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Abstract

Coronavirus disease (COVID-19) caused by severe acute respiratory syndrome (SARS) coronavirus 2 (SARS-CoV-2) has
taken mankind by surprise with various unprecedented impacts on human life around the globe. This zoonotic pandemic is
proving to be the most destructive disease outbreaks since decades. The increasing human population and anthropogenic
activities have impacted the environment and have direct linkages with the current and other recent outbreaks of zoonotic
diseases. Despite having a difference in their origin, major reasons behind the emergence and spread of zoonotic pandemics
are related to activities such as habitat fragmentation, deforestation, biodiversity loss, intensive agriculture and livestock
farming, uncontrolled urbanization, pollution, climate change and bushmeat hunting and trading. It is important to focus on
environmental and climatic factors that are involved in the emergence of such pandemics involving novel human pathogens
and viruses in particular. Research and data analysis, particularly in relation to COVID-19, has shown that meteorological
factors along with population density and living conditions (particularly in the urban and semi-urban areas) play a crucial role
in the intensity, evolution and spread of SARS-CoV-2. This particular virus is novel but coronaviruses have a long history
and are known to cause disease outbreaks earlier as well. COVID-19 pandemic provides learning for the future, in particular
the importance of environmental sustainability for controlling such outbreaks. A strategic plan can be developed involving
policy-makers, organizations, and governments to control the onset and spread of the novel pathogens. This review-based
study recommends that prevention of COVID-19 like pandemics from re-occurring is through tackling the issues related to
the environment by controlling anthropogenic activities. It will also be important to track the lineage and future evolution
course of such human pathogens so as to determine the nexus of environmental and biological factors in the development
and spread of novel strains.
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Introduction transportation, tourism, trade and health care system (Cascio
et al. 2011; Torgerson and Macpherson 2011; Epp and Wald-
ner 2012; Smith et al. 2019). Currently, the whole world is

affected due to a novel zoonotic disease known as corona-

Large-scale outbreaks of infectious diseases, also known
as pandemics, have caused significant loss of human life

along with economic and social issues. There have been
several zoonotic pandemic outbreaks which have caused
morbidity and mortality over a wide geographical region
since recorded history (Fig. 1). Apart from direct impact
on human life, these highly contagious zoonoses influence
socio-economic activities such as education, employment,
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virus disease (COVID-19). COVID-19 was first spotted in
December 2019 in Wuhan, Hubei province of China, when
dozens of people were hospitalized due to pneumonia-like
symptoms with unknown causes (Zhu et al. 2020). Later,
preliminary tests and epidemiological studies indicated that
COVID -19 was caused by a new zoonotic coronavirus strain
named as “severe acute respiratory syndrome (SARS) coro-
navirus 2” (SARS-CoV-2) by the International Committee
on Taxonomy of Viruses ICTV) (Wu et al. 2020a). SARS-
CoV-2 showed genetic similarities with earlier reported
highly pathogenic coronaviruses such as “severe acute
respiratory syndrome coronavirus” (SARS-CoV) and the

@ Springer


http://orcid.org/0000-0001-9412-663X
http://crossmark.crossref.org/dialog/?doi=10.1007/s42398-021-00165-x&domain=pdf

456 Environmental Sustainability (2021) 4:455-467
CALIFORNIA MEXICO SAUDI ARABIA 1
E o stt N
L SO & < S
Nos $ 2t ¥ “Q": RS G NI
Swine influenza virus Spanish Flu Zikavirus  Ebolavirus MERS Avian influenza SARS COVID-1 Asian Flu Hong Kong Flu
(S-0IV) A/HIN1 Founder H1N1 influenza virus MERS-CoV (HPAI)A(H5N1) SARS-CoV  SARS-CoV-2 H2N2 H3N2
o o T +
> ) > ) Bat g - Yo
7z b ¢ LAY
Pig Pig Rhesus macaque %ﬂg& g ;
a2 P
Camel Poultry Civet Pangolin Wild duck ig

Chimpanzee  Gorilla
(1947'Pmsent) (Possible pre-human host)

(2013-2016)

(2009-2010) (1918-1919)

