machine learning algorithm.

Precipitation is highly correlated with environmental factors (Jing et al, 2017;
Zhang & Li, 2018). The major downscaling models are based mainly on Normalized
Difference Vegetation Index (NDVI) due toits capacity to better accurate precipitation
data (Wang et al., 2003.).Indeed, precipitation is a fundamental component of the
hydrological cycle. Therefore precipitation is a limiting factor of soil moisture and
vegetation growth. Soil moisture is considered as a significant node that relates
precipitation and NDVI (Wang et al., 2003.). In some extent, many studies have
demonstrated that NDVI performs a good correlation with precipitation(Chen et
al., 2014; 1. Duan et al., 2017; Jia et al., 2011; J. Liu et al., 2018; Jing et al, 2017,
Y. Zhang & li, 2018). However, NDVI values are influenced by soil (Baret et al.,
1991.; Rondeaux et al., 1996).

Soil brightness induces noise into red and near-infrared bands (Rondeaux et al.,
1996). Indeed, red and near-infrared are linearly correlated in a way that the intercept
and the slope depending on the soil types (Rondeaux et al., 1996). Furthermore, the
soil is properties are characterized by its inorganic solids, organic matter, and soil
moisture (Rondeaux et al., 1996). The development of remote sensing provides a
proper assessment of soil properties dues to its reflectance in the visible and near-
infrared spectra (Rondeaux et al., 1996). Therefore, soil line parameters influence
the vegetation information in visible and near-infrared bands (Baret et al., 1996;
Rondeaux et al., 1996). In order to sort-out, the soil line parameters the extracting the
bottom in red and near-infrared bands is essential. In this context, the Transformed
Soil Adjusted Vegetation Index as an improved vegetation index was developed to
overcome soil background effects (Baret et al., 1996).

This chapter aims to improve downscaling models by reducing soil brightness
noise by using the Transformed Soil Adjusted Vegetation Index. In this sense, TSAVI,
DEM, and distance from the sea were considered as a predictor for desegregating
precipitation, using stepwise regression, AIC, and Cp criterion, to evaluate the model
error and performance The MSE, MAE, RMSE, and R-Square statistical metrics
are used. Besides, this chapter provides scientific advances in assessing accurate
precipitation at a fine-scale spatial resolution to enhance the accuracy of estimating
long-term climate change projection, prediction of climate change variability.
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MATERIALS AND METHODS

Study Area

This study was conducted in Morocco (Figure 1). Moroccois located in northwestern
Africa, between [1.5°-17°] W longitudes and [20.5°-36°] N latitudes. The Kingdom
is bathed in the North by the Mediterranean Sea, in the West by the Atlantic Ocean
(Ezzine et al., 2017). The country is bordered to the east by Algeria, and to the south
and south-east by Mauritania. Morocco covers an area of 710,850 km?, included
fourteen watersheds, with 25% of agricultural land (Moumen et al., 2019). Besides,

Morocco is surmounted in the West by the Atlas Mountains, in the North by the Rif,
and in the south by a large Sahara. The climate ranges from the Humid to Saharan

Figure 1. Moroccan map highlighting watershed and bioclimatic stages
(Source: the authors)
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bioclimatic stage (Ezzine et al., 2017). Furthermore, Morocco is a highly water-
stressed country with erratic rainfall and frequent droughts(Africaetal.,2014). Indeed,
Morocco receives an amount of rainfall ranging from 100mm to 1200 mm, with
an evaporation rate of 80% and an interception rate of 0.6%(Schilling et al., 2020).

Data Collection
Satellite Sensor Precipitation Data

In this chapter, the TRMM 3B43 Version 7 product is used as a free precipitation
data with a spatial resolution of 0.25°x0.25°. TRMM 3B34 precipitation data over
the period 1999 to 2014 are considered.

Climatic Data

Moroccan bioclimatic map was generated by using Emberger’s quotient (Condés &

Garcia-Robredo, 2012; Mokhtari et al., 2013). Emberger’s quotient was calculated

using precipitation and temperature data for a period ranged from 1970 to 2000.

Weather data was retrieved freely from worldclim portal https://worldclim.org/
Emberger’s quotient formula:

0 2000 x P 0
(M +m + 546.4) x (M — m)

Where: P : The annual rainfall (mm), M : The average maxima of the hottest month,
m the average minima of the coldest month

Hydroclimatic Data

The hydroclimatic data were provided over Morocco. The most available monthly
rainfall data were obtained from the recording of the rain stations for a period of
12 years (1999-2012).

Gis Data

° The digital elevation model (DEM) has been derived from the Shuttle Radar

Topography Mission (SRTM), Version 4.1, with a spatial resolution of 90m.
DEM data is available on the portal http://srtm.csi.cgiar.org/.
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Remote sensing imagery has been retrieved from the most recent generation
of Landsat satellite Landsat 8 (OLI) (Mancino et al., 2020). Landsat 8 (OLI)
is the 9 Operational Land Imager (OLI) and Thermal Infrared Sensor (TIRS),
this satellite sensor is composed of nine bands: band four is red, and band five
is near-infrared (https://www.usgs.gov/). Landsat 8 imagery is used in the
Mediterranean region especially when it concern providing vegetation indices
(Mancino et al., 2020). Moreover, Landsat imagery is freely available on
earth explorer portal https://earthexplorer.usgs.gov/, with a spatial resolution
of 30 m. Landsat 8 images from 2010 to 2019, was used in this chapter to
retrieve bare soil lines and the Transformed Soil Adjusted Vegetation Index
(TSAVI). The rasters over the period 2010-2019 concern the month’s May,
June, June, July, July, and August.

Distance from the sea map was generated about the Atlantic and the
Mediterranean coastline.

Table 1. Data sets

Characteristics
Data q
Period Spatial Resolution Temlzgr;:: tﬁ::i(;l)utlon
TRMM 3B43 1999-2012 0.25° Monthly
Landsat 8 (OLI) 2010-2019 30 m —
Hydroclimatic data 1999-2012 1km Monthly
DEM (SRTM V4.1) 2008 90m —
Distance from sea 2019 1km —
Bioclimatic map 2019 1km —

(Source: the authors)

Methods

The methodology adopted aims to build a robust model able to best downscale
precipitation data using machine learning. The diagram below presents a schematic
illustration of the structure and the working of the downscaling model (Figure 2).
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Figure 2. Downscaling algorithm used in this chapter
(Source: the authors)
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Data Preparation

The first step consists of the calculation of the annual precipitation, from the monthly
TRMM 3B43 product over the period 1999-2012. After, the annual precipitation will
be upscaled to a spatial resolution of 0.25°%0.25°. Besides, the distance from the sea
and the DEM rasters will also be scaled up to a spatial resolution of 0.25°%0.25°.
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Transformed Soil Adjusted Vegetation Index Generation

Accurate data through satellite sensors has reached a mature level. However,
handling this amount of data is not evident because of its characteristics of bid data
(P. Liu et al., 2018). In this sense, collecting and processing Landsat 8 imagery for
Morocco needs the integration of many tools and methods that deals with big data.
The imagery reassembling was conducted through GlIs, besides statistical process
was conducted through R software

Bare Line Soil

By the development of data science, quantile regression performs best than least
square regression, which has been used extensively as a statistical method. Indeed,
the least square regression is a parametric model based on assumptions; however,
the quantile regression does not forge any assumptions between the distributions of
residuals (Foulds, 1984.; Koenker et al., 2007). Quantile regression is efficient in
extracting boundary lines in two-dimensional scatter plots (Mills et al., 2006; Mills
et al., 2009; Xu & Guo, 2013)

In this sense, quantile regression is used to retrieve the bare soil line. The method
has been coded in R software and is available in a software package called raster
quantile, which can be downloaded from the R Archive Network (CRAN) mirror
at http://www.r-project.org/.

To perform the quantile regression, the quantile tau is set to 0.00001 in order to
extract the vary soil line in Near-Infrared (NIR) versus Red scatter plots. We vary
the tau is step by step, to extract the best bottom line with the minimum p-value and
maximum t-value (Ahmadianetal.,2016; Xu & Guo, 2013). We gain the quantile by:

the number of pointsbelow or on the bottom line

thetotal number of points

The bottom line extraction is processed for the fourteen watersheds of Morocco.

TSAVI Generation

According to the algorithm shown in the table (2), the Transformed Soil Adjusted
Vegetation Index is generated for the fourteen watersheds of Morocco.

10
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Table 2. Transformed Soil Adjusted Vegetation Index

Vegetation Index Algorithm Description | Citation

a = slgpe (Baret &
of the Soil

ax (NIR —axXRED — b) Line, b = Cl};g(l)t’
TSAVI RED +ax NIR—axb+ X x(1+q?) | Merceptof | Rondeaux
the SL, etal.,

X =0.08 1996)

(Source: the authors)

Correlation Between TRMM 3B43 Products and TSAVI

Least square regression is used to assess the correlation between the annual
precipitation of the TRMM 3B43 product as a dependent variable and TSAVI as an
independent variable, over the period 1999-2004. The performance of the correlation
is checked based on the R squareR’.

Correlation Between TRMM 3B43 and
Predictors Using Machine Learning

Machine learning techniques are a significant method used widespread among data
scientists. There are two types of machine learning techniques: supervised and
unsupervised learning. In this chapter, we will apply supervised learning, namely
regression. The downscaling model is carried out using stepwise regression based
on the Akaike information criterion (AIC) and Mallows’ Cp.

Stepwise regression is a multiple regression method aiming to identify the best fit
model predictors. This method tries to optimize the choice of the explanatory variables
that predict the dependent variable. Stepwise regression automatically consists of
iterative model construction. The choice of the best explanatory variables is based
on different criteria like F-tests, t-tests, Adjusted R square, Akaike information
criterion, Bayesian information criterion, and Mallows’ Cp indicator (Ormann et
al., 2018). This criterion seeks to identify a set of independent variable that explains
the dependent variable significantly (Ormann et al., 2018).

Stepwise regression involves forwards and backward selection. In one hand forward
selection consist on the introduction of the variables one by one and keep the most
significant ones with the less p-value, until the result is optimal, in the other hand
Backward selection consists on setting all the explanatory variables and discard those
who are statistically not significant, with the less p-value. Stepwise regression aims

11
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to best fit a linear regression between the dependent and the independent variables,
according to the following equation.
Linear regression equation:

y=a,+az +ar, +... + az, + € 2)

Where: y is a dependent variable, z are the independent variables, a are

1<j<p 1<j<p
the parameters to be estimated, and ¢ is the intercept or the residual.

In order to enhance the model selection in stepwise regression, we use the Akaike
information criterion and Mallows’s Cp as a powerful technique used in the weighted
likelihood methodology for model selection (Agostinelli et al., 2002).

On the one hand, the Akaike information criterion (AIC) (Akaike et al, 1974)
seeks to estimate the likelihood of the independent variable to explain the dependent.
A considered as a good predictor of the variable that gas the minimum AIC among
the other variable. The AIC equation is as follow:

The Akaike information criterion formula:

AIC = —2xIn(L) +2xk 3)

Where: L is the value of the likelihood and % is the number of estimated parameters.
On the other hand, Mallows’s Cp (Taylor & Mallows, 2012)seeks to assess the
precision and bias of the predictors. It is considered unbiased and precise estimators
of the predictors that have a small value near to the number of predictors. (Agostinelli
et al., 2002; Lance et al., 2014)
The Mallows’s Cp formula:

C RS5, +2 4)
- X —_
’ MSE, p=n

Where: RSS | is the residual sum of squares for the p-variable, MSE, is the mean

squared error for the k-variable, and n is the sample size

Stepwise regression is widely used in data mining, with high use in processing
big data (Smith et al., 2018). In this chapter, we use Stepwise regression, with the
combination of the forward and backward selection techniques, based on Akaike
information criterion and Mallows’s Cp indicator, in order to identify the best variable
combination among TSAVI, DEM and distance from the sea, that explain TRMM
3B43 product in the best way.

12
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The stepwise regression with AIC and Mallows’s Cpcriteria was performed
over the period 1999-2004 in order to identify the best model after the model is
generalized to all the study period (1999-2014).

Downscaling and Calibration of Precipitation

The group model identified using stepwise regression, were used to downscale
precipitation data, with a residual correction. First of all, we estimate precipitation
at a spatial resolution of 0.25°x0.25°. Then we estimate the residual component by
generating the difference between the original TRMM 3B43 data and the estimated
precipitation. After that, the residual component was downscaled at a spatial resolution
of 1km using spatial interpolation. Downscaling precipitation was conducted by
using the regression model variables at 1km, which were corrected by adding the
residual component.

The calibration of the downscaled data was carried out by using the Geographical
Differential Analysis(GDA) calibration method developed by Jehanzeb & Cheema,
(2012). GDA method consists of minimizing the difference between the TRMM 3B43
precipitation products and the in-situ rain gauge measurements. Over the period 1999-
2014, and for every station gauge, the difference between downscaled precipitation
and in situ measurement was generated. Second, the difference was interpolated based
on the Distance Weighting algorithm. Finally, we add the geographical difference
to the downscaled precipitation at a spatial resolution of 1vkm.

Validation

The validation of the downscaled and calibrated precipitation data was carried out
using the common statistical metrics, widely used in GIS, mathematic, environment
and hydrology, especially the root mean square error (RMSE), the bias, and the
mean absolute error (MAE) (Duan et al., 2017; Ezzine, 2017; Liu et al., 2018; Jing
etal., 2017; Zhang & Li, 2018).

The mean absolute error formula:

S

MAE == 5)
n

The root mean square error formula:

13
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(6)

Bias ==L — -1 @)

Where: Y : is the dependent variable, Y is the independent variable, and n is the
sample size.

Sensitivity to the Bioclimatic Stages

When assessing the sensitivity of the downscaling model to the bioclimatic stages
(Ezzine, 2017) found that the model based on NDVI, DEM, and distance from the
sea is weak in explaining precipitation in arid and Saharan bioclimatic stages. In
this chapter, we aim to enhance the performance of the downscaling method in these
bioclimatic stages. Indeed, explaining the precipitation in the denuded area from
vegetation suffer from soil blitheness, which weakened the NDVI based model.
The proposed model in this chapter, based on TSAVI, overcomes this problem. The
resulting of the stepwise regression model was performed in every bioclimatic stage
and asses the sensitivity of the model to the climatic zoning based on the p-value test.

RESULTS AND DISCUSSION
Bare Soil Line

Figure (3) present the NIR versus RED scatterplots with the extracted soil line, for
all Moroccan watershed. The NIR versus Red scatters plots present some scattered
points in low and high Red values, which may impede extracting bares soil line.
Using quantile regression, we tried to fit the line with the bottom boundary line,
instead of the existence of some sparse points. Especially the case of Tami, which
present a high rate of the sparse point below the bottom boundary line. Quantile
regression is used in many studies to extracting the bare sol line (Ahmadian et al.,

14
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2016; Xu & Guo, 2013). According to (Ahmadian et al., 2016; Xu & Guo, 2013),
quantile regression shows a better capacity in extracting bare soil line. Furthermore,
it shows that the best period of extracting bare soil line is the early green-up season
starting from late March to late April, and late senescence season starting from
early August to late October (Ahmadian et al., 2016; Xu & Guo, 2013). Table (3)
turns —up the slope and the intercept of the extracted bare soil line, based on near-
infrared and red scatterplot; using the quantile regression method. The mean bare
soil intercept and slope over Morocco are respectively -771.838 and 1.006.

Figure 3. Bare soil line extracted for all Moroccan watershed, from Landsat 8 OLI
images, based on NIR versus Red scatterplot; using the quantile regression method
(Source: the authors)

Bouregreg Deraa Guelmim-Tiznit
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Sebou Souss Tamri

© Temsift  Ziz-Guir-Gheris
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Table 3. Slope and intercept of extracted bare soil line from all watersheds over
Morocco, using the quantile regression method

Method Quantile Regression (NIR versus RED)

Moroccan Watershed Slope Intercept
Bouregreg 0.816 -399.329
Deraa 1.053 -546.630
Guelmim-Tiznit 1.215 -1999.385
Loukous 0.645 831.088
Massa 1.102 -767.073
Moulouya 1.048 -488.026
Oum Er Rabia 1.094 -1476.695
Safi Eljadia 0.942 -1010.796
Sahara 1.103 -629.042
Sebou 0.684 735.890

Souss 1.013 -44.562
Tamri 1.313 -3369.862
Tensift 0.971 -1059.236
Ziz-Guir-Gheris 1.092 -582.077

(Source: the authors)

Correlation Between TRMM 3B43 and TSAVI

The correlation between TRMM 3B43 and TSAVI shows a high R-squareR? with a
very significant p-value. The p-value varies from 0 to 5.3%x 102%; therefore, TSAVI
is statistically significant to explain TRMM 3B43 products. Moreover, TSAVI
has a high probability of obtaining an accurate result as TRMM 3B43 products.
Besides, R? ranges from 0.7 to 0.88, which shows that the data is very close to the
regression line. Also, these results show that TSAVI conveys the most variability
of the TRMM 3B43 products around its mean (Figure 4). Testing the correlation
between TRMM 3B43 and TSAVI demonstrate the best agreement in comparison
with the correlation between TRMM 3B43 and NDVI or NDWI, which was carried
out by several studies namely (Ezzine, 2017; Nichol & abbas, 2015)

16
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Figure 4. Correlation between TRMM 3B43 precipitation and TSAVI over the period
1999-2004

(Source: the authors)
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Correlation Between TRMM 3B43 and
Predictors Using Machine Learning

TSAVI, elevation, and distance from the sea as independent variables can better explain
the TRMM precipitation data, than using just TSAVI. In a comparison based on R?,
Figure 5 shows that TSAVI, elevation, and distance from the sea model enhanced
the TSAVI based model by an average of 0.17 points. Indeed, the lower R%*increased
from 0.7 to 0.73, and the high R%increased from 0.88 to 0.89. Figure 5 shows that
the average R’using TSAVI, elevation, and distance from the sea model, is equal to
0.77, which explain that the model can significantly predict TRMM precipitations.
Moreover, figure 6 shows that the range of R?over the period 1999-2014 ranges

17
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Figure 5. R square of the comparison between TRMM versus TSAVI and TRMM
versus TSAVI, DEM and distance from the sea, over the period 1999-2014

(Source: the authors)
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from 0.62 to 0.89. In comparison with the downscaling models based on NDVI
and proposed by (Ezzine, 2017; Nichol & Abbas, 2015), the independent variable
based on TSAVI, elevation, and distance from the sea shows the best agreement in
explaining TRMM precipitation data.

Figure 6. R square of the correlation between TRMM precipitation and the independent
variables (TSAVI, DEM, and distance from the sea; over the period 1999-2014

(Source: the authors)
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Figure 7. Statistical model Accuracy Metrics: R square, Adjusted R square,
AIC:; for the TRMM vs. TSAVI, DEM, and distance from the sea.

(Source: the authors)
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Figure 7 shows the accuracy of the TSAVI, elevation, and distance from the
sea model to predict TRMM precipitation data, using R square, adjusted R square,
Mallow’s Cp, and AIC. First, the model presents a significant R?, which explains the
excellent correlation between TRMM and the independent variables. Second, figure
7 shows a significant adjusted R square, which means that the predictors enhance
the model correlation significantly. Furthermore, Mallow’s Cp is very close to the
number of predictors; there for the model best fits with high precision and low bias.
Besides, the low AIC values explain the goodness of the model quality in a way
that the predictors explain TRMM precipitation data with less loss of information.
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Figure 8. Estimated precipitation using TSAVI, DEM and distance from the see in
a spatial resolution of 0.25°%0.25°, over the reference period of 1999-2004

(Source: the authors)
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Figure 9. Spatial distribution of the regression residual at a spatial resolution of
1lkmx 1km, over the reference period of 1999-2004

(Source: the authors)
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Downscaling and Calibration of Precipitation

Figure 8 shows the spatial distribution pf estimated precipitation using TSAVI,
elevation, and distance from the sea predictors over the reference period of 1999-
2004. The figure shows that precipitation is abundant in the North in Morocco and
very scarce in the south, which explains the fact that Morocco suffers from water
scarcity(Moumen et al., 2019).

The spatial distribution of the model error is highlighted in figure 9. The residual
of precipitation that the model could not estimate is used parameter of correction
to enhance the model performance. Indeed, positive values indicate the model
underestimated TRMM product data. However, negative values indicate that the
model overestimates TRMM product data.

Figure 10. Downscaled and calibrated precipitation at a spatial resolution of
1km*1km, over the reference period 1999-2004

(Source: the authors)
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Downscaled and calibrated precipitation using TSAVI, elevation, and distance
from the sea model shows a significant correlation with TRMM 3B43 precipitation
data. For the reference period, the correlation between TRMM vs. downscaled
and calibrated precipitation presents a high R?, which ranges from 0.85 to 0.91.
Furthermore, the p-value of the correlation is equal to zero, which explains the
significance of the predictors (Figure 10 and Figure 11).
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Figure 11. TRMM vs. Downscaled and calibrated precipitation over the reference
period 1999-2004

(Source: the authors)
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Validation of the Downscaling Model

Ten rain gauges stations were considered for the validation of the model over the
period 1999-2004 (The most available data). Table 4 shows that the downscaling
model based on TSAVI can fit at a high level the in-situ measurement of precipitation
at a spatial resolution of 1km, in comparison to the NDVI based models (Ezzine,
2017; Nichol & Abbas, 2015). Over the period 1999-2004, R? ranges from 0.83 to
0.99, and bias varied between -0.012 and -0.04. Besides, during the same period,
RMSE (root mean squared error), and MAE (mean absolute error) shows the model
performs with a minimum error. Indeed, RMSE ranges from 15.73 to 47.62, and
MAEranges from 12.65 to 38.94, which indicates that the model has high accuracy in
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Table 4. Spatial statistical metrics calculated the downscaled and validated
precipitation versus in-situ measure precipitation from rain gauge stations

Statistical Metrics 1999 2000 2001 2002 2003 2004
R’ 0.83 0.96 0.95 0.97 0.99 0.99

RMSE 47.62 46.93 20.05 42.32 15.73 15.92

Bias -0.12 -0.09 -0.04 -0.07 -0.02 -0.04

MAE 38.94 44.05 15.59 30.49 12.65 13.82

(Source: the authors)

predicting precipitation at a spatial resolution of 1km. The current model was applied
over the period 2005-2014, to assess the spatial distribution of the precipitation at
1km over Morocco.

Sensitivity to Bioclimatic Stages

There is a high correlation between TRMM 3B43 product and TSAVI for the humid
bioclimatic stage. Indeed, Table 5 shows a high R? value and a significant p-value
for the humid bioclimatic stages. For the humid bioclimatic stage, R” ranges from
0.76 to 0.88, and the p-value is in range of 7.1x107-1.7x10°. Arid and semiarid
bioclimatic stages present an average R? of 0.30. Furthermore, semiarid and subhumid
bioclimatic stages present the lower R’average.

The methodology shows its capacity to better explain TRMM 3B43 product
in the Humid bioclimatic stage by comparison to the NDVI based methodology,
namely (Ezzine, 2017). Moreover, the TSAVI based model could slightly enhance
the assessment of TRMM 3B43 product in the Saharan bioclimatic stage. However,
the model is weak in explaining TRMM 3B43 precipitation data in both arid and
semiarid stages.

CONCLUSION

This chapter provides scientific advances in assessing accurate precipitation at a
fine-scale spatial resolution to enhance the accuracy of estimating long-term climate
change projection, prediction of climate change variability. Furthermore, the chapter
seeks to propose a novel model for downscaling corpse precipitation, taking into
account the bioclimatic zoning. The downscaling model is based on TSAVI, DEM,
and distance from the sea. The study was carried out over Morocco. In this chapter,
the TRMM 3B43 product was considered as a free satellite sensor data over the
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Table 5. Correlation between TRMM 3B43 product and TSAV], for the five bioclimatic
stages over the period 1999-2004

Year Bioclimatic Stage R’ p-Value
Humid 0.76 1.7x10°

Sub humid 0.36 0.015

1999 Semiarid 0.11 0.011
Arid 0.40 9.5x10*
Saharan 0.30 1.8x10"!
Humid 0.85 3.2x10*
Sub humid 0.16 0.00072

2000 Semiarid 0.2 7x10+*
Arid 0.20 3.6x10°
Saharan 0.21 4.5x10°%

Humid 0.80 3x107
Sub humid 0.26 1.2x10°

2001 Semiarid 0.11 0.012
Arid 0.32 8.4x10M
Saharan 0.41 1.2x10°%
Humid 0.88 7.1x10°
Sub humid 0.36 1.7x107

2002 Semiarid 0.15 0.0084
Arid 0.27 3.9x10”
Saharan 0.22 5.8x10%
Humid 0.82 1.8x107

Sub humid 0.10 0.017

2003 Semiarid 0.10 0.012
Arid 0.22 9.9x10®
Saharan 0.43 1.4x101°

Humid 0.83 107

Sub humid 0.12 0.0052
2004 Semiarid 0.2 0.00069
Arid 0.37 1.1x10"
Saharan 0.27 3.2x101°

(Source: the authors)
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period 1999-2014. The assessment of the relationship between the model component
and TRMM 3B43 product is conducted using stepwise regression based on the
AIC criterion and Mallows’ Cp indicator, as a machine learning technique. The
results show a significant correlation between TRMM 3B43 products and TSAVI
with an R? ranges from 0.7 to 0.88 and a p-value ranges from 0 t05.3x 10-%. The
other environmental factors, namely DEM and distance from the sea, enhanced the
model performance. The correlation between TRMM vs. downscaled and calibrated
precipitation present a high R?, which ranges from 0.85 to 0.91

Furthermore, the Transformed Soil Adjusted Vegetation Index (TSAVI) enhanced
the downscaling model over the Humid and Saharan bioclimatic stages due to its
capacity toreduce the soil brightness with an average R’ respectively of 0.82 and 0.30.

The statistical metrics RMSE, MAE, and bias show that downscaled and calibrated
precipitations best fit with the in-situ measured precipitation data.
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KEY TERMS AND DEFINITIONS

Akaike Information Criterion (AIC): Is a statistical criterion that aims to
choose the best independent variables that can explain the dependent variable. A
considered as a good predictor of the variable that gas the minimum AIC among
the other variable.

Machine Learning: Is an algorithmic-based technique known as training data.
Machine learning is an algorithmic-based on amathematical model that analyzes and
computes data in a way to make predictions or decisions. This concept, a significant
method used widespread among data scientists. There are two types of machine
learning techniques: supervised and unsupervised learning.

Mallows’ Cp: Is a statistical indicator, aiming to assess the precision and bias
of the predictors. It is considered unbiased and precise estimators of the predictors
that have a small value near to the number of predictors.

Quantile Regression: Is a regression technique used in data science. It is an
advanced version of linear regression, which does not forge any assumptions between
the distributions of residuals.

Remote-Sensing: Is the science of retrieving information about an object, a
landscape, or a phenomenon without being in contact with them. Remote sensing
techniques are based on sensors that retrieve information through the analysis of the
electromagnetic spectrum reflected from an object, landscape, or a phenomenon.
There are two types of sensors: passive sensors that respond to the amount of light
naturally reflected from an object, a landscape or a phenomenon, and active sensors,
which are radars that measure the transmitted light by the sensor that was reflected.

Spatial Downscaling: Is a technique that aims to reduce the gap between global
or regional data with local data. Spatial downscaling mainly seeks to assess global or
regional at fine-scale, taking into account the environmental factors in the local area.

Stepwise Regression: Is a multiple regression method aiming to identify the best
fit model predictors. This method tries to optimize the choice of the explanatory
variables that predict the dependent variable. Stepwise regression automatically
consists of iterative model construction.

Transformed Soil Adjusted Vegetation Index (TSAVI): Is a vegetation index that
seeks to minimize the soil brightness that noise to the electromagnetic wavelengths
reflected from vegetation.
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ABSTRACT

Change of technology, utilization of genetically modified crops, and organic farming
can be used to improve the fertility of land and to increase production in farming,
but the effect of climate change is a big problem for the Indian farmers. Farmers
have to face extreme weather conditions, the heavy workload during the fieldwork
like weeding, harvesting, etc. The conventional method of farming and lack of
advanced technology makes farming too difficult. Due to climate change, high heat,
heavy rain, and frost, productivity decreases and lands become barren, and farmers
also suffer from mental and physical disorders. Hence, an effort is taken to design
a framework for the agriculture sector keeping climate change factors in view. To
improve the agricultural system in Indian agrisector, some implications must be done
to avoid wastage of rainwater. By creating an efficient drainage system in the crop
field, the extra water can be reused. To avoid loss due to heavy rain, greenhouse or
poly house can act as an effective way during natural calamities.
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INTRODUCTION

Agricultural sector is a very challenging sector. It is dominated by nature and man
made disasters. Rain is essential for increasing production of vegetables, pulses and
agriproducts but sometimes heavy rain fall acts like curse and due to heavy rain
flood washes away everything. Similarly sunlight is like a blessings for farming
but hot climate dries fertile farming land and creates draught situation .There are
many causes for Climate change like deforestation, pollution, population rise, waste
disposal system, industrialization etc. The rise of air and water temperature rises sea
levels, so supercharged storms and higher wind speeds, more intense and prolonged
droughts, heavier precipitation and flooding takes place. Climate hazards are natural
events in weather cycles. hurricanes and droughts, flooding and high winds always
witnessing a scale of damage and destruction that is new and terrifying. It always
makes millions of people homeless and indigent. Flooding and strong winds from
an extraordinary succession of powerful hurricanes have destroyed homes and
crops barrens fertile lands. Extreme weather disasters affect all countries, rich and
poor. Climate change is forcing people from their homes, bringing poverty on top
of poverty and increasing hunger.

Agriculture is the back bone of India and it acts as the skeleton of India’s economy.
More than 50% of the rural households manage their bread and butter on agricultural
commodities by supplying food and necessary products to all over the world . It
is found that the agricultural sector is the highest contributors of Gross Domestic
Product (GDP) of India. Although the demand of agricultural sector is very high and
the govt. Provides loans and subsidies for the development of Agricultural workers/
farmers, still the problems of farmers remains un resolved.

LITERATURE REVIEW

The nominal farmers of agricultural sector of India has to work in high noise,
vibration and pollution . Modification of equipments have solved the problems of
lengthy working procedure some how able to reduce heavy work load, safety related
problems but created problems due to pollution and sustainability. Sustainability
has turned out to be a principal concern for the country, researchers and international
businesses (Drexhage and Murphy, 2010). The sustainable agricultural development
was primarily concerned on the environmental factors followed by economic, social
as well as political factors (DFID, 2003). Therefore the economic, social, and
environmental dimensions need to be integrated to achieve sustainable development,
because a subsystem’s development on long-term basis is dependent on the others
to some extent (Voinov and Smith, 1998). Political decisions at the local, regional

36

printed on 2/14/2023 11:51 AMvia . Al use subject to https://ww.ebsco.coniterms-of-use



EBSCChost -

Designing a Framework for Agri Sector Considering Disaster and Climatic Change

or national levels are involved for sustainable decision-making aiming at impartial
growth of socio-environmental systems. Further, defining as well as measurement
of the sustainable development is a critical issue in sustainable decision-making.
Moreover, as there is no exclusive sustainable pathway, and therefore, different
criteria and approaches should be chosen by policy makers for efficient sustainable
decisions for every country (Andriantiatsaholiniaina et al., 2004). An extensive and
integrated way for dealing the social, monetary and natural processes for development
was found to be fundamentally included for sustainability (Sathaye et al., 2007;
Tracey and Anne, 2008) and a shared activity plan seemed of requiring differing
partners interest and view points to build up for the development (Kates et al., 2005).
Agricultural sustainability has been a fundamental concern because of its major
impacts on production of foods, continual use of natural resources and environmental
outcomes (Bell and Morse, 2008). The economical, social and environmental
concerns were reported to be included for the sustainability of agriculture (Jackson-
Smith, 2010; Nedea, 2012). Economic sustainability comprised of the ability of
farmers for producing an adequate amount of food for feeding them as well as their
society, and also maintaining the economic agricultural feasibility (Van Calker et
al., 2008; Jackson-Smith, 2010). While, social sustainability comprised of the
fairness along with the quality of life of farm workers, consumers as well as the
community members. However, the environmental sustainability included the
enrichment of the quality of the landscape environmental quality and proper use of
natural resources (Sydorovych and Wossink, 2007; Jackson-Smith, 2010). It was
reported that by the sustainable agriculture the food demands can be fulfilled by
diverse initiatives for the present as well as future (DFID, 2004). Many of the
assessment tools for sustainability have been developed over the past decade for the
farm level assessment of sustainability performance (Marchand et al., 2014;
Wustenberghs et al., 2015). For instance, Sharghi et al. (2010) have used a series
of questionnaires communicated to 56 researchers in the research centers of Yazd
and Tehran provinces via mail, email and fax, and found the effective factors such
as Infrastructure, economy, policy-making, society, research, participation, extension
and education, to achieve sustainable agriculture in Iran. Moreover, in case of
sustainability assessment and performance on multiple themes, a set of indicators
were used such as energy, soil and animal health within environmental, economical
and social dimensions (Gasso et al., 2015; Van Cauwenbergh et al., 2007). Gaviglio
et al. (2017) have considered the ‘South Milan Agricultural Park’ in Italy, and
developed a framework for the assessment of farm sustainability based on three
main steps: (i) collection of data through interviews with farmers and institutions,
(ii) elaboration of data through an aggregative structure, and (iii) analysis of scores.
Sulewski et al. (2018) have assessed the inter-dependencies between different
dimensions for sustainability of farms, which was carried out by considering 601
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farms participated in the “Polish Farm Accountancy Data Network”. These data
was supported by supplementary information from interviews, and on the basis of
a number of variables, economical, social, environmental, and composite indices
were collected for sustainability. Irfan et al. (2018) have used survey-based method
and partial least squares structural equation modeling (PLSSEM) in their study by
considering 425 respondents from public-sector organizations in Pakistan. They
found a positive relationship between economic, environmental, as well as social
sustainability and the corporate reputation. Sami et al. (2013) have proposed a
comprehensive index considering two large maize and wheat production farms in
Iran, to measure the sustainability in agricultural production system taking advantage
of fuzzy logic combining all selected six indexes as the representatives of three
dimensions of sustainability. Lechenet et al. (2014) have made an assessment for
sustainability of cropping system by using a set of environmental, economic and
social indicators. They have started with initiating diversified crop rotation by re-
designing in the existing cropping system and pest management by combining a
wide range of available techniques. Moreover, a modified Likert scale based on
fuzzy settheory was developed in which in the data collection process, the respondents
can be assigned a degree of membership associated with the agreement level or
disagreement level (Li, 2010; Li, 2013). Mahmood et al. (2014) have used fuzzy
logic approach to assess the sustainability of hollow fiber membrane intended for
designers and manufacturers for improvement of sustainability in future. Mirsaeidi
et al. (2016) have developed a framework considering large gas refineries based on
fuzzy for prioritizing the health, safety and environmental associated risks for
employees, working conditions, and process equipments. An elusiveness or vagueness
is described by fuzzy logic for decision-making and controlling, which involves
uncertainty. Fuzzy logic has been successfully applied in a number of applications,
such as in evaluating pain intensity rating scales (Araujo and Miyahira, 2009),
assessment of soil (Gruijter et al., 2011), assessment of life cycle impact (Feri and
Hong-Chao, 2014), for classification of crops and agricultural land fitness (Murmu
and Biswas, 2015), soil quality index & landfill sitting in agriculture (Rodrigueza
et al., 2016), etc. Especially the uncertainties in the measurement of sustainability
are usually managed by the use of fuzzy logic (Lamastra et al., 2016). However,
uncertainties or errors may be contained in the assessment of sustainability based
on the used attributes and methods (An et al., 2017; Arodudu et al., 2017). Amiri
and Khadivar (2017) have developed a fuzzy expert system by using MATLAB
software, for diagnosis & treatment of musculoskeletal disorders in wrist. Houshyar
et al. (2017) have used a combined analytical hierarchy process along with fuzzy
modeling with the geographical information system (GIS) for the development of
a reference base for evaluating the sustainability of winter wheat in a study in Iran.
Bottani et al. (2017) have embodied the architecture of the fuzzy inference tool in
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an ad hoc software developed in Microsoft Excel TM (Microsoft Corporation,
Albuquerque, NM, USA), for a case study in a food machinery company to evaluate
the sustainability at the company’s level. Kozarevi¢a and Puska (2018) have considered
the food industry companies to measure the influence of an independent variable
of supply chain practice, on the dependent variable of supply chain performance by
the use of fuzzy logic. Therefore, an initiative movement for a sustainable agricultural
system which is economically reasonable, socially acceptable and environmentally
sound would help in the formulation of current policies of the agricultural practices.

RESEARCH METHODOLOGY

A total of 145 farmers from five villages were selected randomly from Odisha state
in India. Prior consent was obtained from the respective village heads or leaders. The
author and co-author visited the farmers personally and collected the information
and data collected using likert scale and by standardized Nordic questionnaires
as shown in Table 1 in likert scale (i.e.,1=agree, 2=totally agree, 3=no opinion,
4=totally disagree, 5=disagree). Then, seven experts from different areas of expertise
were consulted for the subsequent decision analysis. The House of Quality (HOQ)
as shown in figure 1 is a ‘voice of customer’ analysis tool & the key element of the
Quality Functional Deployment (QFD) technique. First of all customer’s requirement
is converted in terms of engineering design by developing relationship matrix. These
techniques help to understand & interpret the customer needs and help to provide a
product of superior value. Quality Function Deployment (QFD) is a planned approach
to define the customer needs/ requirements and to translate them into specific plans
to achieve the needs. The customers value was collected by survey, then house of
quality is designed for the customer requirement. The customer requirement is called
as What in House of quality and design requirement is called as HOW’s in HOQ.

