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ABSTRACT. The rapid human development and the conflicts between society, economy and environment has greatly
hindered the implementation of sustainable development strategy. The ‘2030 Agenda for Sustainable Development’ and the
Sustainable Development Goals (SDGs) provides a universal framework for addressing the issues identified in previous
development agendas and achieving policy goals in social, economic and environmental spheres. However, the governments
and decision-makers across the world have been facing challenges related to monitoring and assessing the progress of SDGs.
The use of geospatial science and spatial data architectures can address these challenges and support holistic monitoring
and evaluation of SDGs. This editorial paper discusses the role of geospatial science in implementation of SDGs by drawing
on the scholarly works published in the special issue titled ‘Geospatiality and Sustainable Development Goals. The issue
provided a platform for research publications by young and early career geographers from across the world. Several papers
in the issue were drawn from different IGU conference sessions organised by the IGU-Task Force for Young and Early Career
Geographers (IGU-YECG) since from its establishment (Beijing, 2016) to the upcoming 34" IGC at Istanbul (2021). By bringing

the debates on SDGs to the forefront explicitly, this editorial paper reinstates interest in the topic.
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INTRODUCTION

The rapid human development and the contradiction
between society, economy and environment has greatly
hindered the implementation of sustainable development
strategy (Zhao and Wu 2019). In order to draw more
attention on sustainable development from different
actors, the United Nations has adopted the 17 Sustainable
Development Goals (SDGs), 169 sub-goals and 232
targets at the United Nations Summit on Sustainable
Development in 2015. Unlike the previous development
agendas such as the Millennium Development Goals
(MDGs), where the emphasis was on economic growth,
the SDGs are a universal framework that contains many
potentially diverging policy goals in the economic, social,
and environmental sphere, while some goals are thought
to be mutually supportive (Kroll et al. 2019). The SDGs also
allows malleability between programs of environment and
development; places from local to global; institutions of
government, civil society and industry (Robert et al. 2005).
Many experts and researchers have been making great
efforts to monitor, assess and realise SDGs. For example,

while some researchers analysed the application of SDGs
to ecology and environment (Salleh 2016; Yenneti et al.
2016), others applied SDGs to humanities and education
(Chowdhury and Koya 2017; Sterling 2014). Yet there are
many difficulties. Thereisalack ofawareness, understanding
and uptake of geospatial information and spatial data
architectures at policy and decision-making levels (Scott
and Rajabifard 2017). The sheer volume of geospatial data,
the different understanding of the SDG indicators, the lack
of policy and guidance, the gaps in geospatial information
can be further impediments to achieve the SDGs. Further,
there are relatively limited studies that attempt to more
holistically capture the varieties of geospatial factors and
contexts behind the articulation of SDGs. There is a need
to assess the trade-offs and synergies to meet the SDGs
and fill the gaps.

In order to develop a vision for ensuring sustainable
development, a discussion of the SDGs needs careful
examination through new concepts, approaches and
solutions to the problems. In particular, it is crucial to
integrate and connect geospatial information with the
global development agendas in a more holistic and
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sustainable manner to monitor, measure and achieve
the 17 SDGs, their 169 targets and the 2030 Agenda for
Sustainable Development. Geospatial information has
attracted widespread attention as a means to build a
universal measurement and monitoring framework that
can be applied across the world (Choi et al. 2016).

This special issue brings together integrated
interdisciplinary and international studies on SDGs,
monitoring and evaluation of SDGs, the use of different
existing and emerging geospatial technologies in
assessing challenges in implementation of SDGs, the
social and gender dimensions in SDG research and other
development-related themes. The use of geospatial
programmes and data can help in analysing the social,
economic and environmental benefits and costs of
implementing different SDGs and inform scientific
community, policy, industry and civil society (Moomen et
al. 2019). The analysis, modelling and mapping of issues
in implementation of SDGs can provide an integrative
framework for global cooperation, collaboration and
evidence-based decision-making (Scott and Rajabifard
2017).

The issue provided a platform for research publications
by young and early career geographers from across the
world. Several papersin thisissue were drawn from different
International Geographical Union (IGU) conference sessions
organised by the IGU-Task Force for Young and Early Career
Geographers (IGU-YECG) since from its establishment
(Beijing, 2016) to the upcoming 34" IGC at Istanbul (2021).
There is a cutting-edge research by young and early career
scholars which deserves to be recognised and popularised.
The special issue will enhance the understandings and
conceptualisations of the interrelationship between
geospatiality and SDGs. In particular, the integration of
new geographies of theory, new conceptual vectors,
innovative geospatial techniques and methodologies, the
role of institutions, macro and micro level actors, policy
options and effects, and governance and planning can
be of significant value addition to the emerging literature
on SDGs. The papers have addressed SDGs at the local,
regional, and global scales, in various geographical
contexts and across multiple dimensions (economic,
social, political, developmental, and environmental).
Interestingly, the intersectionality of COVID-19 pandemic
has been contextualised with SDGs in some of the papers,
which gave a greater nuanced approach to the special
issue. The papers have adopted a relational perspective
and showcased the conduits to address theoretical,
methodological, and empirical issues in implementation of
the SDGs.

SDGs and COVID-19 Pandemic

In the paper by da Silva et al, the authors have
assessed that the efficient and effective investment to
meet Good Health and Well Being (SDG 3) and Clean
Water and Sanitation (SDG 6) can be directly associated
with the ability to successfully deal with the infectious
diseases. Using the case study of Brazilian cities, a model
is established for analysing the impact of compliance to
SDGs in the fight against COVID-19. Likewise, Bhattacharjee
and Sattar revealed that COVID-19 had differential impacts
on different wards of Mumbai city which was associated
with socio-economic inequalities prevailing in the city.
Efforts are required to meet the targets of SDGs in order to
minimise urban vulnerability.

Sustainable Urbanisation and Quality of Life

Cabrera-Barona and Cisneros have explained the
effective implementation of forests (SDG 15) and water
resources (SDG 6) which has a significant implication on
achieving quality of life in Metropolitan District of Quito.
The authors assert that better strategies are required to
ensure that the participation of local governments in
policy implementation is more meaningful. Similarly,
Aditya and Ningam have measured the greenness of an
Indonesian city by using the presence and distribution of
urban tree canopy. Urban trees are essential to meet SDG
11: Resilient and Sustainable Cities, SDG 13: Climate Action
and SDG 15: Life on Land. The residents of Indonesian city
have poor access to urban greenery as the urban tree
canopy is less than the UN thresholds. Marginal green
cover can exert severe environmental impacts such as
urban heat island (UHI), air pollution, and surface water
run-off. There is a rapid expansion of urban built up and
decline of agricultural land and vegetation in Fateh Jang,
Attock, Pakistan as analysed by Tariqg at al. using Land Use
Land Cover (LULC) analysis that could be helpful in urban
planning and design.

Kudryatvaseva et al. evaluated the population
externalities in 114 cities of Russia across three
dimensions viz, economic, ecological and social. The
authors demonstrated that efficient city size in terms of
population, environment management and changes in
city area are crucial for achieving SDG 11 in Russian cities.
While relating to SDG 11, Raman et al. have assessed urban
traffic congestion and its impacts on the stakeholders in
the context of Azadpur Mandi-Asia's largest vegetable
and fruit market. The authors have concluded that there
is huge congestion by vehicles from surrounding states of
Delhi, lack of proper parking spaces and air pollution which
makes the targets of SDG 11 unachievable in present
circumstances.

Sustainable Consumption

Herron et al. explored the potential of green waste as
an avenue for additional revenue generation for the City
of Greater Geelong. The authors have used GIS technology
and modelling software of Global Methane Initiative
to undertake a series of simulations and determined
the viability of anaerobic digester for the City of Greater
Geelong. The authors proposed an innovative economic
model to value the organic waste in the city and achieve
Goal 12: Ensure sustainable consumption and production
pattern. The mapping of groundwater potential zones
by Dwivedi et al. is beneficial for sustainable groundwater
management and planning and can contribute to SDG 6.
The study used GIS and remote sensing and the integration
of Analytical Hierarchy Process (AHP) technique to identify
ground water potential zones in the Betul-Chhindwara
region of Madhya Pradesh. Besides, agroforestry zoning is
an important tool to monitor forest areas (SDG 15). In the
paper on Mexico-Guatemala transborder region, Daniel
and Aristides have applied spatial analysis and modelling to
map homogeneous units for environmental planning.

Social Dimensions of Sustainable Development

Analysing the electoral participation of women in
context of Patna, Bharti and Ghosh highlighted upon the
gender and social dimensions of SDG 5. Increase in the
temporal pattern of women’s participation in elections is
evident from the study; however, the growth rate of the
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women voting percentage is less than that of men. This
shows that women in the study area are being politically
empowered. Rajput and Arora have measured and mapped
food insecurity in Rajasthan in the context of SDG 2: End
Hunger and Achieve Food Security. Eremchenko et al.
assessed the least resource base in terms of minimum
area and energy flow required to maintain long-term
sustainable development of an isolated society.

CONCLUSION
The Special Issue highlights that it is important to render
a multidimensional character to the debates on SDGs as

the global cities and communities pose several challenges
due to the existence of varied problems such as high
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ABSTRACT. The aim of this article is to understand the relationship between two of the Sustainable Development Goals
(UN Agenda 2030) — Good health and well-being (SDG 3) and Clean water and sanitation (SDG 6) — and the statistics of the
COVID-19 pandemic (number of cases and deaths) in Brazilian cities. To analyze this relationship, we used secondary data
from public organizations on the SDG panorama by city and conducted a moderated regression analysis. The sample was
composed of 649 cities with a population exceeding 50 thousand inhabitants. The results show that the higher were the
indicators used to measure SDGs, the lower was the number of cases and deaths from the disease. We have also proved that
cities' population density and their distance from the pandemic epicenter moderate this relationship, since a higher level of
these moderation variables increases the impact of a lower level of SDGs 3 and 6 coverage in society on the number of cases
and deaths from COVID-19. Thus, the efficient and effective investment to reach SDGs 3 and 6 is directly associated with cities’
ability to successfully deal with infectious diseases and the resulting number of deaths. As for its contribution, this research
innovates by establishing a model for analyzing the impact of compliance with SDGs on cities’ performance in their fight
against COVID-19, which may also suit other nations.
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INTRODUCTION
COVID-19 pandemic and its effects on achieving SDGs

The world is facing one of the most serious moments in its
history with the advance of SARS-CoV-2, a virus that triggers a
severe acute respiratory syndrome called COVID-19, which has
killed more than 2,700,000 people worldwide (Johns Hopkins
University [JHU]' 2020; Jurcik et al. 2020). The impact of this
disease goes beyond the health sphere, also triggering social,
economic, cultural and environmental problems (Chakraborty
and Maity 2020; Shakil et al. 2020; Zambrano-Monserrate, Ruano

and Sanchez-Alcalde 2020; Sarkar, Debnath and Reang 2020).
Therefore, its effects pose a serious threat to the development
prospects of nations (Khetrapal and Bhatia 2020; Leal Filho et
al. 2020). One of the major challenges for countries, especially
the developing ones, is to comply with the Sustainable
Development Goals (SDGs) since their financial, political and
technological resources have been directed to contain the
pandemic (Khetrapal and Bhatia 2020).

The 17 SDGs were established by the United Nations
Agenda 2030 plan of action on September 25, 2015, and
became effective in January 2016. All developed and
developing countries must promote and implement these

" Johns Hopkins University [JHU] (2020). COVID-19 Dashboard by the Center for Systems Science and Engineering (CSSE). Available
at: https.//www.arcgis.com/apps/opsdashboard/index.html#/bda7594740fd40299423467b48e%ecf6 [Accessed 25 Set. 2020]

2 United Nations [UN] (2015). Transforming our world: the 2030 Agenda for sustainable development. Available at: https.//
sustainabledevelopment.un.org/post2015/transformingourworld [Accessed 7 Set. 2020].
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global goals as mediators for building practical tools to
respond to systemic and universal problems, among them
water management and sanitation, as well as global health
care (United Nations [UN]? 2015; Mordeson and Mathew 2020
Delanka-Pedige et al. 2020).

Many of these objectives are interconnected, which has
led to an increased impact of the COVID-19 pandemic on
all of them (Huan, Liang and Zhang 2020; Zhao et al. 2020).
However, some studies (Ahmed et al. 2020; Khetrapal and
Bhatia 2020) have called attention to two specific problems
associated with the disease: the first detections of SARS-
CoV-2 in untreated residual waters, and the effects of the
disease on the health and well-being of populations around
the world. These are indications that non-compliance with
SDG 3 (health and well-being) and SDG 6 (clean water
and sanitation) affects cities' performance in responding
to a pandemic such as COVID-19. In addition, few studies
(Khetrapal and Bhatia 2020; Mordeson and Mathew 2020;
Leal Filho et al. 2020; Iwuoha and Jude-lwuoha 2020) took
into account the association between SDGs and COVID-19,
although they did not intend to develop models that
associate SDG results with COVID-19 statistics (cases and
deaths from the disease). It is important to point out that
the achievement of these sustainable objectives is reached
through the adoption of indicators and monitoring tools,
which are often used in literature (e.g. Bobylev et al. 2018;
Kristjansdattir, Olafsdottir and Ragnarsdotti, 2018), since
they allow to simplify, aggregate and clarify the information
available to policymakers. In addition, the indicators are
understood as means and not ends to achieve sustainable
development, so the cross-analysis of the indexes can
provide more accurate results (MacDonald et al. 2018).

The pandemic duration is uncertain, and nobody can
estimate its full effects yet; therefore, the achievement of
goals for each SDG within the given period (up to 2030,
at most) becomes more and more difficult (Khetrapal and
Bhatia 2020). Hence, we draw attention to developing
countries, since some studies (Ahmed et al. 2020) show
that COVID-19 affects them more negatively. One of these
countries, Brazil, has unique environmental, social, and
economic characteristics, such as high social inequality,
deficiencies in public health, high and constant air and
water temperatures, low rates of basic sanitation and high
population density among the states (Von Braun, Zamagni
and Sorondo 2020; Hart and Halden 2020). Therefore,
these social, political, economic and environmental
gaps between cities, states and regions can worsen
the pandemic effects (Rourke et al. 2020; Khetrapal and
Bhatia 2020) as well as make it impossible to meet these
sustainable goals, especially SDGs 3 and 6.

In addition, on 03/18/2021, Brazil was the second
country in the number of cases, and second - in the
number of deaths from COVID-19 (JHU 2020), and this
virus has spread to several regions in the country, from
the North (the Amazon) to the South, close to Argentina
and Uruguay (Candido et al. 2020). Hence, this study
aims to understand the relationship between these two
Sustainable Development Goals — Good health and well-
being (SDG 3), and Clean water and sanitation (SDG 6)
— and the distribution of COVID-19 cases and deaths in
Brazilian cities.

SDG 3 (Good health and well-being) and COVID-19

SDG 3 aims at the well-being of individuals and
the collective health of all communities (UN 2015). This
objective promotes restructuring of the health system, thus
strengthening the proposal of universal coverage (Seidman

2017). Therefore, this SDG is associated with the current
pandemic the most as the first effects of non-compliance
with it will directly affect the health system (Leal Filho et al.
2020).

COVID-19 continues to harm public health and its effects
may be worse in tropical and subtropical countries like Brazil,
which fights a battle against endemics such as dengue,
malaria and yellow fever (Zeng et al. 2018). In addition,
most developing countries suffer from the ineffectiveness
of the health system due to the lack of funding, equipment,
qualified personnel and poor hospitals’infrastructure, which
mainly affects the most vulnerable communities from the
social and economic standpoint (Leal Filho et al. 2020; Von
Braun, Zamagni, and Sorondo 2020).

Previous studies (Kruk et al. 2018; Lucas et al. 2019)
assessed the impact of achieving SDGs on countries
mortality rates, showing that countries with better SDG
indices also demonstrate better cost-benefit ratios in the
health system. Wang et al. (2020) associated population
density with cases and deaths from COVID-19, and Camara,
Pinto, Silva and Gerhard (2020) showed that the distance
from the epicenter is related to the growth of the virus
proliferation curve. Therefore, considering the current
scenario — a global health crisis caused by the COVID-19
pandemic — we have developed the following hypotheses:

’

H, — Cities that do not comply with SDG 3 report a
higher number of COVID-19 cases;

H, — Cities that do not comply with SDG 3 report a
higher number of deaths from COVID-19;

H, — Population density moderates the relationship
between SDG 3 and the number of COVID-19 cases;

H, — Population density moderates the relationship
between SDG 3 and the number of deaths from COVID-19;

H. — The distance between cities and the epicenter of
the pandemic moderates the relationship between SDG 3
and the number of COVID-19 cases.

SDG 6 (Clean water and sanitation) and COVID-19

SDG 6 deals with sustainable water management and
the quality of sewage services. Water is a critical component
for life and human development, thus, it is vital in the battle
against this pandemic (UN 2020)".

There is a consensus that the main transmission
route of COVID-19 is close contact with infected people
by either handshake, saliva droplets, sneeze, cough or
vomit (Dehning et al. 2020). Therefore, the hygiene of the
environment and body, especially hands, is essential to
avoid COVID-19 transmission (Azoulay and Jones 2020).
However, basic sanitation conditions in several regions of
developing countries are still very precarious, which brings
risks of secondary transmission. Another problem associated
with the lack or discontinuity of clean water supply is that
people end up resorting to alternative solutions for access
to water, that is, access to sources such as lakes, ponds and
rivers contaminated with other biological and chemical
pathogens. These solutions are not the most appropriate as
people may be infected by SARS-CoV-2 (Rimoldi et al. 2020)
in addition to becoming susceptible to other transmission
routes, such as fecal-oral.

Fecal-oral transmission of a disease concerns any form
of contagion where the disease’s etiologic agent is expelled
through the host’s feces or urine and is transmitted to
a potential host either by direct ingestion, aerosols of
contaminated water or by fomites associated with the
action of biological vectors (Ahmadiara 2020). Up to now,
there is no scientific evidence of fecal-oral transmission of
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COVID-19, but it cannot be ruled out since this has occurred
with other viruses of the coronavirus family. Several studies have
found the presence of the SARS-CoV-2 virus in the feces and
urine of symptomatic and non-symptomatic people throughout
the world (W. Ahmed et al. 2020; Kitajima et al. 2020).

