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Simple Summary: Vector-borne diseases account for more than 17% of all infectious diseases worldwide. The
transmission of these diseased has increased manifolds due to climate change. Multifactorial pathogen transmis-
sion system or the epidemiological tried which earlier encompassed host, pathogen, and environment interacted
with the vector (as a 4th dimension) playing a sheet anchor’s role in vector-borne diseases has now has a 5th
dimension to it as the climate. In the current scenario there is a epidemiological shift of infectious diseases due
to biotic and abiotic interaction aided by climate change. The classic examples of this are rise of malaria in the
Thar Desert region and dengue spreading to virgin lands of the Kerala in India. However, there are multiple
governmental programmes to tackle health problems due to vector-borne diseases, but addressing these chal-
lenges require an interdisciplinary approach that combines entomology, epidemiology, ecology, and consumer
public health interwoven within the gamut of Integrated Disease Management.

Abstract: The propensity with which the arthropod vectors of human and animal diseases have intensified path-
ogen transmission under the impact of changing climate has portrayed the later as the biggest health threat in
the 21st century, with vector-borne diseases affecting more than half of the world population. There are indica-
tions of climate change driving spatiotemporal shifts, particularly bolstered by anthropization and vector den-
sification, in prevalence as well as exacerbation of the vector-borne diseases. Identification of such climate-sen-
sitive infections is crucial for mitigating disease threat. Regional changes in the temperature, precipitation, hu-
midity and wind patterns etc. contribute to the expansion of diseases like malaria, dengue etc., and emergence
of new pathogens and their ability to adapt diverse breeding habitats. Classic case studies malaria forming new
foci in the Thar Desert region while dengue spread to hitherto entirely virgin lands of the Kerala State in India.
There are multiple governmental programmes to tackle health problems, especially associated with the vector-
borne diseases, on a wider front and on a longer-term basis through the creation of permanent multifunctional
healthcare delivery institutions. However, addressing these challenges require an interdisciplinary approach
that combines entomology, epidemiology, ecology, and consumer public health interwoven within the gamut of
Integrated Disease Management.
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1. Introduction

In fact, mosquitoes, globally account for more than 17% of all infectious diseases and cause more
than 700,000 deaths annually, mostly in the tropical and subtropical countries [1]. Among numerous
species (>3600) of mosquitoes worldwide, Anopheles gambiae, An. arabiensis, An. culicifacies, An. ste-
phensi (for malaria), Aedes aegypti, Ae. albopictus (for dengue, chikungunya, zika), and Culex quinque-
fasciatus (for human lymphatic filariasis), and Culex vishnui group (Culex tritaeniorhynchus, Culex
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vishnui and Culex pseudovishnui) mosquitoes, are among nearly four dozen vector mosquito species
responsible for major mosquito-borne diseases (MBDs) [2-6]. Climate change, referring to long-term
shifts in temperatures and weather patterns, is the biggest threat to individual and public health of
this century [7,8]! Such shifts can be natural, due to changes in the solar activity like global warming,
oceanic phenomena such as El Nino Southern Oscillations (ENSO) or large volcanic eruptions caus-
ing the phenomena such as tsunamis etc. At the receiving end of the catastrophic climate oscillations
are the poor, malnourished, diseased human populations especially tribal and other marginalized
groups inhabiting forests, mountains, islands, deserts and coastal belts [9]. Climate disturbances over
a long period generally relate to exacerbation of fulmination of mosquito-borne disease cases [10],
but in a few cases, it could be seen to distantly associate with the depletion or elimination of a cases
of a particular disease [11]. Evidence have emerged that not only many of the mosquito vectors of
different diseases have altered their emerging, reproductive, resting, flight, blood-feeding and dis-
ease pathogen transmission behaviours but the consequent mosquito-borne diseases have also
changed in their epidemiological trends according to the cadence of ambient temperature and pre-
cipitation, in principle. Anthropization or human being-centered activities have obviously played a
major role in bringing about this shift in disease epidemiology which poses serious challenges for
their elimination from the country [12].

However, to estimate the impact of climate change, vast knowledge on direct and indirect con-
sequences is required worldwide, which is unfortunately vague. Many studies attempted to under-
stand the consequences through mathematical modellings and understanding the transmission dy-
namics of vector borne diseases [13-15]. In this context, compiling the available records, the present
study attempts to find out the shifting of the epidemiological dynamics of mosquito-borne diseases
due to climate change. In addition, the study has also looked at the challenges for their elimination
from India.

2. Materials and Methods

A systematic literature search was performed on the various scientific databases platforms as
PubMed, Scopus for various articles on the shifting epidemiological dynamics of mosquito-borne
diseases for India sub-continent. Reference inclusion criteria consisted of peer-reviewed research
studies, whereas the studies that did not addressed the criteria were excluded.

3. Results

Mosquito borne diseases status of India:

In India, there are currently 420 species of mosquitoes belonging to 50 genera under 11 tribes
[16,17] of which significantly enough only four genera (Anopheles, Aedes, Culex and Mansonia) are
important medically as many of their members carry parasites to the human host [5,18].