This method will help the stakeholders and policy makers to know the essentials
or requirement’s of consumers/customers and help them design and frame product
or service to fulfill the consumer’s need. Thus, QFD is considered as an effective
communicating and quality planning tool. Satapathy (2014) has used the ANN,
QFD and ISM approach for the electric utilities services in India for the consumer’s
satisfaction and discussed the interrelationship between various design requirements.
Lombeardietal. (2018) have prioritize the risks and hazards for agricultural equipments
like trailers, ploughs, harrows, etc.
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RESULT AND DISCUSSION

Based on the interaction with the farmers through questionnaires, some important
reasons for agricultural sustainability, noted on Table 2 found from expert analysis
and literature review.

Assigned numbers and symbols for QFD: 8 for Strong [O], 6 for Moderate [®],
4 for Weak [A], 2 for Very weak [@].

In Figure 1 the HOQ matrix is designed, to find relation between What’s and
How’s.

e  Customer needs (What’s): A structured list of requirements derived from
expert’s feedback.

e  Design requirement (How’s): To fulfill customer’s demand (What’s) the
relevent set of system design requirements are structured .

e  Planning Matrix: With customer requirement and the relative importance of
customer need planning matrix is made.

e Interrelationship matrix (centre matrix): Gives the expert’s perceptions of
interrelationships between design requirements and customer needs. Scale of
.2,.4,.6 and .8 is applied with symbols and figure.

e  Design correlation(top) matrix: The correlation between system design
requirements are made and matrix is structured.

The individual rating for each design requirement is obtained from the centre
matrix using the following relation as in equation (1):

Customer Rating=Z, +1/n—1(é’1Bij Zj) (D

Where, B, = i™ initial customer rating and Z denotes the relationship between
customer need and customer rating respectively.
And, n = number of customer needs,

B.=[B,.B

ij 1ij

B_].

2ij...., ~ nij

Design requirement = 1/na A X 2)

Where Aij and X, denote the relative importance of the i™ characteristics with respect
to the j™ customer need in the relationship matrix and the importance of j™ customer
needs (customer ratings), respectively.

n= Number of customer needs.

Table 1 shows the Questionnaire.
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Table 1. Questionnaire

Questionnaire 1 2 3 4 5

1. Reduction of productivity due to temperature rise

2. Quality degradation due to temperature rise

3. Increase of weeds, blights and pest

4. Increase of agricultural disasters such as moisture stress and
drought

5. Increase of soil erosion

6. too much or too little rainfall can be harmful, even devastating
to crops

7. Drought can kill crops and increase erosion

8. wet weather can cause harmful fungus growth.

9. extreme temperature and precipitation can prevent crops from
growing

10. Extreme events, especially floods and droughts, can harm
crops and reduce yields.

11. Low areas hold cold pockets that can lower temperatures
significantly. These locations also gather moisture which will freeze
and cause frost heaves, damaging roots.

12. Plants on higher locations become victim to cold winds and
sunscald caused by exposure to winter sun.

13. Disasters destroy critical agricultural assets and infrastructure

14. Floods damage all immovable properties that get submerged in
flood waters.

Table 2 shows the Design Requirement.

Table 2. Design Requirement

Design Requirement

1. Creating an efficient drainage system in the crop field

2. The space between crops can be covered with a 2-3 inch layer of dry crop residues (natural mulch) to
conserve soil moisture.

3. create water bodies to store water during seasonal rain fall and use it in summer

4. planning of crops in a year must be done in line with the meteorology advisory devised by the
government

5. protecting the crops by covering them or setting up the farm in a protected agriculture system

6. Using plastic sheets to cover the land between the plants to prevent evaporation.

7. Green house or poly house can prevent losses due to unconventional rains

8. dig deep trenches along the field length and fill it with large boulders or stones. This makes way for the
water to flow out of the farm and reduce crop damage.

9. Adopting crops which will not be affected by such natural calamities

10. Insurance is one way of recouping losses due to events beyond human control

11. bamboo border many problems solve by this eg wind, cold waves, wild animals, insect attacks and
maintain 10 degree Celsius temperature

12. rain protection cover made of polypropylene are in use in the farming industry globally to prevent
direct damage of crops from rains.

13. pruning avoid damage of fruit trees in Strom and drought

14. Don’t sow unseasonably seasonal crops or short term crops are mostly weather dependent and
intercrop reduce some risk

15. Organic farming and fertilizers can help
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Table 3 shows HOQ (house of Quality) Quality Function Deployment (QFD).

Table 3. Quality Function Deployment (QFD)

fh') Ratings| 1 | 2 | 3 4 5 6 7 8 9 [ 10 | 11 | 12| 13| 14| 15 C‘l’\?:;’i‘;e'
1 7 o|le|] oo le|lo]Jolalalolalalole]o 10.932
2 9 Aol a]lelo]alole|lo|le|e]o|a]lo]e 13.434
3 5 e |ar|lo|a]o|e|e|]o|a]lo]o|]o|le|]o]o 7538
4 9 e |r|]ofJolelo]alo|le|le|lo|alo]o]o 13.846
5 6 Aol alo]lole]o]le|lalo]le|lo|e|e]a 8.954
6 3 Alo]J]o|le|lo|a|lo|lo|la|]o|]o|lar|e]o]o 12553
7 4 Alo|le|la]o|alo]o|lo|la|le|lo|]e]o]| e 6.276
8 5 e |r|lo]ole[o]o|lale|lalo|alol]le]a 7538
9 4 ool o | e|[alo]o]lelo]o|lale|]o|]oloe 6.276
10 3 e | r|] oAl efo]alo|ale|la|alol el a 4384
11 5 o|la|le|]o|e]o|e|e|]a]o|]o|]o|e|]o]|e 7538
12 5 A|leJ]olol ol alo|ale]alole]oe]a]o 7.538
13 3 o |ale| oo alolelo]laloloe|la|lelo 4523
14 4 o|lo|l o] Al e Alo|loe|[alo|le]o] o] a 6.786
Initial rating

design | 44.40 | 55.0 | 60.55 | 59.33 | 56.71 | 57.79 | 63.76 | 50.58 | 50.87 | 49.46 | 93.70 | 54.20 | 49.12 | 55.65 | 54.25
requirement
Revised rating | 35.52 | 11.0 | 48.44 [ 3559 | 11.34 [ 46.23 | 51.0 [ 40.46 | 40.69 | 29.67] 74.96 [ 4336 [ 39.20 | 11.13 | 12.52
N"i:ﬁi?d 047 | 0.14| 0.64 | 048 | 0.15 | 0.08 | 0.68 | 053 | 054 | 039 | 1 | 057 | 052 | 013 | 0.07

Rank s |10 3 7 9 [ 2| 2 5 |4 9 1 3 6 | 11 | 13

Inthese table of quality function deployment shows that the customer requirements
“HOW?” Creating an efficient drainage system in the crop field is ranked first. Green
house or poly house can prevent losses due to unconventional rains is ranked second
create water bodies to store water during seasonal rain fall and use it in summer is
ranked third. Adopting crops which will not be affected by such natural calamities is
ranked fourth. Dig deep trenches along the field length and fill it with large boulders
or stones. This makes way for the water to flow out of the farm and reduce crop
damage is ranked fifth.

CONCLUSION

Indian Economy totally depends on agrisector of India. Although Government of
India frames many policies and spends crores of money for the development of
agrisector. Still the growth of agrisector is very slow. Poor and nominal farmers
of India unable to purchase costly equipment and uses conventional method of
farming in high heat and heavy rain and suffers with physical and mental problems.
Extreme weather condition, heavy work load during their working procedure gives
them early old age, bone and muscle problems. So more and more researches must
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Figure 1. House of Quality (HOQ)
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be done to find solution to weather and environmental problems. Similarly the
traditional farming system must be modified in such a manner that is suitable to
fight extreme and varying weather condition. Particularly modification of drainage
system, closed greenhouse, less water consumed farming will definitely change the

scenario of farming.
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KEY TERMS AND DEFINITIONS

Climate Change: Environmental change with rise of temp or decrease in temp
due to heavy or low rain.

HOQ: House of quality. The “house of quality” is a main design tool known as
quality function deployment (QFD).

QFD: Quality function deployment. QFD is used to find customer requirements
and convert it to design requirement.

Sustainability: Sustainability consists of three pillars: economic, environmental,
and social.
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ABSTRACT

Climate change is considered one of the burning issues and threats to the globe. One
of the most important drivers of climate change is the increasing concentration of
atmospheric greenhouse gases that trigger the altered climate patterns. Therefore,
researchers are now tackling the adverse impact of climate change as well in minimizing
the concentration and emissions of atmospheric greenhouse gases (i.e., carbon
sequestration seems to be one of the most attractive choices for the researchers that
could be useful for mitigating climate change conditions). The process deals with
the capturing of atmospheric carbon dioxide (CO,) in various segments of natural
ecosystems like soil, biological systems, oceans, thereby offsetting the adverse
impact of climate change. In this review, the author examines the current scenario
of carbon sequestration in the biosphere.
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LIST OF ABBREVIATIONS

C: Carbon

CO,: Carbon Dioxide

SIC: Soil inorganic carbon

SOC: Soil organic carbon

GHGs: Greenhouse gases

MBC: Microbial biomass carbon

WSC: Water soluble carbohydrate

DOC: Dissolved organic carbon

RMC: Readily mineralized carbon

POM-C: Particulate organic matter carbon
SOM: Soil organic matter

HA: Humic acid

FA: Fulvic acid

Mg: Magnesium

GRSP: Glomalin-related soil protein

AM: Arbuscularmycrrohizal

REDD+: Reducing Emissions from Deforestation and Forest Degradation
UNFCCC: United Nation’s Framework Convention on Climate Change
PNNL: Pacific Northwest National Laboratory
CCS: Carbon capture and storage

RLD: Root length density

KMnO,-C: KMnO, oxidizable organic carbon
HRPs: High rate ponds

CSTRs: Continuously stirred tank reactors

INTRODUCTION

Global climate change is a significant long — term weather pattern all over the world
(IPCC, 2006). The changed climate pattern has aggravated in the recent times due to
various anthropogenic man—made activities such as like urbanization, deforestation,
and altered land use scenarios (IPCC, 2006). All these resulted into increased emission
of greenhouse gases (GHGs) and lead to the alarming condition like climate change
(Barbara, 2008). There is the sense of urgency that the altered pattern of climate
change must be handled judiciously. Carbon (C) sequestration is considered as one
of the attractive choices of the scientists and to manage and minimize the harsh
impact of climate change (Paustian et al. 2019). Carbon sequestration is the process
that captures atmospheric CO, followed by storing it into natural ecosystems. The
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Carbon present in the natural soil system a shows significant association with the
atmospheric emissions of GHGs. Moreover, the Carbon pool is inherently connected
to atmospheric CO, level through Carbon sequestration, photosynthesis process,
respiration and decomposition of organic matter (Davidson and Jassens, 2006). Carbon
sink is the way to remove greenhouse gas emissions and to sequester atmospheric
CO, in these view forests are the major sinks of Carbon and accounts half of its dry
weight and therewith globally forests are the net Carbon sinks in which tropical
forests contribute to 2.8 billion tons Carbon year'. Carbon sinks through forestation
and reforestation; because soil sequesters about 20 Pg Carbon in 25 years.

Figure 1. Carbon dynamics in terrestrial system
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Globally Carbon sequestration processes take place in soil, ocean, geologic
formation and other terrestrial ecosystems (Table 1, Figure 1). Physical, chemical
and biological processes are carried out to sequester Carbon in the soil of various
ecosystems. Majorly, the Carbon sequestration process is divided into chemical,
geological and biological sequestration (Figure 2). Furthermore, chemical Carbon
sequestration is categorized into two parts; these are (1) Carbon sequestration by
activated charcoal and (2) Carbon sequestration by nano-particles. The geological C
sequestration includes Carbon sequestration through pressurized CO, inrock system
(Dooley et al., 2006). The advantage over terrestrial sequestration is that geological
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Table 1. Case studies on carbon sequestration in diverse systems

Types of
Systems Place

Outcome

References
(Authors, Year)

Straw return was effective in increasing Carbon sequestration in

Agriculture maize-wheat system. The Carbon stock was found 10.5 Mg ha™! Liet al. (2016)
after four years of maize-wheat cropping system.
The orchard and horticulture cropping system lead to increase of
Horticulture 0.44 Mg C ha' yr ! during the first 20 years (range 0.41-0.52 Mg Pardo et al.
Cha' yr ') and led to a total SOC accumulation of about 30 Tg C (2016)
after 100 years.
The rate of Carbon sequestration varied 5-10 kg C ha™! in 25
years of extensive tree-intercropping systems of arid and semiarid
Agroforestry lands to 100-250 kg C ha~! in about 10 years in species-intensive Nair et al. (2009)
multi-strata shaded perennial systems and home-gardens of humid
tropics.
The 20-year-old plantations of three forest species (Pinus patula,
Lo . Lemma et al.
Forest Cupressus lusitanica, Eucalyptus grandis) lead to Carbon storage (2006)

at 50 cm depth was in the range of 101.2-180.4 Mg ha™'.

Geological system
(rocks)

The rocks like dunite, harzburgite and olivine basalt upon
pulverization followed by milling were reacted in seawater under
batch reactor systems showed 10% sequestration in the form of
precipitated aragonite.

Rigopoulos et al.
(2018a)

Mining system

Biosolids were used for the reclamation of copper and
molybdenum tailings. Carbon pools increased with increasing
biosolids application and ranged from 23-155 Mg C ha™! after 13
years of reclamation. The net SOC sequestration rates (i.e. the

Carbon sequestration potential) ranged from 0.72-6.3 Mg C ha'!
1

yrh

Antonelli et al.
(2018)

Microalgal system

Carbon sequestered at the range of 34-3107 g m? and stored as

Gorain et al.

algal biomass. (2018)

The rice straw and urea in 1:1 combination proved highly potential

for Carbon sequestration. This technology could conserve N at the Bhattacharyva et
Wetlands rate of 30 kg ha'! yr', sequester 0.35 t ha! year' carbon (C) and al. (2012) 4

reduce 9% GHGs emission with a sustainable yield of 5.57 t ha'!
(c.v Gayatri) as compared to conventional practice.

formation is having permanence capturing mechanism which can keep CO, for
thousands to millions of years. The biological Carbon sequestration is divided into
3 different parts; i.e. (1) forest based Carbon sequestration (i.e. mangrove forest,
tropical forest, temperate forest, grassland) (2) algae —based Carbon sequestration (i.e.
microalgae, macroalgae, bacteria) and (3) Carbon sequestration in agro-ecosystem
(rice, wheat, maize, cropping system) (Figure 2).

Climate change and Carbon cycling has significant interrelationship as evident
from various research studies (Lal, 2001, 2003). The understanding of soil Carbon
stock and its dynamics seemed to be complex owing to various factors like climate
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Figure 2. Categories of carbon sequestration
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gradients, texture and mineralogical properties of soil, elevation and geological
variables. There are still uncertainty prevails of soil Carbon stock in different
ecosystems owing to natural and anthropogenic factors (Gren&Zeleke, 2016). It is
also proposed that less rainfall could lead to decrease in Carbon stock as significant
magnitude (Dintwe et al., 2014, 2018). Cao et al., (2001) concluded that warming
could reduce significantly plant production and soil Carbon stock but the situation
would be ameliorated owing to more CO, level in the atmosphere.

CLIMATE CHANGE FEEDBACK AND
CARBON SEQUESTRATION

Human activities like burning fossil fuels, oil pumping results in elevated CO,
concentration in the atmosphere causes high impact when compared to its removal
by natural process. Owing to elevated CO, concentration the global temperature has
increased significantly over the last few decades (IPCC, 2018). The climate change
feedback helps in determining the climate state and the climate sensitivity over a
certain region. Feedbacks are the processes which amplify or diminish the effect
of each climate forcing. So, there are positive and negative feedbacks in which the
positive amplifies the change in the first quantity while the negative diminishes it.
Positive feedbacks lead to global warming, so IPCC reported in their reports about
the anthropogenic effects and how carbon sequestration is being implemented
therewith (IPCC, 2007).
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CARBON SEQUESTRATION MECHANISM

The Carbon sequestration mechanism needs to be evaluated in order to understand
the process of removal of different forms of Carbon (Figure 3). The mechanism
show that how soil Carbon changes from one form to another. The unprotected soil
Carbon is either adsorbed into silt and clay particles in soil or readily degraded by
the microbial actions. This form of easily degradable Carbon is labile Carbon and
measured as soil microbial biomass Carbon (MBC), water soluble carbohydrate
Carbon (WSC) and dissolved organic Carbon (DOC).

Figure 3. Mechanism of carbon sequestration
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These silt and clay associated soil Carbon is the phase in which the Carbon got
attached in between the pore sizes of the particles and bounded together to form an
associated soil Carbon or protected soil Carbon (active Carbon) that is measured
through readily mineralized Carbon (RMC), particulate organic matter Carbon
(POM-C) and aggregated Carbon. The active Carbon afterwards gets converted
into non-hydrolysable soil Carbon which is biochemically protected soil Carbon
(passive C) and is measured through humic acid (HA), fulvic acid (FA) and clay
organic complex content. The non-hydrolysable soil Carbon upon condensation/
complexation process gets converted into a micro-aggregate associated soil Carbon.
Therefore, researchers are focusing upon two phases of Carbon sequestration i.e.
silt and clay associated with soil Carbon to non-hydrolysable soil Carbon and
micro-aggregate associated soil Carbon to unprotected soil Carbon. Environmental
changes that influence soil Carbon dynamics could slow atmospheric CO, rise and
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associated warming by promoting soil Carbon storage (Cramer et al., 2001) or they
could exacerbate warming by causing soil Carbon to decline (Knorr et al., 2005).
Yet, the very properties that make soil Carbon a key reservoir in the global Carbon
cycle- namely its large size and slow turnover- also make it difficult to study,
empirically. Small changes in the size or turnover of soil Carbon are biochemically
significant but difficult to detect in experiments (Smith, 2004). Rising atmospheric
CO, concentration generally increase the plant growth and Carbon input to soil,
suggesting that soil might help mitigating increasing atmospheric CO, and global
warming. The large size of the soil Carbon pool not only makes it a potential buffer
against rising atmospheric CO,, but also makes it difficult to measure changes amid
the existing background (Hungate et al. 2009).

CARBON SEQUESTRATION PROCESSES
& ITS SCENARIO IN ASIA

Chemical Carbon Sequestration

Carbon sequestration is one of the best promising solutions to deal with global
warming. Furthermore, chemical Carbon sequestration includes various processes to
capture and store CO, into the different zonations of earth (Bouwman et al., 2010).

Carbon Sequestration by Nanoparticles

Major contributor of global warming is CO, emission from anthropogenic activities,
i.e.,power plants, land use, etc. (Khdary et al., 2016). Simultaneously, Carbon needs
to be stored in various parts of ecosystems. Many studies have been reported on
nano technology based application for Carbon sequestration. Recent studies focus
on the wide application of nano-technology to capture or absorb CO,. Naturally
occurring nanoparticles in soil are abundantly present but its functional mechanisms
are poorly understood. The adsorption by these nanoparticles affects organic Carbon
sequestration. The application of biochar nanoparticles over the land field is a powerful
strategy for the Carbon sequestration and soil remediation. The catalytic activity of
nickel nanoparticles results into CO, hydration and towards Carbon sequestration.

Geological Carbon Sequestration
Geological Carbon sequestration is a process in which the CO, is captured from the

exhaust of fossil fuel power plant and other major sources to prevent its release into
the atmosphere that contributes global warming (Singh et al., 2016). Compared to
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terrestrial CO, sequestration, geological CO, sequestration is less over the period
of time. Due to potential permanence and capacity of geologic storage, larger rates
of sequestration are envisaged to take the advantage. There are several geological
CO, trapping mechanisms are generally used but the effectiveness of permanence
depends feasibility.

The physical trapping mechanism can retain CO, for thousands to millions of
years beneath the impermeable barrier which is similar to that of natural geology
trapping of oil and gas (Manitoba Eco-network, 2018). When CO,is injected, some
of them will react chemically to form carbonate minerals with the surrounding
rocks. The factors which affect the geological Carbon sequestration are the volume
and distribution of potential storage sites. The US department of Pacific Northwest
National Laboratory (PNNL) carried out the technique of injecting pressurized CO,
with basalt rock to turn it into solid rock and letting the natural chemical reactions
trigger the transformation (Mcgrail et al., 2017).

Furthermore, the increased rate of weathering of mafic and ultramafic rocks
is found to be a promising means of Carbon sequestration (Brown et al., 2009).
Rigopoulos et al. (2018a) observed that predates and basalts upon enhanced
weathering could sequester CO, in seawater. The rocks like dunite, harzburgite
and olivine basalt upon pulverization followed by milling were reacted in seawater
under batch reactor systems showed 10% sequestration in the form of precipitated
aragonite (Rigopoulos et al. 2018a).

From this study it concludes that the mineral carbonation is one of the promising
technologies for C capture and storage (CCS) strategy to mitigate climate change.
It has been observed that partially serpentinized harzburgite rocks have undergone
different degrees of ball milling process to produce nanoscale ultramafic powders
having increased CO, storage potential (Rigopoulos et al., 2018b). Rosenbauer et
al. (2012) found that, basaltic rocks showed potential repositories for sequestering
CO, owing to their capacity for trapping CO, in carbonate minerals. The amount of
uptake at 100°C, 300 bar ranged from 8-26% for tholeite and picrite respectively.
The actual amount of CO, uptake was depending on the magnesium (Mg) content
and overall reaction period. Therefore, the porous rock (i.e. the basaltic rocks which
have a high sequestration rate of 8-26%) injection is suitable for the sequestration
but economically it is not feasible.

Biological Carbon Sequestration
Biological C sequestration is a natural phenomenon or a process that balance the global
Carbon cycle based on mainly the plant species and the forest systems. Harris et al.,

(2018) explained the mechanisms of plant based CO, capture followed by allocation
of stored C used in respiration and the rest stored as biomass and sequestering Carbon
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for long term basis. The bio-energy crops have been found as potential means for
GHG reductions and maintaining biogenic Carbon cycle (Thornley and Adams,
2018). Khadary et al., 2016 explained that the genetically engineered trees can tackle
climate change condition more efficiently than normal plant species. Atmospheric
CO, can be temporarily stored in vegetation through photosynthesis and sequester
relatively large volumes of Carbon at low cost, protecting and improving the soil
structure, water resources, biodiversity, habitat and can mitigate climate change in
an easier way.

Forest Based Carbon Sequestration

Major Carbon is sequestered in above-ground plant biomass and below-ground soil
as well (IPCC,2014). The global Carbon stock was 4.1 Pg in these two forest Carbon
pools. It was estimated that Carbon sequestration in forest system results into 30%
reduction in emission from fossil fuels (IPCC, 2014).

Mangrove Forest Based Carbon Sequestration

Mangroves are the tropical and subtropical latitude sustaining trees and grow in
low oxygen soil under saline or brackish environment (Kristensen et al., 2008). The
mangroves are having high ability to fix and store CO, due to high productivity
(218 Tg C y') and unique conditions (Bouillon et al., 2008). Mangroves account
approximately 10-15% Carbon sequestration (Alongi 2009, 2014) in ~0.5% of global
coastal ocean area (Giri et al., 2011). Carbon is assimilated both in aboveground
and belowground biomass including stems, leaves, roots and branches. Majorly 90%
of C stocks are present as soil organic matter (Donato et al., 2011; Stringer et al.,
2015). Hien et al. (2018) carried out experiments to determine the Carbon stocks
and Carbon burial rates in 18 years old mangrove forest soil. The concentration of
Carbon in 100 cm soil depth and in roots of Kandeliaobovata were found 146.78
Mg C ha' and 12.67 Mg C ha'! respectively. The mean Carbon burial rate was also
found higher (6.94 Mg C ha') than many mangrove forests. This study showed
the capacity of mangroves to store Carbon belowground at high potential rate to
mitigate climate change.

The glomalin-related soil protein (GRSP) that contribute to soil Carbon
sequestration was isolated in mangrove forest soil predominated by Avicennia
marina, Kandeliaobovata and Aegicerascorniculatum mangrove species along
with Arbuscularmycrrohizal (AM) fungi (Table 2). Wang et al. (2015) noted that
the presence of AM fungi in aerenchymatous cortex provides oxygen for aiding.
AM fungi works significantly to increase the absorption rate of N, P and K as well
as enhance the mangrove species growth.
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Table 2. Glomalin related soil protein (GRSP) concentration in mangrove sediment

GRSP Concentration Types GRSP Range (mg g)
Easily extractable GRSP (EE-GRSP) 1.20-2.22
Total-GRSP (T-GRSP) 1.38-2.61
Particulate organic matter GRSP
(POM-GRSP) 1.45-10.78
GRSP in pore water (PW-GRSP) 10.35-39.65

(Wang et al., 2015)

Ray et al. (2017) studied Sundarbans mangrove ecosystem and estimated the
rate of sequestration of CO, (2.79 Tg C) derived from coal based power plant.
Bala Krishnan Prasad and Ramanathan (2008) observed the Carbon cycling in
Pichavaram mangrove ecosystem. The levels of organic Carbon at off shore and
experimental sites ranged from 0.02-6.9% and 0.1-6.5%, respectively. The sites
showed differences in Carbon accumulation in pre and post monsoon period. Highest
accumulation of Carbon was found in the post monsoon period (3.4%). Mitra et
al. (2011) studied the Carbon stock in various plan components of three mangrove
species viz. Sonneratiaapetala, Avicennia alba and Excoecariaagallocha. Among the
three species, the carbon storage was in the order of Sonneratiaapetala>Avicennia
alba>FExcoecariaagallocha. The variation in C stock was due to high siltation rate
and nutrient turnover at the concerned location. Mangrove ecosystem captures 55%
of CO, including blue carbon habitats.

Tropical Forest Based Carbon Sequestration

The concept of “Reducing emissions from deforestation and forest degradation
(REDD+)” was introduced by the United Nation’s Framework Convention on
Climate Change (UNFCCC) in order to mitigate climate change and increasing rate
of Carbon sequestration. The sustainability of Carbon sinks potential over tropical
forests located between 23° North and South of the Equator. Mohanty and Panda
(2011) studied soil respiration rate in relation to microbial diversity in tropical forest
soil of Orissa, India. The mean CO, flux was found 237 mg m™ h"" and 134 mg
CO, m” h'' in forest and deforested site respectively (Mohanty and Panda, 2011).
The fungal population showed positive relationship with the rate of soil respiration.
According to the survey, tropical forest stores 95% of the CO, concentration on the
earth and the average storing capacity of tropical forest is 22.6 kg C year.
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Temperate Forest Based Carbon Sequestration

Temperate forests are diverse in plant species, soil and ecosystem (25° and 55° N
and S of the equator). Majorly they are found in North-eastern Asia, North America,
Central and Western Europe, southern Chile, Mediterranean and New Zealand. In soil
profile, 100 Mg C ha™! or often more is generally derived in temperate forest areas.
Compared to tropical rainforest ecosystem, temperate forests have high Carbon sink
capacity depending upon particular seasons and climatic characteristics (Lal et al.,
2012). The afforestation and revegetation projects are implemented for biodiversity
conservation in order to meet the goals of Kyoto Protocol under UNFCCC. Heij
et al. (2001) observed that temperate trees are preserved through this project and
new forests are established over degraded land to increase the terrestrial Carbon
sequestration. There are more methods and processes which are needed to develop
to understand the microbial mechanism in temperate forests.

Grassland Based Carbon Sequestration

Grasslands are the major contributor of soil organic matter, in terms of extensive
fibrous root mats. Grassland also contributes to productivity, policies and income as
agricultural and forestry land. Overgrazing and livestock enhancementhad turned out
to be a destructive basis for the CO, sequestration process. Grassland can sequester
0.01-0.30 Gt C yr! through techniques such as grazing management, fertilizer usage,
irrigation applications, etc (Ghosh et al., 2014). Grasslands cover 26% world land
area i.e. 3.5 billion ha area, governing 20% of world’s soil Carbon stock (O’Maara,
2012). Soil organic matter (SOM) is twice that of Carbon in atmosphere and any
changes in SOM results into CO, emission into the atmosphere (Heij et al.2001).
As per the report of the World resource institute (2000) the grasslands store 34%
global terrestrial Carbon stock while forest stores 39% and agro-ecosystem stores
17%. It was also studied that grasslands are having 200-300 Pg of Carbon pool. It is
estimated that globally 0.2-0.8 Gt Carbon can be sequestered through grassland soils
by 2030. On contrary, grasslands have limitations including less biomass contents
which affect the Carbon stock. Further research work needs to be carried out for
Carbon sequestration process in grassland ecosystem.

Agro-ecosystem Based Carbon Sequestration

The agro-ecosystem includes cropland, grazing and rangelands major terrestrial pool
of organic Carbon in soil and soil organic matter. Original soil organic Carbon levels
have depleted by 25-75%, recording a loss of 10-50 C ha™! (Table 3). The decreasing
trend in low level of soil organic Carbon results in increased concentration of CO,
flux in the atmosphere. Reduction in tillage, managing fertility and irrigation can
enhance the growth and diversification of soil microbial communities. The fungi
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form soil aggregates and protects soil organic matter. Soil microbes play a crucial
role to restore soil health. Restoring soil health results in Carbon sequestration
reducing Carbon concentration entering into the atmosphere. Increasing soil organic
matter through techniques contributes to Carbon sequestration also improves nutrient
cycling biologically and stimulating biodiversity. Yearly around 39-49 Tg Carbon
is sequestered through agro-ecosystems.

Rice: Lowland rice ecosystem behaves as net Carbon sink (Bhattacharyya et
al., 2014) apart from this the submerged soil field decomposes organic matter
at a slower rate than well drained soil field and turn into high Carbon stock.
Rice fields are the great potential for the sequestration process (Liu et al.,
2006). It was reported that 401 kg C ha! is sequestered in rice ecosystem.
Maize: 10,497 mg of Carbon is sequestered in maize ecosystem during
autumn 2012 by using mean values of above and below ground biomass
carbon (Table 4) (Zahra et al., 2016).

Cropping system: In Rice (Oryza Savita L.)- Wheat (Triticumaestivum L.)
cropping system, 1.94 Mg C ha' is sequestered without any fertilization
control (Brar et al., 2013).

Table 3. Soil C sequestration in agro-ecosystem of major countries

Countries Rate of Soil C Sequestration in Agro-ecosystem (Tg C year')
India 39-49
European Union 90-120
USA 75-208
China 105-198
Canada 24

(Wang et al., 2010)

Table 4. Above and below ground biomass concentration

Above Ground Biomass Carbon (mg | Below Ground Biomass Carbon (mg
Place J i
ha) ha)
NIAB-1 9.60 1.5
NIAB-1I 8.21 1.3
Gojra 9.61 1.4

(Zahra et al., 2016)
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Table 5. Total land distributions worldwide

Landiies (Miﬁiroenil ha) Perc(;:l)tage
Permanent crops 132 0.9
Arable land 1369 9.7
Permanent pasture 3460 24.5
Forest and woodland 4172 29.6
Agricultural land 4961 352
Total area 14094 100.0

(adopted from FAO, 2001)

Algae Based Carbon Sequestration

Algaeis considered as one of the primary producers in aquatic ecosystems that fix CO,
through the process of photosynthesis and help to maintain ecosystem functioning.
According to the theories, Carbon uptake through algae is still unidentified. Only
physical and chemical processes are understandable, stimulating natural environment
will provide a better understanding for algae in Carbon cycle. There were various
studies carried out to establish the potential of algae to capture CO, (table 6).

Some of the studies investigated that the freshwater algae (Chlorella, Oscillatoria,
Oedogonium, Anabaena, Microspora and Lyngbya) is having CO, uptake of 159 mg
L' in continuously stirred tank reactors (CSTRs) that is almost twice that of high
rate ponds (HRPs) (Tsai etal. 2016). In another study, Ramaraj et al. (2014a,b; 2015)
concluded that CSTR was having 178 mg L' day -! more algal biomass production
(96% efficiency) as compared to HRP. The study was unique as it dealt with fresh
water algae and estimated that 4000 Gt of Carbon was fixed as bio fixation.

e  Microscopic algae: Microalgae are more prominent because of high protein
content, carbohydrates and lipids compared to terrestrial plants. Prospective
microalgae such as Chlorella vulgaris, Scenedesmus sp., Chroococcus sp.
and Chlamydomonas sp. are eminent and actively used widely for CO,
sequestration. 90% capturing efficiency is reported in open ponds with
CO, or bicarbonate. Algal growth is having more biomass production than
terrestrial systems (Hien et al., 2018). Algae are having much efficiency over
land system because algal growth is having high photosynthetic efficiency
which converts light energy faster into utilizable chemical energy. It was
observed every gram of algae biomass captured 1.6-2.0 gram of CO, (Figure
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Table 6. Some recent case studies on carbon capture by algal species

References

Algal Species

Outcome

Upender et al. (2018)

Synechococcus sp (NIT18)

Carbon absorption rate by 71% under
CO, concentration of 5-20%, pH 7-11
and inoculums size of 5-12.5%

Gorain et al. (2018)

Species of Spirogyra,
Rhizoclonium, Ulva,
Cladophora, Pithophora,
Gracilaria, Lyngbya

Carbon sequestered at the range of 34-
3107 g m™ and stored as algal biomass.

Munoz-Rojas et al. (2018)

Nostoc commune,
Tolypothrix distorta and
Scytonema hyalinum

Soil Carbon sequestered at the rate of
2-12 g kg™ in mine spoil system and the
algal strains were used as ecosystem
restoration process.

Pavlik et al. (2017)

Chlorella vulgaris

The mass balance analysis concluded
that a one metric-ton unit can generate
0.4 kg of dry algae biomass with 51%
protein content and sequester about
800g CO, day™.

Eloka-Eboka et al. (2017)

Chlorella vulgaris,
Dunaliella sp, Scenedesmus
quadricauda and
Synechococcus spp.

The rate of removal of CO, was found
11.73 mg L~ min~' to 18.84 mg L'
min~'. The species of Dunaliella

was found as more effective in CO,
sequestration.

Bhakta et al. (2015)

Chlorella sp., Scenedesmus
sp., Sphaerocystis sp. and
Spirulina sp.

CO2 sequestration (53-100%; 150-291
mg g ) with strong growth performance
in wastewater was observed.

Zhao et al. (2015)

Chlorella sp., Isochrysis
sp. and
Amphidinium carterae.

The study was conducted in 1L bubble
column photo-bioreactors with an
aeration of 15% CO,. Chlorella sp. was
selected as the dominant species due
to higher growth rate of 0.328 d~!, a
biomass production rate of 0.192 gL.-!
d~" and CO, fixation rate of 0.353 gL~
d-'.

Yoo et al. (2010)

Chlorella vulgaris,
Botryococcus braunii, and
Scenedesmus sp.

The algal species were grown under
high level of CO, concentration. The
microalgae B. braunii was found as most
suitable for biodiesel production while,
Scenedesmus sp. was most suitable for
CO, mitigation.

4). Recent studies were about the modifications over the microalgae based
reactors which needs more development.
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Figure 4. Algae based carbon sequestration

Algae based C sequestration in High Rate Pond

Nature system imitation in Laboratory Standard reactor in Laboratory

R T s (e Continuously stirred tank
reactor
High flow speed Low flow speed
(30cm/s) (15cm/s)
159 + 38 mg/L/da 93 + 68 mg/L/da

Natural water as medium

Biomass production Carbon environment

Carbon mass balance

CO, fixation study

Algal niche of CO, fixation process

ADVANTAGES OF CARBON SEQUESTRATION

Chemical carbon sequestration:

e 50 tons of Carbon is sequestered through various chemical processes (30%
carbon absorption efficiency).

e  Recent researches include processes (such as activated charcoal, mineral
carbonation, nanoparticles, etc.) which can be used as a pre-cleaner technique
in power plants.

Geological carbon sequestration:

2 tons of C ha-! year! is being sequestered through geological processes.
Earliest technology for Carbon sequestration is geological sequestration
because of its permanence capturing capacity.
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e  Apart from pressurized CO, injection in rock system through pipes, current
techniques are being focusing upon CO, capturing under the rock system of
seawater.

Biological carbon sequestration:

e 320 billion metric tons of carbon is sequestered through biological processes
including forests, agro ecosystems, algae, etc.

e  UNFCCC are implementing many policies in terms of biological sequestration
as maximum capturing and storage is reported herewith.

e As per the report of World resource institute (2000) the grasslands store 34%
global terrestrial Carbon stock while forest stores 39% and agro-ecosystem
stores 17%.

DISADVANTAGES

Chemical carbon sequestration:

e In terms of sequestration through nanoparticles, ongoing researches cannot
be implemented on an industrial basis. As these technology needs more time
for modifications and economically it cannot be feasible for many industrial
stakeholders.

Geological carbon sequestration:

o Injection through pipelines leads to leakage and seepage which contaminates
ground water levels.

e  As this technique requires large setups which govern huge investment but
there are easy options available can be replaceable in terms of physical
processes.

Biological carbon sequestration:
e  Management practices such as cropping system, algae bioreactor, etc. need

to be more focused along with combination as single approach are having
drawbacks.
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CONCLUSION

The processes those are involved in Carbon sequestration are very much diversified
as Carbon could be stored in various segments of ecosystems with varying
intensities. The geological Carbon sequestration occurs in very slow space and
measures are yet to be implemented for CO, entrapment in rock system in field
scale at a significant rate. Soil Carbon sequestration is considered as a very much
vital process occurring in nature in order to minimize the harsh impact of climate
change. In agro-ecosystems, the rate of Carbon sequestration was also found not at
a faster rate but cropping systems and specially cultivated rice ecosystems seemed
to be promising for reserving Carbon stock in soil system. Soil glomalin protein
and microbial exo-polysaccharide could be proved as potential adsorbent of Carbon
and further studies must be conducted in order to mass scale production of these
products followed by application in agro-ecosystems.

