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Abstract

Global warming and the associated climate changes are predictable. They are enhanced by burning of fossil fuels and the
emission of huge amounts of CO, gas which resulted in greenhouse effect. It is expected that the average global temperature
will increase with 2-5 °C in the next decades. As a result, the earth will exhibit marked climatic changes characterized by
extremer weather events in the coming decades, such as the increase in temperature, rainfall, summertime, droughts, more
frequent and stronger tornadoes and hurricanes. Epidemiological disease cycle includes host, pathogen and in certain cases
intermediate host/vector. A complex mixture of various environmental conditions (e.g. temperature and humidity) determines
the suitable habitat/ecological niche for every vector host. The availability of suitable vectors is a precondition for the emergence
of vector-borne pathogens. Climate changes and global warming will have catastrophic effects on human, animal and environ-
mental ecosystems. Pathogens, especially neglected tropical disease agents, are expected to emerge and re-emerge in several
countries including Europe and North America. The lives of millions of people especially in developing countries will be at risk
in direct and indirect ways. In the present review, the role of climate changes in the spread of infectious agents and their vectors is
discussed. Examples of the major emerging viral, bacterial and parasitic diseases are also summarized.

Keywords Climate - Climate change - Global warming - Disease - Vector - Mosquitoes - Tick - Sandflies - West Nile - Lyme -
Malaria - Zika - Ticks - Tick-borne diseases - Emerging and resurging pathogens - Zoonoses - Vector ecology

Introduction

According to the World Health Organization (WHO), the “cli-
mate change and global warming” are the greatest challenges
of humanity in the twenty-first century. They threaten all as-
pects of our life (Organization WH 2018). Climate change and
global warming are two expressions which are usually used in
an interchangeable manner although global warming is just
one aspect of various aspects associated with climate change.
The expression “global warming” usually refers to the ob-
served rise in average global temperature in the last decades
in terms of frequency and intensity. It is induced by the green-
house effect due to the increase in CO, emissions produced by
the increasing consumption of fossil fuels worldwide in
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parallel with cutting trees/forests. The rise in temperature in-
creases toward the poles and is less near the equator. It accel-
erates with time and is expected to be faster in the next years
and may range between + 1.6 and + 6 °C according to the
computer simulator scenarios (IPC C 2001; IPPC 2017,
Jimenez-Clavero 2012; Solomon et al. 2007). The global
warming-related changes in disease epidemiology are associ-
ated with changes in ecosystems, population susceptibility
and increased exposure to causative agents (Ghazali et al.
2018). Global warming also affects the geographical distribu-
tion of vectors/intermediate host distribution, including inver-
tebrate hosts (insects), rodents and migratory birds. As an
example, the zoonotic bacteria pathogen (Chlamydia) can be
carried by birds and infects 92 million people annually accord-
ing to the WHO. The zoonotic bacteria pathogen can be car-
ried by birds and infects 92 million people annually according
to the WHO. The disease is associated with bird movement
and migration which is, in turn, influenced by the climatic and
ecological changes (Geisler 2012) On the other hand, the term
“climate change” refers to observed measurable changes of
the climate over a long period of time. Climatic changes are


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-020-08896-w&domain=pdf
mailto:m_salah@staff.cu.edu.eg

Environ Sci Pollut Res (2020) 27:22336-22352

22337

characterized by extremer weather events, accompanied by
the increase in the prevalence of droughts, heat waves, ex-
treme rainfalls and floods or dryness and water scanty, dust
storms, tropical cyclones (typhoons or hurricanes), wildfires,
melting of snow and disappearance of river delta and coastal
cities in addition to environmental changes such as habitat
fragmentation, bushmeat consumption, urbanization and de-
forestation (Handmer et al. 2012; Nava et al. 2017). The neg-
ative effects of global warming and climatic changes on hu-
man health are largely underestimated. It is estimated that
34% of all childhood illness and 36% of young children’s
deaths worldwide are linked to changes in the environmental
factors. Outbreaks of cholera, fatal malaria, diarrhoea or den-
gue fever are all strongly influenced by climatic changes
(Thompson et al. 2012).