Hence, cities with worse conditions of sanitary sewage and
water distribution can facilitate virus proliferation, and SDG 6
sets these conditions (Azoulay and Jones 2020; Kitajima et al.
2020). Furthermore, population density and distance from the
epicenter can be decisive in this relationship (Camara et al.
2020; Wang et al. 2020). A city with a high number of individuals
requires an efficient water supply and sanitary sewage for
everyone (Delanka-Pedige et al. 2020). Likewise, the closer to the
epicenter, the greater is the risk that a certain natural resource is
contaminated due to virus proliferation. Therefore, we propose
additional hypotheses:

H, - Cities that do not comply with SDG 6 report a higher
number of COVID-19 cases;

H, - Cities that do not comply with SDG 6 report a higher
number of deaths from COVID-19;

H, — Population density moderates the relationship between
SDG 6 and the number of COVID-19 cases;

H, — Population density moderates the relationship between
SDG 6 and the number of deaths from COVID-19;

H,, - The distance between cities and the epicenter of the
pandemic moderates the relationship between SDG 6 and the
number of COVID-19 cases.

METHODOLOGY

Toachievetheresearch objective, we carried outaquantitative
study based on secondary data in 649 Brazilian cities with more
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Fig. 1. Number of Brazilian cities with population over 50 thousand inhabitants, per State. AC = Acre; AL = Alagoas; AP =
Amapé; AM = Amazonas; BA = Bahia; CE = Ceard; DF = Distrito Federal; ES = Espirito Santo; GO = Goias; MA = Maranhao; MT = Mato
Grosso; MS = Mato Grosso do Sul; MG = Minas Gerais; PA = Pard; PB = Parafba; PR = Parand; PE = Pernambuco; Pl = Piauf; RJ = Rio de

Janeiro; RN = Rio Grande do Norte; RS = Rio Grande do Sul; RO = Rondonia; RR = Roraima; SC = Santa Catarina; SP = So Paulo;

SE = Sergipe; TO =Tocantins.
Note. Made with software Qgis version 3.4.13.

Table 1. Description of the variables analyzed for each SDG and the organizations that provided them

Objective Organization

Data collected from the cities

Informatics Department of Unified Health System

oG 3 (DATASUS)

Number of neonatal deaths

Number of child deaths (up to 5 years old)

Number of deaths

Maternal deaths during pregnancy or up to 42 days after giving birth
Number of live births of women aged 15 to 19 years old
Number of new HIV cases

Number of malaria cases

Number of hepatitis B cases

Number of deaths by suicide

Number of deaths by traffic accidents

Vaccination coverage

Abandonment of vaccination

National Information System on Sanitation (SNIS)

DGO and Trata Brasil Institute

Level of coverage of the urban and rural population by water supply

Level of coverage of the urban population by piped water

Level of coverage the of urban and rural population by sewage collection
The volume of treated sewage in relation to the volume of water consumed,
controlled by the collection rates

'Instituto Brasileiro de Geografia e Estatistica [IBGE]. (2015). Pesquisa Nacional por Amostra de Domicilios (PNAD). Available at: https.//www.
ibge.gov.br/estatisticas/sociais/populacao/9127-pesquisa-nacional-por-amostra-de-domicilios.html?=&t=0-que-e [Accessed 15 Set. 2020].
2Governo do Estado de Séo Paulo (SP) (2019). 1° Relatdrio de Acompanhamento dos Objetivos de Desenvolvimento Sustentdvel do Estado de
Sao Paulo. Séo Paulo, Brasil. Available at: http.//www.seade.gov.br/wpcontent/uploads/2019/07/SDGsp.pdf [Accessed 20 Set. 2020].
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than 50 thousand inhabitants (Fig. 1) according to the last census
conducted by the Brazilian Institute of Geography and Statistics
(IBGE)!in 2010. We used this population limit and this sample size
(n=649) because databases did not have enough information for
cities with a population below 50 thousand inhabitants.

We defined the criterion for selecting the variables according
to the State of Sdo Paulo monitoring report on SDGs (SP 2019)?,
based on the goals established by Agenda 2030 for each objective
(UN 2015). Thus, we divided the data analysis into two stages.
First, we measured an index for each SDG from the collected
information. In SDG 3, where the variables are represented in
gross values, the indices were placed in the order from worse to
better performance of the cities in the respective ODS variable.
Subsequently, the sample was divided into percentiles, that s,
it was placed in each class interval 1% of the series elements.
Regarding the time frame, the period 2010-2018 was considered
for the analysis considered.

As for SDG 6, we adopted the methodology developed by
Trata Brasil Institute (2020), which considers the total coverage
level for water supply when the service rates reach 100%, while
for sewage collection it considers total coverage as 98% of service.
To calculate the level of water and sewage coverage, we used the
following equations, established by SNIS (2018)°.

Where:

_ POPwater M

pPOP

IA =Total water service rate or urban water service rate;
POPwater = Total population served with water or urban
population served with water;

POP =Total population or urban population.

Where:

14

_ POPsewage 2)

POP

IE =Total sewage service rate or urban sewage service rate;
POPsewage = Total population served with sewage or urban
population served with sewage;

POP =Total population or urban population.

IE

Where:

VE

IEAC =———
(Vac —Vae)

IEAC =Treated sewage rate by water consumed;
Ve =Volume of treated sewage;

Vac =Volume of water consumed:;

Vae = Volume of water exported.

Thus, once we measured the indices, we adopted the
weighted mean for the final composition of SDG 6, where
the indices in equations 1, 2 and 3 added up to 10%, 20% and
40% of the grade, respectively (Trata Brasil 2020). Finally, we
calculated the dependent variables (DV) from the relationship
between the COVID-19 statistics (number of cases and deaths)
and the city’s total population. These dependent variables were
considered one at a time because the number of cases of the
disease is not reflected in the same proportion as the number
of deaths. Furthermore, the data referring to the COVID-19
statistics and the city’s total population were extracted from
DATASUS (2020c¢)* and IBGE (2020)*, respectively.

For the second stage of the research, in which the
relationships proposed by the hypotheses was investigated,
we used the techniques of multivariate data analysis from
moderation processes (Model 1) with the aid of PROCESS
(Hayes 2013)° — Statistical Package for the Social Sciences (SPSS)
software, version 24.0. In addition, we tested the proposed
moderators by using a bootstrapping test with 10,000 samples.

We carried out preliminary data analyses to check the
normality and presence of multicollinearity among the variables.
As the calculations of the number of cases and deaths over
the total population showed high asymmetry and kurtosis, we
made logarithmic changes in these variables. Next, to check the
presence of multicollinearity, we conducted Pearson’s correlation
analysis to identify the level of association among the variables
(Tabachnick and Fidell 2001)°. Finally, in order to identify outliers,
we used the multivariate detection through the Mahalanobis
measure, excluding the cities of Vicosa-MG, Guanambi-BA and
Palmas-PR for the statistical analyses with the variable «deaths
from COVID-19», where, at the time, there were no records of
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Fig. 2. Proposed conceptual model of the research hypotheses

"Instituto Trata Brasil (2020). Ranking do saneamento. Séo Paulo, Brasil. Available at: http.//tratabrasil.org.br/images/estudos/itb/ranking_2020/

Relatorio_Ranking_Trata_Brasil_2020_Julho_.pdf [Accessed 3 Set. 2020]

2 Sistema Nacional de Informagdes sobre Saneamento [SNIS]. (2018). SNIS: série histrica. Available at: http.//app4.mdr.gov.br/serieHistorica/#

[Accessed 16 Set. 2020].

3 Sistema de Informdtica do Sistema Unico de Saude [DATASUS]. (2020c). Painel Coronavirus. Available at: https://covid.saude.gov.br/ [Accessed 14

Set. 2020].

“Instituto Brasileiro de Geografia e Estatistica [IBGE]. (2020). IBGE Cidades. Available at: https.//cidades.ibge.gov.br/ [Accessed 8 Set. 2020].

S Hayes, A. F. (2013). Model templates for SPSS and SAS. Behavior Research Methods, Instruments, & Computers, 36, 717-731.1SBN 978-1-60918-230-4
¢ Tabachnick, B. G. and Fidell, L. S. Using multivariate statistics (4th ed.) Needham Heights, MA.: Allyn and Bacon.

"Hayes, A. F. (2017). Introduction to mediation, moderation, and conditional process analysis: A regression-based approach. New York: Guilford.
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deaths from the disease. Thus, at the end of this stage, the
sample had 646 valid observations. We found no outliers for
the variable «COVID-19 cases».

Furthermore, we standardized all the variables in order to
compare scales with different metrics, since such a procedure
does not lead to distortions in variables’ interactions (Hayes
2017)’. Figure 2 presents the proposed theoretical model
based on the hypotheses.

RESULTS

Descriptive statistics and the correlation matrix of all
study variables showed that the numbers of cases and
deaths from COVID-19 were positively related to the levels
of non-compliance with SDGs 3 and 6 (Table 2). However, as
these correlation coefficients were not extremely high, there
was no multicollinearity among the variables (Tabachnick
and Fidell 2001). The correlation matrix provides a significant
initial analysis of the association of variables. From this,
more robust analysis models were designed to verify these
associations.

As for the hypotheses testing, the results of the moderation
analysis of the effect of a city’s population distance and its density
on the relationship between SDG and the COVID-19 levels over
the population indicate a certain relationship (Table 3). For the
relationship between SDG and COVID-19, the results show a
significant negative direct effect of SDG 3 (f = -5.30; p <0.000)
and SDG 6 (3 = -5.04; p <0.000) variables on the number of cases.
Therefore, hypotheses H, and H, were confirmed.

Regarding the effects of the first moderation, we noticed
that population density regulates the relationship between
SDGs and COVID-19 cases, showing a statistically significant
negative effect of SDG 3 (3 = -235; p <0. 05) and SDG 6
(B=-3.44; p <0.000) on the disease cases. Thus, we can infer that the
impact of these goals on the number of COVID-19 cases gets higher
with increasing population density in the city (Table 3).

Likewise, the combined effect of cities'distance with that of SDG
3 (B=-1.99; p <0.05) and SDG 6 ( =-3.40; p <0.000) was negatively
significant, showing that the impact of SDGs on the COVID-19 cases
is weaker for cities that are further away from the pandemic’s initial
dissemination zones. In addition, the graphical representation of
moderation, in Table 3, shows that distance was a natural socio-
geographical obstacle for the disease spread despite the low levels
of SDG. Therefore, hypotheses H,, H,, H, and H,  were accepted.

Table 2. Correlation of variables, mean and standard deviation for variables 1 to 6 for Brazilian cities

Variables Mean SD. 1 2 3 4 5 6
1. Cases/Population 013 009 1.00
2.Deaths/Population .0003 .000 549%** 1.00
3.5DG 3 50.16 212 - 158%%* -3071%%* 1.00
4.5DG 6 5309 299 - 1877 - 192%** - 197%%% 1.00
5. Distance 2356 229 065% - 232%%% .085%* -.086* 1.00
6. Density 652.6 1567 -003 3127 -370%%* - 155%%* -284%%* 1.00

Note. * p<0.1; **p<0.05; **p<0.01

Table 3. Moderation Analysis for the number of COVID-19 cases in the population

COVID-19 cases/population

Structural path B SE R? Structural path B SE R?
(F=10.1191; 3; 642; p<0.000) (F=14.0284; 3; 642; p<0.000)
Constant 0.048 (1.161) Constant -0.031 (-0.782)
SDG 3 -0.224 (-5.30%*%) 0.042 SDG6 -0.201 (-5.04**%) 0.040
Density 0.036 (0.868) 0.042 Density -0.104 (-2.63**%) 0.399
SDG 3x Density -0.095 (-2.35*%) 0.040 045 SDG 6 x Density -0.138 (-3.44*%%) 0.040 0.061
(F=9.231; 3; 642; p<0.000) (F = 13.4605; 3; 642; p<0.000)
Constant 0.027 (0.689) Constant -0.005 (0.136)
SDG3 -0.193 (-4.83**¥) 0.040 SDG6 -0.167 (-4.43**¥) 0.038
Distance -0.057 (-1.392) 0.041 Distance -0.096 (-2.51%%%) 0.038
SDG 3 x Distance -0.075 (-1.99%%) 0.037 0.041 SDG 6 x Distance -0.129 (-3.40%*%) 0.038 0.059
Note. ** Significant at 5%; *** Significant at 1%.
Table 4. Moderation Analysis for the number of deaths in the population
COVID-19 deaths/population
Structural path B SE R? Structural path B SE R?
(F=27.7611; 3, 642; p<0.000) (F =39.2535; 3; 642; p<0.000)
Constant 0.035 (0.966) Constant -0.002 (-0.069)
SDG 3 -0.206 (-5.43**%) 0.038 SDG6 -0.248 (-7.03**¥) 0.05
Density -0.176 (-4.66"*%) 0.037 Density -0.337 (-9.56**%) 0.035
SDG 3 x Density -0.023 (-0.652) 0.036 0.114 SDG 6 x Density -0.095 (-2.70%*%) 0.035 0.155

** Significant at 5%; *** Significant at 1%.
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Table 4 presents the relationship between the SDG
variables and the number of deaths from COVID-19. Similar
to the previous theoretical model, the interrelationship of the
variables had comparable values, with all SDG 3 (3 = -543;
p <0.000) and SDG 6 (3 =-7.03; p <0.000) variables demonstrating
a significant negative relationship with the number of deaths
from the disease, thus confirming H, and H,. However, there
was a significant improvement in the model resulting from the
independent variables, which indicated that the SDGs level
better explains the number of deaths caused by the disease than
its way of dissemination.

From the analysis of the combined effects, the density
was a moderator only in the relationship between SDG 6
and the number of deaths (3 = -2.70; p <0.000). Such an
association reveals that the higher population density
of a location increases the impact of a lower level of
SDG 6 coverage on the number of deaths by COVID-19.
Therefore, from these results, only hypothesis H, was
confirmed. Finally, Table 5 summarizes the main results of
the theoretical-empirical model of the study.

DISCUSSION

Confirmation of the hypotheses allows us to infer that
the achievement of these SDGs improves the performance
of communities throughout the world in the face of a
critical health scenario. Hence, an efficient and effective
investment in SDGs 3 and 6 is directly associated with the
ability of cities, regions or countries to successfully deal
with infectious diseases and the resulting death numbers
(Khetrapal and Bhatia 2020). To do that, these sustainable
goals should not play a secondary role in the current
scenario and the post-pandemic future.

Regarding SDG 6, Brazil lacks a greater coverage of water
supply (currently it is 83.6%) to reach the goal of universal
and equitable access to clean water, thus reducing the risk
of COVID-19 contagion (SNIS 2018; UN 2020). In addition,
there is inequality in access to water when comparing the
cities since 149 of them have a service in the range of 60%
to 80%, and in 147 cities, this rate is below 40% (SNIS 2018).

This difference among regions can be explained by
the socio-spatial segmentation and segregation that
has historically marked Brazil and is linked to historical,
economic, political, cultural and social aspects (Rezende

and Heller 2002"; Nahas et al. 2019). In addition, service
rates are worse for the sewerage system, whose average in
2018 was 53.2%, with 249 cities with a service range of 20%
to 40%, while 324 had rates below 20% (SNIS 2018).

Furthermore, several studies (W. Ahmed et al. 2020;
Kitajima et al. 2020) show that the poor sanitary and
management structure for water distribution leaves cities
exposed to the spread of COVID-19.These factors, which are
linked to a higher concentration of inhabitants per square
kilometer and the reluctance to adopt social distancing
policies, have a direct effect on the virus proliferation
(lwaya et al. 2020; Wang et al. 2020). This moderation gets
stronger for the SDG levels and the number of deaths from
COVID-19 since the closer to the epicenter, the higher is
the risk of contamination of water resources due to virus
proliferation. In addition, the greater is the population in
need of water supply and sanitation, the lower are the rates
of compliance with SDGs and the greater are the health
risks (Camara et al. 2020; Wang et al. 2020). Therefore, the
literature confirms the hypotheses that refer to SDG 6.

Finally, regarding the performance of Brazilian cities in
health management (SDG 3), child mortality has decreased
over the period 1990-2015 (initial milestone of Agenda
2030) (Franca et al. 2017). In addition, in that same period,
there was a sharp reduction in the number of cases of
communicable diseases, maternal deaths, cardiovascular
diseases and chronic respiratory diseases; however, the
number of cases of noncommunicable diseases rose
across the country (Malta et al. 2017). Furthermore, recent
preliminary data from the Ministry of Health (September
2020) indicate a drop in vaccination coverage, which in
2019 reached 72.31% and currently is at the level of 49.78%
(DATASUS 2020a)% The results may still change since states
could report the data until the end of September, but this
information preview is disturbing and shows a potential
scenario of post-pandemic impacts with an increase in
infections of unvaccinated people. In most vaccination
campaigns in Brazil, the intended target coverage is
between 90% and 95% (DATASUS 2020b)3. Therefore, from
the hypotheses proposed and from previous studies we
can infer (Leal Filho et al. 2020; Khetrapal and Bhatia 2020;
Iwuoha and Jude-lwuoha 2020) a relationship between
SDG 3 indicators and the COVID-19 statistics, knowing that
this disease worsens an already fragile health system.

Table 5. Hypothesis tests for the Theoretical Model

H Structural Paths B SE P Result
H1 SDG 3 — Cases by COVID-19 -0.224 0.04 0.000%** Accepted
H2 SDG 3 — Deaths by COVID-19 -0.206 0.03 0.000%** Accepted
H3 (SDG 3 x Density) — Cases by COVID-19 -0.095 0.04 0.018** Accepted
H4 (SDG 3 x Density) — Deaths by COVID-19 -0.023 0.03 0514 Rejected
H5 (SDG 3 x Distance) — Cases by COVID-19 -1.99 0.03 0.046** Accepted
H6 SDG 6 — Cases by COVID-19 -0.201 0.04 0.000%** Accepted
H7 SDG 6 — Deaths by COVID-19 -0.248 0.05 0.000%** Accepted
H8 (SDG 6 x Density) — Cases by COVID-19 -0.138 0.04 0.000%** Accepted
H9 (SDG 6 x Density) — Deaths by COVID-19 -0.095 0.03 0.007*** Accepted
H10 (SDG 6 x Distance) — Cases by COVID-19 -340 0.03 0.000%** Accepted

** Significant at 5%; *** Significant at 1%.

" Rezende, S. C, and Heller, L. (2002). O saneamento no Brasil: politicas e interfaces [Sanitation in Brazil: Policies and Interfaces]. Belo Horizonte:

Editora da UFMG

? Sistera de Informdtica do Sistera Unico de Satde [DATASUS]. (2020a). Informacées de satide (TABNET). Available at: http.//www2.datasus.gov.

br/DATASUS index.php?area=02 [Accessed 14 Set. 2020].