Forest ecosystems are treated as potential Carbon sink and sound policies are
further required to manage forest degradation and reforestation programs. The
policy, like REDD+ is sound but its implementation strategies need to be refined.
Even for mangrove ecosystem which covers 55% of CO, emissions, REDD+ needs
more modification and implementation. Biological Carbon sequestration using algal
species has been found promising of sequestering CO, from industrial flue gas.
Bioreactor systems have been developed for algae based Carbon sequestration. More
modification needs to develop over the microalgae based bioreactors. However, the
bioreactor systems are operated not in a robust scale and are limited to industries.
Therefore, we need to work out to develop nano-particle based, scrubber based
technologies to hasten the rate of Carbon sequestration in terrestrial ecosystems.

As single perspective, it is difficult to manage increasing atmospheric CO,
levels for that multiple approaches need to be executed. We conclude that genetic
engineering can help to sequester CO2 more effectively rather than focusing upon
one single policy.
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Morocco is considered one of the most threatened countries by climate change. Over
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solutions are initiated by the government to cope with climate change adverse effects.
Many programs of rehabilitation were launched, and advanced researches are in
progress in order to use some biofertilizers to improve tolerance of oasis crops to
drought and salinity toward sustainable agriculture. The aim of this chapter is to give
an overview of the impacts of climate change on oasis agriculture in Morocco and
to provide potentially effective strategies to promote oasis agriculture under climate
change. As a conclusion, the authors found that the use of different biofertilizers
could be a potential strategy to mitigate climate change effects on oasis agriculture
in Morocco.

INTRODUCTION

Arid and semi-arid Mediterranean regions, including Morocco, are among the
most affected area by climate change’s deleterious effects (Rochdane et al., 2014).
It is expected that rainfall will decrease and temperature will increase in the entire
Mediterranean region; in particular, in Morocco, which is considered as one of
the most vulnerable countries to climate change (Simonneaux et al., 2015). In
fact, in recent decades Morocco has experienced precipitation deficits, significant
increase in temperatures and devastating flood especially in the south of the country
(Driouech, 2010; Ait EI Mokhtar et al., 2019b). The oasis is a specific ecological
landscape that characterizes the south of Morocco. It is a complex and fragile agro-
ecosystem which sustains agriculture under drastic climatic conditions (El Khoumsi
et al., 2014). This traditional system proved to be sustainable and productive for
centuries as a result of effective management for plants, soil and water (Pegna et
al., 2017). Many components of oasis ecosystems are affected by climate change
especially water availability and soil quality (Karmaoui et al., 2014; Ait Houssa et
al.,2017) which hamper oasian agriculture production. The main factors related to
climate variation and affecting agriculture are water scarcity and soil salinization.
Furthermore, traditional oasis agriculture is in critical situation because of migration,
socio-economic and political mutations leading to entirely abandoned fields and the
collapsing of the agricultural infrastructure (De Haas, 2001; Pegna et al., 2017).
To cope with adverse effects of climate change on oasian agriculture, Morocco
has initiated several strategies, such as the Green Moroccan Plan and other programs
with international organizations to improve the agricultural production under changing
climate (Akesbi, 2012, Pegna et al., 2017). Otherwise, Morocco supported a lot
of initiatives dealing with climate change at the 22" COP United Nations Climate
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Change Conference (COP22) organized in Marrakech in November 2016. One of
the main initiatives being communicated by Morocco for the COP22 is Sustainable
Oasis program designed to hinder oasis abandon and degradation, to promote
adaptation to the climate change by reducing the vulnerability of natural and human
oasis systems and provide support by helping this fragile ecosystem to implement
resilient practices climate change mitigation. In addition, the use of agriculture
biotechnology such as symbiotic microorganisms, organic amendments and plant
tolerant varieties could be a promising way for mitigating the negative impacts of
water and salt stress, induced partially by climate change, on agriculture in oasis area.
In this chapter, the authors will give an overview of climate trends in Morocco
especially in oasis area and will assess the different adverse effects of climate change
on oasian agriculture and related component. Given the importance of adaptation
strategies to changing climate, the chapter also presents promising solutions to cope
with the negative impacts of climate change on agriculture in oasis ecosystem.

CLIMATE VARIATIONS IN MOROCCAN OASES
Climate Change in Morocco

Morocco is a country located in the North of Africa, opens on both the Atlantic
Ocean and the Mediterranean Sea, with about 3,500 km of coastline (Fertah et al.,
2017). It covers a territory of 710,000 km?, from the Strait of Gibraltar to almost
the southern part of the great African Sahara (Almeida-Garcia and Chahine, 2015).
Its climate is mainly semi-arid but is heavily influenced by the Mediterranean.
There are three major climate influences in Morocco: Atlantic, Mediterranean and
Saharan (Born et al., 2008).

Semi-arid and Mediterranean regions are expected to be more vulnerable to
climate change that is why Morocco is one of the most vulnerable countries to
climate variation (GIEC, 2007; Simonneaux et al., 2015). The observations over
the past three decades (1976-2006) show signs of likely impacts of climate change:
increase in frequency and intensity of droughts, unusual devastating floods, reduced
duration of snow cover in the Rif and Atlas peaks, changes in the spatial-temporal
distribution of rains and overall a net decrease in the amount of rain, and high summer
temperatures. Some of these events have already cost Morocco a great deal in terms
of social, economic and environmental components. Morocco has also experienced
increasing frequency of weather high-risk events over the last two decades. Torrential
rains accompanied by inundations (Figure 1) caused serious damage between 2006
and 2008 in Errachidia (Merzouga, Gourrama and Boudnib regions) and in the north
of the country (Tanger, Tetouan, Nador, ...).
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Figure 1. Torrential flood in the oasis of Tazarine, Draa, Morocco (August 2018)

Rainfall Trends in Moroccan Oases

The Moroccan oases are characterized by arid to Saharan climate with very irregular
rainfall from year to year and with a marked continentalism. Rainfall is often intense
and concentrated over time in the form of thunderstorms, causing severe flooding.
The annual average rainfall is only 132 mm and the number of rainy days is just
twenty (PNUD, 2011a). Climate change research indicates that annual precipitation
is expected to decline over the current century (Gibelin and Déqué, 2003; Rowell,
2005). High interannual variability is a characteristic of Mediterranean precipitation.
In addition, the coefficient of variability (ratio of the standard deviation to the
average) is more than 70% in the southern regions (Knippertz et al., 2003, Driouech
et al., 2009).

According to a study by the Moroccan Department of Energy, Mines, Water
and Environment, entitled “Adaptations to climate change for resilient oases”, even
more worrying are Morocco’s future climate projections made as part of the Second
National Communication on Climate Change, which predict average rainfall declines
of -13% and -19% in 2045 and 2075 respectively. Another study was conducted in
Ouarzazate on winter rainfall accumulations projected for 2030-2050. The study
has shown a rainfall decrease across the entire oasian zone (PNUD, 2011b). This
decrease could reach 35% in Ouarzazate over this period, compared to the period
1971-2000 (Figure 2) (Driouech, 2010).
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Figure 2. Relative anomalies (in %) of annual average rainfall at the Ouarzazate

meteorological station, Morocco (Period 1961-2008)
(Driouech, 2010)
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Temperature Trends in Moroccan Oases

In Morocco, and according to the Department of Energy, Mines, Water and
Environment, a trend towards temperature average increases of 1.8 °C and 3.2 °C,
respectively for the 2045 and 2075 horizons. For example, in the Ouarzazate region
and during the period of 1961-2008, the warming of the climate was 0.3 °C per
decade (Driouech, 2010). In addition, the projected seasonal and annual warmings
for 2030-2050 range from 1 °C to 2.2 °C (Driouech, 2010). The study of temperature
variation in the oases of the Tata region, according to the Provincial Directorate of
Equipment (DPE) indicates that the average temperature calculated over 13 years
since 1985-1986 is of 22 degrees. High summer temperatures are not uncommon,
and in August 1998 there were 52 °C.

Overall, climate change is a reality in southern Morocco. It has gone up the air
temperature in all seasons over the past 40 years. This increase is the most effective
since the 1980s and 1990s (when warming increased with the frequency of droughts).
The frequency and severity of heat waves are expected to increase throughout the
country (Royaume du Maroc, 2010).
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CLIMATE CHANGE IMPACTS ON
MOROCCO OASIS AGRICULTURE

Impact of Climate Change on Water Resources

Agriculture sector is closely linked to water resources. In the past thirty years,
water resources in oases are suffering from aridity and scarcity (ONEE, 2015).
Furthermore, the water requirements are theoretically and practically indispensable
for the sustainable development of oasis desert ecosystems (Kuhnet al.,2010). Those
resources mainly originate from the precipitation, snow melting in the mountainous
areas and groundwater (Fox et al., 2001; Alcala et al., 2015). Owing to scarce water
resources in the oases of South Morocco, ecosystems are vulnerable to climatic changes
(Kabiri, 2004; Karmaoui et al., 2014). The impact of climate variation accelerates
environmental vulnerability, management and exploitation of water resources in oasis
regions (Kabiri, 2005; Karmaoui et al., 2014). Huge amount of studies suggested
that the water and ecological degradation in arid regions was largely affected much
more by irrational human exploitation than climate change (Karmaoui et al., 2014;
Karmaoui, et al., 2019). In addition, the rapid growth of population in oasis regions
in Morocco, the increased utilization of surface and groundwater for irrigation caused
severe deterioration of water in most ecosystem of South Morocco (De Jong et al.,
2006; Diekkriiger et al., 2010). The water resources are increasingly influenced by
an annual irregularity and a very inter-annual variability of precipitations, which
resulted in a dramatic water scarcity (Ait El Mokhtar et al., 2019b). Thereby, water
scarcity has impacts the current ecological imbalance of oasis ecosystems and
thereby agricultural system (Kabiri, 2004; Ben Salem et al., 2011).

Impact of Climate Change on Agricultural Soils

Agricultural soils in oasis are characterized by significant physicochemical and
biological properties. These properties are influenced by climate change and anthropic
activity (Waldrop and Firestone, 2006). However, prolonged climate change is among
the major factors that lead to a major agricultural soils degradation in arid and semi-
arid areas particularly in oasis regions (Ait El Mokhtar et al., 2019b). On the other
hand, climate change in these areas is marked by drought and salinity, which lead to
negative influence of the properties of these soils (Gong etal., 2015). In fact, drought
and salinity are major constraints that severely change soils characteristics (Tripathi
et al., 2006; Geng et al., 2015; Rath and Rousk, 2015). The modification of these
characteristics negatively affects ecological function and soil fertility (Chelleri et
al.,2014). In affected soils, water and nutrient uptake are inhibited, although there
is sufficient quantity of them in soil (Bor et al., 2003). Those effects are negatively
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correlated with soil properties such as soil microbial activity, soil respiration, and
litter and organic matter decomposition (Geng et al., 2015; Mariotte et al., 2015),
which can lead to a failure of the supply of important elements in the rehabilitation
and have significant negative consequences such as desertification and erosion
(Sati, 2015). Furthermore, Ali et al. (2017) reviewed the effects of salinity on soil
microbial communities and C cycling and concluded that the soil respiration is
inhibited. Therefore, drought and salinity is closely linked to other soil degradation
issues including erosion of soil, which increased the vulnerability of agricultural
soils in oasis ecosystems.

Impact of Climate Change on Oasis Vegetation Biodiversity

In South Morocco, the state of vegetation biodiversity is declining at the level of
oasis ecosystems and the pressures upon it are increasing. For example, in M”hamid
oasis several changes marked by a great extinction of a large part of the vegetation
between the period 1984 and 2016 (Figure 3) (Lamgadem et al., 2017). In addition,
it was reported that drought and salinity reduced the date palm area by the half,
from 4,575 km? to 1,342 km? (Benmohammadi et al., 2000). The decline are also
due to a range of threats including overexploitation and unsustainable use of natural
resources and climate change (Karmaoui and Moumane, 2016). The increased effects
of climate change on natural resources, such as the droughts, floods and the reduction
of water resources, can negatively affect the resistance of a large number of plant
species in oasis ecosystems in South Morocco (ONEE, 2015; Karmaoui et al., 2014).
The replacement of these vulnerable species by resistant ones results in a complete
reduction in vegetation biodiversity in the oasis (Hannah et al., 2002; Brooks et

Figure 3. Changes of vegetation area in the M’ hamid oasis between 1984 and 2016.
(Lamgadem et al., 2017)
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al., 2006). In addition, the vegetation cover degradation is caused by agricultural
exploitation of pastures, which has resulted in high degradation of the biodiversity.

Impact of Climate Change on Oasis Agriculture Production

Agriculture and climate change are characterized by a complex cause-effect
relationship. Agriculture is among the most vulnerable sectors to the future climate
change, and has been the subject of many studies in recent years (Neset et al., 2019).
In fact, itis highly exposed to climate variation because its activities depend directly
on climatic conditions. However, the effects of these changes on agriculture vary
across countries and cultures (Agovino et al., 2019).

Several recent studies on the Mediterranean region showed that Maghreb
agriculture will be very affected by the impacts of climate change (Nesetetal.,2019),
In fact, the expected scarcity of available water (falling rainfall and overexploitation
of groundwater) implies a shift and a reduction of growth periods, an acceleration
of soil degradation and salinity as well as the loss of productive lands, especially in
rural areas (Agovino et al., 2019). In Morocco, agriculture is the first employment
position in rural areas. Reduced water availability and increased needs are expected
for rainfed and irrigated agriculture, due to changes in the rainfall regime, increased
evapotranspiration and sea level rise, thus increasing the risk of drought at crucial
periods in crop cycles. This situation directly affects rainfed crops (Ouraich and
Tyner, 2014).

Several major cultures are cultivated in the oases, namely wheat, barley, maize,
alfalfa, pulses, a vegetable aggregate, henna and date palms as perennial crops
(Heideckeetal.,2010). The Moroccan oases are among the most affected ecosystems
by climatic variations (Jilali and Zarhoule, 2015). The intense exploitation and the
deficit of food, especially during the years of drought cause an intense degradation of
the ecological conditions, for all the population and especially for the oasis farmers
(Schilling et al., 2015). Indeed, the rivers and the wells are dry, the Khettaras and the
grounds are no longer exploited and the socioeconomic infrastructures are threatened
by the invasion of the sand (Arrus and Rousset, 2007). This lack of water affects a
large part the farmer’s income and destabilize the population by encouraging the
exodus to neighboring regions, to cities or even now to foreign countries (Agovino
etal., 2019).

Arboriculture, mainly the date palm and the olive tree and livestock play a key
role in the economic development of Tafilalet (Ait Hmida, 2003). However, the
potential productivity of the region is limited by climate changes that affect the
agriculture resilience in the oases (Ait El Mokhtar et al., 2019b). Water scarcity,
recurring droughts, salinity and bayoud disease (Fusarium oxyisporum sp albedenis)
have contributed to the degradation of the oasis environment. All of these constraints
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are an obstacle to the optimization of the oases agricultural resources (Ait Hmida,
2003; El Khoumsi et al., 2014).

The date palm is currently exposed to several abiotic threats such as salinity,
drought and desertification and biotic including bayoud disease in this region.
However, salinity is one of the most prevalent stresses in desert areas which is linked
to poor irrigation management and excessive evaporation from rainfall, and causes
excessive accumulation of soluble salts. This causes a decrease in productivity
and especially the speed of growth and the yield of the date palm (El Khoumsi et
al., 2017). In the other hand, even if the palm tree is a drought tolerant species, it
will be necessary at least meet its needs to accomplish its function because it can
vegetate and produce fruit only after sufficient supply of water needs (Kuhn et al.,
2010). The prolonged drought during the 1980s in Morocco resulted in the partial
drying of more than 500,000 palm trees and the level of production ranged between
12,000 tons in the extremely dry year 1984 and 120,000 tons in the particularly
wet year 1990 (Haddouch, 1996). This indicates that production decreases with
increasing drought duration. Then desertification, which is a natural phenomenon
that threatens the fertility of arable land and is caused by climate change and / or the
consequences of human activities. The aridity of the climate is a factor aggravating
the desertification, which reflects the degradation of the grounds and also the
degradation of the vegetation which can disappear because of the prolonged drought
(Lamgadem et al., 2018).

STRATEGIES TO IMPROVE OASIS AGRICULTURE
UNDER CLIMATE CHANGE

Programs of Rehabilitation

Oasis ecosystem in Morocco, like in all countries, is suffering from the effects of
climate change. Many studies indicate that, in the absence of adaptation measures,
climate change will have devastating impacts on this fragile ecosystem (Pegna et
al.,2017; Ait El Mokhtar et al., 2019b). Unfortunately, nowadays oasis agriculture
has lost its relevance and this complex environment is in serious danger due not
only to climate changes but also to socio-economic and political impacts. For these
reasons, the Moroccan country has adopted many programs in collaboration with
international organizations and many stakeholders to develop oasis agricultural
systems and improve the strength of the sector to climate change (Zucca et al.,
2016). The most relevant ones for this study are presented below:
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Green Moroccan Plan

The Green Moroccan Plan (GMP) was launched in 2008 by the Ministry of
Agriculture, Fisheries, Rural Development and Forests. GMP is the governmental
strategy, which aims to develop the agricultural sector in order to be sustainable and
competitive at international level. It intends to promote the agricultural incomes for
rural inhabitants by sustaining investments, exports and aggregation between the
production and the commercial and industrial phases. The implementation of the
GMP is based on two pillars and several cross cutting programs. The first pillar is
related to the highly productive and intensive agriculture with a direct connection
to the market, and the second pillar is related to the consolidation of small holder
farmers by improving intensification of crops where appropriate, and the use of more
adapted crops with respect to ecological conditions and markets demand (Ouraich
and Tyner, 2014). In total, the GMP is made of 1500 projects requiring more than
10 billion USD for implementation until 2020 (Badraoui, 2014).

Date production sector, related to oases area, is one the GPM interests, which
considered an important sector for the Moroccan agricultural development strategy,
because national consumption is high and date production has a potential to be
environmentally sustainable and competitive from an economic point of view,
even for exportation. Indeed the largest project in Morocco, which is part of GPM,
remains the program to accelerate the rehabilitation of palm groves in the Oriental,
Souss-Massa, Guelmim-Oued Noun and Draa-Tafilalet, with the following objectives
(Zuccaet al., 2016; Pegna et al., 2017):

e  Creation of several new date recovery and storage units in Souss-Massa
(capacity of 3400 tonnes), Meknes Tafilalt (capacity of 2600 tonnes), Guelmim
Es-smara (capacity of 1000), eastern region (capacity of 100 tonnes).

e  Establishment of a national laboratory for the cultivation of Errachidia date
palm tissue to increase national production to 50,000 budding strains annually.

e  Planting 3 million plants by 2020 with the high quality and resistant varieties,
thanks to the vitroplant production laboratories.

e  Achieving a production of 160,000 tonnes by 2020.

The restoration of a sustainable oasis ecosystem in Morocco is the main goals

of others development programs implemented in the last decade. A list of these
programs is shown in table 1.
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Table 1. Programs of rehabilitation launched by the Moroccan government with
different organizations in the last decade.

Programs Description

SOP was launched by the Agency for the Economic and Social Promotion
and Development of the Moroccan Southern Provinces (ADPS) between 2006
and 2015 in collaborations with United Nations Development Program. SOP
allows:

* To support sustainable regional development

* To promote local products and improve people’s incomes,

* To valorize local heritage

* To reduce the loss of biodiversity and protect the environment.

Southern Oasis Program (SOP)

TOP has the same general objectives as SOP, but it concerns Tafilalet
oases. TOP was implemented by the Ministry of Energy, Mines, Water
and Environment management in collaboration with Directorate of Spatial
Planning between 2006 and 2015.

Tafilalet Oasis Program (TOP)

Draa Oasis Program A 2006 — 2015 program aiming to fight desertification, poverty, protection
(DOP) and valorisation of Draa traditional oasis.

The National Agency for the Development of the Oasian and Argan Zones
(ANDZOA) is a structure founded in 2010, responsible of the Sustainable
ANDZOA Program Oasis Initiative launched during the COP22 in Marrakesh in 2016. ANDZOA
Program aims to mobilize national and international resources to protect and
restore the traditional oasis ecosystem, endangered by desertification.

A program that safeguards the Imilchil-Amellago, Ait Mansour, Akka, Assa
and Figuig oases since 2011 and aims to fight the progressive degradation
of the oasis area. Implanted by FAO, in collaboration with the Ministry of
Environment, the Ministry of Agriculture, ANDZOA, ADPS the National
Institute of Agronomic Research (INRA) and Global Environment Facility
(GEF).

GIAHS program

A 2017-2021 project, promoted by FAO in collaboration with ANDZOA and
Global Environment Facility (GEF). The project aims:

* To revitalize oasis agroecosystems in the Draa-Tafilalet region to achieve
productivity, attractiveness and health, and to sustain and make more resilient
the livelihoods of the local communities.

OASIL * To support the dissemination of knowledge on oases, strengthens political
dialogue and facilitates the adoption of strategies and plans for sustainable
oasis management at both national and regional levels.

* To encourage the use of an integrated approach for the management of oasis
agro-ecosystem, with a deeply involvement of all stakeholders in the decision
process.

Are projects concerning oasis farming system and initiated by German
Corporation for International Cooperation GmbH (GIZ). This organization

RE-ACTIVATE and works in Morocco since 1975 and supports projects about sustainable
PEDEL programs. . .

development, water harvesting, renewable energy, climate change, good

governance and health.

Oriental Integrated Local Development Program (DELIO) is a 2008-2011
DELIO program program that concerns, among other areas, the Figuig Oasis. It focuses on the

valorization of 5 local products (dates and the most important handicraft),
improving and integrating their production chain.

For the benefit of the Marrakesh palm grove and has resulted in the planting
of 561,000 palm trees and the maintenance of 81,000 adults in this palm
grove.

Program of Mohammed VI Foundation for
the Protection of the Environment

(Mainguet et al., 2011; Dahan et al., 2013; Zucca et al., 2016; Pegna et al., 2017).
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Cultural Practices

In order to mitigate the deleterious effects of drought and salinity on agriculture,
due to limitation of erratic rainfall and increase of evaporation rates over and within
years, traditional and modern cultural practices were applied in Morocco. Among the
cultural practices applied for agriculture production in arid and semi-arid regions is
the creation of tens to hundreds of kilometers of canals as well as thousands basin or
reservoirs to store water (Manuel et al., 2018). Those canals are subterranean tunnels
and were implemented in order to carry and to drain a large amount of water from
springs, dams or upland areas to the dry, arid, and semi-arid regions. Additionally,
the use of groundwater wells and drip irrigation systems has been encouraged for
the rational exploitation of water (Kinicki et al., 2017).

The sustaining agriculture in oasis has succeeded due to the establishment and
development of palm grove which has the ability of making barrier against the
advancement of the desert (Karmaoui et al.,2015). Palm trees leaves form umbrellas
that could involve in the formation of a mild microclimate and protect other fruit threes
(e.g., figs, almonds, olives, pomegranates) and crops (e.g., barley, wheat, sorghum,
alfalfa and various vegetables) from excessive light (Figure 4) (Pegna et al., 2017).

Figure 4. The palm tree plantation in Aoufouss Oasis (Tafilalet region, Morocco).

Three levels of plantations: Palm trees, fruits threes, and crops.
(Mainguet et al., 2011)
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Advanced Researches

The selection of tolerant plants as well as the production of biological and organic
fertilizers have been proposed to alleviate the negative effects of drought and salinity,
due among others to climate variation, in order to improve oasis agriculture.

Tolerant Plants

Many strategies were applied in Morocco, based on the advances in research, in
order to exploit the land and to solve the problem of salinity as well as water stress.
Choosing and encouraging either salt or drought plant tolerant genotypes are among
the applied strategies. Those plants have the ability to make different responses to
handle abiotic stress through morphological and physiological changes and the
accumulation of anti-stressful component “osmolytes” thatinvolved in detoxification
of reactive oxygen species and stabilization of membranes (Serraj and Sinclair,
2002; Chaves and Oliveira, 2004).

As shown in Table 2, there are many stress tolerant genotypes of oasian crops to
provide the subsistence for local populations. For example, there is a lot of interest
to cultivate saffron (Crocus sativus L.) (the most expensive spice in the world),
barley (Hordeum vulgare L.) and wheat (Triticum durum Desf) (the important cereals
for human and animal feed), Alfalfa (Medicago sativa L.) (the forage crop), faba
bean (Vicia faba L.) (the grain legumes) and sugarcane (Saccharum sp.) (the main
source of sugar). Those crops were cultivated for centuries in desert places due to
their ability to adjust the morphology and the physiology of plant under stressful
conditions by increasing number and area of leaves, increasing root system, and
maintaining the relative water content. Additionally, the greater accumulation of
proline, soluble sugars and phenolic compounds has the pivotal role in reducing the
oxidative damage caused by stress (Kumar et al., 2017) and in osmotic adjustment
(Lamaoui et al., 2018; Kozminska et al., 2019).

Biological and Organic Fertilizers
Recently, scientists are focusing on the use of microorganisms (AMF and PGPR) and
organic amendments (manure and compost) to improve soil fertility and to promote

growth development under harmful conditions due to climate change.

Arbuscular Mycorrhizal Fungi

Arbuscular mycorrhizal fungi (AMF) are known as a soil-borne fungi that have the
ability to improve plant mineral nutrient uptake, especially phosphorus, to increase
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Table 2. Salt and drought tolerant cultivars used in oasis area

Crop Cultivars Stress Effects Anti-stressful Components Reference
1 g.I'" of NaCl increased number and
area of leaves, height of plants, aerial dry Accumulation of proline, soluble .
. . Salt . 2 . . Mzabri et
Saffron Not mentioned stress biomass, number and weight of corms sugars, phenolic content and al. 2017)
and stigmata yield, and kept relative water | malondialdehyde (MDA) compound. : ’
content.
. - Increase of the level of hexoses El Goumi
Salt 5 g/l had no impact on germination of hosphates. TCA cyele intermediates. etal.
Barley Tamelalt seeds, roots and shoots lengths, fresh and Phosp; o ¥ . i (2014).
stress . . and metabolites involved in cellular
dry biomass and relative water content. rotection Patterson et
P - al. (2009)
100 mM of NaCl had no effect on fresh Accumulation of proline, soluble Farissi et
Salt weight and seedling height sugars and inorganic ions al. (2011).
Alfalfa Tata tress
stress 200 mM of NaCl increased shoot and root | Increase the activity of acid Farissi et
dry biomass and the relative water content | phosphatase al. (2014).
Accumulation of proline, glycine
betaine, MDA, hydrogen peroxide
Faba Acuadulce Water Soil moisture at 40% of substrate field (H,0,) in leaves and roots. Kabbadj et
bean g stress capacity increased leaf mass area Increase of the activity of ascorbate al. (2017).
peroxidase, guaiacol peroxidase,
catalase, and polyphenol peroxidase.
Altay2000. Salt (1)20 :ﬁ;ﬁc}s:iﬂﬁp‘ﬁﬁ ﬁ;freec l Oyiga et al.
Wheat I4IWWYTIR-19 n & » Seeciing i yiga et b
stress field plant and maintained stable osmotic (2016)
UZ-11CWA-8 . . .
potential and chlorophyll intensity.
Durum Marzak Water Increase of the mesophyll thickness and of | Assem et
wheat stress the intercellular space. al. (2017).
Gandonou
Maintain the relative growth rate and etal.
Sugarca- NCo310 Salt‘ increase K* and CI- concentration at Increase proline levels. (2005)
ne stress Gandonou
34 mM.
etal.
(2012)

printed on 2/14/2023 11:51 AMvia .

water assimilation, and to help plant to adapt in biotic and abiotic stress through the
establishment of symbiosis network (Augé, 2001; Smith and Read, 2008; Porcel et
al.,2011; Augéetal.,2015; Balestrini et al., 2015). Many researchers have reported
the successful role of AMF in mitigating water and salt stress. Some research showed
the growth promotion of the date palm and olive tree under the application of either
Aoufous complex, Glomus monosporus, native Rhizophagus manihotis or non-native
Funneliformis mosseae (see Table 3). Moreover, Ait El Mokhtar et al. (2019c)
reported that the application of Aoufous mycorrhizal consortium has significantly
improved the shoot and dry biomass (Figure 5 A and B), the photosynthetic
efficiency (Fv/Fm) (Figure 5 C) and the leaf relative water content (Figure 5 D) of
palm date under salt stress. Moreover, Meddich et al. (2015) showed that the use of
the same consortium was able to promote growth of date palm under water stress
conditions by improving the uptake of many ions such as P, Ca, Mg, Na, K, Cu and
Mn and increasing the level of phenolic compounds and antioxidation enzymes, like
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Vulnerability of Oasis Agriculture to Climate Change in Morocco

Stresses on oasis crops

Biological and Organic
Fertilizers

Tested
Plants

Stress

Effects

Reference

Bio-fertilizers

Aoufous complex
and Glomus
mMonosporus

Date palm

‘Water
stress

Increased number of
produced leaves, height
of areal part, relative
water content, ionic (P,
Ca, Mg, Na, K, Cu, Mn)
and phenols content,
and polyphenoloxydase.

Meddich et al.
(2015)

Arbuscular
mycorrhizal
fungi (AMF)

Native
Rhizophagus
manihotis and
non-native
Funneliformis
mosseae

Olive

Water
stress

Enhanced the protection
against oxidative stress
induced by water
deficit.

Increased shoot height,
root length, fresh weight
of shoot and root, dry
weight of shoot and
root.

Decreased the level

of HZOZ, MDA and
electrolyte leakage

(EL).

Enhanced the activity of
superoxide dismutase,
catalase, guaiacol
peroxidase, and
ascorbate peroxidase.

Fouad et al.
(2014)

Symbiotic
nitrogen
fixing bacteria
(PGPR)

Sinorhizobium
meliloti and S.
medicae

Alfalfa

‘Water
and salt
stress

Tolerant to NaCl (>513
mM), water stress (-1.5
MPa), high temperature
(40°C), low pH (3.5),
tolerance to heavy
metals (Cd, Mn and
Zn).

Elboutahiri et al.
(2010)

MCO0415 strain

Chickpea

Water
stress

Improved dry weight of
shoot, root and nodules
Increased nitrate
reductase activity and
K* accumulation under
water deficit.

Khadraji et al.
(2017)

Organic
amendment

Compost
(Sand 10t
ha™)

From olive mill
waste

Quinoa and
Pea

Water
stress

Increased total dry
biomass, dry seed
yield, and crop water
productivity

Hirich et al.
(2014a)
Hirich et al.
(2014b)
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Figure 5. Changes in (A) shoot and (B) root dry weight, (C) Fv/Fm and (D) leaf
relative water content (LRWC) of date palm (Phoenix dactylifera L.) inoculated
and non-inoculated with AMF and grown under non-saline (0 mM NaCl) or saline

conditions (240 mM NaCl)
(Ait-El-Mokhtar et al., 2019c)
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polyphenol oxydase. Thus, it would be interesting to apply AMF in oasis in order
to reinforce the development of palm grove and other crops.

Plant Growth-Promoting Rhizobacteria

Besides AMF, plant growth-promoting rhizobacteria (PGPR) are symbiotic bacteria
that interact with plant and have a positive influence on its growth (Beneduzi et
al., 2012) (Table 3). PGPR play a crucial role in providing the essential nutrients
to plants, by increasing the mobilization of minerals and organic nutrients and the
fixation of atmospheric di-nitrogen (Di Benedetto et al., 2017). Moreover, PGPR
can enhance salt and drought tolerance through several mechanisms (Vurukonda et
al., 2016; Ilangumaran and Smith, 2017). Ben-Laouane et al. (2019) reported that
the rhizobia strain (RhLO1) could increase shoot and root biomass as well as Fv/
Fm of alfalfa salt stressed plants (Figure 6 A and C). Those bacteria could overcome
osmotic stress by inducing accumulation of osmolyte (e.g., sugar, see Figure 6 C),
enhancing nutrient uptake and biosynthesis of phytohormones (e.g., indole acetic
acid (IAA)) (Di Benedetto et al., 2017). On the other hand, it was reported that the
combination of AMF with PGPR could be superior and have a greater effect on
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Figure 6. Changes in (A) shoot and (B) root dry weight, (C) Fv/Fm and (D) sugar
content in root of alfalfa inoculated and non-inoculated with PGPR and grown

under non-saline (0 mM NaCl) or saline conditions (120 mM NaCl)
(Ben-Laouane et al., 2019).
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plants survive in harsh desert conditions than the application of a single symbiotic
(Ben-Laouane et al., 2019).

Organic Amendments

The use of organic amendments to increase soil fertility is taking much interest in
Morocco. The application of animal manure and human sewage to soil was promoted
the growth of many crops (Mohamed et al.,2018). Furthermore, the second approach
applied in Morocco is the biosynthesis of compost, a high-quality soil amendment,
from organic horticultural wastes that is estimated up to 55.2 million tons per year
(Belmakki et al., 2015). Composting of organic waste represents one of the most
practical, economical, and recycling management options (Pérez-Piqueres et al.,
2006). Azim et al. (2017) demonstrated that only 37.5% of compost is made by
treating tomato wastes, whilst the rest is synthesized via treating manure and olive
mill wastes. Compost is most frequently used in agriculture to improve the growth
of crops grown in normal and stressful conditions (see Table 3). The beneficial
effect of compost in agriculture is due to its ability to increase soil organic carbon, to
provide essential micro- and macro-nutrients, to increase water retention capability
and to improve microbial activities (Scotti et al., 2015).
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Use of Remote Sensing and Geographic
Information System Technologies

Remote sensing (RS) and Geographic Information System (GIS) figure among
technologies that may improve agriculture under climate change. RS is one of the
assets used in collecting and monitoring environmental information that can be
used in smart agriculture (Mulla, 2013). This technology can be used for collecting
crops growth parameters like size, height and stem diameter, crop damage from pest
infestation, and all environment parameters. In the other hand, GIS is a technology
that allows gathering and sharing information to provide a very precise insight of the
farming conditions, and measuring and monitoring the effects of land management
practices (ESRI, 2017). GIS enable the farmers to map and project current and
future fluctuations in precipitation, temperature, and crop output to provide a better
perspective of their operations. When combined with RS technology, GIS can be
efficient in determining and controlling inputs, reducing expense and allowing
the best land use. Thus, farm producers use GIS to visualize their land, crops and
management practices (Brion and Balahadia, 2017).

Nowdays, GIS and RS could be considered as two promising tools to use in
mitigating the impacts of climate change on oasis agriculture. These strategies are
currently being utilized in evaluating several land issues such as soil erosion, land
exploitation and soil deterioration (Brion and Balahadia, 2017). The application of
these technologies may provide suitable environmental information to the government
to initiate new projects to support the farmers in vulnerable oasis area.

GIS and RS can also be used in assessing the environmental sensitivity to
desertification in arid zones (Hadeel et al., 2010). Many information are required
to estimate the desertification sensitivity index such as thematic layers of soil,
vegetation, climate, and extent of sand movement (Brion and Balahadia, 2017). This
index could be very useful to prevent land desertification and therefore to improve
land exploitation and agriculture production.

CONCLUSION

Climate change is a major concern for all countries and thus only a global vision
can deal with this problem. Mediterranean countries such as Morocco are the most
affected by climate variation effects and must put in place a response strategy and
means of adaptation. They must provide urgent scientific, technical and financial
supportin the context of international cooperation within the framework of sustainable
development of all sectors affected by changing climate. Agriculture is the sector
probably most at risk to climate change. Thereby, most adaptation actions should

93

printed on 2/14/2023 11:51 AMvia . Al use subject to https://ww.ebsco.coniterms-of-use



EBSCChost -

Vulnerability of Oasis Agriculture to Climate Change in Morocco

be initiated within the agricultural sector and its related components, especially
in areas characterized by water scarcity and poor soil quality, such as the oases
area. Rehabilitation programs and traditional cultural practices are not sufficient
to face this issue. Other means based on scientific progress should be adopted like
agriculture biotechnology and Remote sensing (RS) and Geographic Information
System (GIS) could be more efficient and may help us to make better decisions in
land management, environmental protection and restoration solution and thus to
mitigate the deleterious impacts of climate change on oasian agriculture.
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KEY TERMS AND DEFINITIONS

Agriculture: Is the process of producing food, forage, fiber, and various other
products by the cultivation the soil and the rearing of domesticated animals.

AMF: Type of fungi which form symbiosis with roots of vascular plants.

Climate Change: Refers to all variations in climatic parameters of the global
climate of the Earth or its various regional climates over time.

Compost: Refers to an organic matter that has been decomposed in a process
called composting.

Geographic Information Systems: Is a technology designed to capture, store,
manipulate, analyze, manage, and present spatial or geographic data.

QOases: An ecosystem consisting of a spot of isolated vegetation in a desert found
near a water source.

PGPR: Are symbiotic bacteria that form symbiosis with plant and have a positive
influence on its growth and development.

Remote Sensing: Is the technology of obtaining information about objects or
phenomenon from a distance.

Sustainability: The ability to be maintained at a certain rate or level over a
period of time.

Vulnerability: Refers to the inability toresist the effects of a hostile environment.
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APPENDIX: LIST OF ABBREVIATIONS

ADPS: Agency for the Economic and Social Promotion and Development of the
Moroccan Southern Provinces

AMEF: Arbuscular mycorrhizal fungi

ANDZOA: National Agency for the Development of the Oasian and Argan Zones

COP22: 22" COP United Nations Climate Change Conference

DéELIO: Oriental Integrated Local Development Program

DOP: Draa Oasis Program

DPE: Provincial Directorate of Equipment

EL: Electrolyte leakage

FAO: Food and Agriculture Organization of the United Nations

Fv/Fm: Photosynthetic efficiency

GEF: Global Environment Facility

GDP: Annual gross domestic product

GIZ: German Corporation for International Cooperation GmbH

GMP: Green Moroccan Plan

IAA: Indole acetic acid

INRA: National Institute of Agronomic Research

LRWC: Leaf relative water content

MDA: Malondialdehyde

PGPR: Plant growth-promoting rhizobacteria

SOP: Southern Oasis Program

TOP: Tafilalet Oasis Program
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ABSTRACT

The argan tree is exclusively endemic in the drylands of Southwest Morocco, an
agroecosystem of great ecological, cultural, and economic importance. The argan
agroecosystem is already damaged. It is particularly vulnerable to climate change
as well as the harsh natural conditions aggravated by the current population growth
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and the exploitation in excess of the production capacities. Unfortunately, during
the 20™ century, its area has been reduced by half. Current projections indicate an
increase in temperature under climate scenarios. Anticipated climate change could
accelerate this trend resulting in the argan tree degradation. To assess the climate
change impact, the authors used the SDSM model at the argan agroecosystem scale
and the thermal stress model to assess its vulnerability and estimate its tolerance
response in relation to temperature stress for a projected climate in the near term
(2010-2025 years). In this chapter, the authors explored the impact of climate change
on the argan tree regeneration.