However, presently five major diseases are endemic such as, malaria, dengue, chikungunya,
lymphatic filariasis and Japanese encephalitis [19]. Dynamics of these diseases in both time and space
are significantly influenced under the impact of climate change, consequently bringing about a dis-
cernible shift in the degree of disease severity and transmission, vector biology including vectorial
capacity, flight range and phenotypic plasticity, and the extent of human host-parasite interaction
with the vector species, in the penetralium of the epidemiological triad of vector-borne diseases (Fig-
ure 1).
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Pathogen Environment

Figure 1. Graphical presentation of the ‘epidemiological tried’, interacted with vector (as a 4th dimension) -
playing a sheet anchor’s role in vector-borne diseases. It is noteworthy that the whole multifactorial 4-dimen-
tional ‘pathogen transmission system’ is securely encompassed within the irreversible 5th ‘Climate dimension
or factor’.

India has suffered losses to the tune of INR 1200,00,00,00,000 (USD 120 bn) due to climate change
induced natural calamities or disasters triggered by the climate change during past 24 years. Approx-
imately 100 crore people have been affected by these harsh realities. These calamities are escalating
year by year. In 2003 alone, 200 people had died, and 1.5 crore people were displaced due to sudden
floods, avalanches, earthquakes and glacial lake outburst in Sikkim. In 2022, according to the National
Crime Records Bureau (NCRB) data, 2% of the overall deaths in India were ascribed to climate
change. In 2015 India faced a spate of ten major flood events. According to Central Water Commis-
sion, seven large water lakes have dried completely, six of which lie in south India. At the same time
water capacity in 150 large-sized water sources have reduced to a maximum of 33% of their potential
to store in 2023, due to erratic and less amount of rainfall, compared to 82% during 2022 [20].

4. The drivers behind transmission:
4.1. Anthropization:

Humans have always changed their environments [21]. Since 1800s, human activities or an-
thropization have been the main driver of climate change, primarily due to the burning of fossil fuels
like coal, oil and gas leading to the increased transmission of mosquito borne diseases Moreover,
human activities, forest clearance eliminates the Aedes breeding sites in tree holes, reducing yellow
fever but favours the breeding of Anopheles mosquitoes, increasing the chance of malaria disease.
Human behavioral and cultural patterns, use of cisterns, pit latrines, water storage pots, cemetery
urns and other human made storage containers of water potentially increasing the proliferation of
Aedes aegypti that originally breed in the tree holes of forests, thereby increasing the transmission rate
of yellow fever and dengue [14].Consequently, ever-increasing environmental intervention in the
form of deforestation, irrigation and other infrastructural projects, urbanization, and pollution and
its resultant impact — global climate change — is leading to the emergence of new infectious, particu-
larly mosquito-borne, diseases. The Thar Desert in the western India and the Western Ghats in the
southern India are burning examples and a perfect model as to what human intervention can do to
conflagrate mosquito-borne diseases like malaria and dengue.

4.2. The climatic changes:

Climate change affects all three components of the epidemiological tried: humans (the host),
pathogens (the causative agent), and their transmitters (the vectors)-all functionally interdependent
in the presence of environment (Figure 1) [22,23].

Even though by the turn of the last century the global temperature has shot up high by 1.1°C, it
is currently estimated that average global temperatures will have risen by 1.0-3.5°C by 2100,
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increasing the likelihood of many mosquito-borne diseases. Climate, vector ecology and social eco-
nomics vary from continent to continent, so a regional or national analysis is needed. The greatest
effect of climate change on disease transmission is likely to be observed at the extremes of the range
of temperatures at which transmission occurs. For many diseases such as, for example, malaria these
lie in the range 14-18°C at the lower end and ca. 35-40°C at the upper end [22,24] (Figure 2).

Maximum Temperature for Minimum Temperature
Parasite and Mosquito for Parasite Development
biology (P, vivax, P. falciparum)
A
! ( )
40°C - - - -27 26 25- - - -19 18 17 16 15 14- - - -10 9 8°C
Optimum Temperature for Minimum Temperature for
Mosquito Physiology Mosquito Development

Figure 2. Effect of variability in temperature on the development of a mosquito and the malaria parasite in the
body of the vector mosquito.

Temperature increase within a lower range has a significant and nonlinear effect on the extrinsic
incubation period thus influencing disease transmission. On the contrary, at the higher end of the
temperature continuum, transmission may cease. However, at a temperature around 30 -32°C, vec-
torial capacity can increase substantially owing to a reduction in the extrinsic incubation period, de-
spite a reduction in the vector’s survival rate. Mosquito species like Anopheles culicifacies, An. stephensi,
Culex quinquefasciatus, Aedes aegypti and Ae. albopictus are responsible for transmission of deadly
and/or debilitating vector/mosquito-borne diseases and are sensitive to temperature changes as im-
mature stages in the aquatic environment and as adults. If water temperature rises, the larvae take a
shorter time to mature and consequently there is a greater capacity to produce more offspring during
the transmission period. In warmer climates, adult female mosquitoes digest blood faster and feed
more frequently, thus increasing transmission intensity. Similarly, malaria parasites and viruses com-
plete extrinsic incubation within the female mosquito in a shorter time as temperature rises, thereby
increasing the proportion of infective vectors. Warming above 34°C generally has a negative impact
on the survival of vectors and parasites [22].