3 Sistema de Informdtica do Sistema Unico de Satide [DATASUS]. (2020b). Cobertura vacinal (TABNET). Available at: http://tabnet.datasus.gov.br/

tabdata/LivrolDB/2edrev/f13.pdf [Accessed 14 Set. 2020].
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CONCLUSION

The results show that the investment and dedication
to meet the goals established in SDGs 3 and 6 affects cities’
performance regarding the COVID-19 statistics since cities
that have a better performance in the indicators of these
objectives have fewer cases and deaths from COVID-19.
Likewise, the population density of the cities and their
distance from the pandemic epicenter moderate this
relationship.

The pandemic can cause an overload in the health
system due to the increase in cases of coronavirus
increasing the number of deaths from other diseases not
related to COVID-19. Well-being and mental health may
also be affected by social isolation. In addition, water is
an essential component in combating the transmission of
COVID-19 as it is necessary for cleaning the environments
and cleaning the body and its uneven management will
possibly aggravate the pandemic scenario. Therefore,
coping with the COVID-19 pandemic cannot be separated
from the goals and indicators outlined in the SDGs since
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ABSTRACT. The present study analyses the case of urban sustainability in Mumbai in the context of the COVID-19 pandemic
and aims to identify the relationship between the existing sustainability issues and the spread of the pandemic across the
administrative wards of the Municipal Corporation of Greater Mumbai. It also tries to delve into the reasons behind the
observed relationships to establish the patterns created by the COVID-19 pandemic in Mumbai by the end of August 2020.
The study relies on secondary sources of data, that include reports published by government agencies, news articles, journals
and websites. The study comprises a large amount of quantitative data that were analyzed using ArcGIS 10.4.1 and SPSS 23.
The qualitative data collected through an extensive literature review was used alongside the quantitative data to support the
study. The findings reveal that the COVID-19 pandemic had a varied impact across the wards of Mumbai, which was found
to be associated with the unequal socio-economic conditions that prevail across the city. This inequality has contributed to
Mumbai’s reduced resilience, for building which the Sustainable Development Goals (SDGs) have to be achieved.
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INTRODUCTION

The need for sustainable development in cities has
been recognized in the Sustainable Development Goals
(SDGs) formulated by the United Nations, where SDG 11 is
dedicated to making cities and communities sustainable’.
Large population and diverse activities in urban areas have
resulted in the emergence of several socio-economic and
environmental challenges rendering a multi-dimensional
character to the sustainability debate (Kwivani 2010).
Furthermore, sustainable development in the cities of the
Global South poses several challenges due to the existence
of various problems such as high population density,
urban informality, poverty, housing crisis and growing
unemployment. Therefore, sustainable development in
the cities of the Global South would require accomplishing
certain other SDGs in conjunction with Goal 11. These
goals include Goal 1 (No Poverty), Goal 2 (Zero Hunger),
Goal 3 (Good Health and Well-Being), Goal 8 (Decent Work
and Economic Growth) and Goal 17 (Partnerships)?. On
top of all the existing challenges, the emergence of the
COVID-19 pandemic has crippled the urban areas raising
more concerns about the future of sustainability. Black et
al, (2020) note that, «In dense, internationally connected

"United Nations, n.d.

2 Sustainable Development Goals | Partnerships platform, n.d.
3 Guterres, n.d.

*Praharaj and Vaidya, n.d.

® Jha 2020

cities, risk of transfer of infectious disease is exacerbated
through rapid population flows, and lack of quality public
space». By bringing the issue of urban vulnerability to the
forefront, the pandemic hasreinstated interestinthe subject
(Sharifi et al. 2020). It has also provided an opportunity to
examine how pandemics affect urban areas and what can
be done to increase the urban resilience to pandemics
(Sharifi et al. 2020). With 90% of the reported cases, the
urban areas across the world have emerged as ground
zero of the pandemic®*. This has not been an exception
for India, where the progress of the pandemic has made it
evident that the urban areas of the country are bearing the
brunt of the crisis. According to Jha, «<With an ever-larger
shift of populations to urban areas in conjunction with a
shift of a very large percentage of national economies to
large urban centers, the concentration of a succession of
epidemics and pandemics in cities has become stronger»”.

The city of Mumbai is one of the worst affected areas
by the COVID-19 pandemic. It is one of the most densely
populated cities of India and the density in its ghettos of
the urban poor is strikingly high, for instance, in Mumbai's
‘Dharavi’, which is one of the most densely populated
slum areas of the world, the population density is 277,136/
km? (Golechha 2020). Unlike the affluent sections of the
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society, the urban poor are facing far greater challenges
under the lockdown. ‘People living in urban slums are
exposed to greater risks than those residing in wealthy
neighborhoods" (Neiderud 2015), especially in times of a
pandemic. Prevalence of co-morbid conditions, malnutrition
and insufficient diets weakens the immune system, which
alongside factors such as lack of clean drinking water and
improper sanitation facilities make people susceptible to
disease transmission and deaths (Toole and Waldman 1990).
Paul et al. (2020) note that high population density and a large
concentration of the population in slums with high household
density and low per-capita income drive the spread of
infectious diseases, as people living under such circumstances
are compelled to violate social distancing norms for their basic
needs. In the slums of Mumbai, maintaining social distancing
for stopping the spread of the virus is a luxury, which the
slum dwellers cannot afford for the sake of their survival.
Along with this, homelessness is another major challenge
confronting Mumbai. The COVID-19 pandemic has posed a
severe challenge to this less recognized section of Mumbai's
population as well. The present study aims at examining the
scenario emerging from the pandemic in the Indian city of
Mumbai from the perspective of urban sustainability. The
paper attempts to explore the relationship existing between
the spatial distribution of the pandemic, urban density and
urban poverty in the city.

MATERIALS AND METHODS
The Study area

The study area chosen for the study is the coastal city
of Mumbai located in the western part of India, in the state
of Maharashtra. Mumbai is administered by the Municipal
Corporation of Greater Mumbai (MCGM). Greater Mumbai
is a city spread over two districts, Mumbai City District and

R/C Ward

0153

P/N Ward

Mumbai Suburban District. It is divided by the MCGM into 24
administrative wards, of which 9 are in Mumbai City District
and 15 are in Mumbai Suburban District? (Fig. 1). The wards
located in the Mumbai City District are A Ward (Colaba), B
Ward (Sandhurst Road), C Ward (Marine Lines), D Ward (Grant
Road), E Ward (Byculla), F/S Ward (Parel), F/N Ward (Matunga),
G/N Ward (Dadar/Plaza) and G/S Ward (Elphinstone)?. The
wards located in the Mumbai Suburban District are H/W Ward
(Bandra), H/E Ward (Khar/Santacruz), K/E Ward (Andheri East),
K/W Ward (Andheri West), P/S Ward (Goregaon), P/N Ward
(Malad), R/S Ward (Kandivali), R/C Ward (Borivali), R/N Ward
(Dahisar), L Ward (Kurla), M/E Ward (Chembur), M/W Ward
(Chembur West), N Ward (Ghatkopar), S Ward (Bhandup) and T
Ward (Mulund)?.

Data collection and processing

To meet the objectives of the research, two major sets of
datawereusedinthisstudy.Thefirstsetofdataisonthescenario
of the COVID-19 pandemic in Mumbai, which is collected
from the key updates and trends published by the Municipal
Corporation of Greater Mumbai, dated 30" of August 2020°.
This set comprises the ward-wise data on COVID-19 positive
cases, active cases, cases discharged and cases resulting in
deaths as well as containment zones and sealed buildings
in Mumbai. The second set comprises demographic data
on gross population density, slum population and homeless
population in the wards of Mumbai as per the estimates of
the Census of 2011. The ward-wise data on gross population
density and slum population were collected from the District
Disaster Management Plans of Mumbai City District and
Mumbai Suburban District?&* whereas the ward-wise data on
homeless population was derived from the FAQ document of
the Public Health Department of the MCGM?®. In addition to
this, data from other sources such as journals, websites and
news articles were also used to support the study.

Mumbai Suburban District
Mumbai City District

6 9 12
e e K ilometers

Fig. 1. Wards and Districts comprising Mumbai

"Choudhry and Avinandan 2020

2 District Census Handbook: Mumbai Suburban District, 2011
SMCGM 2020b

“MCGM 2019a

*MCGM 2020a
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The collected data were processed and analyzed using
ArcGIS 10.4.1 and SPSS 23. Using ArcGIS 10.4.1, the ward-
wise distribution of the total number of positive COVID-19
cases, number of active cases, patients discharged, patient
deaths, containment zones and sealed buildings as well
as population density, slum and homeless population
in Mumbai were mapped to reveal the emerging spatial
patterns. Thereafter, the correlation between these
variables was analyzed in SPSS 23 to analyse the existence
of any significant associations. In addition to these, the
map showing the wards and districts of Mumbai was also
prepared in ArcGIS 10.4.1.

RESULTS AND DISCUSSION
The COVID-19 scenario of Mumbai

The COVID-19 pandemic has affected Mumbai
tremendously. With Dharavi emerging as a COVID-19
hotspot in April', Mumbai’s fate in terms of the pandemic
seemed extremely gloomy. However, since then Dharavi
went a long way, going from being a hub of SARS-CoV-2
infections to becoming a success story. In the wake of the
growing number of cases in Mumbai, the success of Dharavi
in controlling the spread of the SARS-CoV-2 virus has altered
the dynamics of the pandemic in the city. In this study, the
COVID-19 situation that emerged in Mumbai at the end
of August 2020 was considered. Analyzing the ward-wise
distribution of the positive COVID-19 cases in Mumbai
revealed the existence of significant differences throughout
the city (Fig. 2). Some wards such as P/N, K/W, K/E and G/N
were marked by a high number of COVID-19 positive cases,
ranging from 7670 to 8727, while the wards H/W, C, B and
A had a very low number of positive cases, ranging from

Legend

Mumbai wards
No. of Cases

I 1247 - 2052

2052 - 4912
[ 4912 - 6603
Il 6603 - 7670
Il 7670 - 8727

0153 9 12

P ™ K ilometers

Fig. 2. Ward-wise distribution of the total number of
COVID-19 cases in Mumbai
(Source: Computed based on data from MCGM's «Stop
Coronavirus — With Right Information & Simple Measures:
Key Updates & Trends» 2020)
"'The Hindu 2020
’MCGM 20206
The Indian Express 2020

1247 to 2052. There were also wards such as S and N, which
witnessed only a moderate number of COVID-19 positive
cases.

Variation among the wards of Mumbai also exists in
terms of the number of active cases, people discharged
and cases resulting in deaths (Fig. 3). The highest number
of active cases was recorded in the R/C ward (1641),
followed by the R/S (1327) and K/W (1229) wards, whereas
the lowest number of active cases was recorded in the B
ward (129), followed by the C (241) and L (462) wards. The
highest number of cases discharged was recorded in the
P/N ward (7530), followed by the K/E (7413) and G/N (7102)
wards, whereas the lowest number of cases discharged was
recorded in the B ward (1039), followed by the C (1768) and
R/N (3104) wards. With regards to the number of COVID-19
related deaths, the highest number of deaths was recorded
in the K/E ward (540), followed by the G/N (506) and S (474)
wards, whereas the lowest number of deaths was recorded
in the A ward (72), followed by the B (93) and C (106) wards.

As a result of the growing number of cases, the
municipal authorities have identified containment zones
in each of these wards (Fig. 4). Containment zones refer to
areas where positive cases of COVID-19 were detected and
to protect everyone inside and outside from further spread
of the virus, the surrounding zone covering these areas were
sealed? The restrictions on movement and interactions were
the most severe in the containment zones with only basic
supplies and services allowed inside®. The highest number
of containment zones was in the L ward (54), followed by
the R/N (53) and S (52) wards, whereas the lowest number
of containment zones was in the B ward (2), followed by the
H/W, G/S (6 each) and M/W (8) wards.

Along with containment zones, individual buildings
were also sealed. Since apartment living is highly prevalent in

Legend
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»
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Fig. 3. Ward-wise distribution of the number of active cases,
cases discharged and cases resulting in deaths in Mumbai
(Source: Computed based on data from MCGM’s «Stop
Coronavirus — With Right Information & Simple Measures: Key
Updates & Trends» 2020)
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Mumbai, the civic authorities of the city have resorted to sealing
buildings upon detection of positive COVID-19 cases in them.
The distribution of the sealed buildings varied across the wards
of the city (Fig. 5). The highest number of sealed buildings in
Mumbai was in the R/C ward (981), followed by the R/S (551)
and K/W (458) wards, whereas the lowest number of sealed
buildings was in the E ward (37), followed by the A (56) and C
(60) wards.

Linking the COVID-19 spread in Mumbai to urban density
and poverty

High population density has been linked to the spread of the
SARS-CoV-2 virus in India’ (Bhadra et al. 2020). Adlakha and Sallis
have however pointed towards the protective health benefits of
urban density such as active lifestyle, more walkability and lower
risk of chronic health diseases due to lesser use of transport,
thereby refuting the notion that urban density is necessarily
unhealthy?. The development of slums and shantytowns are a
product of the rapid growth of urban centres with poor urban
planning and lack of capacity to meet the needs of the growing
population (Reyes et al. 2012). McFarlane notes that «The
problem is not with high population density per se, but with the
imbalance between good quality urban provisions — including
housing, services and infrastructure — and the population
density of an area»*. Living in impoverished slums and on streets
exposes the urban poor to health issues and immunity-related
challenges. People residing in the poorer neighborhoods are
likely to have pre-existing health problems, as in the case of
Mumbai, where in several of its slum communities tuberculosis
has been found to be prevalent in large proportions?.

Mumbai wards
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Fig. 4.Ward-wise distribution of containment zones in
Mumbai
(Source: Computed based on data from MCGM's «Stop
Coronavirus — With Right Information & Simple Measures: Key
Updates & Trends» 2020)

"Baggchi 2020

2 Adlakha and Sallis 2020

* McFarlane 2020

*District Census Handbook: Mumbai Suburban District 2011
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Before identifying the links between the COVID-19 spread
in Mumbai to the population density and poverty in the city, it
is important to understand the existing state of the population
density and poverty in different wards. It is a well-known fact
that Mumbai is a densely populated city. As per the Census of
2011, the total population of Mumbaiis 12,442,373 people. The
most densely populated ward of Mumbai is the C ward with a
gross density of 869 pp ha, whereas the least densely populated
ward is the T ward with a gross density of 75 pp ha (Fig. 6).

The fact that the COVID-19 pandemic has affected the urban
poor the most has come to be recognized worldwide® (Tampe
2020). Unequal cities bear marks of poverty on the one hand
and prosperity on the other, as in the case of Mumbai, where
rags and riches reside side by side. The high concentration of
slums by the side of skyscrapers bears testimony to the city’s
unequal character. Except for the C ward, all other wards of the
city have slums. Out of 24 wards, 9 wards have more than 50%
of the population living in slums. The highest share of the slums
population (72.3%) is found in the S ward (Fig. 7).

Along with the slum dwellers, there is also a large number of
homeless people. As per the MCGM, there are 35,408 homeless
people living in Mumbai, of which the highest numbers are
found in the C ward (4685) and the lowest numbers are found
in the M/E ward (356) (Fig. 8). It is worth mentioning that such
official statistics on the homeless population are not very
reliable because the official enumeration takes place during day
hours when it is most difficult to track down the homeless as
they are busy earning their livelihood away from their place of
stay (Sattar 2014). Nonetheless, it at least provides some idea on
the current situation regarding homelessness.

Mumbai wards
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Fig. 5. Ward-wise distribution of sealed buildings in Mumbai
(Source: Computed based on data from MCGM's «Stop
Coronavirus — With Right Information & Simple Measures: Key
Updates & Trends» 2020)
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To identify the relationship between the current state of the
COVID-19 pandemic in Mumbai and urban density and poverty in
the city, the correlation between relevant variables was analyzed
(Table 1). From the analysis, a number of associations were observed.
At a significance level of 0.05, a slightly strong positive correlation of
0.408 was found between the number of containment zones and
slum population (%), whereas a slightly strong negative correlation
of -0409 was observed between the number of containment
zones and homeless population. The positive correlation between

Legend
Mumbai wards
Gross density (PP ha)

| 75 - u7
[ ] 17-246
[ 246 - 418
I 418 - 580
I sso - 869
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e ™ K ilometers

Fig. 6. Ward-wise distribution of gross population density in

Mumbai
(Source: Computed based on data from MCGM'’s «Draft Disaster

Management Plan for Mumbai City District» 2019; «Draft Disaster

Management Plan for Mumbai Suburban District» 2019)

the number of containment zones and slum population can
be explained by the fact that as the slum population of Mumbai
became highly affected by COVID-19, most containment zones
came to be set up in and around these areas. Apart from living in
congested conditions, the slum dwellers are also required to use
public/community toilets and collect water from community water
collection points, which puts them at greater risk of infection. The
number of such public/community toilets is highly insufficient, as
there is 1 toilet seat for every 75 to 100 people’.