INTRODUCTION

The arganeraie (argan agroecosystem) includes an important rate of biodiversity
offering many ecosystem services (Karmaoui, 2016). Various parts of the argan
tree are globally used from traditional medicine for common human and animal
ailments (Aabd et al., 2014). The traditional health care was scientifically validated
(Charrouf & Guillaume, 2010).

In the last 30 years, this arganeraie is among the most vulnerable ecosystems of
the arid and semi-arid lands. In regard to argan area, it lost almost 9900 hectares,
an average of 550 ha/year between the years of 1969-1986, the Argan plain lost (EL
Yousfi, 1988). In Haha region (western High Atlas) for example, de-densification
was estimated to 600 ha per year (Bouzemouri, 2007). The decline in the argan area
is attributed to both the lack of regrowth and loss of trees (De Waroux & Lambin,
2012). Currently, this ecosystem continues to be destroyed with all its components
of biodiversity (El Mrabet et al., 2014). It has been exploited as firewood, timber, as
forage for goats and sheep (Alados, 2008). Increasing aridity reported at a regional-
scale by Esper et al., (2007). In fact, increasing aridity may be attributed to climate
change (Nouaim, 2005). Climate change causes more droughts and more heat in
the argan region, making the argan tree less adapted (Lybbert et al., 2011). During
drought years the amount of surface water may drop 20 times (SIWM, 2001). This
decrease may influence argan primary production. Consequently, climatic stress can
be a key risk factor that accelerates degradation produced by the local population.

This chapter aims:
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e To assess the climate change impact, the Statistical Downscaling Model
(SDSM) was used at argan agroecosystem scale.

e  Toexplore the thermal stress for a projected climate in near term (2010-2025)
using a thermal stress model.

Because of climate change, large areas of argan groves could then be created
on other continents in regions most appropriate to the argan tree (Lybbert et al.,
2011). The study designed to look at the relationship between climate change and
the argan regeneration. The authors look to confirm or refute this affirmation basing
on modeling methods.

MATERIALS AND METHODS
Study Area
This study was carried out on the Argan Biosphere Reserve in south east of Morocco,

with a geographical area of 950 000 ha, the most part was located in the Souss-Massa

Figure 1. Overview of the argan biome in south east of Morocco: Land cover
Source: the authors
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region before 2015 (Figure 1). This biome was classified as UNESCO Biosphere
Reserve in 1998 (El Benni & Reviron, 2009).

Methodology

Climatic Trends in Argan Agroecosystem
Area Under IPCC-A2 and B2

In this chapter, downscaling is achieved using the Statistical Down-Scaling Model
(SDSM), developed by the SEI (Stockholm environment institute). The SDSM
model is used to show good results for maximum and minimum temperature for
historical climate simulation. SDSM develops an empirical relationship between
a few selected large-scale predictor variables (i.e. mean sea level pressure, wind
velocity) and local scale predictands (i.e. precipitation and temperature) (Koukids &
Berg, 2009). The SDSM is a popular method because of the reduced computational
effort and its ease of use. Temperature data, minimum (T min) and maximum (T
max) were used for the period of 1961-2000 under IPCC-A2 and B2 scenarios.
Agadir and Essaouira stations are the two stations used conduct the assessment in
the Biosphere Reserve of Argan.

Thermal Function Stress
There are two thermal stress types as function of temperature minimum or maximum

(Sellers et al., 1996):
1. Maximum thermal stress f (Tc)

f(Te) = % i — )

Where:

e  T: High temperature measured in k of each time period of 2010, 2015, 2020,
and 2025;
T ¢ max: Critical high temperature characterized each biome or species in K;

o: High temperature factor photosynthesis in 1/K.

2. Minimum thermal stress (. . ):

1M1
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! (Tc)mm - % n ea*(Tn\in—Tcmin) 2)

Where:

o T (k): low temperature measured of each time period of 2010, 2015, 2020
and 2025,

e T cmin (k): critical low temperature characterized each biome or species,

° a (1/k): low temperature factor photosynthesis.

According to Sellers et al., (1996), K represents the photosynthesis inhibition
sloping, the half of this parameter is fixed to 0, 5 for the calculation of maximum
stress and 0,2 for the minimum stress.

Figure 2. a: Maximum and minimum temperatures projections in a, Agadir station
under IPCC-A2 scenario, b, in Agadir under IPCC-B2 scenario; c, in Essaouira

stationunder IPCC-A2 scenario; andd, in Essaouira station under IPCC-B2 scenario
Source: The authors
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RESULTS
Impact of Climate Change on Argan Tree Productivity
Climate Change in Argan Agroecosystem

The use of data allows representing the trend of minimum and maximum temperatures
under climate change scenarios in the two stations of the Biosphere Reserve of
Argan, Agadir and Essaouira stations (Figure 2).

According to figure 2 (a, b, ¢ and d), maximum and minimum temperature in the
two stations of the biosphere reserve have rising trends for the two IPCC scenarios
(A2 and B2). The values of the maximum and minimum temperature in both scenarios
were used to assess the current and future thermal stress of the argan tree.

Thermal Stress (Maximum and Minimum Temperatures)
of Argan Under A2 and B2 IPCC Scenarios

For the maximum thermal stress, there is no effect on the productivity of argan trees
as shown in Figure 3 (b and d) under the two IPCC scenarios (A2 and B2). In fact,
we can note that the values of maximum thermal stress fluctuate closely around
zero, as mentioned in figure (6b and 6d)). This means that climate change is going
to restore the range of optimal growth for the argan tree but its limitation is due to
other factors, may be linked to the substrate, anthropogenic stresses (anthropogenic
stress) or to varietal selection. For the other argan groves like Taroudant and Safi,
we found the same behavior toward the maximum and minimum temperatures for
the two scenarios (IPCC-A2 and B2).

DISCUSSION AND CONCLUSION

Several regeneration programs of argan trees were initiated since 2000, unfortunately,
they have not yielded the expected results because the techniques are not adapted
to soil and climatic conditions (El Mrabet et al., 2014). To explore the impact of
the climatic conditions, two synoptic stations were used around the study area
namely Essaouira and Agadir stations. These are selected based on the availability
of data as well as the length and completeness of the record. The data of these two
stations were used as input to the SDSM model to trace the future climate change
trend. The projected change in minimum and maximum temperature may affect
negatively the agroecosystem primary production and mainly the water resources
(decrease in water reserves). The results of the current study show that there is no
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Figure 3. a, Minimum thermal stress under IPCC-A2 scenario; b, Maximum thermal
stress under IPCC-A2 scenario,; ¢, Minimum thermal stress under B2 scenario; and

d, Maximum thermal stress under IPCC-B2 scenario
Source: the authors
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direct correlation between climate change and tree generation. However, Bouzoubaa,
(2002), found that the seeds of the Argan tree can germinate even at temperatures
from 35 to 40°C, but the germination of the different progenies is limited by the
lowest temperatures (0,5 and 1°C) and highest temperatures (40°C). Germination
is clearly affected below 15°C. Indeed, the Argan tree in the mountains hardly
withstands the night frosts and temperatures around 0°C. In this context, Esper
et al., (2007) reported that increasing aridity reported at a regional-scale can also
have an impact on germination and seedling survival (Nouaim, 2005; see also
Stour & Agoumi, 2009). Otherwise, aridity has shown to increase developmental
instability which amounts to decreasing resilience (Alados & El Aich, 2008). Yann,
2012 advanced that in addition to the climatic impacts, the argan agroecosystem
degradation is accelerated by social factors. It appears that there are indirect effects
of climate change on argan agroecosystem are strongly dependent on interactions
with the human disturbances, especially overgrazing, deforestation, and clearing.
M hirit et al., (1998) reported that droughts may exacerbate grazing pressures on
existing resources. In fact, experiments on argan confirmed that regrowth is successful
when grazing is excluded (Culmsee, 2005; Taleb et al., 2007). Clearing of trees
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and understory also causes erosion that along with soil degradation (in the form of
salinization and loss of organic matter, mostly in irrigated areas) may render some
soils unfavorable for germination (Nouaim, 2005). Elwahidi et al., 2014 reported
also that clearings on the edge of the forest stands for expansion of agricultural land
caused a loss surface of about 19.4%.

To conclude the argan ecosystem (Southwest Morocco) is of great ecological,
socio-economical importance, due to the medicinal benefits and high nutritional
value for the local wellbeing. But in the thirty last years, the argan agroecosystem is
in continuous degradation and but regeneration efforts have not given the expected
results. In this chapter, the impact of climate change on the Argan tree regeneration
was explored. The SDSM model at argan agroecosystem scale and a thermal stress
model were used in order to assess the vulnerability of the argan agroecosystem,
and estimate the tolerance response in relation to temperature stress for a projected
climate in near term (2010-2025 years). The results of this study show that heat
stress has no effect on argan productivity in the two IPCC scenarios (A2 and B2).
This means that climate change is going to restore the range of optimal growth for
the argan tree but its limitation is due to other factors.
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ABSTRACT

Ecosystems are part of humanwellbeing and their sustainable management is essential

for the survival of the human race and biodiversity. This chapter explores the concept
of sustainable ecosystem management (SEM), its principles, elements, faces, and
implementation. SEM is defined as environmentally sensitive, ecosystem-based,
and eco-regional based. Its successful implementation is therefore complex due to
the different priorities of stakeholders, the scope of ecosystems, some of which are
transboundary, and the ever-changing nature of these areas amidst environmental
uncertainties. These aspects are vulnerable to political changes and reconciling
them is difficult. This chapter proposes a five-step implementation plan on SEM
that is pegged on adaptive management and holistic consideration of ecological
resources. Using documented case studies, SEM is a proposed solution to ecosystem
challenges of modern-day amidst hindrances of rising resource demand, population
increase, and climate variability.
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INTRODUCTION

An ecosystem describes an environment consisting of living things and their
associations with abiotic factors including minerals, water and air as they occupy
space (McLeod & Leslie, 2009). Tsujimoto, Kajikawa, Tomita and Matsumoto
(2017) describe an ecosystem as a biological system consisting of organisms
(dead or alive) that interact with each other and with the physical environment that
they are sited. For ultimate survival, the wide range of native ecosystems must be
maintained and their habitats protected by creating buffer zones in their particular
reserves and preparing them for resilience in events of disturbances such as is the
case with effects of climate variability and change (Leech, Wiensczyk & Turner,
2009). These preconditions have led to ideologies skewed towards creating adequate
space for such habitats even to the extent of traversing administrative boundaries.
Implementation of these ideologies require coordination and cooperation of involved
stakeholders (Tallisetal.,2009). Additionally, the awareness of ecosystem degradation
and biodiversity loss due to resource over-extraction is growing and consequently,
necessitating ecosystem conservation while considering the social-economic needs
of humans. Ravy - Jonsen (2009) highlighted that adopting ecosystem approaches
in resource conservation aims at balancing various societal goals by taking into
account the human, biotic and abiotic uncertainties, interactions and knowledge
in an ecologically sound and integrated manner. It is from the need to balance the
societal goals that the concept of ecosystem management is derived.

Ecosystem management (EM) refers to the use of ecological science to manage
natural and manmade resources with the motive of enhancing ecosystem sustainability
while concurrently, delivering goods and services for human welfare improvement
(Rosenberg & McLeod, 2005). It moves beyond compartmentalised focus on some
species and regions to holistic management of natural resources. The aim of the
concept is to protect targeted and non-targeted species, restore and preserve high
integrity of their habitats and ecosystem services (Tsujimoto et al., 2017). Such
precepts require sound socioeconomic, biological and governance outlooks. These
outlooks are significant considering that land and water resources use by humans is
capable of altering ecosystems by disturbing their habitats. Modifications of such
ecosystems through anthropogenic activities reduces their resilience, productivity
and health. As such, ecosystems must be managed to ensure the availability of their
specific services, which is the heart of sustainable ecosystem management (SEM).
SEM emphasizes on balancing long-term sustainability of ecosystems with human
needs. [tagrees with the typical concept of “meeting the needs of the present and local
population without compromising the ability of future generations or populations in
other locations to meet their needs” (Leech et al., 2009, 2). This chapter focuses on
SEM considering that the concept in modern day has been challenged by the rise
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of human activities such as over-exploitation of natural resources such as land and
water, deforestation, desertification, climate change and pollution. Consequently,
the habitats of ecosystems have been destroyed and their resilience to stresses
such as climate change has depleted. Ultimately, water, food and energy insecurity
resulting to poverty is on the rise despite the ever-rising population and demand
for these resources.

CLIMATE CHANGE AND ITS IMPACTS ON ECOSYSTEMS

Climate change is a change in the condition of climate, which is identifiable through
changes in the variability and/or mean of its characteristics and remains unchanged
forlong periods beyond decades (United Nations Framework Convention on Climate
Change (UNFCCC), 2011). These changes occur due to natural forces or human-
based activities that modify land uses and atmospheric composition. Climate change
triggers extreme weather (droughts and floods) and can result to damaging events
including cyclones, mudslides, tornadoes, wildfires and waterspouts among others
(Zhao et al., 2018). This phenomenon along with its anthropogenic stressors is a
driver to ecosystem changes as summarised in Figure 1.

Figure 1. The effects of climate change on ecosystem functions and services

Climate Change

Extreme weather events

@Perature /

| Disruptions on ecosystem functioning and service provision ]

Precipitation

<+ Modifications in timing of seasons and life cycle events
<+ Range shifts
<+ Disruptions of food webs

< Increased prevalence of parasites, pathogens and diseases
<+ Biodiversity loss

Loss of ecosystem integrity

As a result of climate change, life cycle processes of some species such as
reproduction, blooming and migration have been disrupted as a result of milder
and shorter winters. For instance, migratory birds nest earlier in the east coast of
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USA, while the migration of butterflies and the northeastern birds occur earlier due
to disrupted seasons of the year (Settele et al., 2014). These seasonal changes have
induced asynchronous interaction of affected species with their habitats leading
to low food availability, pest avoidance and breeding that have negative effects on
ecosystem productivity.

As temperatures rise, wild animals are moving to high altitude areas in search of
pasture as a result to land degradation owing to extreme weather events. Although
to some animals this is advantageous due to expanded rangelands, to others this
phenomenon has increased competition for food and facilitated movement to hostile
habitats resulting to extinction of both animal and plant species as Horton et al.
(2014) noted. A case example is the projected 47% loss of habitat for the cold-water
fish by 2080 with the rise of global warming and the loss of tundra ecosystems due
to boreal forest invasion (Horton et al., 2014). Climate change also disrupts food
webs and chains by compromising the provision of food, water and habitats for a
wide range of species.

Climate change effects are supporting the spreads of diseases and their causatives,
which affects aquatic, human and agricultural productivity. The situation is aggravated
by land and water resources pollution, degradation and loss, which results to habitat
destruction. According to Settele et al. (2014), 20-30% of animal and plant species
are at risk of extinction as a result of climate change-induced heat stress. Animals
residing in mountainous environments and those of polar climate are the most
vulnerable.

Solutions and Mitigations to Climate Change Effects

A number of solutions have been suggested to mitigate climate change effects on
ecosystems and their associated integrity. Some of these are summarised in Table 1.
These solutions collectively constitute to SEM since they involve the management of
natural and manmade resources to enhance and maintain the integral functioning of
ecosystems. Additionally, the actions towards climate change mitigations have some
principles of SEM such as the involvement of many actors, the advocacy on efficient
resource use and the management of sensitive ecosystems such as forests. Therefore
implementing SEM is a viable approach to mitigating climate change effects.

Conceptualising Ecosystem Management

Definitions of SEM and Its Role in Modern Day

SEM management is an all-inclusive view of social-economic and natural systems
unlike the traditional view (which is still widely used) where these systems were
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Table 1. Solutions to climate change effects on the ecosystem

Suggested Solutions Reference

“Trees based systems to promote agroforestry and sequester carbon.
-Adoption of integrated animal farm waste management strategies for
renewable energy and proper animal husbandry. Smith et al., 2007
-Reduced greenhouse gas emissions to prevent global warming induced
biodiversity loss.

-Integrated management of natural (land and water) resources.
-Efficient use of natural resources and their fair allocation.
-Soil and water conservation practices.

-Integrated pathogen and pest management.

-Climate forecasting to reduce its associated risks and for disaster Howden et al., 2007
preparedness.

-Introduction of precision agriculture using improved and drought tolerant
animal breeds and plant varieties.

-Forest conservation and agroforestry practices.

distinct in their objectives and modes of operation. Viewing systems as distinct
leads to exploitative management of available resources as each sub-system seeks
to optimize its activities without assessing their effects on the others (Leech et al.,
2009). Many authors have tried to define the SEM concept as outlined in Table 2.

From these definitions, it is evident that SEM has some overarching elements
and principles that define the methodology of its implementation, which will be
discussed in the following sub-sections of this chapter.

The Faces of SEM

Although SEM is widely researched and in many cases applied on ad hoc basis,
the conceptualisation of an ecosystem-based management approach remains less
understood. There is lack of unanimity and certainty on the elements and principles
of SEM to apply based on site-specificities of an ecosystem. To alleviate these
problems, Yaffee (1999) proposed three concepts to understand and explain this
concept better particularly its application in resource management in a multi-
disciplinary and multi-sectoral environment. These are the three faces of SEM and
will be discussed in the following sub-sections.

Face 1: SEM is environmental sensitive and involves multiple uses
This face recognises that the primary aim of SEM is to provide human needs
through enhanced production of outputs that human beings value. However, the

limitations and complexities of ecosystems in meeting these needs should be equally
considered (Yaffee, 1999). In the face, spatial composition with greater recognition of
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Table 2. Some definitions of SEM

Source Definition
Rowe (1992) The manag.emen.t, conservation and restoration of local and regional ecosystem
landscape in an integrated approach.
SAF' (1993) A coordinated strategy to maintain full forest functions and values at landscape
level.
FEMAT %(1993) A plan to manage all organisms as interrelated rather than as distinct species.
ESFHAT® (1993) Optimal copsujeratlon of technol.oglcal, economic and societal expectations
and values in reference to ecological potentials.
A resource management plan whose aim is to enhance and maintain ecosystem
4 productivity and health and at the same time produce essentials that meet
AFPAFRB (1993) human desires and needs with limited and acceptable economic, biological and
social risks.
An ecological approach that focuses on maintaining complex
SAF (1993) interdependencies, pathways and processes of forest ecosystems for their long-
term soundness and resilience to environmental shocks.
Integrated and holistic management of natural resources whose scope goes
Thomas (1996) beyond compartmentalised management of forests to include physical,

biological and human dimensions.

Brussard, Reed, & Tracy
(1998)

Managing regions at scales that accommodate preservation of biological
resources, ecosystem services and sustains human livelihoods and uses of
those resources.

Pirot, Meynell & Elder
(2000)

The process of regulating ecosystem use to reap its optimal benefits and at the
same time, preserve its basic functions despite the expected stresses.

Adoptive methods that guide human activities in a collaborative, inter- and

Quinn (2002) multi-disciplinary approach to sustain the ecology and support sustainable and
healthy communities.
CITS (2004) A strategy to adopt human activities that enhance coexistence of fully

functional and healthy human communities and ecosystems.

The science of public acceptance and awareness of environmental values,
enhanced insight on ecological systems, increased awareness of ecological
issues related to biodiversity and aimed at regulating resource use, improving
productivity and realizing sustainability.

Leech et al. (2009)

the biota structure and distribution is precedence. As such, SEM should be executed
along land-ownership and administrative boundaries though specific issues should
consider the spatial scope especially for ecosystems, which are transboundary. This
calls for an overlaid management of habitats on administrative units particularly
when protecting endangered and old species. In this face, resources have multiple
uses and their sustained production (which may not be necessarily optimal) with
minimal environmental effects (spatially and temporally) and with protection of
spatially integrity is primary. The face also assesses the economic implications of
implementing alternative SEM management regimes through participatory decision-

123

printed on 2/14/2023 11:51 AMvia . Al use subject to https://ww.ebsco.coniterms-of-use



EBSCChost -

Sustainable Ecosystem Management

making so that only optimal management action plans are taken up. According to
Berkes (2016), this face summarizes SEM as the inclusion of social-ecological
systems to biophysical ones with attention to management of shared resources,
institutional cooperation, resilience theory of resource use and good governance.

Face 2: Ecosystem-Based Resource Management

Although the aforementioned principles and elements of SEM are used in land
and water resources management, rarely does the scope of implementation extend
to an ecosystem. In this case, the ecosystem refers to the inherent complexities and
interactions of a geographical region. Yaffee (1999) in explaining this face sought
to shift SEM from maximizing resource use to optimising the integrity and health
of ecosystems subject to existent environmental constraints. With this definition,
trade-offs are essential in balancing ecosystems to human wants/needs though the
former is priority. In the face, maintenance and restoration of ecological processes
such as hydrological flow, nutrient cycling and regime disturbance are crucial factors
that influence diversity and composition of species. It is therefore necessary for
ecological managers to match and merge ecosystems with similar characteristics.
For instance, water resources should be managed at basin scales, which in most cases
are transboundary. Jenkins (2018) supports the views of Yaffe (1999) to prioritize
ecosystems in SEM and merge those of similar characteristics by highlighting
their three complexities. First, ecosystem operate at diverse hierarchy levels of
different spatial expansions that defy the boundaries notion. Second, ecosystems are
multi-components, which react to one another predictably or unpredictably. Third,
ecosystems have an adaptive nature in that they reorganise themselves in response to
environmental disruptions or stresses. With these complexities of ecosystems, their
sustainable management must predict imminent uncertainties accurately to enhance
the resilience of ecosystems and their biodiversity. Biggs et al. (2012) share a similar
view claiming that SEM will promote diversity maintenance, manage ecosystem
connectivity, foster adaptive management of complex socio-economic-ecological
systems and broaden participation and learning.

Face 3: Eco-Regional-Based Management

This face is closely related to the ecosystem-based approach but pays attention
to the landscape-scope of SEM. In this context, landscapes are geographical units
described by their floristic distribution, abiotic community and species components
(Leechetal.,2009). An eco-regional approach to SEM incorporates decentralisation
and organised management of resources. Additionally, conservation legislations
and their applicability differ from one eco-region to another. According to Mason
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(2011), these preconditions make SEM implementation difficult due to economic and
political incompatibilities of eco-regions and their technical and financial constraints.
Yermolaev, Lisetskii, Marinina and Buryak (2015) differ with these views claiming
that eco-regional resource management promotes natural resources resilience and
productivity. To deal with these different views, Yaffee (1999) advocated for site-
specific management, which considers the uniqueness of ecosystems atregional level.

Methodology for SEM

With the background knowledge that SEM though complex is a necessity owing to
the rise in the demand for human needs and uncertainties exposed to ecosystems,
this research proposes a five-step methodology towards its implementation. These
steps are summarised in Figure 2. The first step involves identification and analysis
of stakeholders in a given ecosystem. According to Hein, Koppen, Groot and
Ierland, a “stakeholder is any group or individual who can affect or is affected by
the ecosystem’s services” (2006, p. 213). In SEM, four stakeholder groups exist: 1)
those who influence an ecosystem indirectly, 2) direct beneficiaries of an ecosystem,
3) those who burden and affect an ecosystem negatively and 4) those who directly
influence ecosystem services (Demeyer & Turkelboom,2014). Examples of category
1-4 include civil society organisations advocating for efficient natural resources
use, water/land users, tree loggers/ polluters and landowners in respective order.
Identification, analysis and management of stakeholders in an ecosystem is critical
in SEM in that it promotes transparency, knowledge sharing, good governance and
collaborative management (Hauck, Stein, Schiffer & Vandewalle,2013). Stakeholders
are defined within a given ecosystem area. According to the CBC (2004), an
appropriate scale and size of an ecosystem during stakeholder definition must meet
a scientific criterion, have an appropriate management experience, knowledge and
capacity, understand that management is transitional and consider cultural, legal
and administrative boundaries. After definition of stakeholders, their interests and
the areal scope of an ecosystem, links between them are made to generate a mosaic
relationship in which a variety of stakeholders manage an ecosystem at varied
intensities. The interrelationships between ecosystems and stakeholders promote
adaptive management of these areas in events of fluctuation and disturbance of
ecosystem services as Demeyer and Turkelboom (2014) highlighted.

Ecosystem functions and structures also need to be understood in relation
to the services and goods they provide. This step is core in SEM and identifies
ecosystems under threat due to over-exploitation of resources. Lu et al. (2015) terms
the process of understanding ecosystems as an integrity analysis that gauges the
ability of ecosystems to maintain their sound functioning through multi-sectoral
involvement. The analysis can be done through complementary knowledge sharing
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Figure 2. The roadmap to sustainable ecosystem management implementation
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of locals and scientists in a participatory resource management and decision-making
process that embraces realism. Lu et al. (2015) emphasized that ecosystem integrity
analysis should be realistic considering that these areas are sensitive to stress and
that management approaches should be practical to apply, have a strong scientific
foundation, be quantifiable and focused to meet a certain goal. The realism of SEM
becomes more relevant through trading off preferences to ensure management is
applied at the lowest appropriate levels (CBC, 2004).

Following the assessment of ecosystem health, issues affecting inhabitants and
SEM need to be identified. This step is crucial in reducing stresses and distortions
that negatively affect biodiversity while formulating and strengthening incentives
on effective biodiversity use. According to Muchapondwa et al. (2012), economic
incentives are promising boosters of SEM that change behaviour of stakeholders
with respect to the choices they make and their influence to biodiversity. These
incentives bind stakeholders and support practices, norms and standards that
promote persistence of ecosystems. Some of the applied incentives include rewarding
ecosystem conservation practices, sharing the proceeds from ecosystem components
with conservation actors, providing grants, tax concessions and subsidies to locals as
rewards of ecosystem conservation, creating conservation easements and biodiversity
offsets (Muchapondwa et al., 2012). These incentives change as economic realities
and markets evolve. Therefore, cost-benefit analysis is crucial in these incentives
and disincentives since it enables managers to access their realism and long-term
merits or demerits to ecosystems.
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The recognition that ecosystems do not provide predictable returns especially
after disturbances such as climate variability necessitate the concept of adaptive
management. The adaptive management of one ecosystem is said to influence
the positive management of adjacent ones. Adaptive management of ecosystems
assesses cross-scale trade-offs of ecosystem services production and minimises
negative effects resulting from growing human demands (Birge, Allen, Garmestani
& Pope, 2016). In addition, adaptive SEM takes into account externalities such as
reduced funding for ecosystem conservation projects. Adaptive management of
ecosystems occur in two phases: - the deliberative and iterative phases (Williams
& Brown, 2014). In the former, stakeholders are involved to redefine objectives and
alternative measures to improve ecosystems and in the iterative phase trade-offs are
made to make decisions, monitor and assess their success (Williams, 2010). In the
deliberative step, multiple stakeholders are involved in coordinated problem analysis
and collective action planning (multi-planning). In the iterative step, stakeholders
are mobilised in analysing the costs affiliated with suggested action plans to select
the most appropriate, based on its viability and available finances. At this step,
stakeholder cooperation and mutual trust is required as compromises have to be made.

The last step in implementing SEM is devising realistic long-term action plans
towards its realisation. This step requires strategic planning, implementation of
action plans, their monitoring and assessment with the transparent involvement of
stakeholders. Long-term plans are important in understanding ecosystems and their
associated processes, risks and limitations. Planning is part of adaptive management
of ecosystems and it must diagnose challenges and mitigation measures based on
the highlighted principles of SEM. A valuable component in all these steps apart
from their monitoring and assessment is providing feedback on progress made and
bottlenecks experienced considering that SEM is a learning processes, which can
be replicated between ecosystems (Williams & Brown, 2014; Birge et al., 2016).

Challenges and Solutions in Implementing SEM

The complex nature of ecosystem processes amidst a change-prone environment
are hindrances to its sustainable management. Leech et al. (2009) highlighted that
ecological disturbances, stresses and the lack of adequate funding and human capacity
are the key impediments to successful SEM. The discrepancy in natural boundaries
from social and political ones is a challenge in adopting this concept as ecosystems
in natural landscapes are currently managed autonomously by various agencies
whose management ideologies, policies and agendas are divergent. Rosenberg and
McLeod (2005) claimed that managing ecosystems as distinct entities limited to a
particular administrative boundary cannot realize SEM since some ecosystems are
transboundary and stakeholders involved in management have different interests,
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which sometimes are irreconcilable. Additionally, no single region or sector is fully
equipped with information on the broad focus to manage ecosystems while taking
in consideration all stakeholders of interest and dealing with uncertainties of such
habitats.

Therefore, multi-sectoral collaboration and stakeholder recognition is valuable
in SEM so that the right individuals are involved in the process from the onset.
Considering ecosystems as place-based, local communities and the public should be
involved torealize common understanding and goal formulation. According to Quinn
(2002), this is the link between collaborative and adaptive ecosystem management
where planning for SEM recognizes that biodiversity is interconnected, extends
beyond administrative boundaries and its success is based on multi-stakeholder
participation. To overcome boundary hindrances in SEM, Leech et al. (2009) proposes
collaboration of stakeholders and institutions to build trust and push such initiatives
to their full implementation. Additionally, considering the biases and preferences of
organizations, individuals and management is key in unlocking administrative and
political boundaries that hinder holistic ecosystem management (Jenkins, 2018).

Another challenge to overcome in SEM is the conditions of ecosystems that
operate over extended temporal and spatial scales. Spatially, ecosystems could
cover large areal extensions that include many components with diverse needs and
preferences. Temporally, ecosystems change and with these modifications, site-
specific management approaches are required. With these challenges, no single time
or space scaled management framework is fit for SEM. To bridge these gaps, time
and space-considerate adaptive management is essential according to Williams and
Brown (2014). This concept of management rely on availability of baseline data
regarding ecosystem mapping, biodiversity distribution and consumption patterns.
The data can be used to make accurate predictions on future ecosystem scenarios
(disturbances and stresses) and develop best management practices. Although data
inadequacy is not a justification for inaction towards SEM, its availability is a crucial
component of adaptive management particularly the setting of realistic goals and
targets and in the monitoring of success and sharing feedback on milestones made
(Leech et al., 2009).

Stakeholder collaboration during SEM implementation is a great challenge since
their benefits from an ecosystem and the perceived value of such regions differ
from stakeholder-to-stakeholder and even for similar stakeholders at different time
and spatial scales (Hein et al., 2006). Under these circumstances, stakeholders in a
given ecosystem seek to optimize the benefits of an ecosystem without considering
others and effects to other ecosystems particularly those that are transboundary.
Some stakeholders often resist SEM since it has negative effects on the benefits they
reap from such areas as Leech et al. (2009) noted. For example, tree loggers only
prioritise the economic benefits they reap from deforestation without considering
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the benefits of trees in carbon sequestration, provision of wildlife habitats and
attracting rainfall towards climate change adaptation. On the other hand, industry
owners in most cases prioritise on their manufacturing activities and neglect the
resultant effects in the form of wastewater production or the release of greenhouse
gases thatresult to environmental pollution. Inadequate knowledge sharing, mistrust
among stakeholders and lack of public awareness on the benefits of SEM results
to resistance. To overcome this problem, managers of ecosystem-based projects
must involve all stakeholders, use their skills and knowledge at all stages of SEM
to work with them effectively. Additionally, they should invest in training them
on the relevance of such initiatives to promote acceptability and participation
in ecosystem-based projects. Hein et al. (2006) uphold these ideas claiming that
stakeholder involvement in SEM projects supports sound action-plans and enhance
holistic ecosystem goods and services valuation.

The ever-increasing demand for ecosystem good and services from an ever-rising
populationis a key challenge in SEM. Populationrise is a driver to ecosystem change
despite the uneven distribution of resources and the fact that vulnerable populations
are the ones most affected. According to Rashid, Scholes and Ash (2005), the
situation is best described as, ‘living beyond our means’ where everyone depends on
ecosystem services for life. Although these ecosystems have improved the lives of
many, their capacity to provide goods and services in the future has been weakened
to make them unsustainable. Degradation of freshwater, aquatic food and the rise
of climate variability, hunger and disease prevalence are some of the consequences
of weakened ecosystems. The precautionary principle therefore must be applied
in SEM to ensure available ecosystems are used sparingly to prevent depletion
through adaptive management as Birge et al. (2016) advised. Lu et al. (2015) also
recommended the need to develop healthy ecosystems through human population
control claiming that it will regulate consumption patterns and offset the existent
heterogeneity in distribution of ecosystem goods and services globally.

The dynamisms in funding, resource planning, on-the-ground practices and policy
formulation is another challenge in SEM. Usually, these aspects are influenced by
political regimes, which are transient though SEM is long-term and its scope in terms
of time and space goes beyond the political regimes (Leech et al., 2009). To address
this problem, policies on SEM should be flexible enough to recognize its long-term
nature and enable funding even with changes in governance. Evenly, SEM goals
should be reconciled with political timeframes that enhance their feasibility through
funding. According to Curticle, Dunn, Roberts, Carr and Halpin (2012), most SEM
initiatives are implemented by researchers who have funding limitations. The authors
noted that the implementation of the initiatives without adequate financing would lead
to their ultimate failure, as tools to optimise them will be underused. Ways that can
enhance SEM funding include grants from nongovernmental organizations, internal
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government funds, fee-for-services, endowments and through funding skunkworks
projects (Curticle et al., 2012).

Case Studies

Using the aforementioned principles and elements, SEM has been implemented
successfully in some parts of the world. In the following sub-sections, three case
studies showing the applicability of this concept are discussed.

The Case of Indonesia’s Raja Ampat

The Raja Ampat Islands are found in Indonesia and neighbour New Guinea to
the west. The islands are known for their biological diversity. Although the area
is sparsely populated, its marine ecosystem is under pressure due to overfishing,
corallivore outbreaks, pollution and natural resources over-exploitation (Bailey &
Sumaila, 2009). Commercial fisheries and artisanal activities are the main economic
contributors though logging, tourism, agriculture and pearl farming contribute
to the economy (Tallis et al., 2010). Ecosystem management of the area is under
regent authority since the 1990s though area residents prefer a devolved system
considering the diffuse population and the highlighted ecosystem issues. A combined
effort between the Raja Ampat regency government and several nongovernmental
organisations has developed an initiative to protect marine areas and safeguard the
livelihoods of fishers for holistic economic growth in the area. The acceptance of
the initiative by local stakeholders has enabled them to collaborate with the NGOs
and government to implement a SEM plan towards overcoming the challenges of
inadequate institutional commitment and poor governance as Grieve and Short
(2007) noted.

In planning, three NGOs namely World Wildlife Fund (WWF), Conservation
International and The Nature Conservancy were involved in defining the objectives
of the initiative and formal project scoping. Although data on ecosystem health in
the area was scanty, increased financing of ecosystem-based projects of the region
by the government and NGOs saw a successful ecosystem characterisation in a
participatory stakeholder engagement (Donnelly, Neville & Mous, 2002). Using
available data to establish ecosystem conditions and the fish biomass threshold,
Raja Ampat ecosystem was reconstructed. Indicators such as fish and turtles
were shown to decline due to a rising population density and overharvesting of
these ecosystem services (Palomares & Heymans, 2006). Historical information
regarding the ecosystem was collected through interviews and the data was used
to conduct a formal risk assessment, which concluded the need for action towards
SEM (Ainsworth, Pitcher & Rotinsulu, 2008).
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Actions toward SEM started with primary data collection to assess the status
of the ecosystem. This was done using a combination of techniques including
oceanographic monitoring, aerial coastal surveys, community interviews, dive
transects and sampling of fish stomachs. An ecological path to SEM was designed
using Ecosim model to devise sustainable fish harvesting approaches (Ainsworth et
al., 2008). Additionally, multi-stakeholders used primary data alongside historical
data to assess Raja Ampat ecosystem effects on fisheries (Palomares & Heymans,
2006). Although the highlighted actions resulted to better fishing habits and partial
restoration the marine ecosystems towards SEM, a lack of capacity to monitor
indicators such as the fish population, coral bleaching, invertebrate grazing and
coral cover hinders accurate feedback processing towards sustainability. Incidents of
illegal fishing, exploitation of forests and artisanal fishing are reported and without
an effective monitoring system, gains made might be reversed (Tallis et al., 2010).
The area also grapples with poor institutionalisation of ecosystem conservation
efforts hence the lack of appropriate data management. Therefore, there is a need
to incorporate all economic sectors of the area’s ecosystem in future including
mining and forestry sectors to ensure that SEM is holistic and multi-disciplinary
(Tallis et al., 2010).

The Case of Venezuela’s Guacharo National Park

The Guacharo national park located in Venezuela and 12 km from Monagas town
is an essential ecosystem to residents. The park faced several ecosystem challenges
including declined fish survival, overfishing, excessive logging and destruction of
the pristine environment particularly along the Turimirique river basin (Smith &
Maltby 2003). A combination of reserve protection, restoration and management
measures were developed towards SEM. In response to these challenges, the
government approved the enlargement of the park from its original 15, 000 ha to 62,
000 ha after an ecosystem characterisation in aspects of its value from sink holes,
caves and pristine environments of the park (Smith & Maltby 2003). The national oil
company in collaboration with area stakeholders initiated the Cerro Negro project
to reforest 2000 ha of the park that was previously destroyed by wildfire. Through a
collaboration of the University of Oriente, Audubon de Venezuela that is a NGO and
the national oil company, a SEM project in Middle basin was started to research on
the park ecosystem; protect the forest and some of its endangered birds and vertebrate
species (Smith & Maltby 2003). The awareness of ecosystem conservation through
this project was extended to local schools. A south basin programme was initiated
to characterise the ecosystem and promote alternative economic activities such as
agriculture (coffee growing) to regulate overfishing practices.
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The above projects in Guacharo national park highlight some aspects of SEM
in their characteristics. The efforts of the projects was to use resources of the
area sustainably through fair sharing as addressed in the south basin programme.
Participation of multi-stakeholders (such as nongovernmental organisations, research
institutions, locals and the government), portray participatory and collaborative
management of resources through shared knowledge and cooperative decision-making
(Smith & Maltby 2003). The fact that ecosystem management has an extended
scope from marine habitats to forests and agricultural biodiversity depicts efforts
towards holistic management that addresses cross cutting ecological issues towards
SEM. The success of the projects in this region were pegged on multi-stakeholder
involvement throughout the SEM lifecycle (Smith & Maltby 2003). Lack of clearly
defined ecosystem services and goods due to inadequate data, which hindered adaptive
resource management, was a common challenge in the four projects.