Another factor, in addition to the direct influence of temperature on the biology of vectors and
parasites, is the precipitation. The changing precipitation patterns can also have short- and long-term
effects on vector habitats. Increased precipitation has the potential to increase the number and quality
of breeding sites for vectors such as mosquitoes, ticks and snails, and the density of vegetation, af-
fecting the availability of resting sites. Rainfall, or the lack of it, also plays a crucial role in malarial
and dengue epidemiology. Rainfall not only provides the medium for the aquatic stages of the ma-
larial mosquito’s life cycle but also increase the relative humidity and hence longevity of adult mos-
quito. In this disease epidemiology, rainfall determines the duration of longevity of disease preva-
lence. The introduction of large-scale irrigation schemes has also reduced the significance of local
rainfall in vector/mosquito-borne disease epidemiology to some extent. However, because a shortage
of rainfall may be a limiting factor in the ability of the vector to breed, we assumed that a minimum
seasonal average amount of precipitation is needed for mosquito development. Evidence for the past
and current impacts of inter-annual and inter-decadal climate variability on mosquito-borne diseases
suggest that these diseases will be exacerbated in future, shedding light on possible future trends [24].

5. Climate change impact in shifting the global epidemiological dynamics of
mosquito-borne diseases

In recent years both the climate change and the have been under strict scrutiny and a climate
dimension has been demonstrated virtually in all vector-borne diseases [25]. While already more than
half of the world’s population is currently at risk of vector-borne diseases, an additional 4.7 billion
people may be at risk of the vector-borne diseases malaria and dengue by 2070 [26]. Dengue recorded
a historic high of over 6.5 million cases in 2023, with more than 7300 dengue-related deaths. Global
warming can extend the geographic spread of vectors and the disease transmission season. Increased
rainfall and drought can increase the amount of standing water, creating more breeding areas for
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vectors. There are several other drivers for climate change each one of which may have an impact on
the conflagration of the mosquito-borne diseases.

Global climate change is a phenomenon that is now considered strongly associated with human
activities. Atmospheric carbon dioxide levels, which have remained steady at 180-220 ppm for the
past 420,000 years, are now close to 370 ppm and rising [27]. Public health, particularly with reference
to infectious diseases, has not escaped the global warming debate and it is a widely held view that in
future global warming and climate change will more deleteriously affect infectious disease like ma-
laria and dengue. Direct effects of the anticipated changes in global and regional temperature, pre-
cipitation, humidity and wind patterns resulting from anthropogenic climate change are the factors
which have an impact on the vectors’ reproduction, development rate and longevity. These factors
would be thus associated with changes in vector density. In general, the rate of development of a
parasite accelerates as the temperature rises. Indirect effects of climate change would include changes
in vegetation and agricultural practices which would mainly be caused by temperature changes and
trends in rainfall patterns. These changes either promote or inhibit disease transmission by their as-
sociation with increased or decreased vector density.

Shifts in mosquito-borne diseases epidemiology under the impact of climate change have
emerged as a significant concern for global public health. Mosquito-borne diseases, such as malaria,
dengue fever, Zika virus, and chikungunya, are transmitted to humans primarily through the bites
of infected mosquitoes. As temperatures rise, island ecosystems are threatened submergence (e.g.,
Maldives) and new desertic ecosystems evolve (e.g., Aral Sea). In recent decades global distribution
of Aedes vectors and the deadly diseases transmitted by them have attracted the global attraction [28].
The 2005 epidemic of chikungunya in India was a cause of climatic changes and other related factors
thus the mosquito populations and diseases they carry are responding in complex ways. Similarly,
[29] mentioned malaria cases in Mizoram are directly related to an increase ~0.8°C rise in the mini-
mum temperature leading to steadily increase of cases from 2007 to 2019.

This shift is evident in the intensification of infection, changes in disease seasonality, and the
alteration of geographical distributions. Climate change, characterized by rising temperatures, al-
tered precipitation patterns, and changing ecosystems, can profoundly influence the distribution, be-
haviour, and prevalence of disease-carrying mosquitoes, thereby reshaping the landscape of these
diseases.

6. Problem Identification
6.1. Intensification of Infection:
6.1.1. In Time (Based on disease seasonality or various mosquito-borne diseases (MBDs)):

Climate change can lead to an intensification of mosquito-borne infections in different seasons,
affecting the transmission dynamics of various MBDs. Key points include:

(i) Extended Transmission Seasons: Warmer temperatures can prolong mosquito activity periods,
extending the time window during which diseases can be transmitted. Diseases like dengue,
chikungunya, and Zika, which are transmitted by Aedes mosquitoes, may experience extended trans-
mission seasons due to favourable climatic conditions. Rising temperatures contribute to the expan-
sion of the transmission seasons for diseases like dengue. Studies in India reveal that increasing tem-
peratures are associated with the lengthening of the dengue transmission period, leading to a greater
window for disease spread.

(if)  Shift in Transmission Peaks: Changing climate patterns can influence the peak periods of dis-
ease transmission. For example, regions that previously experienced seasonal malaria transmission
may see shifts in the timing of transmission due to altered rainfall patterns and temperature fluctua-
tions [31].

6.1.2. In Space (Shift in geographical distribution of MBDs in India)

Climate change is causing shifts in the geographical distribution of mosquito vectors and the
diseases they transmit in India; this shift is evident in several ways:
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(i) Expansion to New Regions: As temperatures rise, previously unsuitable areas may become
suitable for mosquito breeding. Regions with cooler climates might witness an expansion of mosquito
populations and the diseases they carry. Malaria’s endemic nature in the country is observed across
diverse ecosystems including forests, rural plains, urban regions, coastal areas, and arid zones. The
connection between ecosystems and the prevalence of vector and parasite species plays a pivotal role
in malaria transmission within a region. The distribution of vector species demonstrates distinct pat-
terns across the country, influenced by factors such as land use and the types of breeding sites avail-
able. For instance, the topography and climatic conditions in forest ecosystems not only impact vector
species prevalence but also influence the longevity of these vectors 32].