Fig. 1 Major zoonotic pandemic outbreaks in the recorded history

“Middle East Respiratory Syndrome Coronavirus” (MERS-
CoV) causing acute respiratory distress syndrome (ARDS)
in humans (Zhou et al. 2020; Kong et al. 2020). Initial
COVID-19 patients are supposed to be related to a seafood
market in Wuhan known for selling of fresh seafood, and
on-site slaughter of wild animals. It was reported that a wild
animal could be a pre-human host of SARS-CoV-2. Ear-
lier investigations have already confirmed that wild animals
such as horseshoe bats and civets may act as the natural and
intermediate hosts to coronaviruses that are phylogenetically
related to SARS-CoV (Cui et al. 2019). Recent evidences
prove the potential of pangolins as the zoonotic reservoir of
SARS-CoV-2-like coronaviruses (Xiao et al. 2020). How-
ever, the phylogenetic approaches suggest that the origin
time of the virus can be as early as first half of September
2019 (Dogan et al. 2020). There had been some assumptions
that virus may have escaped from a laboratory, probably
the Wuhan Institute of Virology (WIV), Wuhan, which is
known for research on coronaviruses and also known for
isolation and collection of coronaviruses from bat samples
ever since the original SARS outbreak of 2002-2003 (Hu
et al. 2017; Cyranoski 2020). Not only WIV, Wuhan Cent-
ers for Disease Prevention and Control (WCDPC) which is
near to the Huanan market and known for housing many bats
carrying coronaviruses may probably be possible route for
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the lab escape of the virus.! On the other hand, some notable
genomic features (binding to the human receptor ACE2; and
structure of the spike protein) suggest that most likely the
virus evolved from related SARS-CoV-like coronavirus and
transmitted through a natural process (Anderson et al. 2020).

Scientific data and research have pointed that the fre-
quent emergence of novel zoonotic diseases has deep
linkages to the changing global environment (Estrada-
Peiia et al. 2014). Destruction of natural habitats of wild
animals, possible reservoirs of novel human pathogens,
and an increase in man-animal conflicts is being directly
related to the emergence of such pandemics. In one of its
report, Food and Agricultural Organization (FAO) men-
tioned that more than 70% of human diseases are of animal
origin, and have a direct relation with humans’ reliance
on animals for food (FAO 2013). However, other key rea-
sons related to the emergence and transmission of novel
zoonotic pathogens to humans include fragmentation of
natural ecosystems (Salkeld et al. 2013; Estrada-Pefa et al.
2014; Allen et al. 2017; Schmeller et al. 2020), global
warming and climate change (Zell et al. 2008; Revich
et al. 2012; Carlson et al. 2020), pollution (Chaber 2018),
intensive livestock cultivation, and unsustainable and

! https://project-evidence.github.io/.
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Unplanned Urbanization

High population density in the big cities with
unhygienic conditions and formation of slums results

Climate Change

Climate change resulted in rise in temperature,

transmission of vectors and pathogens, droughts,

floods and desertification which result in propagation

of disease/ pathogens and over reliance on animal meet.
EE—

Intensive Livestock Farming

Livestock cultivation has increased but poor sanitation,
unsafe disposal of animal wastes results in breeding and
transfer of pathogens to humans. Farming of wild animals
has further aggravated the problem, causing in transfer
of novel pathogens (from wild reservoirs) to humans.

——m

Release of toxic, xenobiotic and recalcitrant compounds
in the environment results in quicker evolution of microbes
due to mutations and horizontal gene transfer, resulting
in development of novel and dangerous pathogenic strains.

Fig.2 Environmental issues that lead to the pandemic

aggressive chemical-based agriculture (Jones et al. 2013;
Smit and Heederik 2017) (Fig. 2). In this review, we have
discussed the relevance of environmental factors by criti-
cally analyzing the already published reports and data in
relation to the origin and spread of novel human patho-
gens/diseases including the COVID-19 pandemic. It is
also explained that how there are commonalities between

in easy transmission and spread of pathogens.

Bushmeat tre

Global trading of wild animal increases contact
between humans and animals that
increase the risk of new zoonosis disease
emergence amongst human population.

Biodiversity Loss

Huge decrease in biodiversity (due to anthropogenic
activities) has increased livestock cultivation and
even resulted in culture of wild animals through backyard
farming resulting in transfer of new strains of pathogens.
—

Exhaustive agriculture practices

Unprecedented use of pesticides and fertilizers in agro-ecosystems
has resulted in degradation of land and water, causing mutations in
microbes, development of resistant varieties and increasing diseases
in humans resulting in immunocompromised population more
susceptible to pandemics and also more dependence on animal meet.

| ——

Deforestation & habitat fragmentation

Habitat loss and fragmentation is resulting in more man-animal
conflicts, movement of animals (reservoirs of novel viruses & bacteria)
towards human dwellings and interaction of wildlife with
livestock, resulting in transfer of novel microbial pathogens.

COVID-19 and past zoonotic epidemics/ pandemics that
have emerged due to changing environmental scenario,
largely due to anthropogenic activities. Additionally, rec-
ommendations are also proposed to sensitize policy-mak-
ers, leaders, and the public for realizing the importance
of environment linkages in managing and controlling the
onset and spread of such pandemics in the future.
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Environmental issues and the emergence
of pandemics

In 2016, about four years before the outbreak of the
COVID-19 pandemic, the United Nations Environment
Programme (UNEP) warned that the frequent emergence
of zoonotic diseases at the global level could pose a
severe health risk to humans (UNEP 2016). It was also
pointed out that most of the emerging infectious diseases
in humans are zoonotic and interlinked with the drastic
change in climatic and environmental conditions (UNEP
2016). Climatic and environmental changes have accel-
erated the rate of emergence of zoonotic diseases across
the globe (Sutherst 2004). In this section, how the envi-
ronmental factors including anthropogenic activities are
becoming important in relation to the emergence and
spread of novel pathogens and pandemics is discussed.