The Case of Kenya’s Maasai Land

The Maasai are a pastoral community who occupy parts of northern Tanzania and
southern Kenya commonly known as the Maasailand in East Africa (Homewood,
Kristjanson & Trench, 2009). The community lives in arid areas prone to rainfall
variability and climate change has made the situation worse by increasing the severity
of extreme weather (floods and drought). The nomadic livelihood of the community
has made it vulnerable to unpredictable drought and destruction of biodiversity
through the death of the domestic animals. With climate variability, ecosystems
of the Maasailand have been destroyed and the challenges that pastoralists face
amplified by loss of herding spaces, privatization of land, death of animals, loss
of culture by their sedentarisation and periodic shock as a result of political and
economic instability (Osanoetal.,2013). Additionally, Maasailand fertility has been
compromised because of extended drought leading to desertification and adverse
effects of flooding (Kimaro et al., 2018).

Apart from pastoralism, the Maasai benefits from other dryland ecosystem
services including ecotourism and wildlife support. With this recognition and in light
of the challenges they face, the Maasai have devised several adaptive management
strategies to preserve the integrity of their ecosystem. Examples are partnerships
between commercial tourism enterprises and Maasailand owners to develop wildlife
conservancies as Osano et al. (2013) noted. Some examples are in Kitengela, Mara
and Ol Kiramatian areas of Kenya. These conservancies though privately owned
have received government support particularly in Kenya to expand biodiversity and
extend protected areas. Initiatives focusing on payment of ecosystem services (PES)
have been initiated in the area to enhance the income benefits from direct access of
ecosystems and reduce poverty. Some of the PES programs adopted in Maasailand
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include contracts between pastoralists, NGOs or government conservation agencies
and incentivising conservation practices to promote cultural integrity and eco-tourism.
The Maasai Mara wildlife conservation project, which is funded by the government
in collaboration with nongovernmental conservation agencies, promotes restoration
of the Maasailand ecosystem through eco-tourism and has been instrumental in
reducing poverty among the residents by serving as an incentive (Osano, 2011).

From the perspective of SEM, adoption of PES and the rise of conservancies in
Maasailand is crucial in adaptive management in relation to climate change stresses.
These initiatives enhance community resilience to drought by diversifying their
income sources. For instance, wildlife conservation as an alternative income source
buffers the nomads from fluctuating livestock values during extreme drought, which
helps to overcome liquidity constraints from such ecosystem stresses (Osano et al.,
2013). Additionally, these initiatives are synergies that promote the trade-offs for
nomadic livelihoods by restricting their land over-exploitation practices. Through
SEM, these benefits can be optimised.

CONCLUSION

SEM is a growing concept in ecological conservation amidst rising population and
environmental uncertainties particularly from climate change. This chapter explains
the principles of the conceptincluding the need for holistic and adaptive management
whose scope is transboundary. Elements of sustainability and trading off between
different human and ecological needs is explored. A 5-step process to implement
SEM is proposed. The chapter describes the challenges of SEM including divergent
political ideologies, stakeholder resistance and limited funding. To overcome these
challenges, the chapter proposes the investment in ecological characterisation and
conservation through accurate baseline data collection, enhanced funding for SEM
projects and better collaboration of multi-disciplinary stakeholders including local
communities. Using success stories of three case studies, implementation of SEM
is shown to be feasible and realistic even in developing countries though some
bottlenecks must be dealt with.
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ENDNOTES

! Society of American Foresters- It is an educational and scientific

nongovernmental organization, which promotes best forestry management
practices through education and science.

An association of the federal government of Oregon State charged with the
management of forest ecosystems.

A division of the national forest service of the USA charged with management
of forest habitats and resources.

A national trade group of paper and wood products industry that advocates for
sustainable use of forest goods and services.

138

printed on 2/14/2023 11:51 AMvia . Al use subject to https://ww.ebsco.coniterms-of-use


https://unfccc.int/files/press/backgrounders/application/pdf/press_factsh_science.pdf
https://unfccc.int/files/press/backgrounders/application/pdf/press_factsh_science.pdf

Sustainable Ecosystem Management

5 A multidisciplinary and autonomous group supported by British Columbia’s
provincial government, communities, forest industry and national government
to implement coastal land resources plans.
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ABSTRACT

This chapter provides a general overview of the effects of climate change on the
terrestrial ecosystem and is meant to set the stage for the specific papers. The
discussion in this chapter focuses basically on the effects of climatic disturbances
onterrestrial flora and fauna, including increasing global temperature and changing
climatic patterns of terrestrial areas of the globe. Basically, climate disturbances
derived increasing temperature and greenhouse gases have the ability to induce
this phenomenon. Greenhouse gases are emitted by a number of sources in the
atmosphere such as urbanization, industrialization, transportation, and population
growth, so these contributing factors and its effects on climatic events like temperature
rise, change precipitation pattern, extreme weather events, survival and shifting of
biodiversity, seasonal disturbances, and effects on glaciers are relatively described
in this chapter.

INTRODUCTION

This chapter provides a general overview of the effects of climate change on terrestrial
ecosystem and is meant to set the stage for the specific papers. The discussion in this
chapter focuses initially on individual factors as affected by climate change or, for
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instance, choice of adaptation strategy, followed by some discussion of how these
factors mightinteract with each other. The northernmost terrestrial regions of Norway
and Sweden are experiencing an increasingly warmer and wetter climate and the
rate of warming is projected to increase in the future (IPCC 2013). Climate change
in concert with land-use change and other anthropogenic drivers like air pollution,
of change are already rapidly affecting northern ecosystems with consequences for
living beings, infrastructure and economic condition (Arctic Council 2013). The
1992 Framework Convention on Climate Change (FCCC) includes climate changes
connected directly or indirectly to increasing anthropogenic activities on the globe.
The impact that climate change has on natural terrestrial and other ecosystems, on
human society and economies could be disastrous. The potential effects range from
sea level rise and melting ice at higher latitudes and altitudes, to changing regional
weather patterns. The increase in the atmospheric abundance of greenhouse gases
alters the energy balance of the climate system of terrestrial ecosystems, and causes
a variety of natural disturbances such as increased desertification, extreme droughts,
floods, tropical cyclones, more frequent wildfires, rising sea levels and melting
glaciers (IPCC, 2007).

While there is a range of factors contributing to long- and short-term climate
variability, it is now clear that changes during recent decades are at least partly
related to the accumulation of anthropogenic greenhouse gases (GHGs) accumulating
in the atmosphere (Crowley 2000; Karoly et al. 2003; Kerr 2001; Mann and Jones
2003; Stott et al. 2000), and while terrestrial and marine systems may act as natural
sinks, helping to buffer the total GHG accumulation (Field and Fung 1999; Fung
2000), there will be a net increase in atmospheric GHGs over time (Falkowski et
al. 2000). The Intergovernmental Panel on Climate Change (IPCC) has recently
projected a global temperature increase of 1.4-5.8 °C by 2100 (IPCC 2001a). The
global average surface temperature increased during the twentieth century, with the
1990s the warmest on record. Snow and ice cover have decreased, global average sea
level has risen, and the heat content of the oceans has increased (IPCC 1997). Other
aspects of climate phenomenon have during the recent century, such as: changes
in precipitation and cloud cover, low and high temperature periods, more frequent,
persistent and intense episodes of the El Nino and related adverse effects on weather
in many areas and an increase in drought and severe wet periods (IPCC 1997). Some
climate and weather related phenomenon, including tornadoes or tropical storms,
do not shown any change in their patterns IPCC 1997).

Climate change has been largely induced through land-use changes, deforestation
and reductions in soil organic matter levels related to soil tillage. Over the past
several millennia, large portions of Asia and Europe were deforested, generally to
convert forest areas into agricultural fields. During the 18th and 19th centuries, the
clearing of northern hemisphere forests, largely North American, for agriculture
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was the largest agent of change in the carbon cycle (Houghton et al. 1999). Existing
global temperature rise is already affecting the development and behavior of
many organisms of terrestrial ecosystem (Jensen 2003). As long as the increased
temperatures are not extreme, they can lead to increased crop yields (Lobell and
Asner 2003). However, in small grain cereals crops, increasing temperatures can
lead to accelerated development and lower crop yields (Batts et al. 1997).Climate
change has already had an observed impact on biodiversity and natural ecosystems.
Climate change induced loss of biodiversity has directly or indirectly changed the
pattern and dynamics of flow of energy and material circulation in a number of
ecosystems including terrestrial ecosystem (Zhong and Wang 2017). The impact of
change in climatic phenomenon upon avian biodiversity of terrestrial and wetland
complexes is more evident than upon waterfowl (IPCC 2002).

International agencies have identified a range of potentially adverse impacts for
wildlife likely to occurin aclimate changing world. As the IPCC) Intergovernmental
Panel on Climate Change has observed, animals and plants can reproduce, survive
and grow only within specific ranges of environmental and climatic conditions
(Rosenzweig et al. 2007). The climatic changes alter beyond the tolerances level of
animal and plant species, then they may respond accordingly for survival. Changes
in global terrestrial ecosystems under climate change may themselves exert further
effects onregional climate. Terrestrial ecosystem induced changes in concentrations
of GHGs, such as CO, and CH, will exert global scale impacts.

CONTRIBUTING FACTORS
Waste Burning

Forest fires and the intentional burning of biomass in the terrestrial ecosystem are
an integral part of Earth’s system since they occur. In the terrestrial ecosystem,
fires influence the composition of flora and fauna species and hence indirectly, the
type of biome (Brimblecombe 1996), change surface energy fluxes, and affect the
atmospheric water cycle with removal of vegetation and changes to vegetation types
(Ekirch 1993). While they can recycle nutrients to ecosystems located downwind
they also damage ecosystems, property, infrastructure, and human life. Trace gases
and aerosol fire emissions influence atmospheric chemistry, radiative processes,
and cloud formation (Boyle 1992), and can contribute to local, regional, and global
level. Predicting the occurrence and magnitude of fires is the subject of significant
research activity, with advanced tools and methods continually being improved to
refine the understanding to predict fire occurrence in a global changing climate.
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Transportation

While transportation is essential for the economic well-being of any society, the
losses associated with transportation, including the erosion of non-renewable
resources and environmental pollution, are considerable. In the recent several years,
the amount of automobiles increases rapidly with the increasing needs of traffic.
The unburned gaseous pollutants discharged by automobiles are one of the most
important factors that cause the air pollution around the main roads in urban areas.
The pollution sources can be divided into two kinds, stationary and mobile pollution
sources. Automobiles in the urban areas of the developing and developed cities
considered as a major air pollution and GHG source. With the rapidly increasing
number of automobiles in the world in public and private sector responsible for
rapidly increasing concentration of GHGs (Dandotiya et al. 2020).

Industrialization

Industrialization period of many countries also known as industrial revolution in
the World, was the first stage of beginning of air pollution in the atmosphere of the
earth. The impact of industrialization on terrestrial ecosystem is well known. The
terrestrial communities and other living beings that had so far depended solely on
agriculture and forests as means of livelihood are now facing the challenge of machine
technology. The industrialization has resulted net only in the change in their socio-
religious life but also in pattern of settlement and health status. Industrialization has
brought in large number of alien diseases. On the whole industrialization is one of
the major factors in the destabilization and therefore, terrestrial population needs
special attention. Industrialization, urbanization, deforestation and immigration
have resulted in Deteriorations of ecology. Social and health status of terrestrial
communities faced a number of changes in surrounding ecosystems after the above
mentioned activities. Continuous increase in industrial air pollutants emission will
lead the ratio of population suffering chronicle diseases, among which respiratory
diseases occupy a significant proportion, to rise. The harmful effects of air pollution
on public health not to be comparable with the positive effect of economic benefits
(Dandotiya et al. 2019).

Urbanization
Urbanization leads to develop a new kind of ecosystem on the earth called as urban
ecosystem. Urban ecological risk caused by rapid urbanization means potential threat

to terrestrial ecosystem structure, pattern and services. The scales of ecological risk
assessment have been expanded fromindividual organisms to watersheds and terrestrial
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regions. Urban areas consist of natural and manmade elements, corresponding to
the urban green infrastructure and the built infrastructure, respectively. The Green
Infrastructure includes natural and semi-natural areas, designed and managed to
protect biodiversity and deliver ecosystem services, whereas the Build Infrastructure
consists of artificial elements such as buildings, roads, pavements, bridges and brown
fields (Bai and Schandl 2010; European Commission 2013). The urbanization trend
in combination with scarcity of land creates pressure for an expansion driven by
price rather than environmental considerations (European Commission, 2011a) and
this can lead to changes in the structure and function of urban ecosystems and the
services provided (Bolund and Hunhammar 1999; Maes et al. 2016).

Energy Consumption

Inthe 1970s the primary focus was on the relationship between energy and economics.
At that time, the linkage between energy and the environment did not receive as
much attention (Xueliang et al. 2015). Several environmental problems associated
deeply with energy use span a growing spectrum of ambient air pollutants, hazards,
and accidents and degradation of quality of environmental factors and natural
ecosystems. The rapid growth of developing economy has massive implications to
the energy demand and associated environmental impacts such as climate change,
global warming and ecosystem disturbances. Modernization of human society has
established a rich material civilization through mass production made possible by
consuming a great quantity of resources (Omer 2008). However, due to the huge
consumption of energy, many environmental problems have occurred, which exerts a
serious influence on the existence of mankind and destroys the regeneration circulation
function of nature and exceeds the purification ability of natural terrestrial ecosystem.

The increase of energy consumption associated with mass production and mass
consumption increases the air pollution problem is caused mainly by the consumption
of coal and petroleum.

Air Pollution

Every year, more than 3.5 million people die on the globe due to air pollution, afigure
which increased by 4 percent from 2005 to 2010 (UNEP 2014). Both short-term and
long-term exposures to ambient gaseous and particulate air pollutants have been
shown to increase the risk for respiratory diseases (Sharma et al. 2017, Dandotiya
et al. 2019). In the last few decades, air pollution caused by transportation, urban
development and growing industrialization has caused air pollution to become a
major emission source for atmospheric air quality degradation (Banwari Dandotiya,
2019). The main cause concerned with climate change and other related disturbed
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Figure 1. World Energy Consumption 2015
(Source; Workbook, SRWE, London 2016)
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atmospheric events was increasing concentration of air pollutants in the atmosphere
(Dandotiyaetal. 2018). Many air pollutant sources also emit dominant anthropogenic
greenhouse gases like carbon dioxide. The two main contributors to non-attainment,
Ozone and particulate matter, interact with solar radiation, forcing climate change,
contributes in warming by absorbing sunlight (e.g., carbon particles) or cools by
scattering (e.g., sulfates) and interacts with atmospheric clouds; these radiative and
microphysical interactions can induce changes in precipitation quality, pattern and
regional circulation system (Arlene M. Fiore et al, 2015). Processes disturbed by
the increased concentration of green house gases disturb atmospheric processes,
structure, distributions and normal atmospheric episodes.

Deforestation

Forest cutting and other land use changes have profoundly altered the natural
distribution and composition of global forest types, which are strongly correlated
with environmental degradation and green house gas emission (Graumlich and Davis
1993, Kimmerer 1989). Vegetation can reduce the concentration of gaseous and
particulate pollution by absorption and other structural factors, thus control overall
concentration of green house gases from different sources (Dandotiyaetal, 2019). In
particular, terrestrial vegetation growth absorbs carbon from the atmosphere while
deforestation responsible for increase in carbon concentration to the atmosphere.
Human activities for their greed also alter ecosystems richness through land clearing
for agriculture, farm abandonment, and introduction of invasive species (Bonan
2008). It is also observed in studies in recent decade that vegetation of terrestrial
ecosystems provide significant feedback to climate and that natural and anthropogenic
changes (Bonan 2008).
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Figure 2. Changes with global warming
Source: Hunt JCR et al. 2018)
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IMPACTS OF CLIMATE CHANGE
Temperature

There is a range of model predictions available for the future, but most indicated
that global average surface temperatures will rise by 1.5—4.5 °C over the next 100
years (IPCC 2013). The increases will be smallest at the equator and greatest at the
poles (Vaughan et al. 2001).

Seasons

At higher latitudes, where the length of the growing season is set by the time of
last spring frost and first fall frost, the potential growing seasons will be longer. As
night temperatures are increased more than the day temperatures, and killing frosts
occur at night, season lengths will increase faster than average daily temperatures.
However, the higher night temperatures will increase plant respiratory consumption
of photosynthate disproportionately (Amthor 1997). In addition, winter temperatures
are increasing more rapidly than summer temperatures (IPCC 2001a), and temperature
increases are more rapid at higher latitudes. All in all, climate-change effects will
be most dramatic for higher latitude nations.
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Figure 3. Projected greenhouse gas levels and temperature increases on possible

future emissions scenarios.
(Source: Climate Interactive December 9, 201 1. www.ClimateScoreboard.org)
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Glaciers and Rivers

Glaciers around the world retreated an average of about 30% during the 20th century
(Anonymous 1998). The glaciers of the Himalayan mountains are retreating at a rate
on the order of 30 m per year (McDowell 2002); many of these glaciers feed the
large rivers of Asia, which provide water to produce the crops that feed a very large
number of people. Populations have developed along many of these rivers, based
on this extra water (from glacier melting) and the resulting greater food production,
and reductions in river flow, when the glacier water additions decline, will lead to
hardship. Similar events are occurring in terrestrial areas. A large amount of irrigated
agriculture in Alberta is based on the many small rivers that run out of the Rocky
Mountains and onto the prairies. These rivers are also glacier fed, and many of these
glaciers are shrinking, for instance the Peyto glacier in Alberta has lost 70% of its
mass during the last few decades.

Extreme Weather

Climate change will lead to more frequent episodes of drought and high temperature
(Easterling et al. 2000). Increased frequencies of drought will hamper crop production
in many areas of the world. Some semiarid areas, like the Paliser triangle discussed
above, will become unable to support crop production. We will have more extreme
El Nifios and more often (Fedorov and Philander 2000; Kerr 1999; Timmermann
et al. 1999). Tropical storms will be more frequent, stronger, and more destructive
(Goldenberg et al. 2001). Collectively, these changes will make crop production
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more unpredictable and more difficult, and crops and cropping systems will have
to be adapted to these new circumstances (Shugart 1998; Walker et al. 1999).

Sea Level Rise

Most models predict a sea level rise of about 50 cm by 2100 (Gregory and Oerlemans
1998) because of a mixture of glacier and ice-sheet melting, and thermal expansion
of sea water. This will lead to the loss of agricultural land because of flooding by
sea water and salinization in areas that are newly coastal. River deltas are some of
the most productive agricultural lands, and these will be the areas most extensively
flooded, with Bangladesh (Clarke 2003; Huq 2001) and some of the small island
nations being most affected.

People

There is good evidence of past climate shifts causing social disruptions (Hodell et
al. 2001), including migrations (deMenocal 2001). In North America, there will be
a northward migration of crop production. For instance, the Paliser triangle may
become too dry for annual crop production, while more northerly areas of the Canadian
prairies will become warm enough for crop production. There is an area, largely in
Northern Saskatchewan and Alberta that could be brought into production; this area
is roughly as large as the Paliser triangle, but the soils are younger and less fertile. A
northward movement of agricultural activities will require the development of rail
infrastructure in the Canadian North. At the same time, as conditions warm, it may
become more feasible to ship larger amounts of grain from the port of Churchill,
perhaps even across the Northwest Passage to Asia. There will be a need for new
crop production and shipping infrastructure in northern North America. Similarly,
in Finland, models predict poleward migration of cereal production at 100— 130
km per 1 °C increase in average yearly temperature (Carter and Saarikko 1996).
Presumably, this northward migration of agriculture will be accompanied by a
parallel migration of agriculturalists.

Biodiversity

Anthropogenic sources of emissions of greenhouse gases including carbon dioxide
and methane are considered the main cause of an observed 0.8 °C increase in average
surface temperature of the globe since pre-industrial times (IPCC 2013). These
increasing changes in greenhouse gas concentrations have a number of implications
not only for temperature, but also for precipitation patterns, ice-sheet dynamics, sea
levels, ocean acidification and extreme weather events such as floods and droughts
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etc. (IPCC 2013). Such changes are already starting to have significant impacts
on terrestrial biodiversity and many ecosystems types, including varied species’
distributions, inter-specific relationships and life history events, and are predicted to
intensify into the future (Warren et al. 2013). With continued alarming greenhouse
gas emissions (Jackson et al. 2016)

Flora

Long-term changes in temperature, precipitation pattern, atmospheric CO,
concentration, and the chemistry of precipitation alter the adaptive capacity for
vegetation growth (Livia2014). The carbon budget of terrestrial forests has important
role in the global carbon cycle (Prentice et al. 2001). Inter-annual variability in the
terrestrial carbon cycle has a large impact on the global carbon cycle responding to
climate variations (Bousquet et al. 2000). These inter-annual variations are induced
by changes in photosynthesis and respiration due to climate variations, understanding
of the responses of terrestrial ecosystems to environmental changes is not fully
understood (Fearnside 2004).

Fauna

Climatic change are considered to have alarmingly influenced distribution of
terrestrial and amphibian species, particularly for cold blooded animal species, due
to their reliance on external conditions for efficient physiological processes (Vitt
and Caldwell 2014). There is limited information regarding distribution patterns
and ecological requirements restricted species. Climate change highly increases
the vulnerability of these species, due to their likely low dispersal capabilities and
narrow physiological tolerance ranges on terrestrial ecosystems (Botts et al. 2015).
There are often limited species-specific data available for such restricted species.

Biological Evidence

Natural biological events are some of the most potent indicators of climate change.
Phenological studies are now viewed as sources of primary data of great value
in tracking the impact, scale and rate of climatic alteration like disturbance in
synchrony between temperature and photoperiod. Pathogens and insects show
individual patterns of response to temperature, CO, and photoperiod, the result is
a loss of evolved phasing. This changes the relationships between plants and the
environment. The biological evidence demonstrated in a study for woody perennials
such as Rhododendron spp. and cultivars by Dixon & Biggs (1996) for acclimation to
temperature change following the cessation of dormancy. Some more studies presents
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data from Salisbury, Wiltshire containing 64000 records dating from 1950 identified
that the growing season for many fungi has increased as ambient temperatures have
risen (Gange et al., 2007). Over this 50-year period of temperature increase, fungi
doubled the length of their reproductive period from 33 days to 74 days, Some are
now reproducing twice per year instead of once (Gange et al., 2007). It is suggested
that changes seen in the growing season of fungi are the most substantial for any
group of organisms on Earth for biological evidence (Gange et al., 2007).

CONCLUSION

Climate Change is extremely important issue of our time and we are at a determining
moment. From changing weather patterns that is a menace food production, to
increasing sea levels that increase the risk of calamitous flooding, the impacts of
climate change are global in scope and unprecedented in scale. Without far-reaching
action today, adapting to these impacts in the future will be more difficult. Our country
isthe fourth largest economy and fifth largest greenhouse gas (GHG) emitter, globally,
accounting for about 5% of global emissions. Rapidly growing population and their
needs, increase the green house gas emission in the atmosphere in a number of ways.
Climate change is a reality of life. Urgent actions are needed if we are to mitigate
an irreversible build-up of GHGs which induced global warming at a potentially
huge cost to the economy and human society globally. The emission of greenhouse
gases in the earth’s atmosphere, much of it driven by anthropogenic activity, is
already affecting the global climate. Under current projections, concentrations of
green house gases will continue to increase into the indefinite future, entailing a
process of continued global warming. The probable effects of global warming and
climate change can be faced by human society include more frequent wildfires,
longer periods of drought in some regions and an increase in the number, duration
and intensity of tropical storms. Changes in management practices may be helpful
in achieving mitigation in climate change such as making equipment more energy
efficient, adopting greener technologies and renewable energies. Climate change
mitigation generally involves reductions in anthropogenic emissions of greenhouse
gases. Fossil fuels account for about 70% of GHG emissions in developed and
developing countries (Kurokawa et al. 2013). Mitigation measures should be taken
for climate changes are as follows, enhancing the energy efficiency of houses and
a reduction of green house gases, make housing emission free. Mitigation can be
implemented by the energy tax system, incentives for electric vehicles through tax
reduction, more efficient and sustainable transport. Subsidy schemes also helpful
for mitigation such as renewable energy use, funding for innovation aimed at
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hydrogen and other sustainable fuels, Phasing out coal-fired electricity generation
and incentives for climate-friendly food consumption, etc.
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KEY TERMS AND DEFINITIONS

Air Pollution: Air pollution is degradation of air quality by anthropogenic or
natural phenomenon.

Climate: Climate is the long-term seasonal weather conditions of more than
30 years.

Climate Change: Climate change is the change in pre-existed long term weather
conditions.

Extreme Weather: Extreme weather means unexpected or unseasonal weather
due to global warming or climate change. For example, change in rainfall pattern,
rise in temperature, etc.

Global Warming: Global warming is the rise of global temperature, due to
increasing concentration of greenhouse gases in the atmosphere.

Greenhouse Gases: Greenhouse gases are those gases releases by incomplete
combustion and have comparatively high heat absorbing abilities from solar radiation.

Terrestrial Ecosystem: A terrestrial ecosystem is collective term for all land-
based ecosystems including, grassland, forest, tundra, taiga, etc.
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ABSTRACT

WFE nexus is an important aspect in building sustainable economies. Water is
used in food production while water supply and food processing require energy.
Understanding the interrelationships of the nexus components is a growing interest
for researchers and policymakers towards sustainable development. This chapter
analyses the in-depth meaning of the WFE nexus, its importance, and its involved
processes. The chapter also evaluates the effects of climate change on the nexus
using case examples in South Africa. It also proposes a road map to facilitate better
management of the nexus by recommending useful action plans. These action plans
prioritize on baseline data collection, optimization of WFE nexus processes and
cooperative management of resources, and climate change adaptation.
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INTRODUCTION

There is an inextricable relationship between the production, use and security of
water, food and energy (WFE) (Cai et al., 2018). In exploring this intertwined
relationship, Nhamo et al. (2018) claimed that water and energy are prerequisites
of food production and water management requires energy where, hydro-energy is
the essential power provider. Similarly, Weitz et al. (2017) exemplified the WFE
interrelationship suggesting that drought results from climate change, which results
to energy and food insecurity problems that are propagated by the lack of water.
WEE are vital components of sustainable development, poverty reduction and human
wellbeing. As the demand for WFE resources rises, the supply of these interrelated
resources is reducing and so is there security. Zhang et al. (2018), who highlighted
this issue, claimed that the global demand for WFE resources would rise by 50% by
2050 compared to the scenario in 2015. The ever-rising population, urbanization and
climate change trends will further drive the demand for WFE resources. Consequently,
the resources will be under additional pressure apart from constraints by competing
needs under limited supply worldwide and increasing food demand.

Under these circumstances, the holistic management of the WFE relationships
commonly referred to us the WFE nexus towards realising sustainable development
is gaining more attention to policy formulators and decision makers as Weitz et al.
(2017) highlighted. The concept advocates for integrated use of water and energy
resources and its origin dates to the Harvard Water Program of the 1960s that
focused on water management research in an interdisciplinary and multifaceted
relationship to the environment and human society (Cai et al, 2018). Its formal
introduction however only occurred during the World Economic Forum of 2008,
when challenges of economic development were globally summarised under the WFE
nexus perspective, although no consensus on its precepts was agreed upon (Smajgl
et al., 2016; Zhang et al., 2018). Shifting the focus to WFE nexus is valuable as
downplaying their interrelations has adverse consequences. For instance, bioenergy
initiatives that were meant to mitigate climate change by avoiding the use of fossil
fuels have since caused biodiversity loss, change in land-use and food crises as crops
compete with food for land and water resources (Zhang et al., 2018). Similarly, the
shift to desalination and water-conservation irrigation is likely to escalate energy
consumption because of increased treatment processes and pumping that require
power. With these considerations, this chapter seeks to demystify the concept of WFE
nexus and the roadmap towards its implementation in the South African context.
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DEFINITION OF THE WFE NEXUS

The WFE nexus is closely associated to integrated water resources management
(IWRM) and has particular focus on water resources. It aims at using integrated
approaches to assess investments and designs of multi-sectors while balancing
objectives, values and motivations of competing parties. This affiliation however, is
the source of the concept’s criticism with authors purporting that it has skewed focus
on water rather than natural resources, which demeans its holistic nature (Smajgl et
al., 2015; Bohensky et al., 2009). Authors such as Shah (2009) and Muller (2015)
question the applicability of the concept particularly in developing countries of Africa
and Asia. In their argument, the authors claim that attempts to implement the WFE
nexus in developing countries impose prescriptions on resources use rather than
promoting deliberate discovery of processes to manage the resources effectively and
efficiently. Consequently, the success of these initiatives is slow and even sometimes
regressed by poor acceptability by implementers and targeted users (Muller, 2015).

The conceptualisation of the WFE nexus is under constant critique and according
to Benson et al. (2015) who reported that there is no agreeable praxis on the concept
since its definition changes based on the empirical focus, geopolitical context and
focuses of specified integration sections. Zhang et al. (2018) however disagreed with
these suggestions by highlighting the two most acceptable definition of the WFE nexus.
The first definition describes the nexus as interactions of a variety of sub-systems
in the nexus system. For instance, water-energy nexus consists of interdependencies
between water and energy. Similarly, WFE systems can be subdivided into
interdependencies of water, food and energy. In this case, the production of energy
and food requires water and food can be used to generate biofuels. Cai et al. (2018)
supported this definition by claiming that the WFE interconnections are through
physicochemical processes. They have input-output relations and dominate markets,
institutions and infrastructural processes. By demystifying the interlinkages of the
WEFE nexus, complex systems can be processed in a balanced approach. This means
that the security concerns on WFE can be addressed holistically on understanding
their interrelationships.

The second definition describes the WFE nexus as an analysis process, which
quantifies the nexus nodes and links them. This is most emerging description
and has been accepted by the United Nations (UN) and the Food and Agriculture
Organization (FAO) who described the WFE nexus as systematic analysis of human-
nature systems whose aim is to promote integrated management of resources at all
scales and sectors while managing resultant trade-offs and building synergies (FAO,
2014). A deeper understanding of the nexus as a process is in its aims to enhance
resource recovery, promote efficient use, manage and understand the dynamisms
of its nodes (Keskinen et al., 2016; Zhang et al., 2018). With this definition, three
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aspects of the WFE nexus emerge; its methodology, governance and the view that
it is an emerging discipline. Irrespective of differences in the two definitions, there
is consensus that the WFE nexus is not like conventional decision-making as it
considers the three sectors (water, food and energy) as integrated rather than distinct.

AN EXPANDED VIEW OF THE WFE NEXUS

The WFE nexus is characterised by three aspects 1) chemical, biophysical and
physical interactions, 2) input and output of resources and 3) infrastructural, market
and institutional processes. Interactions of these aspects can be represented as shown
in Figure 1 and are derivatives of the first definition of the WFE nexus. Processes
that drive the nexus ultimately affect the performance and dynamics of each of its
components and the system as a whole through energy and mass exchanges. Water,
which is naturally variable, has superior importance compared to the other two
sectors in that it influences their dynamics (Scott and Sugg, 2015). Energy and food
sectors shape the spatial boundaries of humans. In this case, people make decisions
on where to site power plants and farms for crop and livestock production. Water

Figure 1. Interactions of the components of the WFE nexus
(Cai et al., 2018)
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on the other hand, is a function of physical boundaries and can be divided into sub-
basins, catchments or aquifers (Ray et al., 2015).

Figure 2. Interactions of the WFE nexus components and their interdependence on
the same resources
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WEE are essential inputs used to generate other resources as shown in figure
2. For instance, water is used to grow crops that are used to feed livestock. Once
fed, livestock produce waste, which is used in nutrient recovery. In addition to the
input-output interrelationship, WFE sectors compete for resources locally and
regionally. For instance, food production and hydropower generation compete for
water while food processing and water treatment compete for energy. Of the WFE
nexus components, water is the limiting resource that food and energy depend on.
The situation is more predominant in arid and semi-arid areas that face chronic water
shortage despite the high demand for the resource (Mekonnen & Hoekstra, 2016).
WEFE nexus is controlled by distinct but interlinked administrative, engineering,
infrastructural and market processes. The multifaceted and intricate nature of these
processes particularly their objectivity, operations and management make it difficult
for their full integration. Successful WFE nexus depend on the coordination of these
processes in the different nexus components and the willingness to compromise on
their different views by implementers. The influence of socioeconomic changes,
environmental modifications and technological innovations also play a role in
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influencing the WFE nexus by regulating the supply and demand of input-output
resources. For instance, climate change has led to the depletion of water resources,
which has resulted to reduced food production and increased energy costs.

From these interactions and input-output interlinkages of the WFE nexus, research
issues in this concept can be sub-divided in three approaches as highlighted by
Zhang et al. (2018). First, are the two-node sub-nexus such as water-land (Chen
et al., 2018), food-energy (Walsh et al., 2018), energy-water (Li et al., 2012) and
energy-irrigation (Sha et al., 2007). Second, are the three-node research issues
including the WFE (Zhang et al., 2018), water-energy-climate (Mu & Khan, 2009),
environment-water-climate (Groenfeldt, 2010) and land use-climate change-energy
(Daleetal.,2011). Third, are the four-node nexus issues including the WFE-climate
(Beck and Walker, 2013) and water-energy-land-climate (Hermann et al., 2012)
interrelationships. These issues support the second definition of the WFE nexus,
which emphasizes the analysis of inherent processes in the nexus nodes.

In these outlined two, three and four-node issues, climate and its associated
changes is overarching and of great significance considering that a coordinated
response measure to climate change in the WFE sectors is essential to socio-economic
development and its effects are cross-sectoral (Pardoe etal., 2018). Addressing climate
change in the nexus will enhance cross-sectoral synergies, trade-offs and enable
feedback irrespective of institutional incompatibilities and governance challenges.
Climate change adaptation will promote the convergence of inter-dependent WFE
components and avoid significant stress from its effects. According to Pardoe et al.
(2018), such a perspective will address the current resource management issues in
developing countries. In Mekong basin of Asia, the WFE nexus was successfully
implemented amidst the pressures on its resources, which have been exacerbated
by climate change through adaptation (Smajgl et al., 2016). Similar attempts are
underway in Tanzania (Pardoe et al., 2018).

The aforementioned nodes also emphasize the important role of water over the
other components of the nexus. Food and energy production depend on water resources
and with climate change, such resources have become insecure due to high demand
to meet food-energy requirements. To emphasize the important role of water in the
WEFE nexus Simpson and Jewitt (2019) stated that unlike food and energy, it has a
finite nature and has no alternatives and/or substitutes. As such, livelihoods of the
energy and food sector depend on the availability of water. Bogardi et al. (2012) also
stated that water moves a country’s economy particularly food and energy sectors in
the form of virtual water. In the light of climate change, water resources have been
exploited because of prolonged drought and increased temperature compromising
the capacity of its flow in the environment and deteriorating productivity of the
food and energy sectors.
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W-F-E NEXUS AND SUSTAINABLE DEVELOPMENT GOALS

Seventeen sustainable development goals (SDGs) were adopted in the United Nations
General Assembly of 2015 (UN, 2015). These resolutions include goals specific
to W-F-E as shown in Table 1. Implementing the WFE nexus would facilitate the
successful implementation of these SDGs through planned development, a clearer
alignment of these goals with planetary boundaries and a better framework for
efficient use of resources (Salam et al., 2017). Gupta (2017) emphasized that all
SDGs are directly or indirectly related to the W-F-E themes as both approaches
seek to end poverty, empower the poor and marginalised and streamline production
and consumption trends. From another perspective, energy and water accessibility
improve food security and lead to development. Therefore, implementing the WFE
nexus is a strategy to meeting these SDGs.

Table 1. SDGs directly associated with the WFE nexus.

Goal Number Objective

) Zero hunger through more food production, less wastage and enhanced support
to farmers.

6 Clean water and sanitation through efficient and effective use of water

7 Cost effective and clean energy provision through innovative and renewable
technologies.

3 Protect water, food and energy sources through climate action to mitigate climate
change effects.

14 Protection of life below water to maintain their biodiversity and protect coastal
livelihoods and food source.

INTERCONNECTEDNESS OF THE
W-F-E NEXUS COMPONENTS

From the described expanded view of the WFE nexus (Figure 1-2), it is evident
that understanding the connectedness and inherent processes of its components is
essential. Although concepts such as IWRM have attempted to address some of the
components, their interlinkages should be explored holistically. Some of the explored
issues include water supply and management, wastewater treatment, irrigation and
energy interconversions. The issues influence energy and food sectors significantly.
Emerging fields such as sustainable ecosystem management, green energy production
and eco-hydrology and are less explored though they enhance the understanding
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of the WFE nexus. However, issues to do with climate change and its relationship
to hydrology, energy and agricultural sectors require much attention as literature
documents gaps particularly in characterising their nexus interconnections (Cai et
al., 2018). The following sections attempt to describe the processes interlinking the
components of the WFE nexus.