(i) Ecosystem and species changes: An example of ecosystem changes and vector species plasticity
in Anopheles culicifacies and An. fluviatilis are species contributing malaria cases incidence other than
An. stephensi in India, and specifically, in ecosystems characterized by hills and forests, An. fluviatilis
emerges as the primary vector, while An. culicifacies takes a secondary role. Conversely, in plain and
forest-fringe regions, An. culicifacies takes on the role of the predominant vector species whereas in
certain flat areas, An. culicifacies exclusively transmits malaria. Extensive studies on the biology and
bionomics of these vectors in India consistently indicate that both An. culicifacies and An. fluviatilis
predominantly rest indoors and exhibit indoor biting behaviour [33]. In addition, the higher altitudes
that were traditionally less hospitable to mosquito vectors could experience an increase in disease
transmission as warmer temperatures allow mosquitoes to thrive at these elevations.

(iii) Coastal Vulnerabilities: Coastal areas may become more vulnerable to diseases like dengue and
chikungunya due to rising sea level and warmer temperatures, which create conducive breeding en-
vironments for mosquitoes. Climate change is altering the landscape of mosquito-borne diseases, in-
tensifying infection dynamics both in terms of time and space.

About 5% of mosquito species have adapted to undergo preimaginal development in brackish
and saline waters. Water with salinity levels below 0.5 ppt (parts per thousand) is considered fresh,
while those ranging from 0.5 to 30 ppt are brackish, and above 30 ppt are saline. A significant number
of mosquitoes that can tolerate varying salinity levels play crucial roles as vectors of human diseases.
The larvae of salinity-tolerant mosquitoes possess cuticles that exhibit reduced water permeability
compared to their freshwater counterparts. Additionally, their pupae feature thickened and sclero-
tized cuticles that prevent the passage of both water and ions [34]. The transmission of mosquito-
borne diseases in coastal areas are influenced not only by global climate change, which leads to shifts
in temperature, rainfall, and humidity, but also by the rising sea levels [35,36].

Longer transmission seasons, shifts in peak transmission periods, and expanded geographical
distributions are all evident consequences. This has significant implications for public health, as new
populations become exposed to diseases and health systems need to adapt to changing disease pat-
terns. Addressing these challenges requires integrated efforts involving climate science, epidemiol-
ogy, entomology, and public health to develop proactive strategies for disease prevention, surveil-
lance, and control [37,38].

6.2. Possibilities of Unanticipated Emergence of New Pathogens — Adaptive Potential of Vector Mosquitoes

The adaptive potential of vector mosquitoes allows them to respond to changing environmental
conditions, leading to the unanticipated emergence of new pathogens. This phenomenon has signif-
icant implications for public health, as it can lead to the spread of diseases to new regions, ecosystems,
and populations. The epidemiological characteristics of dengue reveal a rising pattern in countries
where the disease is endemic. Recent findings indicate that dengue is the arbovirus with the swiftest
expansion on a global scale, posing a threat to approximately half a billion individuals worldwide [39].

Here, we explore how the adaptive potential of vector mosquitoes can lead to the unanticipated
emergence of new pathogens through increased distribution, the quest for new regions or ecosys-
tems, and the diversification of breeding habitats.
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6.3. Increased distribution

Vector mosquitoes are not confined to specific geographical areas. Their adaptive potential ena-
bles them to expand their distribution beyond their historical range. Climate change, urbanization,
and globalization facilitate the movement of vector mosquitoes to new areas. As these mosquitoes
migrate, they can encounter new hosts and environments, potentially leading to the transmission of
pathogens to previously unexposed populations. For instance, the invasion of Aedes aegypti mosqui-
toes to new regions has been linked to the spread of diseases like dengue and Zika. The dengue virus
serves as a prominent illustration of how the interplay among swift pathogen evolution, human mo-
bility, and evolving vector ecology has propelled its emergence [40].

6.4. Diversifying Breeding Habitats

The adaptive potential of vector mosquitoes presents a dynamic and complex challenge in the
realm of disease emergence. The unanticipated emergence of new pathogens can result from the ex-
panded distribution of vectors, their exploration of new regions or ecosystems, and their ability to
adapt to diverse breeding habitats. Addressing this challenge requires an interdisciplinary approach
that combines entomology, epidemiology, ecology, and public health. Monitoring vector behaviour,
understanding their adaptive responses, and anticipating potential disease shifts are essential for de-
vising proactive strategies to mitigate the impact of unanticipated pathogen emergence and to safe-
guard global public health [41].

7. Linkages of vector preponderance and disease epidemics with climatic variabilities

Climatic changes in time scales are of different kinds and intensities. The El Nino seasonal vari-
ations occupies a special place in the global weather formation, even though the ENSO (El Nino
Southern Oscillations) is one of several natural variabilities. The El Nino events are linked with rain-
fall and temperature extremes and are a major cause of inter- annual climate variability. During the
1997 El Nino event a postulation was cast for increased risk of serious drought in India, Australia,
Brazil and east Africa, on one hand, and heightened the danger of torrential rains and flood in Amer-
ican deserts from Peru to California, and of forest fire in Indonesia. Studies have already proved a
strong correlation between outbreaks of malaria and the ENSO in the Thar Desert, in northwestern
India [42—-46]. In fine, therefore, it has become more than crystal clear that all the vector-borne diseases
have a very strong correlation with climatic variabilities.