Climatic conditions

There have been many studies in the past that have shown
a correlation of previous pandemics with climatic factors
and the environment. For instance, in tropics change in
climatic conditions have led to the intensive spread of the
carriers and vectors of zoonotic viruses which increased
the transition of viruses from their carrier to the animal
host (Armon and Cheruti 2012). Studies have also indi-
cated that climate-driven changes such as temperature and
precipitation may bring genetic instability in the evolution-
ary structure of viruses as noticed in the West Nile virus
(WNV) in North America where temperature caused an
adaptive mutation to efficiently propagate virus at elevated
temperatures (Brault 2009). While studying MERS-CoV, it
was found that about 56.1% of the positive cases aroused
between April to August, and the viability of the virus
was favored by high temperature, high ultraviolet index,
low wind speed, and low relative humidity (Altamimi and
Ahmed 2019).

In the case of COVID-19, studies on the effects of tem-
perature, and relative humidity on disease incidence and
spread remain to be contradictory or inconclusive, with
data showing positive as well as negative relation (Prata
et al. 2020; Sobral et al. 2020) or in some researches no
relationship at all (Yao et al. 2020). Wu et al. (2020b) ana-
lyzed the effect of meteorological conditions (temperature
and humidity) on new cases and deaths due to COVID-
19. By using a log-linear generalized additive model
(GAM) they showed that temperature and humidity were
inversely correlated with daily new cases and deaths due
to COVID-19. It was suggested through GAM that every
1 °C rise in temperature resulted in a 3.08% reduction in
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daily new cases and a 1.19% reduction in new deaths and
every 1% increase in humidity reduced daily new cases and
deaths by 0.85% and 0.51% respectively. Through a modi-
fied susceptible-exposed-infectious-recovered (M-SEIR)
model which is a type of compartmental model used for
the mathematical modeling of infectious disease transmis-
sion, Shi et al. (2020) confirmed that COVID-19 transmis-
sion rate decreased with the increase of temperature. In the
same study, distributed lag nonlinear models confirmed no
significant association between COVID-19 incidence and
absolute humidity.

Increase in global temperature in the past few decades and
future projections (of around 3 °C rise by 2050) (IPCC 2013)
have and will result in the transfer of vectors (like insects)
of human pathogens and reservoirs (as well) in unreported
regions of the world (Caminade et al. 2019). Many of the
emerging zoonoses have been related to viruses and trans-
mitted by arthropods (vectors) and reservoir animals (Wang
and Crameri 2014). Hence the effect of climate factors, par-
ticularly with a global increase in temperature, can provide
much more information on disease ecology of zoonotic
agents and their spillover to humans. It will be important to
understand the effect of climate change (increase in global
temperature) on host-vector systems.

The influence of climate warming and the risk of the
spread of infectious diseases in Arctic regions has been stud-
ied by some workers (Kutz et al. 2009; Parkinson et al. 2014;
Waits et al. 2018). These studies show that both microbial
disease agents and vector species will proliferate due to
warming in colder regions. Rising temperatures will affect
ecosystems more profoundly in the polar regions resulting
in a shift of density and distribution of animal reservoirs and
arthropod vectors (Parkinson et al. 2014). The mean tem-
perature is increasing resulting in more warmer days in the
cooler regions of the globe, facilitating the spread of vectors,
migratory animals, and birds leading to the transmission of
pathogenic viruses. This allows reservoir species to survive
for a longer time and expanding their habitat range that will
increase the high transmission of zoonotic bacterial and viral
pathogens to humans in locations nearer to poles (Parkin-
son et al. 2014). Climate change can impact the non-human
reservoirs by altering the ecosystems directly or indirectly
resulting in better conditions or the reverse, due to change
in precipitation patterns, temperature, humidity and so on.
Vectors or reservoirs can be dispersed through trade, migra-
tion, or along with humans, establishing pathogens in new
pockets where climate change may have already resulted in
conducive conditions. Spread of dengue virus in southern
Europe is a classic example (Rockloév and Dubrow 2020).

Prediction of climatic conditions in advance can help in
forecasting the emergence and propagation of pathogenic
viruses and bacteria or their vectors. Harris et al. (2019)
showed that climate conditions i.e. relative humidity,
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temperature, and the population are the key determinants
related to the occurrence of an endemic in a particular geo-
graphical region. As far as the influenza epidemic is con-
cerned, it has also been found that the spread of disease
from one continent to another is linked with climate-driven
changes. For example, in the case of HSN1 transmission, it
was found that climatic factors such as temperature, relative
humidity, and wind speed changed the migration patterns in
migratory birds which increased avian flu outbreaks in some
regions in Egypt (Naguib et al. 2019). The increasing global
temperature and associated events such as rainfall/humidity
and droughts have to be taken into consideration to predict
the possible spread of microbial pathogens, their vectors or
reservoirs along with the conducive conditions.