Processes Connecting Water to Food Components

Water to Food

In food production, hydrodynamic processes such as subsurface flow,
evapotranspiration and precipitation are integral. In particular, demystifying crop
water requirement in the wake of climate change has not been fully exploited by
eco-hydrologists (Nistor et al., 2017). To maximum crop production, drainage
engineering and irrigation innovations to enable efficient water use have been
developed and employed yet; their effectiveness is challenged by the extreme and
erratic nature of weather resulting from climate change. Similarly, precipitation
has been reported to vary temporally and spatially resulting to modified rainfall
seasons, excessive dryness or wetness and erratic rainfall events (Kunkel et al.,
2012). These phenomena influence land use, cover, and ultimately, affect food
production decisions. For example, water that was previously stored during spring
in the USA is now being used for irrigation during late summer due to extreme
dryness (Zhang et al., 2018). The focus in providing water for food production is
in making crops and livestock adapt to erratic moisture changes without affecting
yields using engineering techniques.

Aquaculture is another source of food that uses water apart from irrigation for
agricultural food. Although aquaculture is an important food source especially in
coastal regions, its interconnections with hydrology are less known (Gephart et
al., 2017). Several studies are documented to show that alterations of streamflow
regimes affect aquatic lives and habitats, though more explicit linkages of terrestrial
and aquatic systems through eco-hydrological indexing are needed (Endo et al.,
2017). Schnier et al. (2016) also highlighted the need to enhance water storage
and management operations that prioritize the interactions of aquatic habitats with
hydrology considering their great impact on water and land use activities.

Food to Water
Food production consumes large amounts of water, fertilizer, land and chemical inputs

and is acommon environmental polluter worldwide. Excessive use of fertilizers and
pesticides for higher food production is a known non-point source polluter of water
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thathas negative effects to water supplies yet, it remains an unresolved environmental
concern. The environmental protection agency reported that the growth of maize
in the USA to make animal processed food and produce ethanol has resulted to
deteriorated water quality downstream due to elevated phosphorous and nitrogen
levels from fertilisers (EPA, 2015). Nutrient loading of water resources during
agricultural food production has promoted vegetative growth in aquatic habitats
and consequently, the costs of water treatment have risen. Pollution of downstream
water resources through agricultural activities upstream have heighted inter-conflicts
among involved stakeholders. In the relationships of food production to water,
extensive research is needed to assess the flow of nutrients in soils, the effects of
nutrient loading on water quality under human interferences and climate variability
dynamics (Woo & Kumar, 2016). This is possible by devising best management
practices to reduce chemical use in agriculture, recovery of nutrients during water
treatment and their retention in soils as Jarvie et al. (2015) proposed. Food production
activities influence natural flow regimes through flow returns during irrigation. The
returns modify water balance accounting at catchment scale and influence its quality
as Cai et al. (2018) noted. During development of water rights and determining
water availability at basin scale, accurate determination of return flows is essential
though, it is less understood (Grafton et al., 2012). Synchronising water flow and
availability aspects will promote realistic food production plans with caution to use
these depleting resources efficiently.

Processes Connecting Water to Energy Components
Water to Energy

Energy generation and its distribution is largely dependent on water resources.
Water is used as a coolant in nuclear and thermoelectric power plants and is a raw
material in hydropower generation. Although contemporary energy innovations are
focusing on renewable energy production compared to conventional non-renewable
technologies, some of these innovations are larger water users as Mekonnen et
al. (2015) noted. For instance, the use of solar energy needs cooling that ends up
using the same or more amounts of water used in nuclear and coal power plants
(Bracken et al., 2015). Song et al. (2016) also noted that the production of biofuels
through increased growth of biomass consumes large quantities of water. Fracking
unconventional oil and gas uses utmost four times as much water during its cycling
compared to traditional processing of such hydrocarbons (Clarke et al., 2013).
Considering these examples, it is evident that both conventional and contemporary
energy production methods use water and cost-benefit accounting before preferring
a certain energy production approach is essential. These considerations should be
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prioritized in the prevalence of hydro-climatic changes that are interlinked to low
energy outputs. Webber (2015) gave similar recommendations highlighting that
power stations/plants ought to adopt operations that adapt extreme water conditions
(drought and flooding) and temperature conditions (excess heat or cold). This is
possible through accurate hydro-climatic forecasting on seasonal and spatial changes
in the WFE nexus (Cai et al., 2018).

Energy to Water

The supply and distribution of water largely depends on energy. For instance, pumping
groundwater, its treatment and wastewater processing consumes energy (Sanders &
Webber, 2012). The withdrawal of water for consumptive uses and its discharge for
energy production processes has compromised its availability and quality on the other
extreme. Recent advances to develop bioenergy through hydrocarbon fracking have
become threats to riparian health and water quality. For instance, the growth of corn
for ethanol generation has put pressure on existing water and land resources used for
growing corn for food and livestock feed (Simpson et al., 2008). EPA (2015) noted
that these ethanol-processing plants are large water consumers and produce large
quantities of wastewater, which increases the energy costs of pumping and treating
the resource. Transportation spills, leaks through fractured rocks and well cases
and discharge of drilling sites during natural gas exploration is a pollution threat to
water resources. For instance, vicinities of stray gas exploration in the USA were
found to have radium polluted surface waters as a result of its spillage (Vengosh et
al., 2014). New energy production and supply pathways have compromised water
resources through pollutant loading. In trying to explore alternative interlinkages,
the use of bioenergy feedstock that is environment friendlier is on the rise (Smith et
al., 2013). Hydrologists are also examining the water requirement of these second-
generation feedstocks to enhance their efficient water use amidst expected shortages
resulting from climate change (Housh et al., 2015).

Hydropower generation is a contentious IWRM issue with numerous advantages
and disadvantages during hydro-climatic variability. Some of the benefits include
enhanced water storage for use during dry seasons and improved flood regulation
during extreme rainfall events. However, water resources for hydropower generation
disrupt fish migration and reproduction, interfere with sediment transport and
hinder recreation. Hydropower production also competes with other water demands
including irrigation as noted by Zeng et al. (2017) after analysing the consumption
patterns of water for agriculture and power production globally. Gunkel (2009)
contested that hydropower is a green energy source as previously viewed attributing
the decomposition in its production reservoirs as contributors to greenhouse gas
emissions. The designing of water reservoirs for power production should consider
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the WFE nexus system holistically. This is crucial in balancing water supply for
energy and aquatic habitats demand for the resource even with its flow variability
and uncertainty due to climate variability as Suen et al. (2009) noted. This can
be achieved by understanding the hydrodynamics of aquatic organisms and flow
processes up-and-down-stream of power generation reservoirs (Zeng et al., 2017).

IMPACTS OF CLIMATE CHANGE ON THE
WFE SECURITY IN SOUTH AFRICA

Climate change is becoming an inevitable process characterised by erratic rainfall
events, shifted climate zones and rising temperatures (IPCC, 2013). These climate-
affiliated shocks will put pressure on land and water resources and ultimately the
WFE nexus will be negatively affected. In South Africa, the energy sector accounts
for 83% of total greenhouse gas emissions, which are the main climate change drivers
(Carter & Gulati, 2014). More than 86% of the country’s electricity is derived from
coal and 95% of South Africa’s crude oil is imported though its demand is rising
(Carter & Gulati, 2014). Under these circumstances, climate change will worsen and
meeting WFE needs of the country’s population will be more challenging. In the
water sector, drought and floods will be a common occurrence amidst temperature
rises. Ziervogel et al. (2014) have already reported some these effects in South Africa
by highlighting that average yearly temperatures of the country have increased by a
factor of 1.5 over the past five decades and the frequency of extreme rainfall increased.
Additionally, the authors noted that events of extremely cold/hot weather, reduced
rainfall during autumn and shifts in rainfall intensity and seasonality were common
occurrences in the past 50 years. Similarly, the Department of Environmental Affairs
(2013), predicted that erratic rainfall events and temperature rises in the country were
expected. In the food sector, accessibility and availability of reliable food systems
is depleting due to loss of livestock, reduced crop yields, low productivity and high
farming costs due to increased pest infestation and diseases. In the energy sector,
increased inputs are now required to pump water at longer distances and purify low
quality water. These additional energy uses compete with demands for the resource
in the food and water sectors.

To address the risks that climate change poses on the WFE nexus sustainability,
a deeper understanding of its impacts in the various nexus components is needed.
This was the main objective of formulating the long-term adaptation scenario
(LTAS) project by the DEA (2013) whose vision was to adapt and mitigate climate
change. The next sub-sections discuss the impacts of climate change on the WFE
nexus using case scenarios of South Africa.
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EFFECTS OF CLIMATE CHANGE ON WATER SECURITY

Climate change projections in South Africa report that the water sector will be
severely affected, a situation that could spread to food and energy sectors (Nhamo
et al., 2018). Yearly rainfall is projected to diminish by 20% by 2080 according
to Conway et al. (2015) and these changes will increase drought events. This is a
concern in South Africa, which is nearing physical water scarcity and has exploited
most of its unevenly distributed water resources (Carter & Gulati, 2014). Some
of the effects of climate change on water security include reduced availability of
drinking and agricultural water due to rising water and air temperatures, reduced
oxygen concentrations in water affecting aquatic habitats, reduced water quality and
its increased ability to incubate and transmit water-borne diseases and salt intrusion
in water systems (DEA, 2013). Additional effects are increased rainfall intensities
and flash flood events, regional overflowing of water leading to its mixing with
wastewater and increased drought events in other areas. For instance, waters of
Limpopo River Basin (LRB) of Southern Africa are predicted to reduce significantly
by 2050 due to increased withdrawal to meet agricultural demands amidst rising
temperatures (Zhu & Ringler, 2012). The rise of temperatures in the country is set
to increase the demand for green water from blue water resources. According to
Carter and Gulati (2014), this trend is a result of shifts from dryland agriculture to
irrigation using ground-and-surface-water resources in efforts to produce more food
while consuming more energy.

EFFECTS OF CLIMATE CHANGE ON FOOD SECURITY

With increased water insecurity because of climate change, the food sector will
be negatively affected due to dependency on the resource. According to Carter
and Gulati (2014), climate change has adversely affected wheat, maize and potato
crop production in South Africa. These crops are significant food sources for the
country’s population. Reduction of precipitation by 10% reduced maize yield by 4%
(Akpalu et al., 2004) while total value losses of this crop due to CO, fertilisation
was R46 million and R681 million without such fertilisation modifications (Turpie
et al., 2002). Johnston et al. (2012) predicted that maize and wheat yields would
decrease by 25% between 2010 and 2050. With climate change, potato farmers will
depend on irrigation, fertilisers and agrochemicals to improve production. Franke et
al. (2013) who assessed modifications in potato farming in Limpopo amidst climate
change claimed that the modifications would increase production cost, which is not
sustainable economically. Van der Waals et al. (2013) also reported that excessive
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precipitation will reduce potato yields as the incidences of brown spot, early blight
and rotting diseases will rise in South Africa.

Apart from crop productivity and food production reductions, climate change will
negatively affect food quality in South Africa. According to Fujisawa et al. (2013),
rising temperatures affect the quality of apples in that their size is smaller due to
water stress and most fruits have sunburns due to rising temperatures. Livestock
production in South Africa will reduce with climate change as animals will be subject
to heat stress, their yields will be lower and their water requirements will rise amidst
shortage of the resource. According to Benhin (2006), Northern Cape Province
of South Africa, which is the largest livestock producer, is adversely affected by
extreme weather and increased drought events hence, reduced production. Masipa
(2017) associated climate change to food insecurity in rural South Africa reporting
that 35% of the country’s rural population is food insecure and in 2015, Free State,
Kwa Zulu Natal and Eastern Cape provinces were hardest hit by food insecurity
and malnutrition as a result of extreme drought.

EFFECTS OF CLIMATE CHANGE ON ENERGY SECURITY

The rising environmental temperatures resulting from climate change will affect
the energy sector, as more cost and resources will be incurred in cooling. In South
Africa where more than 90% of energy generation is from coal, more water will be
pumped to cool coal-fired energy plants installed with wet-cooling systems (Conway
et al., 2015). Eskom, the country’s main power utility is said to consume 20% of
freshwater resources in the country at coal power plants for cooling (Conway et
al., 2015). These negative impacts on the water sector are further exacerbated by
reducing quantities and competing demands for the resource while a dry-cooling
system can be adopted as an alternative. Changes in rainfall patterns have adversely
affected hydropower generation that meets 1.5% of the country’s energy demand
and trends are skewed to an even drier climate (Carter and Gulati, 2014). Indirectly,
the energy sector has been affected by efforts towards climate change adaptation
in South Africa. Increased irrigation in areas that practiced dryland agriculture
previously increase energy costs of pumping and supplying water while a higher
temperature increase energy demands associated with air conditioning. Coalmine
expansion in South Africa is under criticism because of its competing demand for
water needed by the food sector considering that demands are rising with climate
change (Mpandeli et al., 2018). The country therefore needs to diversify its power
sources and shift from CO, emitting coal-dependent sources.
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ROADMAP TO WFE NEXUS IMPLEMENTATION
IN SOUTH AFRICA

Considering the identified interconnections of WFE sectors and their linkage to
climate change in the case of South Africa, the need to develop models cultured
towards sustainable growth is indispensable. A three-tier road map that will identify
the magnitude of the WFE nexus challenges, optimize the nexus management and
strengthen collaboration networks between South Africa and other countries has
been proposed by this study and is illustrated in Figure 3.

Figure 3. The framework to implement the WFE nexus in South Africa

Roadmap to Impl ting WFE Nexus \

Strengthen collaborations between
I Identify the WFE nexus magnitude] bptimize WFE nexus management | South Africa and other nations

- Standardize effective/efficient codes for
water and energy use

» Device water pollution control measures

* Incentivise conservation practices by users

* Multidisciplinary research
« Collection of baseline data
+ Building of WFE models

- + Engage in bi/multi-lateral WFE nexus
* IWRM planning research
* Smart and precision agriculture + Build regional and national collaborations
* Accurate prediction of climate change « Promote participation of civil society,
effects of WFE nexus _ ) private sector and business communities
» Equip the public and policy maker with
WFE nexus management tools

Identifying Issues in the WFE Nexus

Baseline data paucity remains amajor challenge in integrating WFE nexus components
in South Africa. In particular, determination of crop water requirement and amount
of energy used in the water sector remains largely unknown and although data exists,
it is available in piece bits across many agencies that do not cooperate (Mpandeli
etal., 2018; Nhamo et al. 2018). To alleviate this challenge, research networks that
collect, analyse and store data on the WFE nexus regionally are a necessity. Mohtar
et al. (2015) supported these suggestions towards a platform for trade-off analysis
of the nexus components. In this context, financial costs, carbon emissions, energy
imports, water, land, energy and financial requirements will be weighed against their
outputs and towards integrated and sustainable accounting. With adequate data and
its analysis, existent gaps in linking WFE will be bridged through development of
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WEFE models. To be successful, such models should adopt IWRM and planning,
evaluate the use of smart and precision agriculture techniques, predict climate
change effects on the WFE components accurately and inform the public and policy
makers on efficient approaches and tools to adopt to climate change shocks on the
nexus (Pardoe et al., 2018).

Some of the country’s notable action plans to collect data has been in efforts
to gather information on energy-water data regarding consumption rates of the
resource during coal power generation. Similarly, lifecycle-water consumption
analysis in alternative hydropower generation, food production, processing and
supply is underway. A case example is the introduction of mini-hydropower plants
with a capacity to produce a maximum of 1-megawatt (MW) power in Ethekwini
municipality of South Africa (Water Research Commission, 2018). In addition
to analysis on water for coal, the country is investigating on the quantities of the
resource used for fuel (natural gas or biofuels) production. Collecting such baseline
data will identify the risks of existent consumption trends in reference to WFE nexus
and devise sustainable alternative solutions. Nhamo et al. (2018) for instance noted
that Southern Africa’s coal-based energy sector consumes higher quantities of water
while the use of solar, wind and biofuels combined has a potential to produce more
than 20, 000 terawatts of power yet, less than 1% of this potential is exploited.

Optimise WFE Management

Efficient management of WFE demand is a priority in South Africa following existent
analysis of climate change effects on these resources. Current efforts to optimize
the WFE nexus are promoting water and energy use efficiency through policies.
South Africa and its neighbours have strengthened their regional policies towards
WEE security with an urgency to manage climate change effects in their SADC'
regional agriculture policy (RAP) (Nhamo et al., 2018). In addition, they are pooling
their energy resources together to plan on its sustainable use and distribution in a
grouping dabbed the Southern Africa Power Pool (SAPP)? (Nhamo et al., 2018).
Currently, South Africa is developing codes and standards on efficient use of water
and energy to promote effective use of available resources amidst scarcity due to
climate change. In Middle Breede basin of South Africa, the water budget model
has been adopted towards improved WFE nexus as highlighted by Seeliger et al.
(2018). In the budget, water for food is supplied using gravity-fed pipes that do not
use energy unlike the conventional canal irrigation system. The authors noted that
the reconfigured model is using less water to produce more food and the energy
costs of production have significantly decreased.

To optimize the WFE nexus, the country is putting concerted efforts to minimize
pollution in the three sectors. Some measures in place include raising the energy-
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water footprint and renewed efforts to reduce environmental pollution. The country
is committed implement the polluter pays principle to ensure water quality is
not deteriorated by activities in agriculture and energy sectors (Water Research
Commission, 2018). The country is campaigning and funding to adopt renewable
energy and green building® to enhance water and energy efficiency as Watson
(2013) noted. These measures will improve resource productivity and adapt to the
negative environmental effects of climate change. Nhamo et al. (2018) also noted
that South Africa is optimising the WFE nexus management through intensified
public awareness towards recognition and integration of resource conservation
practices in the country’s socio-economy and people’s livelihoods. Mpandeli
et al. (2018) noted that public awareness on WFE nexus management could be
enhanced by implementing climate change adaptation efforts in the nexus context,
integrating stakeholders of WFE sectors in climate change management planning
and through strengthened policies and institutions. The country is using incentives
for consumers and industries to promote end-use conservation of WFE resources.
Some examples in the energy sector include the exemption of proceeds for adopters
of clean development mechanisms*, research and development (R&D) allowances
for energy efficiency-based projects, accelerated depreciation and energy savings
allowances to users of renewable energy (Dippenaar, 2018).

Strengthen Collaborations of South
Africa With Other Countries

South Africa is one of Africa’s largest producer and its WFE sectors have a
great impact on the ecology and economy of the region. To cement its WFE
nexus management amidst climate change, the country must devise collaborative
approaches locally, regionally, with the private sector and other countries to offset
the current challenges in implementing the nexus. This is possible by engaging in
multi-lateral research on the nexus in the context of climate change. Nhamo et al.
(2018) documented that South Africa is cooperating with regional countries under
SADC to assess the opportunities of WFE nexus considering that these countries
share resources. The authors noted that such multi-lateral initiatives will promote
coordinated planning regionally, cascaded policy adoption on nexus management,
interregional development, interdisciplinary cooperation and synergies towards
integrated efficiency in resource use. Ziervogel et al. (2014) also noted that South
Africa is in partnership with international organisations such as the World Wildlife
Fund (WWF) and regional academicians to collectand analyse data on the management
of WFE nexus towards climate change adaptation.

These partnerships are expanding the scale and discipline of focus to quantify
scenarios through modelling and devise solutions through multi-sectoral management
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of the WFE sectors. Initiatives focusing on mapping the transboundary resources
of the region are underway and make it easy for policymakers to plan and visualize
the consumption patterns of the resources towards efficient energy use and food
production. In a regional strategic action planiv (RSAPIV)3, South Africa and other
SADC nations committed to adapt to climate change by using their transboundary
water resources efficiently to promote sustainable agriculture and energy provision
(Nhamoetal.,2018). Through joint collaborations with the Global Water Partnership,
World Bank and the European Union, South Africa is expanding its WFE nexus
outlook to leverage opportunities of integrated resource management with other
economies despite the climate change challenges (Gulati etal., 2014; Water Research
Commission, 2018).

RECOMMENDATIONS AND THE WAY FORWARD

There is evidence that the WFE nexus approach to resource management promotes
sustainable development even with the environmental challenges posed by climate
change (Gulati et al., 2014; Nhamo et al., 2018; Mpandeli et al., 2018). Furthermore,
evidence shows that interrelating WFE sectors is a growing interest for researchers,
institutions and policy formulators in abid to devise realistic climate change adaptation
and mitigation measures (Smajgl et al., 2015; Cai et al., 2018; Zhang et al., 2018).
However, successful implementation of the nexus must address its existent contentious
issues, bottlenecks, conditions and opportunities through structured dialogues, which
result to investment identification, pilot demonstrations and realistic action plans.
According to Markantonis et al. (2019), such outlooks will assist decision-makers
to formulate implementation plans geared towards WFE nexus management for
socio-economic development with sound environmental management policies and
institutions. The following sub-sections discuss the recommendations proposed as
a way forward to successful implementation of the nexus in South Africa.

Enforcement of Water Pricing

Pricing of water is an under looked economic issue that has great potential to
influence the WFE nexus particularly in the food sector, which is the largest water
consumer. As an economic instrument, water pricing should be designed, conceived
and implemented in a way that promotes efficiency in all WFE nexus aspects. A
number of pricing strategies based on polluter pays, full cost pricing and willingness
to pay principles are in place to balance existent demands to available supplies in
South Africa (Cole et al., 2018). Their implementation though intricate, offers an
opportunity for the WFE nexus to consider the full costing of resources economically.
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Such costs expand their scope from abstractions to treatment, environmental, resource
and ecosystem preservation costs as water resources are exploited. Water pricing
evaluates specific uses of the resource and reflect on opportunity costs incurred
during its development. These economic decisions are crucial support factors during
policy making on resource management and will enhance incentivised conservation
for better WFE nexus management.

Introduction of Integrated Assessment Approaches

To optimize the management of the WFE nexus, there is a need for South Africa
to assess its economic gains, do a cost benefit, and cost effectiveness analysis in
addition. Furthermore, the country can adopt choice experiments, benefit transfer
and contingent valuation among other preference methods to make optimal decisions
on WFE nexus management (Carter & Gulati, 2014).

Introduction of Market Instruments

To supplement economic instruments such as subsidies, property rights and taxes,
South Africa can introduce market instruments that allow effective and efficient
allocation of resources. Such initiatives require a clear understanding of involved
stakeholders in the WFE nexus, technological scope and market structures. For
instance, the introduction of taxes to water resources promote its efficient management
even in the food and energy sectors through the introduction of technologies to
use the resource sparingly. In this regard, Rogers et al. (2002) noted that the high
economic and market value associated with water resources in reference to the other
nexus components necessitates its prioritized management.

Increased Investment in the WFE Nexus

Financing the WFE nexus is another potential consideration towards its better
management. The public sector that steers up long-term perspectives of the
nexus should provide adequate funding to support such visions. Additionally, the
private sector has a role to play by investing in planning and R&D stages of nexus
implementation. Public-private sector investment provide synergy in effective
management of resources and if fostered, they can promote cost effectiveness and
timely delivery of WFE management plans. Markantonis et al. (2019) highlighted
examples where the public-private sectors can jointly finance towards nexus
optimization. These examples included improved access to WFE resources, enhanced
storage of water resources to mitigate climate change, development of alternative
energy sources that are considered greener, smart irrigation for efficient energy and
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water use and the use of diverse water and power supply systems to reach many
users. These investments can be replicated in South Africa but require multi-sectoral
and interdisciplinary knowledge and information exchange.

Effective Data Collection, Analysis and Management

With prior knowledge that gaps exists in understanding the WFE nexus as a result
of data unavailability in South Africa, there is need to invest in collecting data and
analysing it to make scientific references and decisions on resource management. This
recommendation is more relevant with the erratic climate change events that can be
averted through prediction. With accurate data, comparisons of the economy in the
nexus can be done to inform on existent gaps and alternative improvement measures
to undertake. Technologies used in energy and food production can be maintained
and improved if accurate data is provided. Scientific and research institutions should
steer up data collection with the involvement of interest parties. The collection of
micro data to estimate price elasticity and demand of WFE resources is crucial in
decision and policymaking (Markantonis et al., 2019).

Stakeholder Cooperation for Participatory Decision-making

A solid WFE nexus should be pillared on dialogue, which is realized through public-
private partnership and participation of stakeholders of interest. Nexus dialogues
start at micro-regions and expand to macro-environments using the success stories
of the former. For instance, success stories of WFE nexus management in Limpopo
river basin (Zhu & Ringler, 2012) and Breede catchment (Seeliger et al., 2018) can
be replicated to other regions of South Africa. Similarly, the initiatives to manage
the nexus at national levels can be transferred to regions such as SADC in the case
of South Africa. Such cooperative tendencies however demand the building of trust
among the involved parties.

Institutional Restructuring

Building a WFE nexus framework should be pillared in working institutions that
partner to share experiences, build capacity and trust through stakeholder participation.
According to Mpandeli et al. (2018), institutional soundness in running the nexus
does not mean building new institutions but effectively managing the existent
ones in an interlinked manner. With effective management, institutions integrate
sustainable ownership that advocates for innovation to solve the WFE nexus
challenges including climate change. In addition, policy implementation is easier
as participatory decision-making is priority. To this end, South African institutions
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involved in the WFE nexus management should be restructured to accommodate
the precepts of effective management of resources, their evaluation and monitoring.

CONCLUSION

This chapter highlights the importance of the WFE nexus in socio-economic
development and human well-being. It gives an expanded description of the nexus
as interrelations and processes in the water-food-energy sectors using examples.
The WFE nexus is vulnerable to climate variability and change. Particular attention
is given to water resources whose fluctuations affect the food and energy sectors.
The management of the nexus should consider the impacts of climate change and
enhance integrated resources management and planning. This chapter proposes a
three-tier road map toward better WFE nexus managementin South Africa, which will
incorporate data collection and analysis, optimisation of the nexus and collaboration
of the country with local, regional and international stakeholders.
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KEY TERMS AND DEFINITIONS

Climate Change: A state of change in the characteristics of weather such as its
precipitation and temperature over a prolonged period due to natural or manmade
causes.

Eco-Hydrologist: An individual who specialises in understanding ecological
and water interactions.

Integrated Water Resources Management (IWRM): The practice that advocates
for planned and collaborative development of land and water resources to optimise
their productivity and improve socio-economic welfare sustainably without losing
the integrity of essential ecosystems.

Nexus: A link or connection.

Research and Development (R&D): Activities directed towards products and
processes improvements through innovation.

Sustainable Development Goals (SDGs): These are global goals, which were
agreed upon by UN member states in 2015 and whose focus is to eradicate poverty,
protect the environment and safeguard socio-economic welfare.

Water Pricing: The process of valorizing water through a public policy.

ENDNOTES

Anacronym representing the Southern African development community, which
is an organization that fosters integration, cooperation, and socio-economic
development in member countries.

An organization consisting of SADC member countries with exception of
Mauritius that aims at investing in sustainable energy development towards
economic growth.

The application of resource efficient and environmentally friendly processing
in all building lifecycle processes.

Mechanisms that promote reduced emission of greenhouse gases.
Aninitiative to enhance better management and development of water resources
in the SADC region.
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ABSTRACT

Climatic changes can cause severe food and water shortages, and desert nations
such as Namibia can be challenged more than other countries for obvious reasons.
Dependency on imports for food and electricity in Namibia is continuous in recent
times. However, Industry 4.0-based large-scale symbiotic systems can potentially
help in achieving a sustainable food security regime, as they operate under controlled
conditions. Namibia is blessed with abundant sunshine and land availability, and
hence, ample opportunities do exist for producing solar energy, which is used to meet
the energy requirements of symbiotic systems. This chapter examines typical local
operating conditions and then makes a strong case for fully automated symbiotic
systems that use low-cost desalination and renewable energies.

INTRODUCTION

Since this chapter focuses on symbiotic systems for Namibia; it is important to
understand the Namibian context and climatic conditions.Global warming and
changing climatic conditions have impacted Namibia. Over the last decade, Namibia
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has faced very low rainfall that resulted in drought and food shortage. Farmers have
lost crops and livestock due to shortage of water and animal fodder. At present
Namibia is a net importer of vegetables, rice and fish from other countries and this
leads to food dependency and insecurity. According to the World Food Programme
/ Namibia,

“Namibia produces about 40 percent of the food it consumes and is highly dependent
on imports. This means that while food is available, price fluctuations can make
it difficult to access for 28 percent of Namibian families to access food. This
particularly affects the 80 percent of the population who depend on markets to fulfill
their food needs. Smallholder farmers also have limited access to nutritious food
due to recurrent droughts and floods, low productivity and limited access to land.”

One of the major challenges is that the land availability in Namibia for agricultural
forming is limited due to the fact that Namibia is a desert nation. During 2014
to 2016, Namibia experienced severe food insecurities that mainly affected rural
communities due to draught and very low rainfall conditions. Specifically, southern
and western parts of Namibia witnessed abnormally low rain during 2015.At the
same time northern Namibia experienced heavy rain fall that caused floods, washed
away crops and even resulted in soil erosion.These rains started late and there was
no significant follow up rainfall to support agricultural production. During 2015,
local authorities have carried out a post-harvest crop assessment and found that crop
production in the country was estimated to be 46 per cent below average for the
2014/15 cropping season (Namibia Food Insecurity, 2018). In 2019, Namibia has
even declared state of emergency due to severe conditions of drought (Reliefweb,
2019) and in fact, the nation has to face such situation three times in six years. The
problem of water shortage in Namibia is well-known and Windhoek, the capital
cityis one of the severely affected places. In 2019, water shortage in the capital city
became even worse as it received approximately 163,000 cubic meters of water
against the required demand of 539,000 per week (Namibian, 2019).

Obviously erratic rain fall patterns due to climatic changes have impacted Namibia
badly. Then semi-arid and/ or desert nature of the land makes it difficult to source
ground water and hence reduced opportunities for traditional farming. The 2013-2020
climate change strategy & action plan has set out four thematic areas, viz., Food
security and sustainable biological resource base; sustainable water resource base;
human health and well-being; and infrastructure well-being as critical to Namibia.
Among these food security and sustainable water resource base are very critical
for obvious reasons. A good number of animals have died due to acute drought
conditions, Ministry of Finance, had to announcetax exemption on the importation
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of most fodder products to afford producers the opportunity to import the bulk of
the approved products in these challenging times.

Fortunately, there are solutions, thanks to advances in smart technologies
for climate friendly farming. Hupenyu et al., (2019) presented the nature of soil
conditions in Namibia, and reviewed various methods of climate smart agricultural
methods. Large scale symbiotic systems such as aquaponic and /or aeroponic and /
or hydroponic systems have been well studied recently and there have been several
real world experiences and success stories have been reported. Aquaponic systems
grow aquatic animals such as fish and several varieties of plants and operate under
controlled setting and use very less water. Joyce et al (2019) stated that

“Hydroponicsinitially developedin arid regions in response to freshwater shortages,
while in areas with poor soil, it was viewed as an opportunity to increase productivity
with fewer fertilizer inputs. In the 1950s, recirculating aquaculture also emerged
in response to similar water”.

Aquaponics was also shown to be an adaptable and cost-effective technology given
that farms could be situated in areas that are otherwise unsuitable for agriculture,
for instance, on rooftops and on unused, derelict factory sites. A wide range of cost
savings could be achieved through strategic placement of aquaponics sites to reduce
land acquisition costs, and by also allowing farming closer to suburban and urban
areas, thus reducing transportation costs to markets and hence also the fossil fuel
and CO, footprints of production.

From the above, it can be seen that a) Namibia is indeed affected by climatic
changes and thus suffering from food and water shortages b) There is a significant
interest in symbiotic systems c) symbiotic systems can potentially solve the food
security issues for semi-arid countries like Namibia d) Applying principles and
concept of industry 4.0 for symbiotic systems is in the nascent stage, especially for
the systems involving different configurations ) There is a need for legal framework,
national policies, education, and awareness about impact of climatic changes on
food and water availability.

Keeping in view of the above, this book chapter focuses on various issues dealing
with symbiotic systems and their applicability to Namibia. In the first place, the
book chapter takes up the present food and water shortage problems in Namibia
beside its abundant natural resources including land availability and sun shine. Then
successful experiences from the literature on symbiotic systems in Africaand beyond
will be summarized to propose the possibility of establishing modern, large scale
symbiotic systems that include aeroponic, aquaponic and hydroponic sub-systems
using industry 4.0 principles to suit the typical Namibian operating conditions. Besides
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that, a structured literature review of large scale vertical symbiotic structures for
selected vegetables, fruits, grains, and variety of fish; with typical controlled climatic
conditions will be provided. Various parameters including temperature, pH, flow
rates, pathogens and bacteria will be identified and industry 4.0 based mechanisms
for monitoring in real-time will be discussed. Application of low-cost desalination
and solar energy technologies for powering symbiotic systems will be examined.

OVERVIEW OF SYMBIOTIC SYSTEMS

Benefits of symbiotic or aquaponic systems have been widely reported. Typically,
such systems circulate water and feed continuously to symbiotic community of
fish, plants and bacteria through a closed loop system. Carefully monitored and
controlled symbiotic systems usually provide higher yields when compared to
traditional techniques of plant cultivationand/or fish production (Palm et. al., 2019).
In fact, aquaponic systems have existed since 1960s and gradually evolved over
the time. There are different models and configurations such as single loop, multi-
loop, coupled and stand-alone systems. Palm et. al (2019) provided an overview of
the historical development of acquaponic systems, various design configurations,
treatment of saline and brackish water, proper choices of fish and plants and other
process management issues related to coupled aquaponics especially in Europe.

Proksch and Kotzen (2019) have illustrated a few real life, large-scale aquaponic
systems from USA, Canada and Europe. Specifically the concept of Aquaponics
as Controlled Environment Agriculture(CEA) is explained along with its benefits.
Some of those benefits include: efficient use of water efficiency, specifically in
large-scale urban farming. A few studies have even quantified the inputs and outputs
in typical CEA systems. Typically, conventional systems require large volumes of
water, up to 375,000 liters for producing1 kilogram of fish; whereas CEA/aquaponic
system requires less than 100 liters of water (Goddek et al., 2015) for the same
volume of fish. Sulh et al., (2016) suggested that Double recirculating aquaponic
systems(DRAPS)in controlled setting can be more effective. Their study illustrates
that the joint use of one cubic meter of freshwater resulted in 46 kilograms of tomato
and 1.5 kilograms of tilapia. Even the efficiency of fertilizer use was improved by
23%. There are different types of designs and configurations of large scale aquaponic
(or symbiotic) systems, as several factors can influence designs and configurations
of overall ecosystems (Proksch and Kotzen, 2019). However, most studies point
to the fact that it is prudent to grow tilapia fish as that species has high tolerance
to a wide temperature range and also to use shaded aquaculture tanksto prevent
overheating and algae growth.
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The range of vegetables that are currently proven very suitable to aquaponic
systems are: Water spinach, lettuce, water cress, Okra, Chives, Red Amaranth, Pak-
choi, Cucumbers, Sweet peppers, tomatoes and eggplants. Rakocy (2012) suggested
that 57 grams of feed per day per square meter of lettuce growing area. It should be
noted that there are contradicting views on coupled and decoupled systems. A case
study from US indicated that raising tilapia fish will lead to net loss; and cultivating
vegetables alone will yeild profits. However the study considered the local costs of
water, land and energy and thus may not suit very well for other sites.

A good number of research articles around the world have reported on different
symbiotic systems on wide ranging issues. A real world investigation on range of
vegetables and fruits is carried out in Albania (Bakiu, 2017) and it concluded some
interesting facts that favor symbiotic systems. However, the results have also pointed
the importance of using regular soil. Analene et al., (2017) from Oman reported on
aquaponic systems that are powered by solar photovoltaic systems. This work uses
modern technologies such as Internet of Things (IoT) in laboratory scale greenhouse
systems and reports the success of producing fish and vegetables all around the
year. Another interesting investigation from Kenya (Dijkgraaf et al., 2019) reports
scientific modeling approaches to aquaponic systems with symbiotic systems with a
biomass digester. Aquaponics in the Mediterranean Region and the requirements for
full featured software have been presented by Valentini (2017). Doyle et al., (2018)
reported on food and water shortages issues specifically related to East Africa and
sub-Saharan Africa. Their work consisted of developing a prototype climate smart
system to grow fish and vegetables to suggest as a possible sustainable solution to
the food insecurity problem in Africa. Interestingly, all the above and a majority of
other experiences are based on funded research or regular university research. On
the other hand, smart farming techniques in symbiotic systems have been reported
too. Vernandheset.al (2017), Silva et al (2016), Aishwarya et al., (2018), Pasha et al
(2018) and a few others have considered the use of IoT and other electronic means
to automatically monitor and control the symbiotic systems.

The literature thus far focused on various aspects of symbiotic systems. A few
papers have described IoT / industry 4.0 based monitoring; a few focused on system
modeling, design and implementation; asignificantarticles focused on various plants/
fish that can be raised; a few explained challenges in operating; and a few dealt
with overall energy costs and economic issues. It can be seen that the very concept
of symbiotic systems is highly interdisciplinary in nature (Junge et al, 2019 et al)
and that researchers may have different objectives for each of their contributions.
Energy and water requirements vary significantly from one geographic location to
the other due to differences in temperature, pressure and humidity etc. Even climatic
conditions in different seasons do play their role. Contrary to the common belief/
thinking that large scale systems may yield more benefits; a few articles suggested
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that medium scale ecosystems are more economically promising when compared
too large or too small scale systems. Further, most research contributions focused
on all-year round operation of aquaponic/ symbiotic systems; and thus did not look
into the prospects of operating them over a specific period that may be conducive
for plant/ fish growth in the given specific location.

It is important to consider the problem of ‘food miles’ while dealing the food
security problem. The concept of food miles envisages the environmental impact
of food supply chain. However, food miles are not always correlated with the actual
environmental impact of food production. In comparison, the percentage of total
energy used in home food preparation is 26% and in food processing is 29%, far
greater than transportation. To counter such criticisms, a thorough result-oriented
and constructive approach should be taken by the nations facing food and water
shortage problems and put appropriate policy regulation framework in place.