A

Legend

Mumbai wards
Slum population
[100.0%-11.3%
B 11.3%-26.4%
B 26.4% - 42.1%
I 42.1% - 61.9%
Bl 61.9% - 72.3%

0153 6 9 12

P e i omcters

Fig. 7. Ward-wise distribution of slum population in Mumbai

(Source: Computed based on data from MCGM'’s «Draft Disaster

Management Plan for Mumbai City District» 2019; «Draft Disaster

Management Plan for Mumbai Suburban District» 2019)
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Fig. 8. Ward-wise distribution of homeless population in Mumbai
(Source: Computed based on data from «FAQ document of the Public Health Department of the MCGM», n.d.)
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Table 1. Correlation Matrix
Containment Sealed Total Cases Active Grosg S'U”T Homeless
Zones Buildings | Cases | Discharged Deaths cases population | population population
density (%)
5 Pearson 1 0005 | 0346 0347 034 0201 0.195 0.408* ~409*
£ g | Correlation
£ c
= | Sig. (2-tailed) 0982 0.098 0.097 0104 | 0346 0361 0048 0.047
@]
O N 24 24 24 24 24 24 24 24 24
w Pearson -0.005 1 0591* | 0547%* | 0119 | 0888* 0312 0028 0.202
° 'g Correlation
3= | sig.2-tailed) 0982 0.002 0.006 0579 0 0.138 0.897 0343
o
N 24 24 24 24 24 24 24 24 24
0 Pearson 0346 0.591%* 1 0998 | 0743* | 0796* -0.296 0299 -0.404
pi] Correlation
o
T | Sig.(tailed) 0.098 0.002 0 0 0 0.16 0.156 005
- N 24 24 24 24 24 24 24 24 24
S Pearson 0347 0547 | 0.998* 1 0757 | 0.759% 0278 029 -0.389
L= Correlation
w»vn ([©
85 | Sig. (2-tailed) 0.097 0.006 0 0 0 0.189 0.16 0061
e N 24 24 24 24 24 24 24 24 24
Pearson 034 0119 | 0743* | 0757** 1 027 0029 039 -0.404*
@ Correlation
©
8 | sig.(2-tailed) 0.104 0579 0 0 0202 0.894 0.06 005
N 24 24 24 24 24 24 24 24 24
Pearson 0201 0888** | 0796** | 0.759% 027 1 0451 0.165 0361
v Correlation
2 | sig.(2-tailed) 0346 0 0 0 0202 0027 0442 0083
N 24 24 24 24 24 24 24 24 24
S Pearson -0.195 0312 | -029 | -0278 0029 | -0451* 1 0417% 471%
w2 2| Correlation
253
5 §§ Sig. (2-tailed) 0361 0.138 0.16 0.189 0894 | 0027 0042 002
< N 24 24 24 24 24 24 24 24 24
S Pearson 0.408* 0028 | 0299 0.296 0.39 0.165 0417 1 -0610%*
£E Correlation
S s X
% 8% | Sig. (2-tailed) 0048 0.897 0.156 0.16 0.06 0442 0042 0002
< N 24 24 24 24 24 24 24 24 24
a5 | Pearson -0.409% 0202 | -0404 | 0389 | -0404* | -0361 0471% -0610% 1
D5 Correlation
v ©
5§ 2 |Sig (2-tailed) 0.047 0343 005 0.061 005 0083 002 0.002
T
< N 24 24 24 24 24 24 24 24 24

*. Correlation is significant at the 0.05 level (2-tailed).

**_Correlation is significant at the 0.01 level (2-tailed).
(Source: Computed based on data from MCGM'’s «Stop Coronavirus — With Right Information & Simple Measures: Key Updates
& Trends», 2020; MCGM'’s «Draft Disaster Management Plan for Mumbai City District», 2019; «Draft Disaster Management Plan

for Mumbai Suburban District», 2019; and «FAQ document of the Public Health Department of the MCGM», n.d.)

Even though Dharavi has flattened the COVID-19
curve in mid-June, four of the most densely populated
pockets of slums inside Dharavi, i.e. the Matunga Labour
Camp, Kumbharwada, Kala Killa and Koliwada are still on
MCGM's watch list'. To understand the negative correlation
between the number of containment zones and homeless
population, it is first necessary to keep in mind that

"Eshanpriya 2020
2 Census of India 2011
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the data on homeless population used in the study is
in conjunction with the Census of India’s definition of
houseless households. It includes only those households,
which do not live in buildings or census houses and rather
reside in the open or near roads, places of worship, railway
platforms, etc?. Such houseless households are highly
scattered across the city and are also mobile, leading to
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their negative correlation to the spread of the containment
zones. At the significance level of 0.05, a slightly strong
negative correlation of -0.404 was observed between the
homeless population and COVID-19 related deaths. The
extent to which the homeless people, being the most
neglected section of the society, are getting tested for
COVID-19 is still an open question. Along with this, many
of the homeless are found to shift from one locality to
another, which makes it difficult to track and trace their
health status along with their spatial distribution. Similarly,
a slightly strong negative correlation of -0.451 is observed
between the number of active cases and gross population
density atthe samessignificance level. This reinforces the fact
that density per se is not necessarily the sole determining
factor for the growing number of active cases. There are a
number of other factors such as the immunity of people,
their health conditions and prevalence of other ailments
along with the extent of adherence to the social distancing
guidelines that in conjunction with density contribute
towards the growing number of COVID-19 cases. Fang and
Wahba have rightly pointed out in this regard that densely
populated urban areas may have door-to-door delivery
services and access to high-speed internet, enabling
the residents to avail all the necessary services without
requiring them to step out of their homes'. Under such
circumstances maintaining physical/social distance can
be more convenient than otherwise. Besides these, certain
other patterns were also revealed by the analysis, which are
not discussed here as they are not relevant to the subject
matter of the article.

CONCLUSIONS

The above analysis revealed that at the end of August
2020, the highest number of positive COVID-19 cases
was recorded in P/N, K/W, K/E and G/N wards of Mumbai.
The highest numbers of active cases, cases discharged
and cases resulting in deaths were recorded in the R/C,
P/N and K/E wards. The highest number of containment
zones was in the L ward and the highest number of sealed
buildings was in the R/C ward. In terms of population
density, Mumbai is known to be a densely populated city
and among its wards, C has the highest density. In addition
to this, inequality is rampant across Mumbai. The slum
population can be found in all the wards of the city except
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INTRODUCTION There are numerous technological, political, etc.
obstacles to sustainable development, but lack of
Sustainable development is the ‘Holy Grail,  understanding of the nature of biological and social

fundamental worldview paradigm of modern civilization processes should be considered as the most serious one.
and one of the five most important priorities of the  There are no satisfactory models and even comprehensive
UN. This versatile and holistic term could be defined definitions of the key biological, social, or environmental
as «development that meets the needs of the present  concepts, systems and processes, including the definition
without compromising the ability of future generations  of life itself (Pross 2011; Chodasewicz 2014). There are no
to meet their own needs» (World Commission 1987), or  theoretical models that would allow to identify possible
«development that promotes prosperity and economic  threats and risks to sustainable development, forecast them
opportunity, greater social well-being, and protection of  and quantify risk factors in advance, although we live in a
the environment» (UN.org 2017). risk society (Beck 1992). There is no methodology to predict

The vital importance of sustainability for societies,  new types of challenges except the extrapolation of crises
cities and humankind in general is obvious and hardly  of the past, which inevitably leads to biased forecasting and
requires any elaboration. However, until now sustainable  planning. The contradiction between the obvious existence
development has been more a declaration of intentions  of threats and risks to sustainable development, on the one
rather than established policy (Braun, Whatmore 2010). hand, and the impossibility of their scientific description,
The entire history of civilization, especially modern on the other hand, becomes a major factor of insufficient
history, looks more like a chain of severe crises rather  decision making. Demarcation of the boundaries between
than sustainable growth. The most recent significant  science and common sense (Gieryn 1999) is still an issue,
global crisis is a pandemic caused by the COVID-19 virus  which is ought to be resolved. These problems are well
(WHO.int 2019), which has spread throughout the world recognized, there are attempts to describe and categorize
since the end of 2019. This has led to many thousands  a wide range of possible risks and threats facing humanity,
of deaths (Gisanddata.maps.arcgis.com 2020) and huge  some of them are thought-provoking (Wells 2009), but
financial losses, it devastated world economy and severely  inevitably speculative. The existing definitions of the term
impacted global sustainable development; this crisis is far ~ «sustainable development» are also vague, controversial
from being overcome at the time of preparing this article. and leave a lot of room for interpretation.
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Inconsistency of sustainable development concept
compels us to consider its premises, defaults and prerequisites,
which are usually not mentioned in the definitions, but are
integral and inherent parts of the whole paradigm. One of
the most fundamental defaults is the concept of globalism,
that could be described as a «network of connections that
span multi-continental distances» (Nye 2002). Sustainable
development is usually coterminous with globalism, assuming
that the response to global and, therefore, universal challenges
to sustainability should be universal and global as well. The
intrinsic relations between the concepts of globalism and
sustainable development are manifested many times - for
example, from the perspective of forecasting environmental
aspects of global sustainable development (Krapivin, Varotsos
2007).

Globalism as a representation of global interconnectivity
and transboundary processes of commons (Middleton,
[to 2020) requires a unification of economics and cultures
throughout the world. An alternative approach for ensuring
sustainable development is isolationism. Possibly, effective
governance should flexibly combine both approaches. Indeed,
globalism implies progress of the civilization by the means of
free exchange of products and sharing of the best practices
for the benefit of all humankind. Instead, isolationism is
focused on defending civilization through the proliferation of
cultural models and, especially, preventing the spread of local
crises to the rest of the world. (Heinonen et al. 2017). The vital
importance of the isolation is clearly demonstrated by the fact
that the global response to the severe COVID-19 crisis (Filetti
2020) and other epidemic threats (Brown, Labonté et al. 2011)
leads to temporal fragmentation of the world with severe
limitation of world trade and free movement of people as an
ultimate remedy. In general, this isolation could be extremely
long.

Therefore, it seems necessary to study the question
of what is the least resource base for maintaining the
sustainable development of human culture for a historically
long time without the risk of its degradation. Solving this
problem is important in both academic and applied aspects.
Also, this research agenda matches with the Sustainable
Development Goal #11 «Sustainable Cities and Communities»
(sustainabledevelopment.un.org 2015).

From an academic point of view, the answer to this question
will allow us to assess the lower limit for the autonomy of the
human community in terms of various basic resources that are
necessary to support its existence for a historically long time
with the natural, risk-free processes. This data could also be
valuable for designing isolated scientific bases and habitats,
forecasting measures to eliminate the consequences of natural
and man-made disasters, planning scientific exploration of
other planets, etc.

Of particular importance in this regard is the question
of the resistance of isolated settlements to factors that we
cannot estimate even roughly, such as their ability to resist
the combined impact of biological and societal processes:
emergences of new infectious diseases, vulnerability to genetic
degeneration in closed populations, sustaining cultural models,
etc.

A special aspect and area of application of the results of
the study is the design of habitable bases in remote areas of
the Earth (in the Arctic and Antarctic, on the ocean floor, in
mountainous areas), in space, on other planets, etc. Currently,
the possibility and feasibility of creating long-term habitable
scientific stations on the Moon and on Mars - and, potentially,
on other bodies of the Solar system —is widely discussed (Cohen
2015); there is even futuristic concept design of floatable space
stations for deploying in Venus atmosphere (Linaraki, Oungrinis
2013). Such stations will have to ensure the life of the teams for
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a long time and in conditions of complete isolation from the
overseas bases. They should be resilient to a wide spectrum of
external impacts, including physical ones (meteorites, radiation,
etc.). Moreover, such stations may be isolated from the Earth due
to numerous technical factors. There are studies of resilience
aspects of long-term manned space missions (Schwendner et
al. 2017; Oluwafemi et al. 2018). Nevertheless, it is necessary
to consider the possibility of assuring sustainability of distant
habitats in case of long-term isolation.

MATERIALS AND METHODS

Today, sustainable development is often understood in
the context of technological development. Technology is
thought of as an implicit background of society. This approach,
however, is methodically controversial since the time horizon
of technological development of mankind is quite small and
its benefits are questionable to say the least. It is difficult to
conclude about the long-term consequences of technological
development. In this scope is reasonable to study the concept
of sustainable development in the broadest possible context
regardless of the technological perfection of the investigated
cultures. Therefore, comparative indicators are required.

The main objective of the study is to empirically assess
the lower threshold of the resource base used by an isolated
community, which is sufficient to ensure its long-term
sustainable development. The context of the study includes an
attempt to determine which of the two possible alternatives
for sustainable development - globalization or fragmentation
- is the most effective strategy of ensuring the security
and sustainable development of humanity in the scope of
unpredictable threats, risks and challenges, as well as forecasts
of the long-term consequences of the humankind development
within the current technological and urban paradigm. One of
the conditions for setting this task is to verify that sustainable
development on a limited resource base is possible and to
roughly estimate the «quantum» of the least resource base.

There are many obstacles to solving this task. The term
«resource base» needs to be clarified and defined. It should
be acknowledged that there is currently no comprehensive,
exhaustive and scientifically substantiated list of resources
required for sustainable development. It is not easy to
determine the size of this resource base in the scope of trade
relations with other societies. Non-intrusive study of other
cultures, especially those radically different from the world’s
dominant ones, also poses a major challenge. Finally, any
study of sustainable development requires confirmation on
a significant time horizon, which exceeds that of modern
science. Under these conditions, it becomes necessary to
involve additional retrospective material, which becomes
extremely problematic in case of isolation of the community
under research.

In addition, a fully theoretical, model-based approach to
solving the problem of estimation of the least possible resource
base for sustainable development seems unachievable at the
current level of science due to a lack of understanding of the
nature of biological, social and even geographical entities
and structures — especially considering the whole variety of
interactions between them. (Girard 2020). Current models are
hypothetical and controversial to say the least. There is no clear
vision of biological and environmental factors of risks, as it was
clearly unveiled by the COVID-19 and other virus pandemics
and their long-term consequences for humankind.

In this situation, it seems reasonable to propose a
conservative approach based on a combination of non-
intrusion empirical, observational, forensic and comparative
methods to roughly estimate a few vital parameters required
for long-term sustainable development of existed human
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societies in real Earth conditions, and subsequently improve
this estimate recursively.

The proposed methodology is based on the concept of
inherent, or ‘passive; safety as an approach for supporting
sustainability only with natural resources, without any potentially
vulnerable technological systems; systems should return to
normal state only by the means of natural laws, without any
intentional actions that involve application of external power or
forces. This vision of the inherent safety concept became very
popular in the modern nuclear industry as a response to the
Chernobyl and Fukushima nuclear incidents. Reliance of system
must be «placed on natural laws, properties of materials and
internally stored energy» (www-pub.iaea.org 1991).

The use of this heterogeneous methodology requires vast
interdisciplinary approach and aggregation of volumes of data
that describe different aspects of human societies in a situation
of complete isolation by studying in situ societies that survived
isolation for a very long time.

This task is also a great challenge since it is necessary to
find a culture, regardless of its technological maturity, that was
sufficiently isolated socially and geospatially for long (from a
historical point of view) time, but at the same time that has been
sufficiently studied to prove thatitis or it was isolated. Of course,
both requirements contradict each other. In addition, this study
canonly be carried out based on modern, approved and verified
data, since the reliability of historical information about isolated
cultures, especially ancient ones, raises reasonable doubts.

Moreover, at present isolation is a relic, as all societies are
increasingly and even definitively involved into the world
governing infrastructure and interconnected as networked
localities (Ito 1999) with each other by world trade, unification
of the economics, migration, information exchange, adopting
universal social standards and other factors.

Another challenge is identifying a set of vital measurable
parameters relevant to sustainability issues. Such parameters
can hardly be considered due to the difficulties of accurately
measuring them in closed, isolated communities. At the same
time, the assessment of community resilience to biological,
medical, and genetic threats is of particular interest and is of
paramount importance, since until now our understanding of
the dangers of epidemics and how to counter them is formed
ad hoc, based on available empirical data (Bardosh et al. 2017).

As a mandatory condition, it should be specified that a
sustainable society that exists in a limited area should not use
any non-renewable resources and/or materials, such as crude
oil, coal, metals, etc. Also, trade, migration, etc. should be
excluded.

Under these conditions, it seems reasonable to try to
determine the general physical and geospatial factors that limit
the effect of other factors, which could be measured empirically
and using remote sensing methods. These factors should be
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a part of a framework and encapsulate the effect of all other
factors that affect the functioning and sustainability of societies.
Others factors, like cultural ones, related to maintaining a
balance between natural resources and human practices
(Rappaport 1984) require further research, but also deserve
proper attention and relevance, especially in the context of
isolated human settlements.

Therefore, it makes sense to choose two factors — one
geospatial and one physical. The geospatial factor can be
the area of the habitat that supplies natural resources for
its existence. For the physical factor is reasonable to choose
the mean amount of energy that is dissipated in this area
and provides society with renewable resources. From a
methodological point of view, it is possible to obtain the
values of these two parameters. It is possible to determine
the area, for example, using remote sensing data. The amount
of energy dissipated within a given area, in the absence of
significant thermal energy flows, is completely determined by
the integral flow of solar energy, which depends on latitude
and the season and varies slightly from year to year. The use
of non-renewable energy sources in this study is excluded
since it contradicts the considered paradigm of sustainable
development. Nevertheless, when the analysis focuses on the
human settlements on the Moon/Mars and other celestial
bodies, some changes must be taken into account. Many
studies related to the human exploration of space foresee the
use of nuclear power to supply the necessary level of energy
to the human settlements and guarantee a long period
of the permanence on the celestial body. The use of such
kind of energy source does not necessarily contradict with
the concept of development in space. Furthermore, some
energy sources which can be considered not acceptable for
sustainable development on Earth may emerge as adequate
for the sustainable development in space. For example, on
Mars, the use of carbon dioxide, which is available in the
atmosphere of the red planet and causes pollution on Earth, is
essential for the production of oxygen, necessary for the life of
the humans and for the process of «terraforming», which will
provide Mars of an «earth-like» environment.

The list of isolated cultures that currently exist or have
existed on a limited land base in the recent, well-documented
past, is very short. According to some rough estimations, there
are nearly 100 isolated indigenous societies in the world today
(BBC.co.uk 2008). Half of them, circa 50 tribes, are situated in
lowland South America (Walker, Hill 2015) and include 28
isolated settlements with a total population of about 1700
in the Amazon basin in four Brazilian states, which were
unveiled by the means of remote sensing data (Kesler, Walker
2015). At least two Indian officially scheduled tribes (Tribal.
nic.in 2018), Jarawas and Sentinelese, both on Andaman
archipelago, remain a high degree of isolation up to now.
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Fig. 1. Location of Tasmania, Chatham Islands and North Sentinel and their latitudes
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Several presumably isolated tribes have survived in the west
part of Papua New Guinea Island (Regnskog.no).