Over the past few decades, ecological niche modeling
(ENM) approaches are also used to forecast the emergence
of pandemic outbreaks. The ENM based studies have sug-
gested that fluctuations in micro-climatic conditions and
ecosystem destruction including habitat loss are among the
essential environmental parameters related to the emer-
gence of novel zoonoses (Carlson et al. 2016; Nyakara-
huka et al. 2017). The model was found to be practically
useful in gathering information on the transmission of
EBOLA virus, hemorrhagic fever (HF), and Zika virus in
Central and Western Africa (Peterson et al. 2004). While
in the case of the current outbreak of SARS-CoV-2, an
ENM based study by Aradjo and Naimi (2020) predicted
that temperate, warm, and cold climates are more favora-
ble for the spread of the virus compared to tropical cli-
mates. However, the model has also shown uncertainties
in the spread of the disease across sub-Saharan Africa,
Latin America and Southeast Asia. Conceptual and meth-
odological deficiencies in the study were challenged by
Chipperfield et al. (2020). They claimed that species dis-
tribution models (SDMs) to predict the suitability of the
climate for the spread of SARS-CoV-2 over the coming
months were not appropriately used and also application
guidelines of SDMs did not meet the international stand-
ards. On the other hand, Gupta et al. (2020) concluded
that although no single meteorological attribute can clearly
explain the spread of SARS-CoV-2, in tropical and sub-
tropical regions of India, however, hot and arid areas with
low altitude are most affected by COVID-19. Ma et al.
(2020) reported that diurnal temperature and humidity
play a crucial role in the number of deaths due to COVID-
19. Some other theories have also emerged predicting that
COVID-19 will follow a seasonal pattern similar to other
respiratory viruses SARS and MERS (Sajadi et al. 2020;
Sanchez-Lorenzo et al. 2020). However, these are yet to
be tested and confirmed practically. Although, it is not
going to be as easy to predict the climatic impact without
involving variables affecting the mobility of pathogens,
or their animal reservoirs because of the involvement of

multitude of factors such as socio-economic, development,
urbanization, population density, levels of greenhouse gas
emissions, air pollution and travel.

Extreme weather and climatic conditions

Climatic extremes such as extensive floods and droughts
have proven as an apparent cause for the spread of pandem-
ics. As per United Nations Convention to Combat Deser-
tification (UNCCD), natural disasters such as droughts
and floods have drastically increased in the past fifty years
and this is mainly attributed to climate change and global
warming (UNCCD and FAO 2020). Desertification of land
has increased in the past few decades and if the emission
of greenhouse gases (GHGs) continues as it is, this will
increase the pace of conversion of fertile land to marginal
and arid, with low productivity (Arora 2019). Earlier, Sha-
man et al. (2005) have found that widespread drought fol-
lowed by wetting brought avian hosts and vector mosqui-
toes into Southern Florida. Similarly, Paull et al. (2017)
had predicted that over the next 30 years, increased drought
severity could upsurge by three times the cases of WNV
in regions where humans have low immunity against the
virus. Additionally, increasing droughts and desertification
will result in enhanced dependence on bushmeat resulting
in more chances of transmission of zoonotic pathogens to
humans (da Silva Santos et al. 2019). The occurrence of
floods, due to unpredictable and heavy rains has been indi-
rectly linked with high incidences of vector-borne infectious
disease. For instance, there were more outbreaks of Dengue
viruses, WNV, and malaria due to heavy rainfall and flood-
ing in Romania (1996-97), Czech Republic (1997), Italy
(1998), southern Africa (2000), and some parts of Southeast
Asia (2011) (Han et al.1999; Hubalek and Halouzka 1999;
Kondo et al. 2002; Memon et al. 2014). Shaman et al. (2005)
stated that a wide occurrence of drought and wetting can
also increase the probability of infectious diseases. As far
as COVID-19 is concerned occurrence of flood and drought
events maximized compound climate risks and are likely
to intersect with the pandemic crisis all around the world
(Phillips et al. 2020). Natural disasters such as floods have
resulted in an impact on dealing with the COVID-19 pan-
demic, due to interruption in health and other support sys-
tems (Guo et al. 2020). Floods can also result in the spread
of communicable diseases because of the establishment of
relief camps where population density is high, conditions
can be unhygienic and there is a lack of proper nutrition or
availability of potable water (Okaka and Odhiambo 2018).
Forecasting and preparedness for extreme weather events
such as floods, cyclones and droughts is very important to
tackle the spread or containment of highly infectious dis-
eases such as COVID-19.