Climatic changes can result in change of human socio-
demographics (Fig. 1) and massive migration of humans and
domestic livestock from dry hot areas to new geographic dis-
tricts where the life circumstances are better (El-Sayed and
Awad 2018). This is accompanied with changes in the classi-
cal geographical distribution of wild animals, insects, rodents,
and their population worldwide (Mor et al. 2018). The inter-
action and the epidemiological relationship between climatic
changes, environmental and ecosystem disturbance, exposure
to vector insects and spread of infectious disease is well doc-
umented (Greer et al. 2008; Organization WH 2005;
Teklehaimanot et al. 2004). Understanding this link enables
the prediction of the expected effects of climatic changes in
the near future on the ecology of infectious agents, the spread
of pathogens, vectors (intermediate hosts), reservoir animals,
and final hosts (Medone et al. 2015).

One of the absolutely underestimated threats of global
warming is the melting of ice layer existing since thousands
of'years. Melting ice will not only lead to the disappearance of
many cities and river delta but will also reactivate frozen bio-
logical materials stored in frozen soil. Melting of ice layer will

Fig. 1 Effect of climatic changes
on emerging of infectious
diseases
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not only provide us with buried carcasses of animals since
thousands of years like mammoth, but unfortunately, addition-
al hidden biological materials are also buried under snow. In
2012, Virola virus was detected in a 300 old frozen mummy in
Siberian (Biagini et al. 2012). While scientists from NASA in
2005 could revive bacteria stored frozen in Alaska since
32,000 years, others could isolate 8-million-year-old bacteria
from ice samples in Antarctica (Bidle et al. 2007). Viable
bacteria could also be isolated from ice sample 25,000 years
old (Katayama et al. 2007) and from Dominican amber (20—
40 million years old) (Greenblatt et al. 1999). In 2016 in
Siberian, a 12-year-old child died and 20 persons were hospi-
talized due to anthrax infections. The spores were hidden over
75 under frozen soil before being liberated as the ice melt.
Anthrax is caused by Bacillus anthracis, a spore-forming bac-
terium. The spores are very resistant in the environment and
can survive/persist for a hundred years in a dormant form. The
spores can be transported by floods or by insects (e.g. tabanid
flies). Following the same concept, it is imaginable that small-
pox virus could also be stored frozen in frozen human bodies
buried in frozen soil in Siberian where a large epidemic of
small pox occurred in 1890 (Antonenko et al. 2013; Mor
et al. 2018).

The WHO listed the health hazards on human health due to
climatic changes into the following item (Fig. 2): (1) direct
and indirect effects of global warming, (2) stratospheric ozone
depletion, (3) disturbance in terrestrial and marine ecosys-
tems, (4) loss of biodiversity, (5) changes in the hydrological
systems and freshwater supply, (6) Land degradation and loss
of river deltas and coastal cities, (7) urbanization, deforesta-
tion and population dislocation/immigration, and finally (8)
limited food production (WHO 2017). These direct and indi-
rect effects of the climatic shift on human/animal health and
welfare include: (1). The direct influences result from physio-
psychological effects from the increased number and duration
of heat waves leading to stress, respiratory, circulatory
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Fig. 2 Health hazard on human
health due to climatic changes
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collapse, heat strokes, and the long-term effects include
squamous-cell carcinoma. The direct effects also include the
negative effects of floods, droughts and storms on the wildlife
and forests. The global warming directly influences the abun-
dance, survival, and distribution of pathogens and their vec-
tors. Meanwhile, (2) the indirect effects include famines and
the negative effects of massive migratory waves of human/
animal populations (Smith et al. 2017) and the resulting eco-
logical shift is predicted—using an optimistic scenario—to
induce at least 250,000 additional deaths annually between
2030 and 2050. Out of these, 48,000 are expected to die due
to diarrhoea, 60,000 due to malaria and the rest due to malnu-
trition and heat strokes. Unfortunately, the poor developing
countries are the most vulnerable countries although they are
the least responsible for the CO, emission and greenhouse
effect (Dhimal et al. 2015a). It is alarming to know that more
than 60% of human infectious diseases which emerged be-
tween 1940 and 2004 were zoonotic diseases of animal origin.
This has a great impact on public health and world economy.
Out of these, 22.8% are arthropod-borne diseases, and 71.8%
originated from wildlife (Dantas-Torres 2015). It was unex-
pected that Nepal became endemic for many major vector-
borne diseases (VBDs), although the land lies at high altitude
due to Himalaya mountains. The diseases include malaria,
leishmaniasis, filariasis, Japanese encephalitis and dengue fe-
ver (Dhimal et al. 2015a).