The assessment of the resource base of isolated
societies living on the continental territory is extremely
difficult because it is impossible to clearly identify its
boundaries. In these circumstances, it makes sense to
select communities existed on island territories, the area of
which is easy to determine.

The study of the islands and its ecology in a non-
intrusive way is currently being carried out using remote
sensing methods, mainly by the space-based sensors.
Currently, there is a significant and constantly growing
library of data on the islands with different spatial, spectral
and temporal resolutions. At present, the highest spatial
resolution is provided by Maxar satellites (USA) — about
0.3 m (Maxar.com). The energy resolution of hyper-spectral
imaging can reach 100 angstrom and above, imaging
with a spatial resolution of half a meter can be carried out
with a frequency of up to twelve images per day (Planet.
com). Active radar sounding with a resolution of about 1
meter is also possible. However, these data do not allow
us to sustainably observe traces of traditional culture
development or, for example, to assess the population of
an island.

As research objects for our purposes we have chosen
the cultures that existed in not-so-distant past on the island
of Tasmania (Australia), the Chatham Islands archipelago
(New Zealand) and currently exist on the North Sentinel
Island (India) (Fig. 1). This allows to better account for the
scale factor as the areas of the respective island territories
differ by about two orders of magnitude (Fig. 2).

Tasmania Island

Tasmania Island (in fact, it is an archipelago of more
than three hundred islands) is located to the south of
Australia mainland (542, E147) and is separated by the 200
km wide Bass Strait. Area of Tasmania is approximately 65
thousand sqg. km, it is 26" largest island in the world. There
are mountains (the highest point is 1617 m), rivers, and
lakes. There are no active volcanos on Tasmania today.

Tasmania has a cool temperate climate with four
distinctly separated seasons, which significantly varies
across the island. The lowest recorded temperature was
-14.2C, the highest temperature was +42.2C. Nevertheless,
the temperature in the coastal regions rarely drops below
freezing, and daily temperature variations are also quite
small. There are indicators that Tasmania’s climate during
last 1000 years has changed repeatedly with the minimum

Tasmania

200 km

Chatham Islands

(characterized by the average temperature of 2C lower than
at present) circa 1050AD (Saunders et al. 2013). Significant
biodiversity of the island is supported by the mountain
region in the West and high variability in precipitation
patterns. There is extremely diverse vegetation, some
plants are unique. The island is well-known as a home for
many endemic mammals, some of which are partly extinct
by now.

The island was populated by Australian aboriginal
people around 40 thousand years ago via a natural bridge,
that connected Australia and Tasmania at that time. Later,
once the sea level rose, the bridge was destroyed, and
the local population was completely isolated from the
continent for approximately 8,000 years, until the period of
European exploration, British colonization and penetration
of modern western culture at the turn of the 18" and
19 centuries, which broke the isolation and destroyed
the unique culture of the local aboriginal society that
sustained all that time. The population of Tasmania island
during isolation epoch is roughly estimated at the level of
3,000 - 5,000 with the mean value of 4,000. There were 9
tribes on the island, which consisted of 50 to 85 different
‘bands’; each band occupied territory 500-800 square
kilometers and each tribe occupied territory 2,500-8,000
square kilometers (Jones 1974).

Chatham Islands archipelago

Small and dense, the Chatham Islands archipelago
is located in the southern part of Pacific, 800 km to the
East from Northern Island of New Zealand (544, W176).
The archipelago consists of dozen islands including two
relatively big and populated. The total area is near 1,000
square kilometers. The last signs of volcanic activity on the
islands date back to the Cretaceous period. The highest
point of the main island is about 300 m; there are streams
and many big lakes.

The Chatham Islands are characterized by an oceanic,
cool and windy climate with small temperature variations
and frequent rainfall. The record high temperature was
23.8C, the daily mean temperature is 11.5C. Snowfall is
extremely rare but was registered in 2015. Regardless of
harsh conditions, the ecosystem of the archipelago is
quite diverse — there are dozens of endemic plants, many
endemic birds (partly extinct). Chatham Rise acts as a
source of food for fish and marine mammals.

The Chatham Islands is well known as a location of
sustained aboriginal Moriori tribe that developed a unique
culture based on the fundamental idea of pacifism and

North Sentinel

50 km 5 km

Fig. 2. Comparing of areas (left to right): Tasmania, Chatham Islands and North Sentinel
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rejection of violence; in the 19th century, Moriori culture
was destroyed as a result of the genocide (Brett 2015).
The origin of Moriori remains debatable. According to some
studies, ancestral Moriori were Polynesians and arrived to the
Chatham Islands between 1200 and 1500 AD. Therefore, Moriori
culture existed inisolation for more than 300 years and sustained
at least for dozens of generations. Isolation was enhanced by the
remoteness of the archipelago and the severity of conditions
atypical for the area of settlement of Polynesians. The population
of Moriori people on the Chatham Islands during their isolation
is estimated as 2,000 people (Blank 2007).

North Sentinel Island

One of the rare and most impressive examples of a tiny local
culture, which at the beginning of the 21st century is still isolated
from the outer world and has survived successfully, is a culture
of North Sentinel Island in the Andaman archipelago (Bay of
Bengal, Indian Ocean). The area of this small, square-shaped
island, bordered by a coral reef, is less than 50 sqg. km, length of
the coastline is less than 30 km. North Sentinel Island is clearly
visible on satellite images (Fig. 3 a, b), provided by Proba satellite
(Esa.int 2005), and EO-1 satellite (NASA). The island is located in a
tropical region, N11.5,E92.2, and is completely covered by dense
wet evergreen forest. There are no lakes, no rivers, no mountains
(the elevation of the two highest points — Northern Hill and
Southern Hill is both roughly estimated at 122 m) and no signs
of volcanic or thermal activities on the island. Distance to the
closestisland in the Andaman archipelago is quite small — North
Sentinel Island is located less than 30 km to the west from the
southern part of South Andaman. Despite the tiny size of the
island, it is inhabited (Venkateswar 1999). The local population,
called "Sentinelese; is still largely unknown (ncst.nicin 2017).

Cultures of the aboriginal people of the Andaman Islands are
isolated, according to some estimations, for around 60 thousand
years (Jobling 2012), although a few unsuccessful documented
contact attempts, and even military expedition to the island
in 1880, were made (Hamilton 2018). The population of North
Sentinel Island is unknown too; there are estimations of the
current population ranging from 100 to 150 (and even up to 500),
which periodically decreases down to 50. Nevertheless, society
has developed its own sustainable and unique culture. At least
core concept of that culture — hostility to aliens — is inherited and
sustained for a long time. At the same time, Sentinelese society
shows the ability for innovations (Hamilton 2018).

North Sentinel Island is vulnerable to a wide spectrum of
natural threats — for example, forest fires. Island was severely
impacted by the 2004 «Christmas» tsunami. Lifting of the
tectonic plate by 1-2 meters has changed the coastline,
subsequently increasing the area of the island, dried coral reef
around the island and vanished the shallow lagoons. Due to the
limited population and dependence on the environment, island
inhabitants are critically vulnerable to various biogenic risks such
as diseases, infections, genetic degradation risks, etc. However,
the long-term sustainable existence of the population indicates
that these risks can be overcome for a community that exists on
a resource base of the North Sentinel Island.

RESULTS

The data in the form of population/area and specific
population density/area graphs for the three selected examples
are shown in Fig. 4 (a, b).

Surprisingly, the data indicates that the smaller area (in
case of the Chatham Islands and especially North Sentinel
Island) supports the stable existence of a much more

Fig. 3. (a, b). (Left to right) Satellite images of North Sentinel Island: a) Made on April, 23, 2005 by Proba satellite (ESA) after
the 2004 «Christmas» tsunami; made on December, 31, 2009 by EO-1 satellite (NASA)
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densely populated society. This may be due to errors in
population estimates or their interpretation. However, it
is more likely that this effect is related to the availability
of marine resources, which are particularly effective in
ensuring the sustainable existence of societies; their
relative importance increases as the size of the island
decreases causing a relative increase in the length of a
coastline section per unit area. When taking into account
the water area necessary for the sustainable existence of
communities, it can be assumed that it is approximately
equal to the share of the world’s oceans that falls on the
area of the washed island multiplied roughly by a factor of
three.

Therefore, we could assume that a resource base with
a land area of about 30 square kilometres and a water area
of about 90 square kilometres, located in tropics, at 11
degrees latitude, could provide sustainable reproduction
of renewable resources, sufficient to ensure the long-
term existence of the human community on a historical
timescale.

By knowing the average density of solar energy per unit
surface area and time, and assuming that this parameter
is constant, we can determine the amount of energy
needed to maintain biodiversity and ensure sustainable
development of society in an isolated area at 11 degrees
latitude. According to current measurements, the solar
constant — or, more accurately, total solar irradiance (TSI)
—is 1361TW/m2 and varies over time by less than 1 percent
(Kopp et al. 2005). Assuming Earth's albedo is around 0.3
(Rosenbaum et al. 2018), the energy flow of 120 GW is
enough for assuring long-term sustainable development
of a closed society (Table 1). The population of society in
this case could be estimated as 100 people (Fig. 5).

DISCUSSION

Assessment of the least resource base for sustainable
development of isolated communities is complicated by
the methodological and technical difficulties that were
already mentioned above briefly.

From the methodological point of view, it is necessary
to consider the applicability of the idea of a «resource base»
andits suitability in the context of the research. The idea that
the biosphere can be separated into fragments to support
independent evolution of several isolated communities
is only an assumption. It is quite obvious that this idea is
an implementation of a broader methodological concept
of «close-range interaction», or the dominance of local
factors over global ones. This vision is widely accepted, for
example, in epidemiology. Nevertheless, the prevalence of
the local specific factors over the global non-specific ones
is discussable and should be critically considered.

Another methodological problem is the identification
of the pivotal factors of the sustainability of a social system.
In this study, space (area) and energy are proposed as
essential ones. This assumption fits well with the current
worldview, but it also needs to be verified, critically
analysed and possibly refined. In any case, both factors are
framework only and the future research should investigate
such factors as the spectrum of electromagnetic radiation,
magnetic field, mineral composition, etc.

Technical difficulties include the need to use a
retrospective approach and, therefore, to use the
assumption of stability of measured parameters over long
time horizons. The stability of territories in space seems to
be quite obvious. At the same time, the long-term stability
of the solar energy flow is a conclusion that follows from

Table 1. Least resource base required for sustainable development of isolated society

Parameter Value Units

Total Area 120 Square kilometers
Land Area 30 Square kilometers
Water Area 90 Square kilometers
Energy Flow 120 GW

Population 100 People

Population Density 33 People per square kilometer
120 GW

100 people

90 km?

Fig. 5. Visual representation of least framework parameters required for sustainable development of an isolated society
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the assumption that the sun is an absolutely black body.
In this case, its luminosity, in accordance with the law
of Stefan-Boltzmann, depends on the temperature and
surface.

Despite the satisfactory accuracy of the proposed
estimates of the area and energy density required to
maintain sustainable community development in a limited
area, this system is not closed. It is submerged in the
environment of the ocean and atmosphere, from which it
receives asignificantand possibly vital part of the resources.
Therefore, in further studies of this kind, it is necessary to
quantify these factors.

Comparing the universalism-isolationism as two
scenarios for sustainable development of humankind is
also a challenge. The concept of globalism undoubtedly
dominates today, but the vulnerability of global society,
primarily to biological and social threats, is evident. This
vulnerability was demonstrated by the 2020 COVID-19
pandemic. On the other hand, it is not quite clear whether
the sum of isolated societies will be a more successful and
more resilient alternative to universalism.

Presumably, the most striking example of the
importance of the proposed approach is the deployment
of isolated settlements in an unfavourable environment,
primarily on other planets. Under these circumstances,
providing the minimum territory and energy required for
sustainable development of a society becomes the most
important and universal factor. The most actively discussed
option for such settlements are settlements on the
Moon and Mars. In this case, it is possible to consider the
settlement on Moon/Mars as an insulated system and the
«area — energy density» parameters can be a good starting
point for the analysis of the sustainable development. In
conditions of physical isolation from the Earth and radically
different environment, ensuring the minimum resources
necessary for the sustainable development of a settlement
when transport links with the Earth are terminated is
seen as a critical task. Another aspect of the study of the
smallest resource base for sustainable development is the
theoretical aspect. The study of management experience
and practical approaches to ensuring sustainable
development, practiced in ultra-compact communities, is
an important source of knowledge about the nature of the
biological and social factors.

It must be taken into account that this assessment is
a part of a much broader interpretation of the meaning of
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ABSTRACT. Food insecurity is a global issue that persists at various scales and intensity. It is linked to irregularity or
uncertainty of food, water and fuel and can develop under the influence of multiple factors. Food availability, accessibility,
consumption and stability are the four broad dimensions of food security. This paper analyses the relationship between
these four dimensions and food insecurity for 33 districts in Rajasthan, India, using the data collected from the published
documents, periodicals and websites of the government or other authentic sources. To analyse the link between these four
dimensions, several indicators were taken into consideration. The collected data was used to rank the districts based on their
level of food insecurity. Thus, the results include categorization of the districts into four zones based on the values of the
variables. The results are presented through maps, which show the spatial distribution of food insecurity. It can be concluded,
that the districts of Banswara, Dungarpur, Udaipur, Bharatpur, Rajsamand, Dhaulpur and Jalore have a very high level of food
insecurity.
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INTRODUCTION inaccessibility, unaffordability and instability should
also be considered. Regarding the first three important

Food security ison the global agenda of all the nations, ~ parameters, FAO's The State of Food security (20071)

which focuses on achieving the target of zero hungerand  provides the following definition of food security:

providing all people with sufficient and nutritious food. «Food security [is] a situation that exists when all

Ensuring the necessary quantity and quality of food has  people, at all times, have physical, social and economic

become a big challenge especially in developing and  access to sufficient, safe and nutritious food that meets

underdeveloped countries. Food provides a human body  their dietary needs and food preferences for an active and

with energy and helps to maintain the immune system,  healthy life».

while its unavailability can cause malnourishment and Nord, Andrew and Carlson (Nord et. al 2005) have

hunger. In extreme cases, food insecurity can also lead to  defined food insecurity as disruption of food intake

deaths due to famine and droughts. This paper analyses  or eating patterns because of lack of money and other

the concept and measurement of food insecurity as  resources. The US Department of Agriculture (USDA) in

well as spatial variation of food insecurity in Rajasthan, 2019 defined food insecurity as a lack of consistent access

India. Rajasthan, being mostly a semi-arid region, needs  to adequate food for an active, healthy life.

to be dealt with special priority and caution. The spatial Based on these definitions, it can be observed that there

variation of food insecurity includes differences in the  are various aspects linked to food security:

severity of the problem and proportion of population 1. Physical, Social and Economic Access

effected (llaboya et.al 2012), which should result in the 2. Sufficient, safe and nutritious food

policies that are based on the geospatial variation of the 3. Dietary needs and food preferences

phenomenon. The SDG 2 states, that ending hunger, 4. Active and healthy life

achieving food security and improved nutrition and  The multidimensional and multifaceted concepts

promotion of sustainable agriculture is one of the major  associated with food security make it very complicated

goals for the world to attain, especially in the developing  and even more challenging to accomplish the goal

countries. of zero hunger. The concept of Food Security has four
dimensions (Fig. 1):
Concept of Food Insecurity: a wider perspective Food availability focuses upon the supply side i.e,, the

food grown or imported and exported from a region. This
The food security is not just about non-availability =~ means that it characterizes the available food stock and

of food, it is also linked to its non-accessibility and net trade of food commodities in a region.
unaffordability, which are also affected by the uncertainty Food accessibility covers more than just the
factor. Therefore, for understanding the concept of food  availability or existence of food. It indicates both physical
insecurity, the related concepts of food unavailability, =~ and economic opportunity of a consumer to obtain or
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Fig. 1. Dimensions of Food Security

to buy food and characterizes the means by which it
reaches people as the mere existence of commodities
cannot ensure that the food produce will eventually be
consumed or not.

Food utilization again extends the concepts of
availability and accessibility. The human body will remain
healthy only when it is able to consume a sufficient
amount of nutrients. Therefore, the biological utilization
of nutritious food is definitely a major dimension of food
security.

Food stability is yet another important dimension.
The human body needs nutritive food on a regular
basis, but due to sudden disasters like flood, famine, etc,
the regular supply of food could be interrupted. Food
instability can also occur due to various economic factors,
which include price or income fluctuations. As a result,
food security will not be achieved if at any given point in
time the consumer is unable to have access or is unable
to consume sufficient amount of food. Therefore, food
insecurity can be defined as failure to ensure any of the
four dimensions outlined above.

Food Insecurity = f (FA+FA+FC+FS)

Types of Food Insecurity

Food and Agricultural Organization identifies three
types of food insecurity:

1. Chronic Food Insecurity: Chronic food insecurity exists
when an individual is constantly deprived of nutritious
food. This can be due to poverty, lack of assets, insurance
or loss of property etc. It is a situation that persists for a
long period of time and can be improved by providing
people with education, regular income and insurance
rather than by short-term solutions.

2. Transitory Food Insecurity: Transitory food insecurity
is a short-term or sudden situation of food deprivation.
This can occur due to crop failure, prices or family income
fluctuations, political unrest etc. This type of insecurity can
be managed by short-term price corrections or policies.
3. Seasonal food insecurity: This is the third type of
food insecurity which, can have an annual reflection
but is seasonal in nature. It can be related to seasonal
unemployment or non-availability of food. It is predictable
and cyclic and can be managed by storing food or finding
alternative employment opportunities.

Human health, food security and environmental
sustainability are linked by complex and multidirectional
patterns and present interrelated challenges in the
current context. While the world currently produces
enough food to feed everyone, over a billion people do
not have access to adequate food. As of 2010, a total of 925
million people suffered from chronic hunger: 578 million
in the Asia Pacific region, 239 million in Sub-Saharan
Africa, 53 million in Latin America, 37 million in North
and North East Africa, and just a little over 19 million in
the developed countries (Shah 2013). About 870 million
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people are estimated to have been undernourished (in
terms of dietary energy supply) in the period 2010-2012.
This represents 12.5 percent of the global population
or one in eight people. The vast majority, 852 million,
live in developing countries, where the share of people
undernourishment is now estimated at 14.9 percent of
the population (FAO 2012). The food insecurity, on the
other hand, occurs when there is lack of availability of
sufficient, safe and nutritious food.