@ Springer



460

Environmental Sustainability (2021) 4:455-467

Biodiversity loss

Loss of biodiversity is closely associated with frequent
emergence and transmission of zoonotic diseases (Keesing
et al. 2010). Biodiversity loss makes an ecosystem more
fragile and possible breach by the pathogens to humans
becomes much easier. Changes in biodiversity may affect
interactions between a host and a pathogen or with other
species that act as reservoirs or vectors. COVID-19 is also
a possible product of the devastation of global biodiversity
resulting in unhealthy and even more fragile ecosystems.”
There have been some incidents where either an increase
or decline in species richness potentially affected the risk
of the emergence of infectious diseases both in plants and
animals (Morand et al. 2014). Previously used modeling
approaches to quantify the global emergence of infectious
diseases (EID) indicate that high human population density
and growth, latitude, rainfall, and wildlife diversity are also
characteristics to identify geographical hot spots involved
in the emergence of infectious diseases particularly those
originating from wildlife (Allen et al. 2017). Sudden changes
in species diversity can also result in an upsurge of novel
pathogens. Nipah virus outbreak in Malaysia in the late
1990s is an ideal example where the fragmentation of bat-
rich rainforests increased their population and brought them
closer to pigs in local farms resulting in the transmission of
the virus from bats to pigs to humans (Epstein et al. 2006).
While, in hantavirus outbreaks, it was found that a decline in
the diversity of small mammals’ reservoir (rodent) increased
the prevalence of viruses which amplified the risk of human
transmission (Suzan et al. 2009).

Biodiversity loss is correlated with a decrease in forest
cover, increased human-animal conflicts, upsurge in live-
stock farming, and cultivation of wild animals. In a study,
Bloomfield et al. (2020) stated that deforestation and land-
scape fragmentation can increase the prevalence of novel
zoonotic diseases. By using behavioral survey data and high-
resolution satellite imagery, they predicted that in the near
future interactions between disease-carrying wild nonhuman
primates (NHPs) and humans will become more common
and lead to the emergence of new viruses. This study cor-
relates with a recent finding that pangolin could have acted
as disease-carrying NHP in transmitting SARS-Cov-2 in
humans.

Fragmentation of habitats results in hindrance in the
movement of migratory birds and animals. This along with
hunting of migratory birds and animals (which can be res-
ervoirs of novel human pathogens) can play an important
role in the transmission of diseases (Crowl et al. 2008).

2 https://en.unesco.org/events/covid-19-and-its-link-biodiversity-illeg
al-wildlife-trafficking-and-bioculturality.
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Migratory species are hunted and their meat is sold in many
of the wet markets around the globe. Meat consumption of
migratory animals and birds can be particularly dangerous as
the exposure to new pathogens that they carry can increase
disease severity many times more in immunologically weak
persons or the indigenous populations. Hence, it is important
to track the routes of migratory species from time to time
through suitable techniques to ensure their movement and
assess the emergence of new pathogens from these species.

The introduction of allochthonous species by humans or
through their activities may also increase the probabilities of
transferring a pathogenic strain into new locations that can
become epicenter of zoonoses. Invasive alien species (IAS)
can cause havoc to the indigenous species and bring novel
diseases in wild animals (Roy et al. 2019), which can even
get transmitted to humans. IAS can disturb the biodiversity
of an ecosystem that can further aggravate the problem. It is
very difficult to predict the spread of such alien pathogens in
animal reservoirs or to humans making it more important to
frame policies at the international level to control the spread
of IAS.

Anthropogenic factors

Apart from changing climatic and environmental conditions,
anthropogenic factors such as intensive livestock production,
exhaustive agricultural practices, urbanization, globaliza-
tion, and pollution have also proven to be important for the
evolution and spread of zoonotic pathogens in the human
population (Slingenbergh et al. 2004). For instance, inten-
sification in livestock cultivation in the ’Eurasian ruminant
street” and poultry production in Southeast Asia had led to
an upsurge in highly pathogenic avian influenza in 2004
(Slingenbergh et al. 2004). In the case of Japanese encepha-
litis virus (JEV) outbreaks in Southeast Asia, increased pro-
duction of irrigated rice and pig farming were reported as
major anthropogenic factors to induce disease prevalence
(van den Hurk et al. 2009).