In general, water requirements for raising the cattle (to produce meat) are more
than the requirements for a typical symbiotic system. Even the cattle require a lot
of grass/feed for proper growth. Wheat grass is an excellent source of food for most
animals that are raised for meat, with the exception of few animals such as pigs.
Most people may be under the impression that symbiotic systems advocate more
on vegetarianism as the emphasis is on plant based produce besides fish. However,
symbiotic systems can also produce alternate sources of fodder and in fact, in very
high quantities at lower expenses. Several experiences around the world, including
Namibia have successfully demonstrated this aspect of producing higher yields
of fodder with significantly lower investments and costs. This means, symbiotic
systems can potentially empower farmers with higher yields of protein rich fodder at
significantly lower investments and costs. This ecosystem may help resolving several
issues specifically in Namibia, where scores of animals die in drought conditions
and thus putting the farmers to significant financial losses.

In a way, symbiotic systems can be treated as an industrial process and hence
most operations can be automated. Some of the challenges such as maintenance
of temperature, pH and flow rate of the water, nutrient composition in the system,
growth of fish, plants and produce — all can be monitored continuously in real time
and necessary control actions can be taken whenever needed. Industry 4.0 principles
and methodologies can effectively assist in automating large scale symbiotic systems.
However, only a few articles are pointing to this aspect and hence is a good case
for deeper investigation.
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SYMBIOTIC SYSTEMS FOR NAMIBIA

Applying symbiotic systems to Namibian context can be very interesting due to the
factors associated to the local setting. Land availability is very high in Namibia,
though it is semi-arid and a majority of the land may not be directly suitable for
conventional methods of farming. Another major problem is the availability of
water for farming. It should be noted that Namibia has access to sea coast and
hence low cost desalination for smart farming is a possibility in principle. In fact,
Goddek, (2018) suggested in favor of using desalination techniques for aquaponics
for Namibia. This will positively support an excellent diversity of food spectrum,
combination of salt water and fresh water fishes. On the hindsight, for Namibian
conditions, medium to large scale symbiotic systems are the best way forward to
mitigate food shortage problems. For instance, vertical acroponicsystems utilize less
space and even less water when compared to conventional farming. At the same
time, regular soil (that is not suitable to farming) need not be used in such vertical
smart farming systems. Such systems can be established even in urban setting. There
are a few smart farming projects in Namibia that reported recentlyNamibianSun
(2017); (Pupkewitz, 2019). Goddek, (2017) reported a 500-1000 m? pilot system
that is being developed jointly with the state and private sector. However, national
level framework for policies and regulations are required to be in place (Goddek,
2017) to support new range of entrepreneurs in this sector. Pupkewitz, the popular
business stores in Namibia even organized a workshop to the public to demonstrate
how to grow organic vegetables inside sustainable aquaponic systems (Pupkewitz,
2019). All of these sources are pointing aquaponic systems as the solution for the
food security problems faced by Namibia.

INDUSTRY 4.0 FOR SYMBIOTIC SYSTEMS

Fourth industrial revolution or Industry 4.0 basically combines several different
layers of technologies into one. Specifically, various technologies such as sensors
(that measure various parameters), edge side computing technologies (to process the
data collected by the sensors onsite itself), communication technologies (to transfer
the data to remote servers, mostly through wireless means) and cloud computing
technologies (to extract information from the ‘huge or big data’ collected) and data
visualization technologies (to present the information to the end the user(s) in wide
ranging and interactive interfaces (Musti et al., 2020). In the case of symbiotic
systems, a wide range of sensors do exist in open markets for measuring the key
parameters of the ecosystem, such as temperature, relative humidity, moisture and
atmospheric pressure. The good news is that the commercial costs of these sensors
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are only decreasing over the years. Several different sensors also exist to measure
water levels, pH of the water and nutrient levels in feed stock tanks etc. When it
comes to operational monitoring; water flow and material consumption can be
measured with sensors as well. Then sensors also exist for measuring plant side
measurements such as leaf wetness, color and texture etc. In other words, there will
be several sensors exist in a typical symbiotic system however small or big. Those
sensors operate in tandem and in real time to collect data; and then process the data
and further communicate the processed data to the central servers. It can be seen
that entire system generates a lot of data that results in ‘big data’ that is likely vary
in nature and volumes over the time.

Table 1. Essential components that need to be studied specifically for Namibian
context

Component Sub-component Specific Purpose/Requirement

Online Energy

Energy generated from Solar PV Offline Energy (battery storage)

e Water circulation for plants

Energy o Water purification/ filtering

Energy required for the operation o Desalination of water (if applicable)
of symbiotic system o Lighting

e Space heating or Cooling

o Other needs

Overall water input to the system Quantity of intake water

Water Water used for plants/fish Quantity spent for fish/ plants

Quantity of water spent for other purposes/

Water used for other purposes . .
lost in evaporation

Nutrients Externally added nutrients Quantity of nutrients for fish and plants
Time for plant growth Time from seeding to harvest for each type
of plant
Time Time for fish growth Time from seedlings to a specific size

Time between replacement of
filtering components

How long the filtering components lost?
How much water they can filter?

Production / operation time in a
calendar year

Production and operating times of plants
and fish

Hence, the symbiotic systems, with the IoT infrastructure and the huge volumes
of data are excellent examples of ‘cyber-physical systems’. And thus, they need
Enterprise Information Systems to manage various aspects. Though several authors
contributed towards IoT based monitoring systems; the big data based or industry 4.0
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based systems have not been very well treated thus far. Significant differences exist
between mere monitoring systems and industry 4.0 MEIS. The later essentially can
provide insights into various key aspects related to the operation of the ecosystems,
in this case the symbiotic systems. For instance, it is possible to find solutions for
specific questions / aspects as outlined in table 1.

These essential components need to be studied for proper quantification in
terms of measurement and overall costs. Big data that is obtained, processed and
transmitted from sensors can shed light into details such as quantification and costs
associated.And of course, to accomplish the quantification and cost estimation about
key operating components of the symbiotic systems, industry 4.0 based EMIS needs
to be properly prototyped first and then implemented.

CHALLENGES IN MANAGING SYMBIOTIC SYSTEMS

Though there are significant advantages associated with symbiotic systems, there
exist a good number of challenges as well. The following sections deal with those
challenges in detail.

Water Shortage — A Major Challenge

As illustrated above, water is indeed a scarce commodity in Namibia. There are laws
in place in Namibia that prohibit explicit usage of water for irrigation purposes,
keeping in view of water scarcity. Hence, sourcing the required amount of water that
too in urban areas will be a major challenge. It is possible to produce water through
desalination process, but the conventional desalination process itself can be very
expensive. However, a few studies have indicated the possibilities of sourcing the
water through low cost desalination methods. Besides suggestions made by Goddek
and Keessman, (2018), Power System business development unit of NamPower has
also investigated the possibilities in this area (Hoffmann and Dall, 2018). Their
study looked into the prospects of combining desalination with concentrated solar
power systems. It is to be noted that the location, Arandis(a town in Namibia that
has the world’s largest open-pit uranium mine and this town is also called uranium
capital of the world) town is selected by the Namibian Power Utility, NamPoweras a
potential candidate for establishing a solar park.Their study suggests that combined
generation of water and electricity is very much viable. However, their study is not
entirely specific to supplying water to any symbiotic system and that the system costs
may be higher; water quality may be the best to suit mostly human consumption. To
produce plant grade water through low cost desalination is somewhat challenging.
For, this both reverse osmosis and filtration loops need to carefully designed. Bachoo,
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(2016) illustrated several contemporary methodologies and proposed a new models
for modeling the both the loops. Hence it is now, high time for further examining the
potential use of low cost desalination technologies that operate with solar energy for
symbiotic systems; thus making use of vast coast line that Namibia is blessed with.

Indeed, there were a few efforts that resulted in establishing small scale
desalination plants solely powered by solar power. One of the notable projects is the
joint development initiative between Finland’s University of Turku and University
of Namibia in setting up 100% solar-powered desalination system that can produce
3000 liters of fresh water in an hour. Prospects of deploying/ using such units for
meeting the requirements of properly sized symbiotic systems and the related
economic feasibility issues need to be studied.

Water Contamination Challenges

There are several sources that contribute to water contamination. Though there are
several bacterium and/or pathogens exist; a few are discussed more than others.
E. Coli and Pythium are the two prominent contaminants that were dealt by many
researchers. Pythium is a type of parasite that comes under the broad classification
of fungi. Most Pythium species thrive on plant ecosystems, which means symbiotic
systems can be vulnerable with Pythium infestation. Pythium can spread itself by
moving water, small water puddles, wet moving equipment (lawnmowers) and
even with animals. Water logged soils with pH higher than; and/or over-fertilized
(typically more nitrogen and lower calcium levels) do support the growth of Pythium
infestation that generally leads to root rot in most plant systems.

Escherichia coli (E. Coli for short) is one of the several variant strains the bacterium
Escherichia coli. Most variants live in the intestines of animals and humans who
may be healthy, without any apparent symptoms. Though majority of these variants
can be harmless, some of them are proven to be very powerful toxins that can cause
severe illness in humans. E. coli is commonly found in water bodies that have been
contaminated with feces from infected humans or animals. There may be several
ways for water bodies to get contaminated with E. Coli. Some of the possibilities
include: good water sources getting mixed up with water from sewerage system
through leakages; contaminated flood waters, water from shallow, private wells etc.

The two major problems viz., Pythium or E. Coli contamination have been flagged
by several authors. However, it is important to note that these problems do exist in
traditional farming also. A few (less number of) studies may indirectly suggest that
rigidly protected/ controlled environments such as greenfarms or symbiotic systems
suffer more from Pythium and/ E. Coli, when compared to open farming systems;
due to their inherent closed loop operating conditions. Beside the above two major
contaminating aspects, there are a few other challenges as well in the form of —
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Algae, Antinomies, Nematodes, Meloidogynes, Heterodera. All these aspects will
impact quality of produce in varying degrees depending on severity of infestation.

INDUSTRY 4.0 BASED TECHNOLOGIES FOR DETECTING
AND MITIGATING THE WATER CONTAMINATION

Interestingly the world IoT, with recent advances in sensor technologies; has its
own impact in terms timely detection of soil born deceases. Climent et al., (2017)
proposed a new low-cost, portable electronic nose instrument with the name
MOOSY4. The novelty of this contribution is that, this instrument takes care of the
full cycle of data — from measurement to processing and to pushing the information
to the user interface. This device is essentially designed towards Sulphur based water
contamination. Sherchan et al., (2018) have highlighted the aspects of bacteria’s
abilities in revoking their repair mechanisms in response to ultra-violet treatment
of the water. Their work evaluated the performance of three different sensors for
detecting water born bacteria. The work examined water from different sources
and from laboratory to field levels. Their work points towards the successful use of
low cost sensors, though off-line total in identifying the microbial load, including
non-culturable microbes. Kim, (2015) suggested a remote monitoring and detection
of harmful bacteria using aloT based sensory system that uses a webcam for visual
feed. Then the sensor technology itself is leaping forward in different directions.
MIT’s research in this area resulted in field realization of the concept ‘bacteria-
on-a-chip’; which is considered as a ground breaking event in the area of synthetic
biology. This research looks into the possibilities of combining new range of sensors
that are made out of living cells with ultra-low-power electronic components. Such
sensors expected to travel along the flow of medium (typically in human stomach)
and primarily look for the presence of bacteria that may react to the existing living
cells inside the sensor.

Nutrient film technique (NFT), Ozone treatment, Hydrogen Peroxide, ultra-
violet treatment (prominently) etc have been used besides natural remedies such as
heating up the water (thus killing the bacteria to the possible extent), several stages
of filtering (to trap micro level bacteria and pathogens) and open air aerating of
the water (to infuse oxygen) have been used to deal with various harmful bacteria
and pathogens. The combination of natural remedies specifically water heating,
aerating and filtering need to be deeply investigated to combat the menace of water
contamination. Energy requirements for heating and aerating the water can be derived
from solar energy during most parts of the day in Namibia due to the local climatic
conditions. However, it should be noted that the problem of water contamination
is not really unique to greenhouses and/or symbiotic systems; indeed this exists in
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the regular open farming as well. In other words, the symbiotic systems cannot be
viewed with a negative outlook due to this problem. Rather, it is the time to explore
and investigate the means of combating the water contamination through appropriate
research by taking the advantage of recent developments in both sensory technologies
and prevention methodologies.

THE FOOD-MILES CHALLENGE

The ‘food-miles’ is another challenge that is raised by many researchers. Proksch
and Kotzen, (2019) provided clarification on the issues related to transportation or
food miles. In case of Singapore, nearly the entire food needs to be imported and
thus it makes sense to opt for urban CEA to cut the transportation chains and thus
mitigating the food miles issues. The strategy cannot be applied to Spain, where supply
chains are much shorter, between the farms to the city. Even cities like Boston and
Stockholm the benefits due to urban CEA are insignificant, when compared to the
benefits from transporting the food through urban transport mechanisms. In case of
Namibia, a majority of the food needs to be imported from different neighboring, but
significantly from South Africa. Though on the hindsight, the situation of Namibia
may favor urban CEA, rigorous studies are required to estimate the impact of food
miles and then benefits and comparative studies should be undertaken.

OPERATIONAL CHALLENGES IN SYMBIOTIC SYSTEMS

Managing the temperature inside the symbiotic systems is a major challenge. Either to
heat and or to cool the large space, significant amount of energy (typically electricity)
will be required. However, there are different ways to manage the challenge of
maintaining the temperature within the required range. First and foremost solution
is to produce solar energy within the symbiotic system. Roof-tops can be used to
capture sunlight and to produce the required energy and even beyond.

In the case of Namibia, due to its abundant availability of sunshine and land
availability (of course not in urban areas), it is much easy to add solar panels to
produce energy. It should be noted that overall energy prices per kilowatt in case of
solar energy segment are decreasing rapidly over the last few years. Even the battery
storage technologies are becoming cheaper. These factors will naturally result in
cheaper electricity, albeit there will be initial expenses to set up the solar plant. Even
it is possible to store heat energy in large water tanks that are partially submerged
in the ground. New energy regulatory framework supports modified single buyer
model, wherein financially lucrative options are available in renewable energy and
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trading the same. This aspect of Namibia now makes it an attractive investment
destination in the energy area.

Once electrical energy is available, at cheaper prices then it is possible to invest
in water flow processing and control mechanisms and space heating or cooling
processes. Besides the option of solar energy based capacity addition, evaporative
cooling and fog cooling are well known strategies for effective temperature control.
However, evaporative cooling is very effective in dry climates but requires high
water use, which may be a limitation tofarms in arid areas of the world. On the other
hand, fog cooling is more friendly as far as water usage is concerned. This technique
basically sprays misty water with overhead sprinklers/misters until the temperature
reaches within acceptable range. Though fog cooling increases the relative humidity
of a growing space, saves a lot of water (Proksch et al., 2019).

EDUCATIONAL AND SKILLS-TRAINING
NEEDS FOR SYMBIOTIC SYSTEMS

Primary and secondary schools do teach biological sciences to an extent. It is
important to teach the basics of plant and animal ecosystems at the fundamental
stage. One of the major problems in Africa and by extension in Namibia is relatively
higher school dropoutrates. To make the schools interesting, action and contributory
based activities are important. Many schools across the world have undertaken
raising plants (popularly known as plant walls or wall gardens) as an activity. The
outcome of this activity (or project) will result in a big wall laden with various small
sized plants. In most cases, disposed plastic bottles are used for holding the plants.

Under this activity, students are typically asked to do the desktop research to
view different types and configurations of wall gardens. They are asked to collect
used (waste) plastic bottles and then put a plant in it. In secondary schools students
can even be asked to design and implement the water lines with PVC pipes. Such
projects basically make the student community to involve more in displaying their
talents, as it leads to an experience of witnessing a natural growth of something
they themselves created. This in turn may lead to mitigate school dropout rate to an
extent; however this suggestion needs to be verified through action based research,
specifically in Namibian context. However, several benefits can be seen on the
hindsight as this connects humans to the natural ecosystems.

At tertiary/ university level, a lot more elaborate efforts should be in place,
specifically in terms of action research in the areas of simulation, design and analysis
of various aspects related to symbiotic systems; besides raising just wall gardens.
One may wonder why university or tertiary level students only should take up such
research (and why not schools?). As stated above, advanced research into symbiotic
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systems do require — software simulators (either commercial or open source), real,
full scale prototypes of symbiotic systems, IoT equipment, energy apparatus to
power up the prototypes etc may be most likely to be available only in the university
systems (and not in the schools). Tertiary or university level students are skilled
enough to operate such systems or even may be willing to learn and acquire the skills
required for such projects. Aspects of safety can be better understood and followed
by tertiary level students, though they may require specific training in handling the
apparatus. In engineering schools, even students may be asked to develop software
and prototype/ tools or systems to assist and/or promote symbiotic systems.

EFFORTS IN NAMIBIA TOWARDS SYMBIOTIC SYSTEMS

This section illustrates a few projects and activities that were undertaken in Namibia
and are very much related to the current discussion of large scale symbiotic systems.

There are a good number of organizations and firms in Namibia that support
good causes of sustainable and ecofriendly farming. Another example is a non-profit
organization that trains youth in setting up rainwater harvesting systems and nitrogen
fixing tress systems. Another organization, Namibia Future Farming (NFF) has a
more vibrant setting as it operates more than ten aquaponic sites across Windhoek.
NFF has installed a few aquaponic systems in different schools in the capital city of
Windhoek, Namibia. Fish, fruits and vegetables are being produced in these systems.
NFF claims (Travel news Namibia, 2016) that these aquaponic systems use only
10% of the water that is normally required for regular, soil-based farming. These
systems recycle the water on continuous basis in a continuous, closed loop and
thus avoid significant loss of water, with the exception of losses due to evaporation
and transportation. Plants are used as natural filters for the sediments in the water.
Interesting point here is that Travel News Namibia (2016) states that

“Aquaponics is ideal for Namibia, as the climate and environmental conditions do
not limit the operation of these systems. Not only can aquaponics be beneficial to
agriculture, butit can also be a solution to the problem of malnutrition in the country”

The significant aspect is that, this project has received a liberal funding of N$ 2
million from the Finnish embassy and other donors. The Dagbreek area is located in
urban setting and is facing water shortages. The students who stay at hostel consume
the fruits and vegetables and the excess is sold in the markets. This project serves
as proof of concept and is a testimony for the sustainable urban farming.

Agritech Namibia presented a complete cycle of fodder development project
models (Meatco, 2019). Under these models, it is possible to grow fodder just under
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ten days, that too without use of soil. The model grows fodder either from barely
or maize and cites the successful experiences of other countries including Brazil,
Australia and Japan. The project model uses a substrate instead of regular soil and
fed by controlled flow of water, mixed with typical nutrients. The typical yield in
this regime are estimated around 400 kilograms of fodder for 40 kilograms of seeds.
Another important project is “Eloolo Permaculture Initiative”, which advocates
“working with the nature, as opposed to working against the nature. This is a group
of environmentalists in food systems and specialist in projects that deal with plants,
animals, buildings and infrastructure. Under its umbrella, a garden was put up at
a primary school as a community project. They even published a handbook with
guidelines that is simple to follow.

IMPACT OF GLOBAL AND BEST
EXPERIENCES AND RESPONSE

The Brazilian city, Belo Horizonte is well-known for its initiatives for beating hunger.
The Brazilian national policy and strategy on zero-hunger is well implemented in
the Belo Horizonte city with the help of more than twenty (20) different programs.
The city has achieved the success through a) careful and protracted supervision of
all programs by specialized teams drawn from various concerned departments b)
multi-stakeholder policy involving public, private and government c) legislation
and regulations in place to support food security regime at the national level. Belo
Horizonte is able to reduce child mortality, reduce malnutrition in children and
also in adults, provide higher and stable income to farmers. No wonder, the city
has won the “Future Policy Award” from World Future Council. This success and
experience of the Brazilian city not only serves as a model for many parts of the
world; but also can potentially reduce the food miles; and thus in mitigating the
greenhouse gases.World Future Council, the City of Windhoek, the City of Belo
Horizonte and the Food and Agricultural Organization of the United Nations (FAO)
have organized a workshop in 2014 in Windhoek. Following which, memorandum of
understanding was signed to work together with specific focus on urban agriculture
and municipal food banks. However, it should be noted that city of Windhoek itself
faces severe water shortages frequently. At the same time, water demand of the city
is continuously growing, but the supply sources are crippling due to adverse impacts
of climatic changes. Hence, it is not recommended to use current water resources for
symbiotic systems. Significant efforts should be made towards adding solar powered
desalination plants near the coastline and then establish the symbiotic systems
close to those units. This requires location identification and cost benefit studies.
Alternately, additional pipeline infrastructure needs to be added to transport water
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to urban areas that are far from the coastline. However such initiative may involve
higher capital investments, but should be considered as part of long term planning. To
enable the good initiatives in large scale symbiotic systems, appropriate legislation,
careful monitoring and other factors as seen in the case of Belo Horizonte; need to
be in place. However, Windhoek and by extension, all the other cities need to take
appropriate initiatives in time to move the nation forward in terms of realizing food
security. There are excellent examples from different parts of the world to follow.
It can be seen from the above that a good number of projects are already in action
and few more are in pipeline presently in Namibia. The problems with raising costs
of supplementary fodder products can be effectively resolved through hydroponics.

PROSPECTS OF ECO-TOURISM WITH SYMBIOTIC SYSTEMS

A few authors have pointed out the significant interest of the public in visiting the
symbiotic systems and the related prospects of green tourism. Modern tourists
value environmental friendly eco-systems, such as greenhouse systems. Several
holiday destinations in the world actively advertise about their massive, lush green
gardens as tourist attractions. Large symbiotic systems can provide such strength as
well, if designed carefully and maintained properly. Within the country, consumer
satisfaction and perception studies need to be conducted for the sale of aquaponic
products. Recent studies suggest that there is a higher public support to symbiotic
systems.Major reasons for such perceptions include - increased awareness about
climatic changes and related impact on availability of food; curiosity of the source
of the food that they consume etc. In case of Namibia, a majority of tourism is
about visiting sand dunes, vast coast lines and desert conditions; besides historical
places and monuments. Introduction of large scale symbiotic systems will provide
the tourists with a completely contrasting experience within the same country. In
other words, tourists will have opportunities to visit greener symbiotic systems to
arid desert conditions in one go.

WAY FORWARD

From the above sections, several points can be summarized and they are, not in
any specific order of merit: a) low cost, solar powered desalination plants (that can
produce water and electrical power) need to be designed specifically for medium to
large scale symbiotic systems. This alone requires significant efforts from engineers,
industry and entrepreneurs. In the absence of such systems, symbiotic systems may
deplete water, a resource that Namibia is carefully conversing at present. b) Real-
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time monitoring and control of symbiotic systems indeed require state-of-the art
Industry 4.0 techniques. Though there are several systems exist, symbiotic systems
will have different requirements such as monitoring the eco-systems for possible
pathogens and contaminations. ¢) Big data harvested out of symbiotic systems within
Namibia, over a period of time can result in several useful findings. For instance,
such findings can help in designing and operating a symbiotic system, elsewhere in
Namibia d) Investigations into number of symbiotic systems, their sizing/ scaling,
selecting a proper configuration and even geo-locating within Namibia, while taking
into various resources, costs, needs and requirements of food and food miles; will be
of significant interest. €) Schools and universities may have to identify their own role
and responsibilities in promoting the awareness in this area; while the policy makers
and regulators may have to look into the legal framework to encourage stakeholders
towards establishing symbiotic systems to resolve food insecurity issues.

CONCLUSION

Symbiotic systems have significant environmental benefits that include — lower
water consumption; no or less use of fertilizers, pesticides; reduced impact of food
miles, sustainable food security. These benefits can be achieved along with other
financial benefits such as higher yields for the same area cultivated; better quality of
the produce and lesser labor/ operating costs. Industry 4.0 based, EMIS systems help
in better managing the modern symbiotic systems. The natural climatic conditions
of Namibia, though may not favor traditional farming, it is possible to achieve
sustainable food security through symbiotic systems.
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KEY TERMS AND DEFINITIONS

Aquaponics: An ecosystem that combines conventional aquaculture (water
born animals such as fish and snails) and plants with or without soil in a symbiotic
environment.

BigData: [safield thatdeals with analysis, information extraction and visualization
from very large data sets that are too complex to be processed by traditional systems.

Climate Change: Set of changes that occurs due to long and unexpected changes,
such as global warming.

Industry 4.0: It is a part of the fourth industrial revolution that combines the
modern concepts such as IoT, cloud computing, big data, and information systems.

Internet of Things (IoT): Is a system of sensors and computing devices that
communicate wirelessly to transfer the data and information to central servers
without human intervention.

Symbiotic Systems: An ecosystem in which two or more different biological
organisms such as fish and plants, coexist through a closely controlled environment
with mutual dependence.
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Chapter 10

Assessing Gender Equality
in Climate Change
Advocacy Campaign for
Sustainable Agricultural
Food Security in Uganda:

Gender Equality in Climate Information
Services for Agriculture in Africa

Wilson Okaka
Kyambogo University, Uganda

ABSTRACT

This chapter examines climate change and variability emergency disaster risks
on agricultural food security of the local communities in Africa with a focus on
gender equality lens in Uganda. Ugandan women contribute up to 75% of domestic
food production and yet they are often overburdened with reproduction, household
management, gender-specific discrimination, and adverse climate change effects like
agricultural droughts, flash flooding, violent windstorms, or water stress. To ensure
sustainable food security in the face of climate change vulnerability risks, the role
of women is vital. Communication strategy to promote local climate information
service (CIS) delivery system has been developed by the local government district
planners in the park areas, but there is a lack of capacity to raise public awareness
of the gender equality for the empowerment of women and girls for sustainable food
security through agriculture production in Uganda for enhanced livelihood assets.
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INTRODUCTION

This chapter discusses the need for an effective gender equality communication
campaign increating, raising, developing, monitoring, and sustaining public awareness
of gender equality and equity mainstreaming in climate change information services for
sustainable development goals (SDGs) in Africa with a focus on Uganda. According
to the United Nations Development Programme (UNDP) and Uganda government
(2005 & 2010), gender equality promotes gender-specific equal enjoyment by both
women and men or boys and girls of socially valued goods, rights, opportunities,
benefits, or resources with a focus on all spheres of sustainable social, economic,
environment, legal, and political development. It is imperative that public awareness
of all the practical and strategic gender equality issues are ruthlessly created, raised,
developed, and sustained at every doorstep across Africa. Awareness of gender
equality must reign deep, high, wide, or broad across-cultures and all demographics.

Evidence of good practice proves that mainstreaming the gender equality
communication campaign promotes sustainable community awareness, education,
information, entertainment, and empowerment (Okaka, 2013). Policy advocacy
communication campaign thatinfuses gender equality in climate smart-agriculture s,
highly recommended because the strategy enhances local community based adaptation
with a focus on gender equality in small-holder agriculture. This, in turn, empowers
women and girls to produce more food for cash and sustainable livelihoods (GU,
2015). At the same time, it promotes women’s human rights, eliminates the so-called
gender role which limits women’s land ownership for sustainable agriculture and
household food security as envisaged by the 2030 SDGs (UN, 2015). Likewise, the
Ugandan national climate change policy promotes awareness raising and the role
of women in implementing national and decentralized adaptation and mitigation
priority areas like agriculture, food, and nutrition security; land use, socio-economic
infrastructure, biodiversity, forests, tourism, settlements, and water in tandem with
the East African Community (EAC) regional policy that stresses climate change
adaptation or mitigation of emissions (EAC, 2011& GU, 2015).

In addition, mainstreaming gender equality communication campaign data
are usually collected in order to measure environmental performance, measuring
environmental performance is important for anumber of reasons, namely: to provide
feed-back on system behavior and policy performance; to improve chances of
successful adaptations; to improve implementation; and to increase accountability
(NEMA, 2003, 2014). A range of communication options should be considered,
including: those largely oriented to print, those that can be delivered through radio
and television, internet-based reporting, and use of alternative communication tools
such as posters, discussions, theatre and songs. Data collection based on gender
specificity is acritical indicator of climate charge development management in Africa
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and in Uganda, for example, data are usually collected the National Meteorological
Authority to measure climate charge performance should be desegregated to reflect
specific gender inputs ethically (GU, 2015).

GENDER EQUALITY IN CLIMATE CHANGE EMERGENCY

A gender equality issue involves three main elements: gender discrimination,
gender gaps and gender oppression. Gender issues affect access to and control over
resources, benefits and opportunities within every sector. Gender equality issues
affect the success and sustainability of development plans and programmes within all
sectors. In Africa, key gender issues are: family life, employment, decision making,
education, health, and agriculture. Public communications campaigns should be
guided by informed ethical, theoretical and gender concerns. The key targets and
indicators of SDG 5 on gender equality and empowerment of all women and girls
are expected to speed up progress in the African regional climate change adaptation
and mitigation policies. These obviously assume gender parity as elaborated on in
the UN SDG 5 and the relevant targets (UN, 2015).

According to the salient provisions of the SDG 5 targets on gender equality for
the empowerment of all women and girls in Uganda the country needs to eliminate
all forms of discrimination against women and girls, stop all forms of violence
against them everywhere, enhance full participation of women in all spheres of
opportunities like leadership and decision-making at all levels of social, political,
economic, and environment development (UN, 2015). In contrast, with their male
counterparts in the country, Ugandan women normally suffer triple jeopardy in the
frequent and catastrophic climate-induced hazards: like torrents of flash floods,
hydrological and agricultural droughts, scorching heat waves, landslides, wind
storms a spate of lightning, wild bush, and forest fires (GU, 2015). Most of the main
human vulnerabilities and livelihood impacts in the areas are (GU, 2015): reduced
agricultural production, water shortage, fuelwood crisis, groundwater depletion,
increased disease and conflicts, male dominate out migrations, public health
problems, intensive food security, crop failures, loss of critical natural biodiversity
eco-services and forest areas, land conflicts, loss of land, degradation, and land-use
changes, In their responses, the local communities in the areas have been involved
in the following adaptation and mitigation projects:

Climate change and development planning project
Community tree growing project

Community water and sanitation project

Drought adaptation project
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Indigenous knowledge (IK) and natural resources management project
Land degradation management project

Strengthening meteorological services

Vectors, pests and disease control project

Water for production project

Today, it has also emerged that some of the needs or lessons learned from the
effective climate change information interventions call for a variety of coordinated
advocacy campaign strategiess (Okaka, 2012): At the same time, the UN Economic
Commission for Africa (UNECA), the African Union Commission (AUC), the
African Development Bank (AfDB), and the African Climate Policy Centre (ACPC)
have combined their efforts to build local, institutional, national, sub-regional, and
regional capacities in climate information gathering, dissemination for adaptation,
and mitigation practices to curb the challenges of climate change emergency risks
and vulnerabilities with a focus on gender equality for women empowerment and
key interventions have been launched(Kofi, 2014).

The regional strengthening of climate information services on the continent will
enhance the development of the vital resources like water, land use, energy, food
security, and more opportunities for the majority of the African youth and women
who have the potential to maximize Africa’s agricultural production value chain
for regional competitiveness (Denton, 2014). Likewise, unfettered dissemination
of usable climate change information service to the local small-holder farmers will
raise awareness levels on the opportunities and benefits of the role of gender equality
advocacy in empowering the women farmers (EAC, 2011& GU, 2915).

The preliminary findings of a Ugandan national study on communicating climate
change issues in the country revealed that many stakeholders (32%), reported that
there was low access to climate change information; 20% said information availability
was very low, and only 12% of them had high access to climate information services
in the country(GU, 2015). At the same time, it has been reported that the current
vulnerability status of social and economic systems depend largely on the quality
and quantity or standard of our economic and institutional infrastructure in the
climate change emergency (IPCC & UNFCCC, 2014). In addition, the promotion
of equal participation of men and women in climate change emergency adaptation
priorities should focus on freshwater for all purposes, biodiversity and efficient
natural resources management conservation, and infrastructure building; institutional
capacity arrangements; effective weather and climate monitoring systems for floods
or droughts; rehabilitation of watersheds, and construction of new reservoir capacity
(EAC,2011&GU, 2015). The national adaptation priority for Uganda and other East
African states targets agriculture, especially regarding the changes, crop varieties,
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efficient water resources management, irrigation farming systems, smart-agriculture
good practice, and changes in planting or tillage (EAC, 2011&GU, 2015).

The current known benefits of limiting greenhouse gas emissions and enhancing
sinks are: the climate change damages and adaptation costs are curbed and
the economic and environmental benefits of the relevant policy innovation for
climate change response are enhanced. In Uganda, the key objective for achieving
sustainable development is contingent upon reviving meaningful inclusive growth
and development countrywide (UNDP, 2005 One of the practical ways of attaining
inclusive development and growth is through sharing of information. However, a
recent national survey conducted in Uganda found that 48% said they experienced
low levels of climate change information services, 44% reported very low access to
climate change information sharing, and worse still, up to 54% of the people asked
said experienced low access to climate change information for planning and decision
making as opposed to 10% of stakeholders who had very high access (GU, 2015).
The national (MNR, 2000) environment policy for Uganda stresses the essential
need to address the implications of gender roles in developing environment and
natural resource management policy. The objective is to integrate gender concerns
in environmental policy planning, decision making, and implementing at all levels
to ensure sustainable social and economic development in Uganda and all the other
53 African Union states.

The common adage is that sustainable development is focused on people at the
center. This calls for the infusion of key ethical and gender issues in the following pillars
of the human development paradigm based on productivity, equity, sustainability,
cooperation, and security. People must be empowered to increase their inputs/outputs
for gainful income generation and remuneration employment. Economic growth is a
subset of the human development model based on gender mainstreaming in decision-
making. Uganda’s vulnerability and adaptation assessments indicate that the poor,
most being women and children, are the most vulnerable to climate change impacts.
The greater vulnerability of women is mostly due to gender inequality (GoU, 2013).

PROSPECTS FOR PRACTICAL PROPOSED SOLUTIONS

To begin with, discrimination against women is any distinction, exclusions or
restrictions made based on sex, which has the effect or purpose of impairing both
the spirit and letter of the Convention in their own countries (CEDAW, 1999).
Discrimination is one of the key gender and ethical issues listed in the article. The
convention obligates the states to, institute the appropriate constitution, policy,
legal, institutional, and administrative reforms or initiatives in order to implement
the letter and spirit of the document. States should address the development and
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advancement of women, acceleration of equality between men and women, sex role
and stereotypes, suppression of the exploitation of women, political and public life.
Its perpetuity grossly undermines SDG 5 and SDG 13 progress in Africa.

To clarity, gender equality media awareness campaigns are very critical for
effective climate policy, research, conventional, and legal implementation; they are
vital for policy and decision-makers themselves; the campaigns provide information
and knowledge for the empowerment of the intended people; they are important for
policy implementers and key stakeholders as they act as guides, and the professionals
or the campaigners rely on them as they provide more insight and raw materials for
better campaigns strategies.

This time around, the entire SDGs must be guided by gender in all the units of
data collection (component by component). Time is up for costly gender blunders.
The 2030 SDGs are a series of targets and indicators which were approved by the UN
in 2015. Climate coinage services, goods, and processes are the pivot of all the 17
SDGs (.UN, 2015). The proposed SDGs by 192 UN member states contain 17 goals,
169 targets, and 304 indicators covering a wide range of sustainable development
issues (.UN, 2015). These include: ending poverty and hunger, improving health and
education, making our cities and human settlements sustainable, gender equality,
combating climate change, protecting oceans, and forests (.UN, 2015&GU, 2015).

Regarding gender disparity, the UNCEDAW (GU, 1999) and the African Charter
on Women’s Rights obligate states to provide for: international representation
and participation of women; national laws; education; employment; equality and
participation of women; national laws; equality and access to appropriate health care;
economic and social benefits; rural women; equality before the law and in a civil
matter; and equality in marriage and family life. Most African states have eagerly
responded to the CEDAW but public awareness of them is still too low or nonexistent
(Okaka, 2006; 2016). Since community media such local radio stations are very
popular with most individuals, local communities, and households, they can be very
useful, if they are well programmed and managed to inform the communities about
the good practice of gender equality in community-based climate-smart agriculture
production (BNNRC, 2012).

Furthermore, engendered community radio can play a specific and crucial role
in encouraging women leadership and participation in climate-smart agriculture for
sustainable food nutrition security for socio-economic household and community
welfare in the south-western Ugandan in particular and across the entire country
(Basnet, 2012&GU, 2015). Gender equality in climate agriculture promotes women
to achieve their fundamental human rights, social, economic, ecological, and political
participation for sustainable food security in households or local communities (AU
2015).
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To achieve effective gender equality advocacy communication campaigns, it is
prudent to lift or ease the common obstacles that most girls and women face on a
regular basis at all levels of the society (GU 2007). In all the adjacent districts to the
Lake Mburo National Park, climate-induced agricultural drought has persistently
eroded food nutrition. In many instances, the local communities had relied on
relief emergency food supplies for the socio-economic welfare of the districts and
subsequently, the perennial food insecurity is characterized by inadequate accessibility,
availability, utilization, and stability of food including humanitarian emergency food
relief (IDDP 2017). In this case, the combined use of multimedia communication
channels will provide the maximum climate information access to target audience
behavior change (Okaka & Nagasha 2016).

CONCLUSION AND RECOMMENDATIONS

The current status of climate change and vulnerability impactissues, loss, and damage
in Africa demand very urgent, prudent, and robust attention to gender equality for
women empowerment mainstreaming in all development areas like natural resources,
soil and land use, wildlife, biodiversity, health, the earth in the future, population,
land use, and industrial activity.

Furthermore, the continent should adopt plausible economic variables, the
political indicators for resilience development in Africa should practice gender
equality mainstreaming and women in all spheres of policy focus such as the degree
of national integration. For example, a Kenyan study on the poticy-makers’ sources of information:
ranked the following sources in their descending order of importance: 595 media both the electronic
and print (led by radio” special groups (NGOs); special media like policy briefs,
brochures, pamphlets, nevsletters): and intemet wehgjtes with social media becoming more
popular.