Emerging infectious diseases (EIDs) could be defined as
infectious diseases which increase (their prevalence or threat-
en) over time. They include (1) new unknown diseases which
are first diagnosed and (2) old diseases which evolved or mu-
tated from already existing agents and gained new features
(i.e. adaptation to new hosts or target population, new geo-
graphic distribution, new clinical picture, new
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epidemiological profile, new spread pattern or resistance to
used therapeutics). The events that drive emerging of infec-
tious diseases were illustrated in Fig. 3. Endemic diseases may
also re-emerge where they are endemic (i.e. release epidemics
or their prevalence increases clearly). Meanwhile, the re-
emerging diseases could be defined as new infections
resulting from unknown or newly introduced pathogen to a
new geographic area (Dikid et al. 2013; Epizooties Old 2014;
Ogden and Gachon 2019). The major emerging and re-
emerging infectious agents in the last decade included Ebola
virus (Africa), Middle East respiratory syndrome coronavirus
(Middle East) and Zika, chikungunya, yellow fever and den-
gue viruses (North and South America) (Ogden and Gachon
2019). The CDC listed at least 50 emerging/re-emerging dis-
eases worldwide. Some common examples of emerging and
re-emerging diseases infecting human, animals or both were
listed in Table 1. The list included Bovine spongiform enceph-
alopathy, campylobacteriosis, Chagas disease, cholera,
Cryptococcus, cryptosporidiosis, cyclosporiasis, cysticerco-
sis, dengue fever, diphtheria, drug-resistant infections (antimi-
crobial resistance), Ebola haemorrhagic fever, Escherichia
coli infection, group B streptococcus, hantavirus pulmonary
syndrome, Hendra virus, hepatitis C, histoplasmosis, HIV/
AIDS, influenza, Lassa fever, Legionnaires’ disease, leptospi-
rosis, listeriosis, Lyme disease, malaria, Marburg
haemorrhagic fever, measles, monkeypox, MRSA, Nipah vi-
rus, norovirus, pertussis, plague, poliomyelitis, rabies, Rift
Valley fever, rotavirus, salmonellosis, severe acute respiratory
syndrome, shigellosis, sleeping sickness (trypanosomiasis),
smallpox, tuberculosis, tularemia, valley fever (coccidioido-
mycosis), vancomycin-intermediate or vancomycin-resistant,
Staphylococcus aureus, West Nile virus and yellow fever
which are mainly insect-borne, airborne, water-borne and
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Fig. 3 Events triggering the
emergence of infectious diseases
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foodborne diseases (Smith et al. 2017). The published disecase
list includes mainly of the so-called neglected tropical diseases
(NTDs). NTDs are a group of bacterial, viral, parasitic and
fungal pathogens usually endemic in tropical and subtropical
developing countries. As these diseases are usually limited to
poor countries, the pharma industry did not invest enough
money to solve these problems until they started to expand
and represent a real threat to the developed world. According
to WHO, 20 core NTDs are candidates to re-emerge in the
developed countries due to global warming namely; the den-
gue fever and rabies (viral diseases), buruli ulcer
(Mycobacterium ulcerans infection), trachoma (Chlamydia
trachomatis), yaws (spirochete), treponematoses, and leprosy
(bacterial diseases), Chagas disease, trypanosomiasis, leish-
maniasis, dracunculiasis, cysticercosis, echinococcosis,
foodborne trematodiases, lymphatic filariasis, onchocerciasis
(river blindness), schistosomiasis, and soil-transmitted hel-
minthiases (ascariasis, hookworm, trichuriasis) (parasitic dis-
eases) (El-Sayed and Awad 2018; Mackey et al. 2014; Mitra
and Mawson 2017). These neglected tropical pathogens may
re-emerge again due to the expansion of the vector hosts (in-
sect/rodent-borne diseases), by wind (airborne diseases),
floods (water-borne diseases), migration of human/domestic
or wild populations, even melting the accumulated snow due
to the global warming may liberate the (sleeping) spores (e.g.
anthrax). Importation of exotic pets may also play a role in the
introduction of new pathogens or parasites to free locations
(Andreassen et al. 2012, Dhimal et al. 2015a, Mackey et al.
2014, Mitra &Mawson 2017). However, it was observed that
the effect of the climatic changes on the vectors is not equal.
For instance, the geographical expansion of mosquitoes is
affected not only by the increase in temperature but also by
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the wind intensity and direction, relative humidity and rain-
falls in opposite to ticks. This is attributed to the life cycle of
mosquitoes which depend on one stagnant water for laying
eggs and for the development of larval stages. Reports
concerning the increase in the prevalence of malaria due to
climatic changes are already published in Iran (Babaie et al.
2018) and Zimbabwe (Gunda et al. 2017).