According to [47] based on projected population and climate change worldwide, nearly 5-6 bil-
lion people (50-60% of the projected world population) will be at risk of dengue fever transmission
compared with 3-5 billion people (35% of the population) if climate change did not happen. Based on
a model developed by them, they have suggested that excessive resource consumption in rich coun-
tries should be addressed to avoid this increase in the proliferation of dengue fever.

8. Climate sensitivity and mosquito-borne diseases

With regard to the mosquito-borne diseases, a dynamic shift has been witnessed over past sev-
eral years. In India, most of the arthropod-borne infections have been found increasing their geo-
graphic ranges; malaria, particularly P. falciparum-dominated malaria, has formed new foci and the
Thar Desert region is the most recent classical example if its exacerbation [22,48], while dengue in-
cluding dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS), too, has spread to hith-
erto nearly virgin lands of the Kerala State in South India and the Thar Desert in north-western Raja-
sthan. It is well documented now that global rise of temperature has induced a serious vector mos-
quito like Aedes aegypti increase its altitudinal distribution range by as much as 1000 ft in the lower
Himalayas in India [49].

Some important mosquito-borne diseases like malaria, dengue and certain encephalitis are best
demonstrable to have a working interaction with the environment and/or climate change.

8.1. Malaria

Malaria has been a scourge in India for times immemorial. It is estimated that by the beginning
of the 20th century close to 75 million people suffered with malaria while approximately one million
people had died annually due to the disease. Malaria is largely controlled in the country, but
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challenges of various nature continue to face the nation, and most crucial challenge is posed by the
climate change which has resulted in epidemiological scenario of the disease in different parts of the
country.

India contributed 1.7% of malaria cases and 1.2% deaths globally in the year 2021 [50] and 79%
of malaria cases in the South-East Asia Region (SEAR). The case load, though steady around 2 million
cases annually in the late nineties, has shown a declining trend since 2002. The reported total malaria
cases in 2021 are 1,61,753 and 90 deaths. The reported Plasmodium falciparum (Pf) cases declined
from 11,33,005 in 1995 to 1,00,442 cases in 2021. The Pf % has gradually increased from 39% in 1995
to 63.10% in 2021. Overall, 86.2% decline in malaria cases and 76.6% decline in deaths were noted in
2021 compared to 2015 [51].

8.1.1. Case study

The Thar Desert in western India is a glaring example as to how drastic climatic changes brought
about in the region through mostly man’s own activities such as the massive Indira Gandhi Nahar
Pariyojana (IGNP), world’s largest canal-based irrigation system in a desert ecosystem, could usher
the deadly Plasmodium falciparum- dominated malaria in the region, in addition to the fears of plague
and cutaneous leishmaniasis [6,11,48].

The greatest discernible change the Thar Desert seemed to have undergone with a human inter-
ruption is the provision of extensive canalization - probably one of the world’s largest canal systems
of its type in the desert ecosystem. Though, originally developed to boost the future prospects of
agriculture in the virgin deserts and animal keeping through planned and sustained irrigation, nev-
ertheless, due to multiple reasons associated with canal-water management, particularly those relat-
ing to formation of stagnant water bodies, the canal waters inadvertently became also the favorable
breeding sites for a large number of vector mosquitoes [52].

The changed physiography of the Thar Desert has also brought about an impact on another im-
portant vector-borne infection, cutaneous leishmaniasis, in respect of both the bionomics of sand fly
vectors and the disease epidemiology. Interestingly, [53] have demonstrated spread of dengue vector,
Aedes aegypti, in the interior of the typical Thar Desert environs, attributable to replacement of time-
tested "tanka’ (the underground water reservoirs) by the conduit-supplied canal water, and as a con-
sequence the dengue vector found it convenient to breed in the discarded 'tanka’ and propagate in
the desert which was struck by dengue epidemic in as latest as 2002.

The climate change in the Thar Desert has brought radical changes in its characteristic environ-
ment which became vulnerable to vector mosquitoes and the malaria parasites. It is no enigma to
decipher the emergence of P. falciparum-dominated malaria in the interior of the Thar Desert sup-
ported by so many epidemics with high morbidity and mortality. A few possible interpretations were
offered below:

(i)  With the establishment of extensive canal-based irrigation in the interior parts of the Thar De-
sert, a far more serious vector of malaria, An. culicifacies, ushered in the xeric environments. This
species being highly adaptive to new physiographic situations built up its density very fast under
given circumstances of a large variety of breeding places in the IGNP area particularly the inevitable
and numerous seepage water collections from the canals. What An. culicifacies lacks in its susceptibil-
ity to infection by P. falciparum, it compensates by its relatively much higher density, hence also vig-
orous and prodigious biting on human host

(if)  Amnopheles stephensi, chronologically the oldest and most dominant vector of malaria in the typ-
ical sand-duned xeric environments of the Thar Desert, which traditionally bred only in the ‘tanka’,
the only major source of reserved potable water invariably present in every desert village and but
transmitted "desert malaria’ [48] at a low ebb, without epidemics, shifted its breeding habits with the
availability of extensive and varied breeding sites due to extensive canalization to compete with that
of An. culicifacies.