In a systemic review, Jones et al. (2013) depicted the role
of agricultural intensification and/or environmental changes
in increasing the risk of zoonotic disease emergence. By
analyzing the best available qualitative scientific evidence,
they concluded that in the near future rate of zoonotic dis-
ease emergence or re-emergence will be closely linked to
the evolution of the agriculture—environment nexus. The
extensive use of agrochemicals in agriculture has resulted
in the loss of biodiversity, an increase of desertification and
marginal lands, and mutation among microbial populations
in soil and water bodies (Arora 2018). It has been realized
that pollution due to dangerous recalcitrant and xenobiotic
pollutants including pesticides can be significant for the evo-
lution of bacterial and viral pathogens and their transfer to
humans.
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Apart from acquiring a new host range or crossing the
host range barrier, a genetic mutation can transform a com-
mon pathogen into its deadliest form. The effect of pollution
in creating novel mutant bacterial strains is well studied,
however, in the case of animal viruses which also have a
very high rate of mutation (Domingo and Perales 2014),
heavy exposure of pollutant(s) may induce selective pres-
sure to alter genomic structure, conferring protection against
antiviral therapies. Many of the emerging contaminants (EC)
are possible mutagens directly altering the genetic makeup
of the microbes and can result in quick evolution (Petrie
et al. 2015). Wild animals are also exposed to pollutants
such as nonylphenol which can cause mutation in com-
mensals and pathogenic microbes residing in them (Vargas-
Berrones et al. 2020). Once microbes (bacteria or viruses)
acquire the genes related to pathogenesis, either through
evolution or horizontal gene transfer or mutation, they can
be easily transferred from one species into another or from
virus to virus or even bacteria to a virus, taking danger-
ous proportions. Horizontal gene transfer among microbes
and co-evolution in viruses can be very catastrophic in the
case of human pathogens and pollutants can be the spike to
the process of natural evolution resulting in novel strains
within no time. In terms of genetic makeup, SARS-CoV-2
showed 96.2% homology to a bat SARS-related coronavirus
(SARSr-CoV; RaTG13) procured from Yunnan province,
China; while similarity to the genome of the SARS-like
virus is 85%. Besides this, high conservation of E, M, and A
structural proteins across all beta-CoV strains show genomic
divergence (Wu et al. 2020c; Kaur et al. 2020). It will be
important to keep track of the mutation rate of SARS-CoV-2,
because RNA viruses are traditionally known for high muta-
tion rates. Pachetti et al (2020) reported mutation hotspots
in the SARS-CoV-2 genome and suggested that mutation in
SARS-CoV-2 RNA dependent RNA polymerase (RdRp) can
be very important in terms of resistance to anti-viral drugs
such as polymerase inhibitors. These mutations in RdRp can
be the smart strategy of the virus to escape the anti-viral
drugs being used at present for COVID-19 treatment. This
suggests the pace of evolution of SARS-CoV-2, although the
exact reason for this is not known but role of environmental
and ecological factors is proving to be very crucial.

Urbanization and socioeconomic impacts

Unplanned and unsustainable patterns of urban development
have given rise to many emerging environment and health
hazards (WHO 2009). Although there can be a variety of
mechanisms through which urbanization affects the spread
of pandemics but the common ones relate to high-population
density, poor sanitation, poverty, living standards (particu-
larly in slums), and behavioral or lifestyle changes that lead
to a faster proliferation of infectious disease (Eubank et al.

2004). By using the census-calibrated model, Zachreson
et al. (2018) showed that rapid urbanization affects peak
timing, prevalence, and bimodality of influenza pandemics
in Australia. COVID-19 has brought our focus on the envi-
ronment of urban areas and slums in particular. It would not
be wrong to mention that this pandemic has exposed the
lack of urban planning around the globe and in developing
countries in particular. Slums in the cities and peri-urban
areas have become COVID hotspots in many countries and
have become major areas for the spread of SARS-CoV-2
in big cities (Patel 2020). Lack of infrastructure and health
facilities plus poor living standards aggravate the situation
and make the inhabitants more vulnerable to epidemics and
pandemics. The lockdowns in many countries forced migra-
tion of daily wagers and labourers to different regions. This
not only resulted in more chances of acquiring COVID-19,
but also its transmission in areas where there were no cases
before. Apart from this, migrants suffered from poor health
conditions, improper food availability and socio-economic
hardships during the pandemic containment (Mukum-
bang et al. 2020). Oztig and Askin (2020) suggested a link
between the scale of human mobility and the number of
COVID-19 patients in countries where the magnitude of air-
line travel was high. They also found that countries that have
higher population density and a greater percentage of the
elderly population are found to be more likely to be affected
with COVID-19 in comparison to other countries.

Diaz de Ledn-Martinez et al. (2020) identified social,
environmental and health risk factors in responding to the
COVID-19 in the Mexican indigenous population. They
found that, poor access to water, language barriers, and
limited access to the internet are the major social factors
curtailing relief measures against the disease. While address-
ing to environmental risk factors they found that indoor air
pollution could aggravate the severity of COVID-19. Public
health management system is easily overwhelmed in thickly
populated urban centers, particularly beaming with unhy-
gienic conditions, air and water pollution. Lack of coverage
by health facilities in these areas and higher comorbidities
such as respiratory tract infections, chronic pulmonary dis-
eases, diabetes mellitus, hypertension, associated with urban
life style are also identified to be responsible for high infec-
tion and death rate in urban centers around the globe (Ejaz
et al. 2020).

Current research shows that transmission of respiratory
droplets through human to human contact is the main infec-
tion source of SARS-CoV-2. Apart from this, asymptomatic
cases (Gao et al. 2020) and fecal-oral transmission (Amirian
2020) are also reported to be involved in the transmission
of COVID-19. It is recommended that countries around
the world should take cautious steps to stop transmission
and break the disease chains to save lives. Air pollution is
another factor which is associated with big urban centers of
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the world. Wu et al. (2020d) concluded that a slight increase
of 1 ug/ m* in PM, 5 can result in 8% increment in COVID-
19 death rate. If we see the data then it becomes clear that
the cities with high air pollution levels are more affected
with COVID-19 cases and deaths (Urrutia-Pereira et al.
2020). Dumping of waste material generated from the treat-
ment centers/ hospitals (for COVID-19 patients) into the
sewage and subsequently to water bodies could also raise
the rate of COVID-19 transmission (Nabi et al. 2020). These
contaminated sites could transmit the virus into flora and
fauna and cause its re-emergence from sewage reservoirs
and infected individuals, including sewage workers through
direct contact or droplets (Nabi et al. 2020). This aspect of
transmission through contaminated flora and fauna needs
to be researched upon for SARS-CoV-2. However, overall,
we need to relook at the unorganized development of urban
centers and the conditions of the major part of the population
living in these regions of the world.