The invasion of new parasites and their emergence to free
areas is also seen in the aquatic ecosystem. In Canada, para-
sitological investigations of the Laurentian Great Lakes basin
determined at least 182 non-indigenous invading parasite spe-
cies, i.e. a new invader species emerges every 28 weeks
(Marcogliese 2008; Ricciardi 2006). The increase in seawater
temperature-induced severe diseases to corals reefs which
started to die. Coral reefs represent safe housing and food
for several fish types. The increase in water temperature also
leads to a decrease in the amounts of dissolved oxygen in the
water. All these factors lead to great disturbance in the aqua
ecosystem (Hakalahti et al. 2006; Harvell et al. 1999; Hayes
etal. 2001).

NTDs

In the last years, the flow of refugees and illegal immigrants
seeking asylum, coming from war/famine suffering countries
increased the prevalence of many of the NTDs or their re-
emergence in western countries. One of the best examples is
the human scabies caused by Sarcoptes scabiei mites.
Although the parasitic disease has a global distribution, the
prevalence in Europe was very low (Chandler and Fuller
2019). Outbreaks of scabies in Europe could be observed in
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the last decade such as in Kindergarten in Germany in 2013
(Ariza et al. 2013) and in German Health Care Centre
(Leistner et al. 2017) and in elderly home in the UK (Cassell
et al. 2018). Other parasitic diseases are also involved in the
NTD list, such as the following: (1) dracunculiosis (or guinea
worm disease), dracunculiasis a parasitic water-borne disease
caused by Dracunculus medinensis and occurs following
drinking contaminated water (Biswas et al. 2013); (2) lym-
phatic filariasis (elephantiasis), a parasitic disease which ob-
structs the lymph vessels of the lower extremities and is trans-
mitted by a wide range of mosquitoes, but the main vector is
Anopheles and Culex quinquefasciatus (Control C{D,
Prevention 2013); (3) onchocerciasis (or river blindness), a
parasitic disease caused by the nematode Onchocerca
volvulus and transmitted by blackflies (CDC 2017b); and (4)
internal parasites including GIT nematodes and other trema-
todes such as Fasciola spp. and Schistosoma spp. They are
very sensitive for climatic conditions which control their ex-
pansion pattern. For instance, floods, rainfalls, and the in-
creased climatic temperature and humidity enable the survival
of the free-living stages of the parasites (larva/metacercaria)
and therefore increases disease prevalence. Schistosomiasis,
Swimmer’s itch or bilharzia are five species of trematodes
belonging to the genus Schistosoma which require snails as
intermediate hosts. The flocks invade the body through the
skin (Mas-Coma et al. 2008) (CDC 2017a). The global
warming expanded the habitat of the snail to a new land so
that the disease is increasingly recorded in Europe (De Gentile
et al. 1996; Kolarova 2007; Larsen et al. 2004). Recently, in
2015, an outbreak of urogenital schistosomiasis occurred in
France. The victims were from France, Germany and Italy
(Boissier et al. 2015). The snail vector of Schistosoma was
also recorded in East Europe (Majoros et al. 2008; Pointier
et al. 2005). Other snail mediated trematode parasites such as
Fasciola, Clonorchis, Opisthorchis and Paragonimus also ex-
pand in a similar manner in association with the expansion of
host to new geographical locations (Morgan et al. 2001).
Fasciola hepatica is a zoonotic re-emerging neglected tropical
parasite which infects mainly grazing sheep and cattle. The
global warming increases the survival and expansion of the
free-living cercaria and snail vector and at the same time, the
increase of grazing season increases the exposure of the graz-
ing animals to the parasite. Therefore and as expected, the
prevalence of Fascioliasis increased in the last decade in en-
demic countries (Beesley et al. 2018).