Food insecurity is defined by the United States
Department of Agriculture (USDA) as a situation of “limited
or uncertain availability of nutritionally adequate and safe
foods or limited or uncertain ability to acquire acceptable
foods in socially acceptable ways” (Bickel et.al 2013). This
definition not only focuses upon the aspects of nutrition
i.e, related to food consumption but also on the social
acceptability of the food. This includes the availability of
indigenous food produced and consumed in that region,
especially in rural areas. In urban areas, new forms of food
that become socially acceptable also need to be available
on the market.

According to an estimate by United Nations, in
India, 195 million people are undernourished, which
accounts for nearly one quarter of the global population
with undernourishment, and 4 out of 10 children are
undernourished or stunting (https://in.one.un.org/un-
priority-areas-in-india/nutrition-and-food-security/).
Based on several studies it was highlighted that the
states of Bihar, Jharkhand, Rajasthan, Chattisgarh,
Madhya Pradesh, Uttaranchal and Odisha are marked by
severe food insecurity. The small size of the agricultural
landholdings, low area of agricultural land per capita and
prevalence of traditional forms of agriculture affect the
availability of sufficient food.

Study Area

Rajasthan is the largest state of India in terms of
area and seventh largest state in terms of population.
It is located in the north-western part of the country, at
latitude 27.391277 and longitude 73.432617. Rajasthan
has seven divisions and thirty-three districts. There are
four major physiographic regions, namely (i) the western
desert with barren hills, rocky plains and sandy plains; (ii)
the Aravalli hills running south-west to north-east; (iii) the
eastern plains with rich alluvial soils; and (iv) the south-
eastern plateau. The state is drained mainly by three
rivers: Mahi, Chambal and Banas.
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The climate varies from hot and dry in the west to
humid in the eastern part of the state. In summer the
temperature varies between 32°to 45°C whereas in winter
it ranges from 4° to 28°C. Nearly 90 percent of the rainfall
occurs in monsoon months, the average annual rainfall
ranges between 200-400 mm getting as low as 150 mm
in extremely dry zones. One other peculiar characteristics
of the climate in Rajasthan is the frequent occurrence
of droughts. Drought occurs almost once every three
years (Bansil 2007) and sometimes the frequency is even
higher. Scanty, low and irregular rainfall contributes to
the proliferation of droughts. The scale of famine due to
failure of monsoon and consequent water stress causes
severe hardship to humans and livestock. The districts of
Barmer, Jaisalmer, Jalore, Jodhpur and Sirohi experience it
once every three years. Ajmer, Bikaner, Bundi, Dungarpur,
Sriganganagar, Nagaur, Hanumangarh and Churu
experience drought once every four years.

According to the Census of India: Administrative
Atlas, 2001; Bhalla (2011) the state can be divided into
four major physiographic divisions, namely, the Western
Sandy plains, Aravalli and hilly regions, Eastern plain and
Hadoti plateau. The 33 districts of Rajasthan belong to
one of these regions. The Western Sandy desert can be
further divided into the Sandy arid and semi-arid plains.
The micro-regions of Marusthali and Dune free tracts are
part of the Sandy plain. The semi-arid plain consists of 4
micro-regions: the Luni basin, Shekhawati region, Nagauri
Upland and Ghaggar plain. The Aravalli and hilly range
covers Alwar hill, the Central Aravalli range, Mewar rocky
range and Abu block region. The Eastern plains comprise
of the Chambal basin, Banas basin and Mahi plain. Hadoti
plateau includes two micro-regions: the Vindhayan scrap
land and Deccan Lava plateau.

>z

z
& 50250 50 100 150 200 250 Food Unavailability Level a7
o™ s = e ™

MO &
KILOMETERS &5 Q.\":\g,f RS

&

7°F 76°E
1 1

Fig. 3. Food Unavailability

35

The population in the state of Rajasthan is unevenly
distributed and agriculture is still the most dominant
economic activity. Therefore, the extension of alluvial
plains and water availability remain as the underlying
factors of population distribution. The urbanization
in Rajasthan has always remained below the national
average. According to the census of 2011, 76.62 percent
of the state’s population resides in rural areas. Agriculture
and industry, particularly handloom and handicrafts, play
a significant role in terms of employment and income in
the state.

MATERIAL AND METHODOLOGY

To analyse food insecurity at the district level the
Food Insecurity Index has been formulated depending
upon the data availability for the year 2018-2019. The
data has been acquired from Census of India publications,
Statistical Abstract of Rajasthan 2018, Agricultural abstract
of Rajasthan 2018. Data has also been acquired from some
official government sites, such as www.pmfby.rajasthan.
gov.in 2016-2017, food.raj.nic.in, rainfall-water.rajasthan.
gov.in etc.

The study is based on robust data that was either
taken as it is or was converted into a percentage or ratio.
The acquired data was then processed and analysed
according to the four dimensions of food insecurity,
namely Food unavailability, Food inaccessibility, Food
inadequate consumption and Food instability (Fig. 2).
The various variables were then ranked according to the
value they reflect. The following variables were taken to
examine each dimension:

Food unavailability: Double cropped area/net
sown area, production of food crops (both cereals and
pulses), forest area to reporting area, households with
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improved water facilities, households using clean fuel
and population per Fair Price Shop.

Food Inaccessibility: Food inaccessibility —was
examined based on work participation rate, main working
population, marginal working population, number of
agricultural labourers, per capita national product, the
average size of operational holdings, number of ration
card holders and number of villages not connected by
roads.

Food inadequate consumption: Food consumption

characteristics were also based on the available data i.e,
underweight children below 5 years of age, anaemic
children below 5 years, anaemic women between 15-49
years of age and anaemic men between 15-49 years of
age.
Food instability: There was not much data available on this
dimension, so the rainfall data was used as an important
indicator as Rajasthan is mostly a semi-arid area and most
of the rainfall happens in monsoon. The agriculture is
mainly depended upon rainfall and the impacts of rainfall
variability are threatening food production systems,
leading to losses of livelihood and food insecurity (Murali
and Afifi 2013). Crop insurance can be another important
indicator as it can provide some security to farmers at
the time of crop failure, allowing them to protect against
poor harvests and adapt to a changing climate. So, two
indicators i.e, total cropped area insured and rainfall
normal and deviation from normal (2018) were used in
the analysis.

Once the data was collected, the districts were then
ranked based on the values of the parameters. Rank 1
was given to the district that was characterised by the
highest food unavailability, inaccessibility, inadequate
consumption and instability. The highest ranki.e,, 33 was
given to the district which had the lowest values of food
insecurity parameters in each category. Later the ranks
were added to find the final scores for each dimension
and food insecurity as a whole. Maps are used to depict
the geospatial pattern of the food insecurity and its
various dimensions.

RESULT

Food insecurity is a multifaceted and multifunctional
concept and its complex nature makes it challenging
to analyse. The data, which was used to calculate and
analyse food insecurity in Rajasthan at the district level,
was acquired through numerous authentic published
sources. The main limitation was thus associated with
the limited availability of relevant and related data.
Nevertheless, full care was taken to use the most relevant
data.

Food unavailability

Thisdimension was evaluated by considering 6 factors.
The availability of food can be easily characterized by its
production and area under cultivation. It can be assumed
that the type of food crops grown in the region are
mostly the ones that are generally consumed by people
and are a part of their staple diet. Besides, one also needs
safe drinking water as it constitutes a major part of the
human diet and is also needed to cook food. Clean fuel is
anotherimportant input as its availability also ensures the
availability of consumable food items. Forest area is also
considered to be important as its resources contribute to
the available food as well. In the areas where food crops
are not grown in sufficient amounts or some items are not
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available, Fair Price Shops (FPS) also ensure the availability
of food.

Consideringall six factors, it was found that the districts
of Barmer, Jalore, Churu, Rajsamand, Banswara, Jaisalmer
and Nagaur lie in the very high food unavailability
zone. Barmer has the lowest double-cropped area and
therefore the lowest production of food crops. Most of
such areas lie in either southern part of the state or in
Mewar region. The districts of Bharatpur, Jodhpur, Tonk,
Bikaner, Dhaulpur, Udaipur, Dungarpur and Pali lie in the
high food unavailability zone. Bhilwara, Pratapgarh, Sawai
Madhopur, Karoli, Sirohi, Ajmer, Sikar and Dausa lie in the
moderate food unavailability zone. Alwar, Hanumangarh,
Jhunjhunu, Ganganagar, Chittorgarh, Jhalawar, Jaipur,
Kota, Bundiand Baran have high food availability. In Baran,
the double-cropped area per net sown area is more than
89 percent and Ganganagar has the highest food grain
production of all districts. Karoli has nearly 34 percent of
its area under forest. Alwar and Kota have high share i.e,
more than 96 percent, of households with safe drinking
water facilities followed by Hanumangarh, Dausa and
Jaipur respectively. Jaislmer, Naugaur, Bansawar have less
than 70 percent and districts like Barmer and Bharatpur
have around 75 percent of households with safe drinking
water facilities. In Kota (66 percent) and Jaipur, more than
54 percent of households have safe clean fuel available
for cooking. Bansawar (12.6%), Pratapgarh (13.6%), Karoli
(14%) are marked by the lowest share of households with
clean fuel available. Analysing the number of people per
Fair Price Shop (FPS) it can be seen that Ganganagar has
20,300 people per FPS while Bikaner has around 5030,
Churu has 4678 and Jaipur has 3421. The lower is the
number of people per FPS, the better is food availability
in the district. For example, Baran has 1830 people per
FPS, Jaisimer has 1994, Chittorgarh has 2175 (Fig. 3).

Food Inaccessibility

The dimension of food accessibility was measured
using eight indicators, namely work participation rate,
the proportion of main workers, marginal workers and
agricultural labourers, per capita national product, the
average size of operational holdings, the number of
villages connected by roads and the number of ration card
holders. It was attempted to analyse the accessibility from
both physical and monetary perspective to highlight the
ease of access and affordability of food. Connectivity by
roads ensures the physical accessibility of food. Similarly,
ration card holders also have access to food items at an
affordable cost. The jobs of people also reflect their ability
to afford food.

The districts of Bharatpur, Dungarpur, Udaipur,
Dhaulpur, Banswara, Nagaur and Jhunjhunu have
very high food inaccessibility. The districts of Sikar, Pali,
Karoli, Alwar, Baran, Churu, Rajsamand and Jhalawar
are characterized by high food inaccessibility. Jodhpur,
Ajmer, Sawai Madhopur, Bundi, Dausa, Jalore, Sirohi
and Pratapgarh have moderate food accessibility, while
Jaisalmer, Kota, Jaipur, Barmer, Tonk, Bikaner, Ganganagar,
Bhilwara, Chittorgarh and Hanumangarh have low food
inaccessibility. The work participation rate is the highest
in Pratapgarh, Chittorgarh, Bansawar. The share of main
workers is the highest in Jaipur, Chittorgah and Ajmer
i.e., above 80 percent. The share of marginal workers is
the highest in Dungarpur district with 66 percent and in
Banswara and Udaipur it is around 41 percent. Marginal
workers and agricultural labourers are the people with
lower guaranteed income. The ratio of agricultural
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labourers is the highest in Baran (33 percent), Jhalawar
(30 percent) and Dungapur (29 percent). The lowest share
of agricultural labourers is observed in Jaipur, Jhunjhunu
and Sikar, where it does not exceed 9 percent. Per capita
national product (at current prices) is high in Jaipur, Alwar,
Ganganagar, Kota, while in some districts it is very low i.e.,
Rs. 50,767 in Dungarpur, Rs. 51,650 in Dhaulpur, Rs., 53,660
in Sawai Madhopur etc (Fig. 4).

Inadequate Consumption of Food

Food insecurity is ultimately related to food
consumption and health. If people are not healthy or
suffer from deficiency diseases then it is commonly
interpreted that they have inadequate consumption of
food. To analyse food consumption several indicators
were taken into consideration, namely the proportion
of underweight children below 5 years of age, anaemic
children (0-5 years), anaemic men, and anaemic women.
The selection of indicators was based upon the data
available.

The districts of Banswara, Udaipur, Dungarpur, Bundi,
Pratapgarh, Baran and Sirohi lie in the very high zone
of inadequate food consumption. In Kota, Chittorgarh,
Jhalawar, Jalore, Rajsamand, Bhilwara, Tonk and Pali
inadequate consumption of food is characterized as high.
Barmer, Ajmer, Jodhpur, Dhaulpur, Bharatpur, Alwar, Karoli
and Bikaner have moderate consumption of food, while
Sawai Madhopur, Jaisalmer, Nagaur, Churu, Ganganagar,
Jaipur, Jhunjhunu, Dausa, Hanumangarh and Sikar have
a low rate of inadequate food consumption. The share of
underweight children is high in Pratpgarh, Dungarpur,
Udaipur and Banswara where more than 50 percent of
children are underweight. Percentage of anaemic children
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is high in Banswara, Bundi, Udaipur and Jhalawar where it
exceeds 75 percent. The highest share of anaemic women
is observed in districts of Banswara, Dungarpur, Udaipur
and Baran, where it is more than 66 percent of women,
while in districts of Banswara and Sirohi it is more than 40
percent. In Kota and Udaipur around 30 percent of men
are anaemic (Fig. 5).

Food Instability

Due to lack of relevant data, three main indicators

were taken into consideration to analyse food instability,
namely the insured cropped area to net sown area,
normal rainfall and deviation from normal rainfall for the
year 2018. Insurance of crop gives economic assurance
to the farmer in case of crop failure. In the short term,
crop insurance can help to reduce hunger and in long
term, it can increase resilience (https://oneacrefund.org/
blog/crop-insurance-can-improve-food-security-africa/).
In Rajasthan, which is a semi-arid region with a low
number of irrigation facilities, most of the agriculture and,
therefore, crop production is depended upon rainfall.
Exceedance of the normal rainfall assures economic
prosperity in terms of crop production.
The districts of Barmer, Jaisalmer, Banswara, Karoli,
Tonk, Jodhpur and Bundi are marked by very high food
instability. Dhaulpur, Jalore, Ganganagar, Alwar, Dausa,
Udaipur, Bharatpur and Hanumangarh have high food
instability. Dungarpur, Pali, Sirohi, Churu, Ajmer, Baran,
Nagaur and Bikaner are characterized by moderate
food instability. Food stability can be found in districts
of Pratapgarh, Bhilwara, Jhunjhunu, Sikar, Jaipur, Sawai
Madhopur, Rajsamand, Jhalawar, Kota and Chittorgarh
(Fig. 6).
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Dhaulpur has only 12 percent, Bharatpur has 57
percent, Banswara has 80 percent and Dungarpur has
84 percent of its total cropped area insured relative to
the net sown area. This parameter reaches as high as
1450 percent in Sirohi, 1140 percent in Chittorgarh, 1120
percentin Kota and around 1100 percent in Pali. Rainfall in
Rajasthan varies between 201 mm in Sirohi and 868 mm
in Sikar. Pali, Banswara and Jalore also received more than
800 mm of rainfall in June 2018. In Barmer, Jhunjhunu,
Bikaner and Ganganagar normal rainfall is less than 300
mm. Jalore, Sirohi and Barmer experienced a deviation of
more than -40 mm compared to normal rainfall in 2018.
In Sikar, Pratagarh and Sawai Madhopur rainfall in the
same year was 30 mm higher than normal.

Food Insecurity Level

Combining all the four dimensions and the outcomes
of their analysis, the final characteristic of the food
insecurity level was obtained. The following four food
insecurity zones were identified in Rajasthan:

Very High Food insecurity
The districts of Banswara, Dungarpur, Udaipur,

Bharatpur, Rajsamand, Dhaulpur and Jalore have a very
high level of food insecurity. It can be noticed that

Banswara is 5th in terms of food unavailability, has 5th
rank in food inaccessibility, 7" rank in inadequate food
consumption and 3rd in food instability. Dungarpur has
a very high level of food inaccessibility and inadequate
food consumption, while it is also ranked 14th in food
unavailability and 16th in food instability.

High Food Insecurity

Pali, Barmer, Pratapgarh, Nagaur, Sirohi, Jodhpur, Tonk
and Churu are high in food insecurity. Barmer ranks first in
food unavailability and second in food instability. Barmer
stands at 27" place in terms of food inaccessibility and
16th in terms of inadequate consumption of food.