Bushmeat trade and consumption

Over the past few years, trading and consumption of wild
animal meat are also supposed to be involved in the emer-
gence of new zoonoses. Bushmeat trading and consump-
tion of exotic animal meat contribute an important chunk
in the economy of several countries. Worldwide, Africa
(Western, Southern, and Central region), Europe (Central
and Eastern part), and Asia (East and Southeast regions) are
extensively indulged in the trading of wild mammals, birds,
and reptiles (Davies 2002; Bush et al. 2014; Sas-Rolfes
et al. 2019; Scheffers et al. 2019). In the trading of wildlife
meat, hygiene standards are often overlooked and humans
directly come in contact with animal body fluids and tissues.
The store or butcher houses are like incubators where new
viral or bacterial species emerge and can get transmitted
to humans (Armon and Cheruti 2012). Data indicates that
every four months one new infectious disease emerges in
humans and is likely to be linked to the consumption of NHP
and other exotic animals (UNEP 2016). There are ample
evidences indicating that the consumption of NHP is likely
to be involved in the emergence of novel zoonotic diseases
(Mossoun et al. 2017). For instance, human immunodefi-
ciency virus (HIV 1 and 2) reached in humans by multiple
cross-species transmission of simian immunodeficiency
viruses (SIVs) through bushmeat hunting and trade (Sharp
and Hahn 2011). In the case of earlier coronaviruses (caus-
ing epidemics), SARS-CoV is reported to be originated from
bats then transmitted to humans, while MERS-CoV passed
on from bats to camels to humans (Li et al. 2020). As far
as COVID-19 is concerned, the trading of pangolin for its
culinary purposes and in traditional Chinese pharmacopeia
is likely to be associated as an intermediate host responsible
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for virus transmission in humans (De Sadeleer and Godfroid
2020).

All these studies and data suggest that there are enough
proofs and indications which imply that the anthropogenic
activities have resulted in unprecedented damage to the
environment and have acted as catalysts in the emergence
of novel zoonoses and their transmission from animals to
humans, as is the case of SARS-CoV-2.

Recommendations for mitigating pandemics
in the future

COVID-19, although a pandemic of unprecedented nature,
provides a chance to work on the possible causes of ori-
gin and transmission of deadly human pathogens. Since
its emergence, several reports and suggestions have been
presented by the researchers (Al-Shar’i 2020; Kumar et al.
2020; Podile and Basu 2020; Pan and Zhang 2020; Nabi
et al. 2020; Wang et al. 2020). Population growth and
anthropogenic activities have severely impacted the resil-
ience of the ecosystems allowing pathogens such as SARS-
CoV-2 to easily spread in the human population. A healthy
ecosystem provides several layers of protection from the
pathogens, which are getting breached due to a multitude of
impacts as discussed in previous sections. Hence strategic
advances in the direction of ecosystem restoration are of
paramount importance (Everard et al. 2020). The collec-
tive role of environmentalists, ecologists, ethnobiologists,
clinicians, epidemiologists and data analysts are important
to learn from COVID-19 and implement the required meas-
ures for the prevention and spread of such pandemics in the
future.