(ili) The massive Indira Gandhi Nahar Pariyojana, in continuation with the Ganga canal system and
the Bhakra-Sirhind feeder canal system, together spanning over nearly 70 years of initiation, had at-
tracted large labour forces from distant and often hyperendemic States like Bihar, Uttar Pradesh,
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Punjab, Haryana, Gujarat and Madhya Pradesh. Such labour forces quite possibly brought along with
them the parasite, possibly a resistant strain of P. falciparum, which in the non-immune population
had the potential to spread and manifest fast in suitable climatic situations of IGNP-induced envi-
ronment in a part of the Thar Desert. It had been pointed out that the 1994 outbreak of cerebral ma-
laria in the Thar Desert proved fatal because the affected population had been exposed to the parasite
for the first time; and

(iv) The resistant strain of P. falciparum inadvertently inveigled into the Thar interiors is uncontrol-
lable by the normal regimen of the prescribed antimalarials.

8.2. Dengue fever

There are clear indications that an increase in ambient temperature in rather cooler areas, such
as the lower outer scarps of Himalayas, has resulted in elevating the altitudinal distribution of the
dengue vector, Aedes aegypti. Similarly, denudation of forest cover, comprising mainly rubber plan-
tation supporting preponderance of another important dengue vector Ae. albopictus, in the Western
Ghat region in Kerala state, coupled with the consequent increase in the average annual temperature,
has obviously resulted in the vector’s spatial and temporal distribution over entire state in a short
period of less than two decades.

During last two decades, significant geographical spread of dengue has been observed with an
increase in number of reported cases (Figure 3). The number of states/union territories (UTs) reporting
dengue cases increased from 8 in 2000 to 35 as there was an 11-folds increase in the number of dengue
cases. Newer areas were reporting outbreaks every year including a few from high altitudes (like Bilas-
pur in Himachal Pradesh, Nainital, Dehradun in Uttarakhand from foothills of Himalayas [54].

Dengue Cases
20
[z
I 51100
I >100

g

. o
N 3

) b
Figure 3. Geographical spread of Dengue over the last two decades (from 2000 to 2019) in India [54].

With the advent of 21st century repeated outbreaks of dengue were reported from many states
of India as Andhra Pradesh, Delhi, Goa, Haryana, Gujarat, Karnataka, Kerala, Maharashtra, Raja-
sthan, Uttar Pradesh, Puducherry, Punjab, Tamil Nadu and West Bengal, during 2003 onward culmi-
nating in 2017 (1,85,000 cases), followed by cases in 2019 (1,10, 473 cases and 86 deaths) between 1
January and 31 October 2022 only were reported (Figure 4).
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Figure 4. Dengue morbidity trend in India during 2000-2019.

One of the best examples to demonstrate the impact of climate change on Dengue emergence is
presented by the disease scenario in the Kerala state in southern India.

8.2.1. Case study: Kerala’s dengue story in the light of climate change

Kerala was a state without dengue before mid-1990s. However, for the first time, cases of dengue
with some deaths were reported in 1997 [22]. In the earlier cases presence of Ae. aegypti (L.) was de-
tected in these seropositive districts of Kerela, however in the later dengue infestation Ae. albopictus,
both DEN-2 and DEN-3 serotypes were newly discovered altogether and found that Ae. albopictus
were able to transmit infection without the aid from the primary vector Ae. aegypti and thus was a
principal vector in dengue cases of Kerala [22,55,56].

Therefore, it is very important to comprehend about the ecological and anthropization factors
responsible to force this otherwise benign mosquito to come out of its sylvatic abode into the midst
of the urban human congregation and turn up a vicious vector for the deadly dengue [57].

A careful analysis of epidemics in Kerala illustrates that dengue most of the cases had erupted
in the mountainous and sylvan environs of the Western Ghat ranges on the south-western edge of
the peninsular India facing Arabian sea coast in Kerala of which it covers nearly 90% of the total
landmass. Since 1950s Kerala has undergone an enormous change in respect of both its physiog-
raphy/climate. Anthropogenic impacts brought about a discernible vicissitude in Kerala’s Forest
cover, agricultural practices, traditional water harvesting, demography, urbanization and human
mobility. Large scale deforestation has been occurring in the state since 1970s, mostly with a view to
planting cash crops like rubber plantation. Kerala had an estimated forest cover of 44.45% in 1900
which, according to the recent satellite images, had reduced to 14.7% in 1983 and to a pathetic 9% at
present. It is noteworthy that, along with coconut, rubber plantation occupies the largest land area in
Kerala which support, among other types of phytotelmata, prodigious breeding of dengue vector,
Ae. Albopictus [53,57-59].

Aedes albopictus exhibiting a wide spectrum of breeding preferences with a clear-cut predilection
for coconut shells/plastic cups (79.7%) deployed in collecting latex from the rubber trees. Aedes al-
bopictus breeding in cocoa pods (Theobroma cacao) has been widespread in Western Ghat forest
fringe areas and its significance has been duly emphasized in preserving the vector density during
high monsoon times when the main breeding habitats such as the latex-collecting cups tethered along
the main trunk of the rubber tree are rendered unsuitable for breeding due to latter being turned
upside down or covered with polythene sheets to avoid water collection in cups. Ae. albopictus main-
tained two peaks of high density correlating with the two monsoon seasons. This observation was
considerably substantiated by both the container larval positivity and the adult landing index for Ae.
albopictus. The container larval positivity was as high as 64.1-73.8% in June and 80-84.3% in December,
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the adult landing index too was correspondingly high in June (7.2-11) and December (7.1-7.8), respec-
tively corresponding to the monsoon [57].