Moderate Food Insecurity

The districts of Jhalawar, Karoli, Bundi, Baran, Ajmer,
Jaisalmer, Bhilwara and Sawai Madhopur lie in the
moderate zone of food insecurity. Bundi and Baran are
ranked high in inadequate food consumption while
food unavailability there is low to moderate. Jaisalmer is
marked by high food unavailability and food instability
but other two indicators i.e, food inaccessibility and
inadequate consumption of food, are both low.
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Table 1. Ranking of the Districts on the basis of Four Dimensions of Food Insecurity

Districts Ranks
Food insecure zone Food unavailability Food Inaccessibly Inadequate Consumption Food instability

Banswara 5 5 7 3
Dungarpur 14 2 3 16
Udaipur 13 3 2 13
Bharatpur 8 1 20 14
Rajsamand 4 14 45 30
Dhaulpur 12 4 19 8
Jalore 2 21 1 9

Pali 15 9 15 17
Barmer 1 27 16 2
Pratapgarh 17 23 5 24
Nagaur 7 6 26 23
Sirohi 20 22 7 18
Jodhpur 9 16 18 6
Tonk 10 28 14 5
Churu 3 13 27 19
Jhalawar 29 15 10 31
Karoli 19 10 22 4
Bundi 32 19 4 7
Baran 33 12 6 21
Ajmer 21 17 17 20
Jaisalmer 6 24 25 2
Bhilwara 16 31 13 25
Sawai Madhopur 18 18 24 29
Kota 31 25 8 32
Alwar 24 11 21 11
Jhunjhunu 26 7 30 26
Bikaner 11 29 23 23
Sikar 22 8 33 27
Chittorgarh 28 32 9 33
Dausa 23 20 31 12
GangaNagar 27 30 28 10
Hanumangarh 25 33 32 15
Jaipur 30 27 30 28

Low Food Insecurity DISCUSSION

Kota, Alwar, Jhunjhunu, Bikaner, Sikar, Chittorgarh,
Dausa, Ganganagar, Hanumangarh and Jaipur are
characterized by low food insecurity. This means that
these districts are the most secure in Rajasthan in
terms of food. Alwar and Sikar are high in terms of food
inaccessibility but they have a lot of area under food grain
and production is also high. These districts also have more
than 96 percent of households with safe drinking water.
Sikar has around 48 percent of households with clean fuel
for cooking. Alwar district has a high share of insured crop
area. The deviation of rainfall from normal is also positive.
Therefore, most of the indicators are conducive to food
security (Fig. 7).
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This paper analyses the food insecurity situation
in 33 districts of Rajasthan. The analysis is based on
several indicators, which were assessed under four
broad dimensions, namely food unavailability, food
inaccessibility, inadequate consumption of food and food
instability. It is to be noted that food includes sufficient
and safe food, as well as water and fuel to cook it. Various
indicators that characterize food insecurity under the
four main dimensions are presented in the paper.
Considering the results (Table 1) it can be clearly seen
that each indicator has its own relevance. The variation
of each indicator reflects its significant role in evaluating
food insecurity as Rajasthan is extremely diverse in terms
of its physiographic and demographic factors. The state
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has food secure districts like Jaipur, Hanumangarh,
Ganganagar, Alwar, Sikar and Bikaner. In general, in
these districts, all the parameters are positive to food
security. In districts of Banswara, Dungarpur, Udaipur,
Bharatpur, Rajsamand, Dhaulpur, Jalore food insecurity
is very high. The policies formulated by the government
regarding food insecurity need to focus on the different
dimensions and their status. This is especially the case for
districts like Barmer, which has low double-cropped to
the net sown area so its food production is also low. It
is also marked by low forested area, safe drinking water
and fuel for cooking are not properly available, there is
a high number of underweight children and anaemic
people, rainfall deficit is high and insured cropped area
is also very low. The Banswara district has very high food
unavailability, food inaccessibility, food instability and
inadequate consumption of food. The district ranks fifth,
fifth, third and seventh respectively in all four dimensions.
Similarly, Dungarpur is very high in food inaccessibility
and inadequate consumption of food. Therefore, policies
should focus more on improving both these indicators in
this district. Main workers and marginal workers there are
very low in number and people are mainly engaged in
agricultural labour, which does not ensure the security of
income. In Dungarpur, the average size of land holdings
is very low along with the net domestic product. The
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ABSTRACT. Change of land use and land cover (LULC) has been a key issue of natural resource conservation policies and
environmental monitoring. In this study, we used multi-temporal remote sensing data and spatial analysis to assess the land
cover changes in Fateh Jhang, Attock District, Pakistan. Landsat 7 (ETM+) for the years 2000, 2005 and 2010 and Landsat
8 (OLI/TIRS) for the year 2015 were classified using the maximum likelihood algorithms into built-up area, barren land,
vegetation and water area. Post-classification methods of change detection were then used to assess the variation that took
place over the study period. It was found that the area of vegetation has decreased by about 176.19 sq. km from 2000 to
2015 as it was converted to other land cover types. The built-up area has increased by 5.75%. The Overall Accuracy and Kappa
coefficient were estimated at 0.92 and 0.77, 0.92 and 0.78, 0.90 and 0.76, 0.92 and 0.74, for the years 2000, 2005, 2010 and
2015, respectively. It turned out that economic development, climate change and population growth are the main driving
forces behind the change. Future research will examine the effects of changing land use types on Land Surface Temperature
(LST) over a given time period.
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INTRODUCTION Such tools provide necessary information for the analysis

and environmental management of natural resources (L. Li

Natural and human-induced changes in an urban  etal 2016).

environment are of concern nowadays due to their One of the recent development trends is to perform
influence on the environment and human health (Han  geospatial studies using integrated analysis of satellite and
et al. 2015), which makes the research of LULC dynamics  geographical data. GIS is an optimized computer hardware
fundamental for proper natural resource planning and  and software system that can record, archive, retrieve,
utilization as well as its management (Rawat and Kumar  control, interpret and view geographically referenced
2015). Conventional approaches for collecting population (spatial) information to help development-oriented
data, conducting surveys and evaluating environmental ~ management and decision-making processes (Mahmood
samples are not appropriate for complex multi-factorial et al. 2014). GIS and RS have a wide range of applications
ecological studies (Dong et al. 2009). For many of the in the fields of environment, agriculture and combined
challenges often encountered in environmental research eco-environmental assessment (Behera et al. 2012; Qian
that include processing of multidisciplinary data, more  2016). Several researchers have focused on the negative
advanced techniques such as satellite Remote Sensing (RS)  impact of LULC changes on the ecological features of an
and Geographic Information Systems (GIS) are required.  area (Yulianto et al. 2019). Human-induced environmental
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changes are generating regional combinations of
environmental factors that could slip beyond the envelope
within which many of a region’s terrestrial plants have
grown within the next 50 to 100 years (X. Li et al. 2016).

Lu et. al (2004) explored several methods for the
LULC change detection. A land use prediction model for
a given period of time can be established by analysing
chronological LULC changes. The model could give a
framework for the real land use analysis, preparation,
management and environmental protection in a region
as well as recommendations for the local social and
economic improvement (Galicia and Garcia-Romero 2007;
Lu et al. 2004; Masum and Islam 2020; Reis 2008). Up-to-
date knowledge on land cover changes calls for technical
improvements in the methods for identifying LULC of any
area (Mishra et al. 2016; Pervez et al. 2016). RS and GIS are
essential and the most common techniques for obtaining
detailed and timely spatial data on LULC and to analyse its
regional changes (Lee et al. 2012; Pradhan et al. 2009; Singh S.
and Rai 2018). Satellite imagery can be used to easily track
land use changes, providing an outstanding foundation of
statistics from which the information on LULC dynamics
can be retrieved, tested and reproduced (Nachappa et
al. 2019; Singh SK. et al. 2018). Remote Sensing is thus
commonly used at different scales for monitoring and
managing the land use (Basim and Ali 2018; Hua 2017;
Olokeogun et al. 2014). GIS offers a versatile framework
for compilation, storage, display and review of digital
data needed for identification of the landscape changes
(Bansod and Dandekar 2018; Mishra et al. 2016; Tarig A. and
Shu 2020; Vasenev et al. 2019; Vishwakarma et al. 2016).

The use of RS and GIS in numerous areas, including
tracking and management of natural resources, land
use ftransition, urban land use, environmental and
demographic research, has been of great value to the
property managers. Pixel-based information allows us to
understand the interaction between different types of land
cover and contributes to the design of improved methods
forinteracting with the landscape. Therefore, in the present
research RS and geospatial methods were applied to assess
the degree of urban land use change in Fateh Jhang district,

particularly concerning the replacement of vegetation and
natural land cover. The main purpose of this research was
to use satellite imagery from the years 2000 to 2015 to
identify and measure the LULC in the study area. The main
objectives of this study were to identify the LULC changes
in Fateh Jhang from 2000 to 2015, highlight the driving
factors of LULC changes through combining remote
sensing, environmental, geographical and socioeconomic
data, and propose future sustainable land management
practices to the policymakers to achieve land and
sustainable development goals of the United Nations (UN).

MATERIALS AND METHODS
Study Area

Fateh Jhang is situated between 33°20" N to 33°55" N
latitude and 72°23" Eto 73°01" E longitude, covering an area
of 1407.48 sqg. km with elevation ranging from 336 to 939
meters asl (above sea level) and an estimated population
of 340,414 people. The tehsil comprises 14 union councils
(UCs) out of which only two UCs are urban (see Figure 1).
Itis located on the road between Islamabad and Kohat, 50
km from Islamabad and 48 km from Attock (Arshad et al.
2012). The soil in the study area was formed on calcareous
loess deposits and is characterized as fine-textured, well-
drained and moderately deep. Fateh Jhang consists of
three distinct regions. In the northern part of the study
area, north of the Kala-Chitta hills, there is a broad plateau,
which is significantly broken down by ravines. The rich
Sohan valley lies south of the Khairi-Murat town (near Dhari
village) whereas a rugged plain lies between the two sides
of the hills, narrow in the east and stretching westward
(see Figure 1). Climate conditions vary from one region to
another depending on the altitude. The soils of Fateh Jhang
vary according to climate variation (Shaheen et al. 2015). In
the city, the temperature is ranging from 45°C in summer
to 15°C in winter. The daily mean maximum and minimum
summer temperatures are 39 °C and 27 °C respectively (A.
Tarig et al. 2020).
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Fig. 1. Map of the Study area
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Data acquisitions and processing

For the present research, the Landsat 7 and 8 data for
the years 2000, 2005, 2010 and 2015 were used. All the
data were collected free of charge from the USGS-EROS
(https://www.usgs.gov) and chosen so that the cloud
cover is less than 10% to improve the accuracy. Summary
of the data used in the study is presented in Table 1.
The shapefiles were created for the respective areas
and the area of interest (AQIl) was extracted using Erdas
Imagine 2016 (Day, product level-1 G) and referenced
using Universal Transverse Mercator (UTM) Projection
System. The LULC maps of the study area were produced
using ETM+ images with 8 bands (of which band 6 was
a thermal band) and 30 m spatial resolution Landsat 7
images (bands 1-5 and 7). Using the method described
by Jiménez-Munoz et al. (2014), the thermal bands with
60 m spatial resolution were resampled to 30 m.To obtain
the LULC map from Landsat 8, 11-band images were used
(bands 1-7 and 9 were OLI, 8 was panchromatic and 10
and 11 were thermal) (Table 2). Landsat 8 images had a
spatial resolution of 30 m, radiometric resolution of 12 bit
and temporal resolution of 16 days. To match the data
distribution, thermal bands with 100 m spatial resolution
were also resampled to 30 m according to the method
by Jiménez-Mufoz et al. (2014). Additionally, the authors
committed to gathering field data over a five-month
period. The collected data were used to classify several
types of land cover within the study area. The primary

purpose of the field survey was to collect land cover parcel
data with the aid of GPS (global positioning system),
which helped to demarcate the parcel boundaries using
GIS software and historic maps. These GPS points were
overlaid on the satellite image for boundary delineation
and mapping. Field surveys were performed with the help
of GPS, Maps.me and OSM-Tracker (both Open-Street-
Map open-source mobile applications) for collecting the
coordinates of different land cover types in the study
area. High-resolution elevation data from Shuttle Radar
Topography Mission (SRTM) were downloaded from
the EarthData extraction tool “Application for Extraction
and Exploration of Ready Samples (AppEEARS)” (https://
Ipdaac.usgs.gov/tools/appeears/) to produce the digital
elevation model (DEM) of the study area. Vector data for
tehsil and river systems as well as supplementary details
were collected using RS and GIS Lab.

Methodology

The designed research procedure is presented in
Figure 2 and includes using ArcMap 10.6, Erdas Imagine
2016 and Envi 5.4 tools to analyse different types of LULC
and the interactions between them.

Image pre-processing and LULC

In Envi (5.4-version), the satellite data for 2000, 2005,
2010 and 2015 were optimized for noise reduction

Table 1. Data-collection used in the study

Data Acquisition date Source Processing level
Landsat 7 (ETM) 22 May 2000 USGS Earth Explorer TIER 1
Landsat 7 (ETM) 12 May 2005 USGS Earth Explorer TIER 1
Landsat 7 (ETM) 16 May 2010 USGS Earth Explorer TIER 1
Landsat 8 (OLI/TIRS) 12 May 2015 USGS Earth Explorer TIER 1
SRT™M 11 Nov 2010 Earth Data
Maximum Temperature 1998-2016 Pakistan Meteorological Department Interpolated Maps
Maximum Temperature 1998-2016 Pakistan Meteorological Department Interpolated Maps
Precipitation 2000-2015 Pakistan Meteorological Department Interpolated Maps

Table 2. Depiction of Landsat 7 and Landsat 8

S.No Landsat7 (ETM+) Bands Landsat 8 (OLI & TIRS)
Fouten || trat | sngane srdome | et | feluen
1 30 045-0.52 Blue (CO;J!E;?/’EE'?;O” 04350451 30
2 30 0.52-0.60 Green Blue 0.452-0.512 30
3 30 0.63-0.69 Red Green 0.533-0.590 30
4 30 0.77-0.90 NIR Red 0.636-0.673 30
5 30 1.55-1.75 SWIR1 NIR 0.851-0.879 30
6 60*(30) 10.40-12.50 Thermal SWIR1 1.566-1.651 30
7 30 2.09-2.35 SWIR2 SWIR2 2.107-2.294 30
8 15 0.52-0.90 Panchromatic Panchromatic 0.503-0.676 15
9 Cirrus 1.363-1.384 30
10 TIRS1 10.60-11.19 100*(30)
11 TIRS2 11.50-12.51 100%(30)
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Fig. 2. Research methodology

purposes (Rasti et al. 2018). This was necessary for
gathering certain relevant information on the data, such
as the kind of sensors, utilized to collect the data, the
angle of the sun at the time and date of data acquisition
to identify the ambient conditions at the time of capture
(Scheffler and Karrasch 2013). Before calibration of data
for 2013, scanning lines were eliminated using Landsat_
gapfill (Envi extension/plugin) to improve the visual
appearance of the images. According to the USGS-EROS
(https://www.usgs.gov/fags/what-landsat-7-etm-slc-
data), a mechanical failure of the Scan Line Corrector
(SLO) resulted in gaps known as scan lines in all Landsat 7
(ETM+) images which were collected after 31st May, 2003.
Nonetheless, these items carried the identical geometric
and radiometric properties as the data composed before
the SLC failure and therefore can still be used. The ability
of Envi and ArcMap to exchange and use information
allowed to eradicate the scan lines. Envi 54 has the
potential to calibrate multispectral bands in one go, saving
time compared to previous models in which adjustment
was performed on each band separately. The files for Envi
must be prepared in TIFF format to interpret and group
the bands in a directory. The resulting band format is an
Envi file with the scanning lines removed using Landsat-
gapfil.Sav and with an extension .hdr and .emp. Thus, the
data on each available band for the year 2015 was also
removed from the scan line in 2015 and the resulting TIFF
file for each band was transferred in Arc-Map 10.6.

The research has gone through strict site preparation
which included using information collected from the
field for the supervised data classification for the year
2015 to determine the land cover types for each of the
Landsat classes. In addition to the classified data from
2015, the data from 2010, 2005 and 2000 were classified
using Google Earth as a guide. The data was then
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trained in ArcMap after stacking the calibrated bands in
combinations of 7, 4, 2 (2000, 2005 and 2010 data) and
7,5, 3 (2015 data) (Chen et al. 2016; Mohammady et al.
2015). Such combinations were chosen instead of 4, 3, 2
because they were more useful for land use and land cover
studies as it was very challenging to use the latter when
classifying the data. Meanwhile, the used combinations
allowed for a clear distinction between damaged fields
and barren-land as well as different types of vegetation.
So, the Landsat data were all classified using regulated
classification for the four different years. The supervised
selection included training sites, which were chosen
based on the knowledge of the analyst in the researched
subject. The qualifying locations were further utilized
to produce the classification of image data using the
classifier algorithm by matching the required pixels based
on maximum likelihood. The above-mentioned method
is frequently implemented as a classification algorithm
and uses mathematical judgment rule which analyses the
likelihood function of a pixel for every class and assigns
pixel to the most probable class (Firdaus 2014).

Unlike the supervised classification, in the unattended
classification, the program produces an automatic
classification either by K-means or by ISO-Data so that the
analyst cannot influence the created classes (Pandya et al.
2013). In both cases, the spectral grouping produced by
the classification was based on the spectral variation and
did not require the user to have extensive knowledge of
the area of study. Types of land use that were identified
included vegetation, built-up area, barren land and water-
bodies. Unlike the 2015 data, the images for 2000, 2005
and 2010 were categorized using Google Earth and the
colour representation of the 7,4,2 band combination as
given by Google Earth (Chen et al. 2016; Mohammady et
al. 2015).
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Evaluation of Training samples and Accuracy
assessment

The training samples obtained from specific parts of
the study area represented a total area of 1407.48 sqg. km.
An overview of the training samples that were used in the
image classification is given in Table 3 & Figure 3. First of
all, a grid polygon was created in Arc Map 10.6 using a
fishnet method, then a training sample from each grid cell
was collected using a random sampling method.

In addition, evaluation of the classification accuracy
was done using ArcMap 10.6 for the years 2000, 2005,
2010 and 2015. The adopted method of the post-
classification accuracy assessment describes the quality
of the resulting data (Firdaus 2014; Pandya et al. 2013;
Rwanga and Ndambuki 2017). The following formula was
used to calculate the overall accuracy (OA) and Kappa
coefficient (Kc) values:

Kc= NZ; Xii - z::l (r, xx,,)
N2 - Ziy:l (xi+ X x+i)

M

Where

r=the number of rows,

x'=the number of observations in row i and column i,
x,, = the marginal totals of row

x,, = the marginal totals of column,

and N is the overall number of detected pixels (Firdaus
2014; Pandya et al. 2013). X corresponds to the
reference value (corrected and total) of the data and
has a considerable influence on the accuracy of image
classification. If its value is between 0.8 and 1, then the
classification can be considered accurate; when it is in
the range of 0.40 to 0.80, the classification is moderately
accurate and the values from 0.00 to 0.40 mean that the
classification was not accurate (Firdaus 2014; Pandya et al.
2013). Apart from 2000 and 2015 classified images that
were evaluated using 65 ground validity samples from
Google Earth's historical data, the 2015 image was also
evaluated using 65 ground validation samples collected
from the field surveys. In ArcMap, the actual calculation

of accuracy was done by establishing reference points or
ground control points, converting reference points from
vector to raster data, integrating raster data with stable
images and producing the uncertainty matrixes. The
spatial resolution of the Landsat images was 30*30 meter
(Firdaus 2014; Kulkarni 2017; Pandya et al. 2013; Rwanga
and Ndambuki 2017).

Table 4 provides details on the data quality assessment
tests for the year 2015 and a summary of the error matrix.
Applying the equation (1), the corresponding kappa
coefficient (kc) would therefore be the following:

(65%(5+49+1+3)— E{(6%5)+(52%51)+(1#1)+(7*7)})
B (65 —E{(6%5)+(52*51)+(1x1)+(7*7)})

Kc

Kc=0.78

This result is smaller than the overall accuracy (OA)
which is calculated by simply dividing the number of
correctly classified cells over the total number of sampled
cells.