The spread or arrival of pathogens in different geograph-
ical regions can be reduced through quarantine and trade
restrictions. Veterinarians and other wildlife specialists that
are well trained in disease recognition and population medi-
cine can play an important role in surveillance, control and
prevention of emerging zoonoses (Chomel et al. 2007). For
example, in an earlier study Barclay (2008) concluded that
widespread transmission of HIV/AIDS could have been pre-
vented if proper surveillance systems had been in place in
the 1970s and 80s as the disease emerged. We should also
take advantage of modern technology which has better use in
reducing the risk of pandemics. According to Gonzalez et al.
(2018), new technologies like computerized maintenance of
geographical and historical datasets, geographic informa-
tion systems (GIS), mathematical models, and molecular
sequence data can better help in assessing the risk. Studies
on the evolution of viruses and their cross-species transmis-
sion in epidemiological time scales are also very essential
to predict the spread in novel hosts, vectors or reservoirs
(Geoghegan and Holmes 2017). In relation to epidemiologi-
cal investigations, genomic and molecular studies are very
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useful. For instance, through molecular sequences analysis,
revelation of polybasic cleavage site, and the three adjacent
predicted O-linked glycans that are unique to SARS-CoV-2
and were not previously reported in lineage B betacorona-
viruses, have helped in prevention efforts to reduce SARS-
CoV-2 transmission in real-time (Andersen et al. 2020). It
becomes very important to study the antigenic and molecular
variations in the pathogenic microbial strains, particularly
for RNA viruses such as SARS-CoV-2 which can mutate
and create a problem for the development of vaccines and
other treatment options (Abdullahi et al. 2020). Maurya
et al. (2020) observed that mutations in SARS-CoV-2 can
pose a challenge for development of vaccines that can target
the diverse mutants of the virus, making continuous track-
ing very important. Islam et al. (2020) have reported that
there are higher mutations in SARS-CoV-2 genomes and
disease severity in the temperate regions in comparison to
other parts of the world, suggesting some sort of relationship
between meteorological factors and genetic variations in the
novel coronavirus. They also suggested that it is important
to study the conformational changes in proteins to identify
the virulence, pathogenicity, and transmission of SARS-
CoV-2. Assessing the mutational diversity and rate through
molecular tools can be very important to track the behavior
and spread of microbial pathogens in the future. This char-
acterization of SARS-CoV-2 variants could lead to better
therapeutic treatments, help in vaccine designing and aid
in diagnostics approaches (Pachetti et al. 2020). Apart from
gene sequence databases, it is also important to conserve dif-
ferent strains of the pathogens in physical form to study the
lineages, evolutionary aspects and changes in pathogenicity
related markers. There can be dedicated culture collection
centers for pathogenic microbes including viruses. Use of
technologies such as RT-PCR can help in the evaluation of
viral load, which is correlated with disease severity, trans-
mission and mortality. Viral load assessment can also help
in determining the highly infected patients, helping in taking
proper quarantine and isolation steps along with treatment
strategies (Pujadas et al. 2020). Viral load also suggests
about the infection stage, duration and timing for which a
patient should be isolated. This can be very important to
manage the pandemic and formulate the policies (Walsh
et al. 2020).

In the current situation along with the health agencies and
disease experts, local governments and international agen-
cies should also come forward so as to tackle climate-related
disasters along with pandemics such as COVID-19 (Phillips
et al. 2020). Urban planning, movement of the population
towards big cities and issues related to hygiene and health
need to be taken up on priority. The concept of legal rights to
nature for sustainable ecological governance through a soci-
etal framework can provide a more eco-centric and holistic
approach to conserve the environment (Schoukens 2020). A

paradigm shift is required in the thinking and working to let
the nature breathe and sustain itself. This will also help in
achieving the targets of Sustainable Development Goals. In
fact, COVID-19 has given a chance to revitalize the health
of the ecosystems, so as to correct the prevailing dichotomy
between Man and Nature that is resulting in natural and bio-
logical disasters. Global initiatives and programs such as
“One Health” by the World Organization of Animal Health,
emphasized a correlation between human and animal health
as an essential indicator of ecosystem health®; “Surveillance
Resource Center” for improving the practice of disease sur-
veillance by the Center of Disease and Control and Preven-
tion (CDC)*; Biosurveillance Resource Directory (BRD),’
an infectious disease database that includes diseases of bio-
surveillance relevance, “Global Virome Project” (GVP)® to
discover unknown zoonotic viral threats and [IUCN COVID-
19 resources’ are helping to develop a multinational network
for forecasting of upcoming pandemics. Biotechnological
tools and study of the microbiome of possible reservoirs
can also help in identifying the possible novel pathogens or
their genes in advance. In future models can be developed by
involving climatic conditions, climate change, deforestation
levels, hygiene, availability of potable water and the pres-
ence of pollutants to indicate the possible hot spots from
where the novel diseases can emerge. Conservation of natu-
ral resources, banning the trade of wildlife meat, reduction
of GHGs emission and control of environmental pollution
are important to restrict the emergence of novel pathogens
and diseases.

Conclusion

Anthropogenic activities have impacted the integrity of
the environment and are found to be associated with the
emergence of novel diseases. Although there are differences
among experts regarding the origin of SARS-Cov-2, the role
of human indued environmental changes and climatic factors
in the wide spread occurrence of zoonotic diseases and their
spread cannot be ruled out. To protect the mankind from
frequent arrival of epidemics or pandemics it is important
to conserve the ecosystems. This will help in a multi-layered
protection from novel zoonotic pathogens due to the healthy
ecosystems and environment. Urban environment, health
and regulations have to be maintained and eco-based poli-
cies need to be developed to prevent rampant outbreak of

One Health. https://www.oie.int/en/for-the-media/onehealth/.
https://www.cdc.gov/surveillancepractice/index.html.
https://brd.bsvgateway.org.
http://www.globalviromeproject.org/.

https://www.iucn.org/resources/covid-19-resources.
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communicable diseases, as has happened with COVID-19.
Additionally, more specific global environmental surveil-
lance systems need to be developed to monitor emergence
of novel zoonotic pathogens. The health ecosystem needs
to be improved a lot for combating the pandemic situation.
COVID-19 pandemic can be seen as a wake-up call for pre-
paring us for future challenges and we must give attention to
environmental issues that lead to such pandemics.
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