Cyclic dengue epidemics in Kerala have been occurring since 2001, even though the first dengue
report was brought on record from Kottayam district in 1997 with 14 cases and 4 deaths. It was fol-
lowed by a more severe dengue outbreak with nearly 5-fold in 1998, again in the same district. In
2001, epidemic dengue resurged mainly in Kottayam, Idukki and Ernakulam reporting 70 cases, fol-
lowed by 219 cases in 2002 with some deaths. The year 2003 experienced the severest epidemic till
date yielding as many as 3546 confirmed cases (253-fold increase) and a toll of 68 human lives, spread
for the first time all over the Kerala’s fourteen districts [57].

Anthropization is often associated with the spatial and temporal distribution of Ae. albopictus in
Kerala which tends to displace Ae. aegypti from its habitats. Three human activities could be reasoned
and attributed to the spread of Ae. albopictus far from its original sylvatic abode in the Western Ghat
in core to the coastal plains harboring congested human settlements: (i) massive deforestation during
past three decades that forced Ae. albopictus to come out of its natural abode, (ii) development of
human settlements along forest fringe areas where mosquito frequently fed on human blood peri-
domestically and (iii) its potential for virus transportation through different modes.

8.3. Chikungunya

Chikungunya fever, caused by chikungunya virus (CHIKV), an alphavirus of Togaviridae fam-
ily first described in 1952 in the Makonde Plateau, south-eastern Tanzania [60,61] is an arbovirus
disease, which first invaded India in 1963 when a major epidemic of chikungunya fever was reported
in Kolkata (West Bengal), soon followed by a wave of epidemics concurrently in 1965 in Pondicherry,
Chennai (Tamil Nadu), Rajahmundry, Vishakapatnam, Kakinada (Andhra Pradesh), Sagar (Madhya
Pradesh) and Nagpur (Maharashtra) and lastly in 1973 in Barsi (Maharashtra ), although thereafter,
too, sporadic cases continued to be recorded especially in Maharashtra state during 1983 and 2000
[62,63].

After keeping quiescent for more than three decades, CHIKV re-emerged as a massive epidemic
in India in 2005. Currently, just like dengue, chikungunya is also reported from every part of the
country resulting in huge losses of economy and productivity. CHIKV evolution evidenced by quick
mutations to form new and more viremic strains has been a significant driver for epidemics in India.
Early diagnosis and disease management are keys to successful disease curtailment [64].

Chikungunya is transmitted principally by Aedes aegypti whereas Aedes albopictus plays a key
role in places where Ae. aegypti is absent or in low density. Chikungunya re-emerged in an epidemic
form in 2005-06 in India after 32 years. For the year 2006, the reported number of clinically suspected
chikungunya fever cases was 1.39 million, whereafter keeping a low ebb in the following years. At
present, chikungunya is endemic in 34 States/UTs. Figure 5 offers chikungunya disease burden in the
country for the year 2015 [65].
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Figure 5. State-wise chikungunya disease burden in India for the year 2015 [65].
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Like dengue, chikungunya is also very much seasonal, reporting maximum cases during rainy
months of October-November, albeit stray cases throughout the year Figure 6 [65]. The seasonality
months during rainy season may vary from region to region in India.
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Figure 6. Distribution and seasonal variation of cases among groups [65].

Aedes aegypti and Ae. albopictus are the dominant vectors of chikungunya in India as well as
universally. Starting with urban outbreaks, chikungunya virus transmission has invaded rural envi-
ronments, too in the country [18,23,66,67]. Aedes albopictus has posed serious threats of chikungunya
transmission in certain geographical regions such as Kerala and other southern states [68,69].

8.4. Lymphatic Filariasis (LF)

After malaria, it is the second most significant vector-borne illness in India [70], accounting for
over 40% of the world’s disease burden [71]. Culex quinquefasciatus is responsible for the transmis-
sion of the nematode parasite Wuchereria bancrofti, which accounts for 95% of all cases of lymphatic
filariasis in India. There are three separate phases of LF clinically: (i) Asymptomatic microfilaraemia;
(if) Adenolymphangitis (ADL), an acute phase; and (iii) the chronic condition, which includes hydro-
cele in men and swelling of the lower and upper limbs in people of any gender [72].

Nonetheless, this illness is widespread in both rural and urban areas, and despite the disease’s
lifetime morbidity, there are few antifilarial treatments available. However, India’s history with LF
is long, dating back to the sixth century BC [73]. An important milestone in the fight against disease
was the establishment of the National Filaria Control Programme (NFCP) in 1995 [74]. But in 2000,
the World Health Organization adopted the Global Programme to Eliminate LF (GPELF), which
marked a paradigm shift.

Diethylcarbamazine (DEC) was administered as part of an annual mass drug administration
(MDA) plan with the aim of breaking the chain of transmission. The National Program to Eliminate
Lymphatic Filariasis (NLEP) in India later implemented yearly MDA with DEC in 2004. This was
followed by a two-drug regimen combining DEC and albendazole. By 2017, this program has suc-
cessfully eradicated LF from previously endemic districts. However, new issues such as medication
non-compliance, logistical difficulties, and a high rate of persistent transmission still exist.