The classification conducted for the year 2015 was
mostly accurate and reliable as 0.929 > 0.80 and closer
to 1. The values of Kc for the years 2000, 2005, 2010
and 2015 were estimated at 0.77, 0.78, 0.76 and 0.78
respectively (Table 5). This also implies that, given the
random collection of reference points, the classifications
conducted on those images can be considered accurate
and reliable.

Driving factors of the LULC change

According to the relevant studies, three groups of LULCC
driving factors, namely socio-economic, environmental
and geographical, are commonly defined. We selected five
variables representing these factors. Since the paper focused
mainly on analysing the relative impact of the driving forces
time-series on the land use change, the neighbourhood
factors in the study were considered as spatially contextual
data. Geographical variables are the main determinants of the
magnitude of land use changes. The possible range of LULCC
is influenced by environmental factors, such as precipitation

Table 3. Summary of the training samples

Classes Training Samples (in sq. km)
2000 2005 2010 2015
Vegetation 22 1.3 2.3 2.5
Built-up area 32 1.9 2.8 2.2
Bare land 04 2.1 26 24
Water 1.5 3.2 24 2.6
Table 4. 2015 error matrix table (in the number of pixels)
Classified Barren land Vegetation Built-up area water Classified Total
Barren land 5 0 0 0 5
Vegetation 1 49 0 2 52
Built-up area 0 0 1 0 1
Water 0 2 0 5 7
Reference Total 6 51 1 7 65
Table 5. Accuracy assessment of 2000, 2005, 2010 and 2015 classification
Accuracy assessment 2000 2005 2010 2015
OA (in percentage) 0.92 092 0.90 0.92
Kappa (in percentage) 0.77 0.78 0.76 0.78
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Fig. 3. Sample collection for Accuracy assessment

and temperature, which determine the water supply. Annual
precipitation (x1), as well as the minimum (x2) and maximum
temperature (x3) were therefore included as climate factors
for the study of LULCC driving factors at Fateh Jhang. The data
on the environmental factors were obtained from the Pakistan
Meteorological Department, Islamabad https.//www.pmd.
gov.pk/. Socioeconomic data included time-series of regional
gross domestic product (GDP) (x4) and population (x5). These
data were acquired from the Census Department of Pakistan
Statistical Bureau, Islamabad (http://www.pbs.gov.pk/content/
population-census). Both those parameters were taken from
Fateh Jhang ‘s statistical yearbook. These factors reflect the
dynamics of population, urbanization, economic and industrial
development, social investment and technological progress as
well as conditions of the external traffic, which can potentially
influence LULC changesin Fateh Jhang city. Inthisresearch, linear
regression analysis was carried out to explore the underlying
processes of the LULC adjustment in response to the chosen
geographical, socio-economic and environmental factors. Thus,
the time-series data on the four major land use types were
used to explore the driving forces contributing to the land use
change in Fateh Jhang. The four major land use types, that is,
built-up area, vegetation, barren land and water were labelled
as y1, y2, y3 and y4, respectively. A well-known multivariate
statistical instrument for high-dimensional data processing is
the Least Square Method (Carrascal et al. 2009; Vijayakumar et al.
2014). Multiple linear regression analysis, canonical correlation
analysis, and key component analysis are included in the Least
Square method function. After its application in several fields,
including first chemometrics, sensory assessment, statistics, and
ecology, it also emerged in social sciences and became popular
(Kabir et al. 2017). The increasing popularity of the Least Square
method compared to the traditional statistical analysis is partly
due to its more efficient treatment of multicollinearity in the
dataset, which is especially valuable in some cases when there
are fewer measurements relative to the number of explanatory
variables (Rosipal and Trejo 2000).
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RESULTS AND DISCUSSION

Landsat 7 and 8 images were used for the years from 2000
to 2015 to study the spatial variation of land use, its dynamics
and consequent adjustments. Supervised classification
methods were used for all the images and the land use types
were organized into four classes: vegetation, built-up area,
barren land and water. The total area that was covered by the
research amounted to 1407.48 sq. km. The changes observed
in the land use of the study region over the sixteen years were
summarized and presented in tabular format. Analysis of the
classified images as shown in Figure 4a revealed that in the
year 2000 vegetation covered 800.74 sg. km, which makes it the
most prevalent type of land use/land cover in the study area.
Barren land covered an area of 258.34 sg. km, while built-up and
water classes amounted to 229.56 sg. km and 118.84 sq. km, so
their share in the total area was far less significant.

The analysis of the Landsat 7 (ETM+) image for the year
2005 has shown that vegetation remained the leading class in
the region with an area of 694.86 sq. km (Figure 4b). Territories
that were classified as built-up areas covered 256.34 sqg. km
whereas the barren land and water types amounted to 337.44
and 118.84 sg. km, respectively (Khan 2015). Figure 4c shows
that in 2010 vegetation and/or agricultural land also was the
most common land cover type in Fateh Jhang with an area
of 658.22 sq. km. The area of 288.66 sq. km corresponded to
built-up territories, while barren land covered 341.76 sqg. km.
The remaining class was water bodies which covered a total
area of 118.84 sq. km. In 2015 the total estimated built-up area
was 310.55 sq. km. Vegetation/ agricultural land was still the
most prominent land cover type in Fateh Jhang, covering an
area of 624.55 sq. km. Barren land occupied an area of 353.54
sg. km, while water area amounted to 118.84 sg. km. From
Figure 4a it can be seen that over the period between 2000 to
2005, vegetation area has changed significantly, particularly in
the northern part of the study area, as it decreased by almost
105.88 sq. km, built-up area increased by 26.78 sg. km, barren
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Fig. 4. Landuse Landcover maps a) 2000, b)2005, c)2010, and d)2015 of Fateh Jhang

land increased by 79.1 sg. km. Water bodies had some spatial
changes during this period but their total area remained almost
the same. From 2005 to 2010, there was a 32.32 sqg. km increase
in built-up area and 36.64 sq. km reduction of vegetation area
(Figure 5). Barren land increased by 4.32 sg. km during this period.
From 2010 to 2015, barren land increased by 11.78 sg. km and
built-up area further increased by 21.89 sq. km in just five years.
From 2000 to 2015, built-up area cover increased by 80.99 sq.
km, vegetation decreased by 176.19 sq. km and barren land
experienced a 95.2 sq. km increase.

Statistical description of LULC change

The results of the classification were further analysed
in terms of changes that happened among the observed
groups. The first group covered the period from 2000 to
2005, the second group consisted of the period from 2005
to 2010, the third group consisted of the period from 2010
to 2015 and the fourth group corresponded to the period
from 2000 to 2015.
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Statistical description of LULC change from 2000 to 2005

The analysis of LULC changes over the study period
revealed that the total area of barren-land increased by
5.62%. It retained 52.81% of its initial area and 26.79% of it
was transformed into vegetation (Table 6). The built-up area
benefited 12.11% due to the transition from vegetation.
Vegetation only maintained 46.24% of its initial area. Generally,
from 2000 to 2005, its total area declined by 7.52%, while
26.79% of it was converted from barren land zones, 16.45%
from built-up and 22.56% from water. Two of the last groups
in terms of land cover change were vegetation and water,
the latter witnessed an unprecedented increase of 18.17%
over the study period, whereas barren land and built-up area
increased by 34.23 and 121.26%, respectively.

This period reflects the most significant land cover
transition in the study area. In five years, the area of vegetation
shrank by 25.36%, losing 18.55% to barren land and 12.11%
to built-up area. The built-up region covered 12.11% of
vegetation, 19.23% of barren-land and 23.25% of water areas.
Total built-up area increased by 1.9% over the period from
2000 to 2005.

Statistical description of LULC change from 2005 to 2010

Within these five years, vegetation area decreased rapidly
by 2.60%, losing 11.66% to built-up area and 23.48% to barren
land (Table 7). The built-up area covered 15.32% of vegetation
area, 23.56% of barren-land and 19.21% of water areas.
Vegetation cover was removed from 39.26% area. The barren
land area mostly emerged from vegetation (23.48%) and
built-up area (16.01%) and benefited more from agricultural
land (21.35%) than any land cover type over the time period.

Statistical change detection of LULC from 2010 to 2015

This time span (2010-2015) had showed the utmost
recent change in land cover at time of study. Within five years,
vegetation area had fallen rapidly by 2.60%, losing 11.66% to
the built-up area and 23.48% to the barren-land (Table 8). The
built-up area had covered 15.32% of the trees area, 23.56%
of the barren-land and 19.21% of the water areas. Vegetation
cover was removed from 39.26% area. Barren-land areas had
grown mostly from vegetation 23.48% and built-up area
16.01% and benefited more from agricultural land 21.35%
than any land cover over the time period.

Table 6. Statistical description of LULC change between 2000 and 2005

2000 INITIAL STATE%
2005 FINAL STATE % Built-up Vegetation Barren land Water
Built-up 50.95 1211 19.23 23.25
Vegetation 16.45 46.24 26.79 22.56
Barren land 16.3 18.55 52.81 4.19
Water 16.3 23.10 1.17 50.00
Total 100 100.00 100.00 100
Class Change 1.90 -7.52 562 0
Image Difference 121.26 -25.36 34.23 18.17
Table 7. Statistical description of LULC change between 2005 and 2010
2005 INITIAL STATE%
2010 FINAL STATE % Built-up Vegetation Barren land Water
Built-up 51.15 15.32 16.01 19.21
Vegetation 11.66 48.7 2348 15.49
Barren land 23.56 26.80 50.16 15.3
Water 13.63 9.18 10.35 50
Total 100 100 100 100
Class Change 2.30 -2.60 0.31 0
Image Difference 53.29 -39.26 39.23 23.1
Table 8. Statistical description of LULC change between 2005 and 2010
2010 INITIAL STATE%
2015 FINAL STATE % Built-up Vegetation Barren land Water
Built-up 50.79 20.50 1233 18.1
Vegetation 31.04 48.81 21.33 17.39
Barren land 1043 24.50 5042 14.51
Water 7.76 6.20 15.92 50
Total 100 100 100 100
Class Change 1.56 -2.39 0.84 0
Image Difference 62.35 42.23 4523 25.01
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Statistical description of LULC change from 2000 to 2015

The changes that occurred over the sixteen years
summarize the trend in the land use change over the study
period. Identification of the land use change as presented
in Table 9 showed the area of barren land has increased
by 6.76% over the period, built-up area witnessed a
remarkable percentage increase of 5.75% indicating a
steady growth in agricultural activities and improvement
in the built-up parts of the study area. Such practices
emerged from the fear that farms would extend outside
their defined boundaries. Although it only increased by
1.90% by 2005, it also gained 2.30% and 1.56% in 2010 and
2015 respectively.

Relationship between Different Land Use Types and the
Driving Factors

Changes to the Fateh Jhang LULC were driven by a
variety of environmental, geographical and socioeconomic
factors. While population increase was one of the basic
reasons for the urban sprawl, the role of secondary factors
e.g.,economic development had to be examined as well. To
identify the impact of each independent variable on built-
up area, vegetation, barren land and water, five variables

(i.e., annual precipitation (x1), minimum temperature (x2),
maximum temperature (x3), gross domestic product (GDP)
(x4), and population (x5) were analysed to create a model.
Table 10 illustrates the results in terms of VIP (Variable
Importance in Progression) values and the contribution of
environmental, geographical and socio-economic factors
to the LULC change.

The impact of all these components on the land
use change trend in the study area was confirmed by
evaluating regression between the land use characteristics
and variables, describing the environmental, population
and economic influences. The determination coefficient
of 0.88, 0.98, 0.86, and 0.99 was calculated for the built-up
area, vegetation, barren land and water bodies respectively,
which indicates that 88%, 98%, 86% and 99% of the
variation in land use types during the study period might
be described by the selected underlying factors. The census
data showed a significant increase in population during the
study period. Urbanization and the establishment of new
housing settlements caused a fast urban sprawl, which
was mostly caused by the migration of rural population to
cities. The growing population increased the pressure on
the limited resource base which supposedly added to the
urban land enlargement by de-forestation and filling of the
low-lying fields.

Table 9. Statistical description of LULC change between 2000 and 2015

2000 INITIAL STATE%

2015 FINAL STATE % Built-up Vegetation Barren land Water
Built-up 52.90 3391 10.23 19.3
Vegetation 17.65 43.74 35.23 14.99
Barren land 14.75 16.23 53.38 1571
Water 14.75 6.12 1.16 50
Total 100 100 100 100
Class Change 5.75 -12.52 6.76 0
Image Difference 43.22 -47.25 2523 221

Table 10. Analysis of the relationship between LULCC and its key driving factors

LULC Type (y) Precipitation (x1) | MinTemp (x2) | Maxtemp (x3) | GDP (x4) | Population (x5) R? Adjusted R? | SE of Estimate
Built up area (y1) -0.027 0.068 0.104 0.101 093 0.88 0.76 345
Vegetation (y2) -0.030 -0.106 -0.117 -0.108 -0.087 0.98 0.86 4.36
Barren land (y3) -0.402 -0.103 -0.112 -0.110 0.067 0.86 0.99 2.81
Water (y4) -0.040 0.27 0.161 0.127 0.050 0.99 0.99 7.35

Predictors: (constant), Population, GDP, Max Temperature, Min Temperature, Rainfall)
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There may be both positive and negative consequences
of urban development on the environment but an
uncontrolled urban sprawl will surely lead to undesirable
effects. Both developing and developed countries have
comparable environmental challenges related to urban
sprawl. Built-up communities keep growing constantly
along with residential and commercial production and
parking areas and other infrastructures, that does not allow
water to infiltrate the soil. As a result, the environment
changes dramatically since the transition from the original
state to an urban area is a non-reversible process. As
urban land expands, a variety of vulnerable resources
might become endangered. The period of urbanization
that occurred in the periphery has contributed to the
development of new relationships between different
land use types, especially where historical and current
patterns in land use are established side by side. Lack of
agricultural land and uncontrolled growth of built-up areas
are serious challenges of the current land use which have
appeared due to the development of the new urban areas,
which has led to difficulties in the transformation from
various modes of life in the countryside and cities. Another
contributing factor for rapid urbanization is the economic
development of Fateh Jhang, particularly related to the
construction of Islamabad airport, which is the most
recent significant project in the area (https://fp.brecorder.
com/2005/11/20051115352782/). Another major factor
of increasing urbanization is industrialization. During the
study period, it also resulted in the invasion of enormous
numbers of pastoral immigrants.

One of the fundamental ways in which global climate
change is projected to affect the economic activities in the
areaisthrough the impact of temperature and precipitation
on agricultural production. The important ecological
elements such as forest nitrogen cycle and agricultural
productivity seem to be affected by climate change
(Figure 6) (Raza et al. 2019; Rustad et al. 2012). Changes
in precipitation, for example, may cause changes in
hydrological fluxes, which in turn could result in changes in
development, decomposition and absorption of nutrients.
Correspondingly, temperature increase could also lead
to changes in hydrological fluxes, soil disintegration and
faster behavioural expansion, causing reduced vyields
and accelerated maturation (Bonan 2008; Hanson and
Weltzin 2000). Precipitation is the most important factor
in the continuing degradation of forests and agricultural
land (Mousa et al. 2020). Higher rainfall has required a
higher degree of output in some places of Pakistan and
offered more water for irrigation. Due to the damage of
fertile soils with extreme floods caused by regular rainfall
or drought, the reverse effects were reported in some
areas. The decreasing rate of woody biomass, on the other
hand, is the second maximum in the world. It ranges from
4 to 6% annually (UNEP 2005). The climatic conditions
that have escalated as a result of man-made and natural
processes over the years are related to the reduction of
forest area. The effect of temperature and precipitation
on the vegetation area is confirmed by the regression
analysis as the maximum temperature has increased and
precipitation reduced over the years (Figure 6). As for
driving factors, we have discussed three major groups of

factors, including geographical, environmental and socio-
economic factors. All these variables (land enlargement,
deforestation,  immigration,  economical changes,
population growth, urbanization etc.) were characterized
by population growth, GDP, precipitation and temperature.
Intergovernmental Panel on Climate Change (IPCC) states
that the shifts in ambient humidity and rainfall are led by
an increase in the global average temperature. The effects
of temperature rise include extreme flooding, storms,
dried up rivers that were seasonal reservoirs until recently
and erratic conditions such as irregular span of the rainfall
season, which could be delayed, shortened or interrupted
by recurrent drought incidents. All these processes are
also visible when analysing the climate conditions in Fateh
Jhang. We are trying to overcome all the above-mentioned
factors by aiming at reaching a balance between
urbanization, conserving water bodies, woodlands and
vegetation area by implementing new management
techniques. This research has described the structure of
the study area, which improves our understanding of the
land use and land cover changes during the past years and
allows for site-specific recommendations to facilitate and
enable more efficient land use planning and design for
both agricultural and built-up areas.

CONCLUSIONS

In this research, digital image processing techniques
were used to evaluate the LULC and identify its changes.
The analysis showed that during the period from 2000
to 2015, urban areas increased, consequently causing a
significant reduction of vegetation and barren land area.
The increase in water area was insignificant. The main
objectives of this study were to identify the LULC changes
in Fateh Jhang from 2000 to 2015 and highlight the driving
factors of LULC changes through combining remote
sensing, environmental, geographical and socioeconomic
data. It was estimated that between 2000 and 2015 the
built-up area increased from 1631% to 22.06% of the
total area, while vegetation decreased from 56.89% to
44.37% and barren land increased from 18.35% to 25.12%
respectively. The change of vegetation and barren land
into urban territories has caused varied and extensive
environmental degradation of the study area, the main
negative outcome of which was related to the slum
growth that accompanies quick urban development.
Socio-economic development and population growth
are the main driving factors of urban land expansion. The
findings of this research indicate rapid growth of built-up
land and decline in agricultural land and vegetation area
during 2000-2015. The study revealed a strong influence
of integrated driving factors on land use and land cover at
the regional and national scale. The region of Fateh Jhang
in Pakistan has undergone rapid, wide-ranging changes in
the LULC intensified by the conversion of natural resources
for food purpose, urbanization and other socio-economic
benefits. This research would be helpful to the urban
planning and design department for land sustainability
development.
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