It is also imperative that communities are empowered and that both men and
women participate meaningfully in planning, testing, and rolling out adaptation
and mitigation activities in rural and urban areas. We need to include gender and
climate change in education curriculum or training programs. All climate change
policies and activities must be gender-sensitive, and the capacity of stakeholders at
all levels be strengthened to promote gender-sensitive approaches to climate change
adaptive capacity for practical adaptation, mitigation, and resilience (GU, 2013).

Besides, it is now known that the media are the most effective and efficient
channels in affecting the vital attitudinal and knowledge change for a public health
management system for all. Multimedia and inter-personal communications campaign
would yield better outtakes in creating, raising, developing, and sustaining high
awareness for empowerment in Africa. Effective communication campaigns can
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create, raise, develop, monitor, and sustain public awareness of gender equality and
equity mainstreaming in climate change information services for SDGs in Africa
and other poor developing countries across the globe.

Already, there are vital gender inequality and equity information, policy, research,
knowledge, and practice gaps across Africa due to poor or wrong: attitudes, behavior,
planning, perceptions, policies, management, budgeting, leadership, education,
communication, or practice. To summarize, engendered cost-effective policies
based on indigenous knowledge system (IKS), economic incentives, and coordinated
instruments; will curb mitigation and adaptation costs. A prudent gender equality
policy in climate change advocacy communication campaigns promotes the critical
role of women in agriculture production and value chain for sustainable food
security in households, communities, and nationally as well as sustainable global
food nutrition security status as well as to achieve Uganda national SDGs’ progress.
Currently, adequate access to extreme weather events that are induced by climate
change information services is still very low and so is the status of food security in
the country as a whole. Likewise, cultural backwardness in the areas requires more
awareness of the huge opportunities and benefits of the massive contributions of
women and girls in creating and sustaining Africa’s global competitiveness in food
and nutrition security and in food trade at the community, national, and global levels.
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KEY TERMS AND DEFINITIONS

Agriculture: Is the traditional or scientific farming methods that involve the
production of crops or plants, animals, or livestock, as well as fisheries for subsistence
or basic livelihood by a small-holder farmer or for large scale investment for big
cash or trade by a commercial farmer.

Climate: Is the predictable average record or information of state or pattern
of every day’s weather or prevailing condition of a country, state, or region over a
period of at least 30 years as the seasons, such as, for example, the bi-modal climatic
change of dry and wet seasons as in Uganda.

Climate Change: Is the quantitative statistical record of a long term adjustment
of regular annual two climatic wet and wet seasons, in Uganda, which occurs in
districts or nationally over a long period of over 30 years as a result of natural and
human drivers with a focus on human activities.

Climate Variability: Is any unusual adjustment, alteration, deviation, or irregular
change from the normal or means or average annual climate record or season of a
state or a place over several weeks or months from the usual pattern as experienced
by a state or a place within the country.

Climatic Change: Is the usual pattern of change from the normal or mean or
average annual climate record or season of a state, country, district, or a place; to the
next recorded pattern as experienced by the community, district, sub-region, county,
state or a place within the state from dry season to wet season as experienced in the
case of Ugandan bi-modal climate patterns today.

Community: Refers to a specific cluster of human settlement in urban (city,
municipality, town, trading center), peri-urban (suburb), or rural (village) locations
that are often inhabited by related or unrelated people with similar or different socio-
economic demographic backgrounds.

Food Security: Is the status of access to sustainable quality and quantity of the
personally desired type of predictable supply of nutritious food from anywhere, daily
and annually for the present and future needs at the household, community, district,
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county, national, regional, and global levels without any level of social, economic,
environmental, legal, or political barriers or restrictions.

Gender Equality: Is the natural attitude and practice of sharing benefits,
resources, opportunities, or challenges on the fair or equal assessment of abilities
or potential of men, women, boys, or girls in all social, economic, environment,
legal, administrative, technical, scientific, and political fields.

Gender Roles: Arethe archaic, illegal, unconstitutional cultural norms, attitudes,
or practices, which discriminate against women or girls on the basis of their biological
sex, to deny them access to equal opportunities, or benefits of social, economic,
environmental, and political rights.

Household: Is a social infrastructure unit of human settlement, habitation, or
accommodation, which normally hosts or houses individuals, relatives or non-
relatives, or members of a nucleus family that may be headed by men, women, or
children, as practically experienced in Uganda today.

Livelihood Asset: Is a basic need that supports a normal social, economic, and
ecological resource that are essential for human life at individual, household or
family, and local community level.

Small-Holder Farmer: Is a small-scale peasant (poor farmers) who practices
subsistence farming or agriculture on a small plot of land using manual labor based
on rudimentary technology mainly for household food supply and for small cash at
the early days of good harvest periods.

Weather: Is the current persistent or intermittent prevailing status of a local,
regional, or national short-term atmospheric conditions of the time or hours, day
(s), or week that is characterized by temperature, vapor, drizzle, rainfall, visibility,
sunshine, cloud, wind, snowing, or humidity.
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Chapter 11

Effects of Climate Change
and Anthropogenic Activities
on Algivorous Cichlid Fish
in Lake Tanganyika

Renalda N. Munubi
Sokoine University of Agriculture, Tanzania

Hieromin A. Lamtane
Sokoine University of Agriculture, Tanzania

ABSTRACT

Over the last century, water temperatures in Lake Tanganyika have risen due to
climate change, which increased thermal stratification and reduced the magnitude of
nutrient availability. A rise in temperature increases the C:N:P ratio resulting in a
poor algal diet. In addition, lake littoral habitat is experiencing increased sediment
load due to deforestation of the watershed caused by anthropogenic activities.
Sediments cover benthic algae and reduce its nutritional value, consequently affecting
the foraging behavior, distribution, and growth performance of algivorous fish.
Algae and algivorous fish are an important link in the lake food chain; therefore, if
the rise in temperature will continue as predicted, then this may have a cascading
effect for the rest of the community in the food chain including human being. This,
in turn, may contribute to food insecurity at local and regional levels. To counteract
this adaptation and mitigation measures such as environmental monitoring systems
and creating new opportunities should be considered.
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INTRODUCTION

Lake Tanganyika is the second deepest lake in the world, holding approximately
1/6 of the world’s freshwater (Wetzel, 2001). It lies in the East African Rift Valley
and is shared by four countries with the shoreline of about 1,800 kms, among these
9percent is in Burundi, 43percentis in the Democratic Republic of the Congo,
37percent is in Tanzania, and 11percent is found in Zambia (Fig. 1). The lake
supports the most productive freshwater pelagic fishery, with remarkable cichlids
fish diversity with estimated 250 morphologically and behaviourally diverse fish
species that mainly inhabit the lake’s littoral habitats (Snoeks, 2000). Most of the
fish in the rocky littoral zone of Lake Tanganyika are algivorous cichlids that graze
on the attached algae (periphyton), which are found on the rocky shore habitats of
the littoral zone (Takeuchi, Ochi, Kohda, Sinyinza& Hori, 2010). In general, Lake
Tanganyika ecosystems represent biodiversity hotspots of endangerment (Dudgeon
et al., 2006) because of their critical contribution to global biodiversity.

Lake Tanganyika is a significant source of food and livelihood to millions of
people dwelling inside and outside of its basin. The basin is rich in minerals and
fertile soils. The main economic activities of the 10 million people living in the lake’s
catchment area are small-scale agricultural activities (Nkotagu, 2008) including
farming of crops such as maize, tobacco, rice, sugarcane, coffee, beans, groundnuts,
cassava; and keeping of livestock such as cattle and goats for their livelihood. The
lake is also used asa means of transportation of goods and generation of hydroelectric
power, communication, and a source of potable water for the sustenance of human,
livestock, and agricultural activities (Coulter, 1991). It is also a source of revenue
from fishing and ecotourism in the riparian countries bordering the lake.

The fisheries of Lake Tanganyika are by far the most important source of animal
protein for human consumption along the lake. The lake supplies between 25-40 percent
of the protein needs of the local population in the four riparian countries (Mols4,
Reynolds, Coenen, &Lindqyvist, 1999). About 45,000 people are directly involved in
the lake fisheries which constitutes between 55-90percent of the commercial fishery
and 80-99percentof the traditional artisanal fishery (Rufli, 2001).

Globally, greenhouse gas emission has increased leading to atmospheric
concentration of gases such as carbon dioxide, methane, and nitrous oxide. The effects
of these gases are likely to be the dominant cause of the observed global warming
(Burnettetal.,2011). About 60percent of these emissions have been stored on land,
marine, and freshwater systems. This might have increased the pH of both marine and
fresh water ecosystems. Moreover, lake water pH is under the (stronger) influence
of land and sediment and thus, the effect of atmospheric CO,may play a relatively
minor role. One of the most immediate and obvious effects of global warming is
the increase in temperatures around the world. The average global temperature has
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Figure 1. Geographical location of Lake Tanganyika
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increased by about 1.4 degrees Fahrenheit (0.8 degrees Celsius) over the past 100
years, according to the National Oceanic and Atmospheric Administration (IPCC,
2018, NOAA,2019)

Researchers have shown that the lake is also currently confronted by degradation
of its watershed (Alin et al., 2002) and global climate change (Kraemer et al., 2015;
O’Reilly, Alin, Plisnier, Cohen & McKee, 2003; Verburg, Hecky & Kling, 2003).
Climate change is altering hydrological cycles across atmospheric, terrestrial,
and aquatic components of the ecosystems, causing an increase in ambient water
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temperature and carbon dioxide concentration. These changes are expected to
lead to the alteration in the nutrient availability (Prado & Da Silva, 2017). Like
other large water bodies worldwide, Lake Tanganyika fishes are suffering from
the negative impacts of climate change (Alin& Cohen, 2003). This is because over
the last century, the temperatures of Lake Tanganyika’s surface and deep-water
have been rising(O’Reilly, Alin, Plisnier, Cohen & McKee, 2003) resulting into
increased thermal stratification and stability of the water column (Kraemer et al.,
2015), which, in turn, reduced frequency and magnitude of availability of nutrients
that are essential for primary production. Threats already have an impact on the
functions of the lake resulting to reduced nutrients availability (Corman et al., 2010)
and primary productivity (O’Reilly, Alin, Plisnier, Cohen & McKee, 2003). Since
the food web of Lake Tanganyika is based on algal productivity (Sumaila, Cheung,
Lam, Pauly& Herrick,2011). the decline in primary productivity may affect both
near shore and near pelagic fishery productivity (Stenuite et al., 2007; Donohue &
Molinos, 2009).

Apart from changes in climatic variables such as precipitation, temperature, pH,
and lake levels, currently, much of Lake Tanganyika’s littoral habitat is experiencing
increased sediments load due to deforestation of the watershed caused by anthropogenic
activities (Alin et al.,1999). Sedimentation has been reported as one of the factors,
which affect the health of Lake Tanganyika ecosystem and this is due to increasing
human economic activities along the lake and population pressure (Alin et al., 2002;
Dobiesz et al., 2010). According to Donohue, Duck, & Irvine, (2003), the highest
sediment load originates from the catchment of the rivers. Sediments have been found
to affect biodiversity in large water bodies including Lake Tanganyika. A study by
Donohue and Molinos (2008) showed that, sediments which are deposited in water
bodies may cover benthic algae, potentially reducing their nutritional value and
consequently affecting the foraging behaviour, distribution, and growth performance
of algivorous fish (Munubi, Mclntyre & Vadeboncoeur, 2018). In another study,
Alin et al. (1999) and Mclntyre et al. (2005) found that an increase of sediments
in lakes resulted into a decline of benthic algivores at shallower depth. In addition,
sedimentation reduces penetration of light into the water, depriving the plants of the
light needed for photosynthesis and reduces habitat complexity by filling crevices
and other sheltered areas in rocks (Donohue & Irvine, 2004) that are important as
hiding, breeding and feeding sites for algivorous fish.

Describing the relationship between climate change and algivores fish may be
critical in understanding the processes by which environmental changes can affect
the distribution, behaviour, growth, and reproduction of algivorous cichlids such as
Trophiusspp. In this chapter, the authors used algivorous cichlids as an example, to
illustrate how climate change can alter nutrients stoichiometry, algal food quality, fish
feeding behaviour, growth, and distribution. Authors also discussed the consequences
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of climate change on food security and socio-economic development, mitigation
and adaptation strategies.

FEEDING HABITS OF TANGANYIKA
ALGIVOROUS CICHLID FISH

Lake Tanganyika presents one of the most peculiar tropical freshwater ecosystems
with an evolution of an endemic fish fauna, dominated by cichlids. Five tribes of the
family Cichlidae (Tropheini, Lamprologini, Ectodini, Eretmodini, and Tilapini) have
acquired several ecomorphs that are closely related to feeding habits in herbivory
such as grazing, browsing, scraping, biting, and scooping (Hori, Gashagaza,
Nshombo&Kawanabe, 1993). Most of the species belonging to these tribes are
aufwuchs-eaters, which feed on a thin bio-cover of algae, microorganisms, sponges,
small crustaceans, and detritus (Yamaoka, 1983) and they have colonized different
habitats of the rocky shore of the lake.

The differences in feeding habits was classified based on the shape of the teeth and
movement of the jaw while feeding. For example, grazers such as Petrochromisspp
are aufwuchs eaters which combs loose unicellular attached algae along the rocky
shore of the lake (Yamaoka, 1997), they contain gill rakers for filtration of small
algae, whereas browser such as Tropheusspp bite and tear off pieces of filamentous
algae using the upper and lower teeth (Mbomba, 1983; Yamaoka, 1983). Scrapers rub
epiphyton from rock surfaces by moving teeth along the substrate or rock (Yamaoka,
Hori & Kuratani. 1986). In addition, these sympatric species are able to coexist on
account of their slightly different distinct specialized trophic morphologies in their
jaw structures and intestine lengths(Wagner et al., 2009),physiological abilities,
such as secretion of digestive enzymes (Sturmbauer, Mark & Dallinger, 1992), and
feeding habits (Yamaoka, 1983)

Algivorous cichlid fish are primary consumers that form an important link in
the food chain by providing nutrients and energy to higher organisms in the trophic
levels. However, the rise in temperatures and CO, concentration due to anthropogenic
activities in Lake Tanganyika has the potential of altering both the quality and the
quantity of algae (periphyton). Periphytonare tiny plants attached on the rocky
shore of Lake Tanganyika, their growth depends on the availability of nutrients
such as C:N:P. They are an important link in the food chain in the lake because
algivorous fish feeds on them. If algal are harmed, by any stressor, then this may
have a cascading effect for the rest of the community in the food chain including
human beings. Research conducted by Descy et al. (2005) and Bergamino et al.
(2010),showed that changes in phytoplankton composition and abundance in Lake
Tanganyika are partly contributed by climate change.
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CLIMATE CHANGE AND
CARBON:NITROGEN:PHOSPHORUS RATIO

Aquatic environments will experience direct effects of temperature change ata slower
rate due to the relatively high specific heat capacity of water (Ogungbe, Alabi, &
Ometan, 2015). Indirect effects of climate change in aquatic systems include changes
in the rates of photosynthesis and variability in the availability of nutrients, which
include C, N, and P (Verburg & Hecky, 2009; Corman et al.,2010). Inrecent decades,
anthropogenic activities have altered the cycle of nitrogen (N), phosphorus (P), and
carbon (C) in plants including algae. This may be due to an increase in excessive
application of fertilizers, an increase in temperature that reduces availability of
nutrients (Kraemer et al., 2015), and an increase in CO, emissions, which rapidly
limits the increase of plant production (Gleadow, Evans, McCaffery & Cavagnaro,
2009).In order for plants to grow and survive, they need to adapt to these changes
by changing metabolic activities at different levels of organisms such as molecular,
biochemical, anatomical, and morphological (Eggert, 2012).

Temperatures of Lake Tanganyika’s surface and deep-water have risen (O’Reilly,
Alin, Plisnier, Cohen & McKee, 2003; Verburg, Hecky & Kling, 2003) and wind
velocities in the Lake Tanganyika watershed have declined by 30percentsince the late
1970’s (Corman et al.,2010; O’Reilly, Alin, Plisnier, Cohen & McKee, 2003). The
increased air and surface water temperatures and the decreased wind velocity have
increased thermal stratification and stability of the water column (Kraemer et al.,
2015) resulting in the reduced frequency and magnitude of nutrient upwelling and,
hence, reduced the mixing of nutrients (O’Reilly, Alin, Plisnier, Cohen & McKee,
2003; Verburg, Hecky & Kling, 2003). The reduction in nutrient mixing decreases
the availability of nutrients that are essential for primary production (O’Reilly, Alin,
Plisnier, Cohen & McKee, 2003) from the deep to the surface water nutrient reservoir
making nitrogen (N) and phosphorus (P) less readily available for uptake by algae
(Schindler & Eby, 1997). The decrease in N and P may increase the ratio of carbon
to nitrogen to phosphorus (C: N: P) in the water and algal mats. A high C:N:P ratio
is associated with poor quality algal food (Table 1) and is another indirect effect
of climate change (Lichtenbelt, 1992).Thus, climate change affects both nutrient
concentrations and C:N:P stoichiometry of organisms and ecosystems.

Plants (algae) fix CO, during photosynthesis, as the rates of photosynthesis
increases, the amount of C and the overall ratio of C:N:P increases (Thompson,
Gamage, Hirotsu, Martin, & Seneweera, 2017).Plants need other elements for growth
and the raised CO,does not directly make these mineral elements more available
and may even decrease the uptake of some of these elements for example, Nitrogen
and phosphorus (Cotrufo, Ineson & Scott, 1998). Therefore, the ability of plants
to respond to elevated CO,with increased photosynthesis and growth promotes the
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conditions of high carbon to low mineral availability (Sardans, Rivas-Ubach &
Pefiuelas, 2012). A high C:N:P ratio of plant tissues is associated with poor quality
algal food for herbivores fish and increased microbial decomposition (Enriquez,
Duarte &Sand-Jensen,1993;Jefferies & Maron, 1997).

The ability of plants to respond to elevated CO,with increased photosynthesis
may be limited under conditions of low availability of other nutrients. Several
studies (e.g. Dijkstra et al., 2012; Deng et al., 2015) have reported a decrease in
plant N:P ratios in response to elevated CO,.Nitrogen (N) and/or phosphorus (P)
are important for photosynthetic processes, new cell construction, metabolism, and
synthesis of protein(Chapin, Matson & Vitousek, 2011). Though CO, can increase
the growth of plants, the plants may become less nutritious for algivorous fish as
the sources of energy, due to high C:N:P ratios. Therefore, elevated atmospheric
CO,will have major implications for plant physiology and growth. Higher C:N:P
ratio as a result of increased atmospheric CO,implies poor quality diet, this may
affect both nearshore and pelagic fisheries. This is supported by the findings reported
by Munubi, McIntyre & Vadeboncoeur, (2018, Fig. 2) that fish densities correlate
positively with algal primary production and the amount of nutrients available in
the algal diet (% P and %N).

In Lake Tanganyika, food web is based primarily on algal productivity (Sumaila,
Cheung, Lam, Pauly & Herrick 2011). An increase in temperature may also increase
photosynthesis rate of aquatic plants. However, studies by O’Reilly, Alin, Plisnier,
Cohen & McKee, (2003) showed that primary production in Lake Tanganyika has
decreased because of warming events. A decrease in primary production (biomass)
of algae limits food availability to herbivores in aquatic systems, and consequently
lowers fish growth and abundance (Munubi, Mclntyre & Vadeboncoeur, 2018).
Low food abundance (primary productivity) and poor food quality (high C:N:P)
compounded with an increased demand for food due to an increase in metabolic rate
(Kim, 2014) and energy requirements (Mueller and Diamond, 2001) could exert too
much stress for herbivorous fish to overcome.

CLIMATE CHANGE AND FISH FORAGING BEHAVIOUR

The effects of elevated water temperature on the Earth’s ecosystems are expected
to decrease the availability and abundance of algal food resources. Studies by
Bergamino et al. (2007) and Ndebele et al. (2010) revealed that, as temperature
increases, the production of palatable algal species such as chlorophytes and diatoms
decreases; while the production of toxic, nitrogen-fixing cyanobacteria, which
are poor quality and less palatable food, increases (Wagner and Adrian, 2009).
If this continues, it might lead to reduced primary consumers’ (e.g. zooplankton)
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Figure 2. Relationship between fish swimming activities and algal quality. As the

algal quality increases the swimming activities deceases
(adopted from Munubi,2015)
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production and a consequent decline in fish stocks (Ndebele et al., 2010; Cohen et
al., 2016), which are secondary consumers in the food chain. Therefore, in order to
maintain high growth rates, high reproduction, and high survival rates, flexibility
in feeding behaviour is an important adaptive attribute of the foraging fishes such
as algivorous(Dill, 1983), and effective foraging strategies must take into account
this heterogeneous distribution of food.

Fish should respond to low levels of food availability by altering their behaviourin
ways that ensure higher feeding rates, larger feeding territories, and broader diets. For
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the algivorous fish when fed on poor quality diet, two biological responses to climate
change must occur: i)changes in behavioural and ii) morphological modifications
(Evans and Moustakas, 2018). In general, a study by Wright and Westoby (2003)
revealed that, algivorous respond to poor quality food by (i) increasing the feeding
rates to compensate for the poor food quality and by (ii) feeding for a longer period
on food of inferior quality containing high C: N: P ratio. However, a study by
Munubi (2015), did not show any compensation activities when fish were exposed
to poor quality diet, instead the study revealed that fish in sites with poor quality
diet, reduced their foraging efficiency by decreasing their feeding rates and time
spent feeding per patch while increasing their swimming activities (Fig. 2). Munubi
(2015) attributed the increase in swimming activities (recorded in the afternoon)
to be the result of searching for food. However, this increase in swimming activity
may increase metabolic costs or energy expenditure as revealed by Schreck, (2010),
which may be reflected in an increase in oxygen consumption (Boscolo-Galazzo,
Crichton, Barker& Pearson 2018). Subsequently, the solubility of oxygen in water
tends to decrease with increase in temperature (Walczyriska & Sobczyk 2017),
hence, aquatic organisms are more likely to be affected as temperature increases due
to climate change. In addition, Munubi (2015) also found that the fish at sites with
poor food quality (low %P) spent less time feeding in each session and algivorous
fish feed selectively on diatoms, which are palatable (Bergamino et al.,2007) and
rich in essential fatty acids (EFA) (Jonasdéttir, 2019). In addition, rise in temperature
increases the C:N:P and brings about rapid rate of maturity of forages. As forages
mature, there is an increase in cell wall contents, which, in turn, may decrease the
digestibility of the dry matter of the forages and, hence, increases the digestibility
costs of the plant (Minson & McLeod, 1970). The high costs of digestion, foraging
activity, and basal metabolism associated with increase in temperature must be met
by high-energy intake.

The studies conducted by Radomski and Goeman (2001) and Cornelissen
(2011) revealed that climate change caused by anthropogenic activities in Lake
Tanganyika will likely alter both algal quality and the quantity, and hence, affect
both near shore and pelagic fisheries which depends on primary productivity of
algae. Munubi, (2015) compared the foraging behaviours between sites with high
quality and low-quality diets in Lake Tanganyika and found that algivorous fish rely
on a combination of both change in behavioural (change in feeding behaviour) and
morphology (increase in gut length) to adapt to low quality diet. Flexibility allows
these primary consumers to adapt to and exploit nutrients and energy from the poor
algal diet. The study results also showed a positive correlation between sediment
accumulation on the periphyton and both gut length and stomach fullness. Anincrease
in relative intestinal length may facilitate a more complete extraction of nutrients
and energy from the contaminated food. Sediment deposited on top of the algae
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covers and contaminates algae, and thus depletes the quality and quantity. This may
increase the digestion costs (Navarro, Iglesias, & Ortega, 1992) to herbivores and
consequently, producing a negative cascading growth effect through the food chain.

Climate change and anthropogenic activities may decrease both nutritional quality
and the quantity of feed available to the fish. This may negatively affect the growth
rate of herbivores since the amount of energy and nutrients acquired per unit time
are determined by both the time allocated for foraging activities (Abrams, 1984)
and the quality and quantity of food. However, algivores including 7. brichardi can
modify their feeding behaviour and gut morphology to counteract the effects of food
quality contaminated with sediments. A study by Munubi, McIntyre & Vadeboncoeur,
(2018) revealed that fish at sites with high quantity of sediments and organic matter
have longer intestine length.

CLIMATE CHANGE AND FISH METABOLISM

Cichlid fish are ectothermic animals, which mean that their body temperature
depends on the temperature of the surroundings (McNab, 2002). Therefore, a rise
in water temperature associated with climate change will likely increase stress
to tropical ectotherms that have narrow thermal windows relative to temperate
ectotherms(Sunday, Bates, & Dulvy,2011).Studies have shown a positive relationship
between the rise in temperature of the surrounding environment and metabolic
rate of fish when the temperature is within the acceptable range. Climate change
is predicted to increase ambient temperatures of aquatic systems and decrease the
quality of food available to algivorous fish.

Kim, (2014) conducted an experiment to evaluate the effect of the combination of
increased temperature from 26 °C to 32 °C and decreased food quality on metabolism
and growth of algivorous cichlid (tropheusduboisi). The experiment was conducted
using algae collected from Lake Tanganyika as poor quality food with high C:P
ratio and high quality food(Flake food) with low C:P ratio. The results revealed that
the rise in temperature from 26°C to 29°C increased the growth and metabolic rate
of cichlids, but declined grow that higher temperatures of 32 °C, suggesting that
between 26 and 29°Cthe biochemical reactionrates increase steadily with temperature
of up to optimum (Hochachka & Somero, 2002). Based on these results, the author
recommended the optimal temperature for growth was above 26 °C and below 32°C.
Within optimum temperatures, cichlid fish can move fast and consume a lot of food
to fuel metabolic processes. However, an experiment conducted by Kim, (2014)
showed also that temperature of above 32 °C is detrimental to the growth of T.
duboisi because the fish did to grow. At this temperature, fish growth rate decreases
regardless of whether they were fed poor or high-quality food. These results suggest
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that the combined effects of higher temperature > 32 °C and lower food quality are
too much for the fish to overcome; hence, they began to lose biomass.

All fish species are characterized by an ideal range of temperature in which
they show their optimum growth (Person-Le, Buchet, Vincent, Le & Quemener,
2006;0yugi, Cucherous set, Baker, &Britton, 2012). The effect of the magnitude
of the temperature increase depends on the species-specific pejus temperature, and
whether that animal will experience those temperatures depends on the environment
in which it is located. The study by Kim (2014) indicated that fish that fed on lower
quality algal diet grew by 50percentless compared to the fish that fed on high quality
algal food at all temperatures. Therefore, the strong effect of poor quality food
on growth rate and relative growth rate is likely to be even more critical in Lake
Tanganyika where the algal food is of poor quality. A study by Deng et al. (2014)
revealed that nutrients are more important than water temperature on distribution
and abundance of phytoplankton communities. An experimental model conducted by
O’Connor, Gilbert & Brown, (201 1)revealed that both phytoplankton and zooplankton
population will decrease as temperature increases. The rise in temperatures may
decrease the number of herbivores, due to the fact that being ectothermic, their
physiological activities such as consumption and metabolic demands are highly
sensitive to temperature and increases with rising temperatures (Lee, Ban, Ikeda,
& Matsuishi, 2003). However, experimental studies suggest that as temperature
increases, nutrient enrichment and primary productivity may also be limited due to
less inorganic nutrients (Power, 1983; O’Reilly, Alin, Plisnier, Cohen & McKee,
2003; Verburg, Hecky & Kling, 2003), hence poor diet which may support a smaller
population of herbivores (Schoo, Aberle, Malzahn & Boersma, 2012). Therefore,
continued warming could lead to further decline of herbivores and ultimately lead
to less food for other fish species in the food chain.

One of the key factors that limit accuracy in predictions is that climate change
affects positively and negatively the species performances, and there is an interaction
of species within and between the trophic level and these species do not necessarily
react to climate change in a similar way (Van der Putten et al., 2004; Schweiger,
Settele, Kudrna, Klotz & Kiihn, 2008). Therefore, fish will simultaneously be
exposed to the indirect and direct effects of climate change, lower food abundance,
and lower food quality compounded with an increased demand for food resulting
from an increase in metabolic rate. This may indirect control other fish species in
the food chain due to the fact that the mineral nutrient contents of the secondary
consumers as prey for higher trophic levels depend on the biochemical composition,
and hence, the quality of the algal food available to them (Schoo, Aberle, Malzahn
& Boersma, 2012), thus herbivores feeding on poor quality food (high C: P) become
in turn, low quality food for other organisms in the food web.
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Evidence suggests that increase in temperature resulting from climate change
will result in changes in recruitment success (Shoji, Toshito, Mizuno, Kamimura,
Hori, & Hirakawa, 2011) because of the decrease in production or survival of the
pelagic eggs or larvae owing to changes in the quality/quantity of nursery habitats.
Fishes at early stages are usually more sensitive to climate change stressors than
are fishes at later stages, and therefore increase vulnerability (Harrod, Ramirez,
Valbo-Jgrgensen & Funge-Smith, 2018).Considering the positive relationship
between ambient temperature and fish growth rates, it is important to examine
how changing temperatures will affect the energy demands of fish. Studies(e.g.
Rosenfeld et al., 2015) revealed that higher temperatures increase metabolic rates
hence high-energy demands; but there is a threshold where energy demands cannot
be met and the growth and function of the animal begins to decline. For example, at
temperatures above the threshold, proteins in the body may begin to denature and
metabolic pathways begin to break down. The point at which basal metabolism begins
to decline with increasing temperature is the pejus temperature, and for Tropheus
spp. it was suggested to be at temperature between 26 to 29 °C (Kim, 2014). At
higher temperature, fish in Lake Tanganyika will likely experience increased food
demand (Lemoine, Burkepile & Parker, 2014) and decreased supply and quality
of food, therefore, they may not be able to compensate. As the lake temperature
increases metabolic rates will increase, requiring the fish living in Lake Tanganyika
to either eat more of the low-quality algae or decrease growth rates (Kim, 2014),
for example research by Lemoine, (2015) shows that rise in temperatures increases
the metabolic demand of N, and herbivores, compensates the increased demand by
significantly increasing consumption rates of low-quality diets. When a fish reaches
a critically high temperature, physiological disorganization occurs, leading to loss
of equilibrium (Lutterschmidt and Hutchison, 1997).1t is most likely that changing
algal quality, foraging behaviour and metabolism of fish due to climate change will
definitely alter fish distribution in a lake.

CLIMATE CHANGE AND FISH DISTRIBUTION

Rise in temperature will modify nutrients stoichiometry which is important in
production and distribution of plant species community and primary production (Prado
and De Silva, 2017). Changes in plant species distribution may influence positively
or negatively fish population. These climate-driven biotic changes will likely vary
between and within ecosystems because research showed that species responses to
climate change are not consistent; some species are apparently able to respond more
quickly than others do (Lehodey et al., 2006). Research shows that species at lower
trophic levels (plants including algae) respond more quickly to a change in climate
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than species at higher levels (fish). Negative changes may drive organisms (including
algivorous fish) to extinction, but the magnitude of the effects depends on whether
the species are able to alter their geographic distribution or modify their digestive
physiology in response to climate change. All living organisms have a tolerance
level for temperature range. A rise in temperature beyond the threshold level can
change the way a living organism develops, because it changes the metabolic rates
of plants or animals. For example, studies (e.g. Beaulier et al., 2013; Savadovaet
al., 2018)revealed that higher temperatures could cause replacement of some plant
species by more arid-type plants or vice versa.

The negative effect of the rise in temperature is dependent upon both the
magnitude of environmental temperature increase and the physiology of the animal
(Hop & Graham, 1995). Different review of published data supports the hypothesis
that global warming results in a shift in abundance and distribution (in patterns of
occurrence with latitude and depth) of fish species and algal species. This means
that fish will be challenged with new environments in which they have to compete
and persist (Donaton, Durham, Cerrato, Schwerzmann & Thorne, 2018). In these
situations, one of the mechanisms will be for the fish species to exhibit clear changes
in migration patterns related to climate-induced changes in natural food availability
(Munubi, Mclntyre & Vadeboncoeur, 2018) and productivity (Power, 1983). The
changes in the distribution and abundance of fish species may be the result of
the movement made when searching for suitable ecosystems (Kwon et al., 2012;
Weijerman, Lindeboom, & Zuur, 2005) such as availability of high quality food
and good water quality. In the case of algivorous fish in Lake Tanganyika, Munubi
et al., (2018) observed that high fish densities were found in areas with high food
quality (Fig. 3) and that fish densities correlates positively with algal quality (%
P). According to Munubi, Mclntyre & Vadeboncoeur, (2018) sites with high algal
quality had higher fish density and negatively correlate with C: P ratio while sites
with lower algal quality (high C: P ratio) had lower fish density (Fig. 4). In this case,
environmental response of plants to climate change has a negative influence on food
production globally with future losses that will reduce food security in the future.

CLIMATE CHANGE, FOOD SECURITY, AND
SOCIAL ECONOMIC DEVELOPMENT

In this section, the authors discuss the association between climate change, food
security, and social economic development. Fish provides nutritious food, and
fishing generates income and employment. Trade in fishery products contributes to
poverty reduction and national economic growth in all countries sharing the Lake
Tanganyika. According to Chu, Mandrak & Minns, (2005) and Ficke, Myrick, &
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Figure 3. Relationship between fish density and algal phosphorus (%). As the algal

quality increases, so does the fish density
(adopted from Munubi, Mclntyre & Vadeboncoeur, 2018)
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Hansen, (2007), climate change might be responsible for changing the timing and
amount of precipitation that could affect spawning, dispersal and growth of fish
and eventually affect the fish yields. The effect can also be indirectly affecting the
primary producers (lower trophic level), which include phytoplankton or periphyton
(Brgamino et al., 2010). In Lake Tanganyika, higher water temperatures may reduce
the availability of algivorous fish stocks by changing the abundance of food available
(O’Reilly, Alin, Plisnier, Cohen, & McKee, 2003) and finally affect other fishery
species in the food web (Schoo, Aberle, Malzahn, Boersma, 2012) that depends
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Figure 4. Relationship between fish density and algal C: P ratio. Climate change

will increase the ratio; hence, this may decrease the density of fish
(Adopted from Munubi, 2015)
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on algivorous fish as a source of energy. Again, looking at the bottom up cascade,
climate change may affect the amount of nutrients available to plankton and therefore
reducing yield in planktivorous fish. Therefore, climate changes may affect fisheries
directly by decreasing fish stocks because secondary consumers depend on the
availability and quality of primary productivity or indirectly by influencing fish
prices or the cost of goods and services required by fishers.

It is envisaged that climate change will be affecting communities that depend
on the lake for their livelihoods at three levels namely, subsistence, artisanal, and
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ornamental fish harvesters. The subsistence harvesters are doing fishing as their
cultural activity; the artisanal are getting money and spread the earnings throughout
the community, and contribute to the regional economies. The ornamental harvesters
are also getting money through local trade and export. The three levels of harvesters
will be affected, as the fish habitat will change and necessitating a change of the
fishing ground, fishing gears, and vessels in order to access a particular targeted
fish stock and thereby spending more money, something which would affect their
economies. Furthermore, there will be an indirect effect like a wide spread of vector-
born infection such as malaria. Other effects on community will be poor nutrition,
social dislocation, and migration.

ADAPTATION AND MITIGATION MEASURES

Possible adaption for people surrounding the lake might be looking for more livelihood
opportunities, human capital, and higher education to enhance adaptive capacity.
Aquaculture has been considered as one of the livelihood opportunities, which are
created by climate change. In addition, climate-smart agriculture may increase
agricultural productivity and income, hence, building resilience through adaption to
and mitigation of the impact of climate change. Other suggested mitigation measures
include credit availability, technological innovation, ecosystem based approach to
fisheries management, and training and ensuring buffer zones are accessible to fish
(He et al., 2018). It is known that fish population can be increasing mobility and
access to the buffer zones and therefore be more adaptive as they can respond rapidly
to climate change. Environmental monitoring including water level measurement
may assist rapid action and prevention once communicated through local networks.
Furthermore, mitigation measures can be an intervention of removing other stressors
that exacerbate the climate change for example, reforestation to reduce sedimentation
in the lake catchment. This is because sediment loads may clog gravel beds impeding
fish such as algivorous cichlids from spawning, feeding, and survival hence reducing
recruitment rates.

CONCLUSION

Like other lakes in the world, Lake Tanganyika is suffering from the impact of climate
change. It has been observed that temperature as one of the climatic variables and
other anthropologic activities such as deforestation affects the performance of both
primary and secondary producers in the lake. The increase in water temperatures
leads to increased thermal stratification and stability of the water column. This in
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turn, reduces the availability of nutrients that are essential for primary production
from the deep-water reservoir to the surface. When faced with poor quality food,
algivorous fish (e. g T. brichardi) have to change their behaviour to compensate for
the poor food quality by reducing their foraging efficiency, decreasing their feeding
rates and time spent feeding per patch while increasing their swimming activities,
which may increase the metabolic costs or energy expenditure. It is envisaged that
as the temperature rises and sediments loading continues as predicted, there would
be large shifts in food chains with severe consequences to global food security and
conservation of species. It is recommended that conservation measures should be
considered through adaptation and concrete adaptations measures including creating
buffers zones and opening new opportunities including integrated aquaculture.
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KEY TERMS AND DEFINITIONS

Adaptations: Efforts taken to assist people or ecosystems to cope with effects
of climatic variations.

Algivorous Cichlids: Fish species belonging to the Cichlidae family feeding on
algae attached either on rocky or muddy habitats in freshwater ecosystem.

Anthropogenic Activities: Economic and social human activities which can be
either agricultural or industrial.

Biodiversity: Is the abundance, distribution, and adaptation of different living
organisms on Earth.

Climate Change: Variation of climatic variables such as temperature, pH, sea
water level rise with periods of time exceeding thirty years.

Climate-Smart Agriculture: Farming organisms that can resist some of the
drivers of climate change (e.g., rise in temperature, unpredictable rainfall and
change in pH).

Mitigation: The act of finding solutions to alleviate or solve a problem.
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