Therefore, India implemented a triple drug regimen the year, adding ivermectin to the other two
ongoing medications that provide more extensive antifilarial actions [75]. Currently, India must con-
tend with a new threat-the climate change in the fight against lymphatic filariasis (LF) transmission
in India, even though great efforts have been made to eradicate the illness [76].
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9. Government initiatives

There are multiple disease-specific programmes that are directed, managed and executed via
single vehicle using dedicated health workers (referred as vertical, stand-alone, categorical, or free-
standing) whereas other programmes as integrated (also identified as horizontal) aim to tackle the
complete health problems on a wider front and on a longer-term basis through the creation of per-
manent multifunctional healthcare delivery institutions. Globally several disease control pro-
grammes like the Global Fund to Fight AIDS, Tuberculosis and Malaria (GFTAM), Roll Back Malaria
(RBM) and Expanded Programme of Immunization (EPI) are vertical programmes focused on ma-
laria and other preventable diseases respectively [77].

In 1947, at India’s independence, 22% of the country’s population was estimated to suffer from
malaria with 75 million cases and 0.8 million deaths due to malaria annually. To combat devastating
effects of malaria, the National Malaria Control Programme (NMCP) was launched in 1953 built
around three key activities — insecticidal residual spray (IRS) with DDT; monitoring and surveillance
of cases; and treatment of patients. Malaria related morbidity and mortality in India were rapidly
brought down within a few years. Encouraged by the programme’s success, it was converted to Na-
tional Malaria Eradication Programme (NMEP) in 1958. Following a massive resurgence of malaria
in 1976, the Modified Plan of Operations (MPO) was launched in 1977 with a three-pronged strategy:
early diagnosis and prompt treatment, vector control and IEC/BCC with community participation.
To combat malaria in high transmission areas of the country, an Enhanced Malaria Control Project
(EMCP) was launched with additional support from the World Bank in 1997 and Intensified Malaria
Control Project (IMCP) with support of the Global Fund to fight AIDS, Tuberculosis and Malaria
(GFATM) in 2005.

The malaria control programme and other vector-borne diseases control programmes, namely,
kala-azar, dengue, lymphatic filariasis, Japanese encephalitis and chikungunya were integrated un-
der the umbrella programme for prevention and control of vector-borne diseases. The programme
was named as National Vector Borne Disease Control Programme (NVBDCP) and launched in De-
cember 2003. Since 2005, NVBDCP has been implemented under the overarching umbrella of the
National Rural Health Mission (NRHM) which has now been subsumed under the National Health
Mission (NHM), incorporating the National Urban Health Mission (NUHM) as well. The Govern-
ment of India also has 18 Regional Offices for Health and Family Welfare (ROHFW), located in 18
states covering one or more states under their jurisdiction. These ROHFWs play a critical role in mon-
itoring of NVBDCP activities in the respective States. Every State has a Vector-Borne Diseases Control
Unit under its State Department of Health and Family Welfare, headed by the State Programme Of-
ficer. Each State has a State Health Society and District Health Societies at the State and District levels
through which funds are disbursed. At the district level, the vector-borne diseases programme in-
cluding malaria is managed by the District Vector Borne Disease Control Officer (DVBDCO).

10. Discussion

Environment, particularly the climatic variability, plays an inevitably indispensable role in reg-
ulating the dynamics of several vector- borne diseases [78]. Most vector-borne diseases exhibit a dis-
tinct seasonal pattern, which clearly suggests that they are weather sensitive. The significance of en-
vironment in shaping the biology of these diseases can be amply gauged from the fact that the entire
gamut of development, behaviour and survival of arthropod vectors as well as the intensity of the
diseases they transmit, is strongly influenced by climatic factors.

Climate and environment are of course, not the only factors that influence the outbreak and
spread of diseases; social and economic factors also are important. Surveillance programs and testing
and control measures - such as monitoring for dead birds and eliminating mosquito breeding areas -
can make a difference. However, it is certain that climate change provides opportunities for diseases,
particularly the mosquito-borne ones and those of water-borne nature, to extend their range. Human
activities and be-haviour, such as housing conditions, are also crucial to determining whether trans-
mission to humans will occur. The location of homes in relation to the breeding sites, the structure of
buildings, the material used to build them, and the daily patterns of human behaviour, such as the
social life, work, rest and recreation, can all be important.

Even though there is no panacea available to completely revert the consequences of the climatic
variability such as the onset of vector-borne diseases like malaria, dengue, Japanese encephalitis and
filariasis, all of which prevail in India, nevertheless a complete scientific understanding of weather
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events and development of appropriate early warning tools may certainly still do a good help and
save several lives. However, the use of climate forecast information in public health arena not only
requires greater scientific understanding of climate-health symptoms, but also a paradigmatic shift
in thinking from response to preparedness and mitigation. Therefore, to offer useful insight into cau-
sality and ultimately to integrate climate tools into public health policy and decision making, research
must be strongly interdisciplinary amongst at least, so to say, climatology, disease epidemiology,
medical entomology, sociology, and geography, but not to forget in the least the administration and
political support for the cause in reference. On any level, be it regional (like that of the Thar Desert),
national or international, a concerted research effort involving various agencies, organizations and
the private sectors is a must.
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