Beside the previously mentioned parasitic diseases, NTDs
of viral origin are also involved in the list, among them are as
follows: (1) rabies, which is one of the most serious re-
emerging zoonotic NTDs—the free movement of wild ani-
mals represents a great obstacle in disease control (El-Sayed
2018; Hampson et al. 2015); (2) dengue fever, a serious viral
disease which has four serotypes. The disease is transmitted
by mosquitoes mainly Aedes aegypti and Ae. albopictus and is

responsible for 96 million new infections yearly worldwide
annual cases. Out of these, only 500,000 patients develop
severe symptoms and 1250 fatalities (Dhar-Chowdhury et al.
2017). (3) Ebola haemorrhagic fever and the closely related
Marburg fever. Both are fatal zoonotic viral diseases virus.
Epidemiological studies linked outbreaks with climatic chang-
es specially the rainfall/dryness seasonal patterns. Therefore, it
is expected that global warming will affect the geographical
distribution of both diseases (Schmidt et al. 2017).

Possibly one of the most serious emerging NTDs of bacte-
rial origin is the leprosy. The disease is caused by mycobacte-
rium lepra. Although leprosy was eradicated from Europe
since hundreds of years, the NTDs emerged partially in some
European countries recently. In Spain, between 2003 and
2013, a sum of 168 leprosy cases was registered. Out of them,
40 people were Spanish patients, while the remaining were
illegal immigrants (Ramos et al. 2016).

Foodborne and water-borne diseases

Water-borne and foodborne diseases are a serious public
health concern worldwide. Water-borne and foodborne out-
breaks are closely associated with climatic changes and dis-
turbances in the ecosystem. They are more common in the
summertime and increase with rising temperatures and humid-
ity (Greer et al. 2008). In addition, among the expected cli-
mate changes is the increase in frequencies of floods and
heavy rainfalls due to warming of the oceans and due to the
increase in frequency and strength of Al Nino and Hurricanes.
This, in turn, will be reflected on the increase in water-borne
diseases as giardiasis, cryptosporidiosis, infections with path-
ogenic E. coli, Shigella, cholera, Salmonella, and viral hepa-
titis A (Haines and Patz 2004). Consequently, floods and the
increase in water volume will lead to the overload of sewage
drainage systems and their overflow and contamination of
drinking water. The increase in global temperature will also
enhance the emergence of freshwater snails to free areas
which enable the expansion of snail mediated trematodes
(McCarthy et al. 2001; Portier et al. 2017). Therefore, global
warming will result in a significant and serious increase in the
worldwide prevalence of enteric/diarrhoeal diseases, but it can
even induce fatal epidemics such as epidemics caused by fatal
thermophilic free-living amoeba the Naegleria fowleri which
induce fatal meningoencephalitis (Huizinga and McLaughlin
1990; Sykora et al. 1983). In the USA, the emergence of most
water-borne outbreaks was associated with severe precipita-
tion (Rose et al. 2001).

The most famous water-borne disease is the cholera, a bac-
terial diarrheal disease caused by Vibrio cholerae. The disease
is transmitted by drinking contaminated water. Cholera is a
highly temperature-dependent disease which increases with
the increase in water temperature. Infection due to Vibrio
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spp. is an example of the influence of global warming and
ecology on the emergence of pathogens. The increase in water
temperature affects the plankton population in water. The
symbiotic relationship between vibrio and plankton leads to
the increase in abundance of vibrio population. Swimmers
who have open wounds and shellfish consumers can easily
attract the infection. Similarly, Vibrio cholera is associated
with zooplankton and both V. cholera and zooplankton popu-
lation will bloom when the water temperature increases
(Redshaw et al. 2013). The prevalence of Vibrio associated
diseases increased clearly worldwide in the last decades and
could even emerge in many Northern European countries as a
response to global warming (Pascual et al. 2000; Semenza
et al. 2012). The infections spread in warm summers via
swimming pools and in coastal cities (Andersson and
Ekdahl 2006; Baker-Austin et al. 2013; Frank et al. 2006;
Schets et al. 2006). The spread of water-borne epidemics as
leptospirosis and gastrointestinal infections is usually associ-
ated with heavy rainfall and floods (Cann et al. 2013).

The increase in temperature will selectively adapt fungi to
higher environmental temperatures which resample that of
mammals. So that pathogenic fungi, which are at the time
not pathogenic for mammals due to their body temperature,
will be capable of infecting mammals in the future (Garcia-
Solache and Casadevall 2010). Climatic factors can also pro-
mote the spread of non-infectious diseases (e.g. the increase in
humidity, temperature and rainfalls enhance the growth of
fungi and the spread of mycotoxin related diseases). In warm
summer, many factors interact leading to the increase in cases
of food poisoning such as enhanced bacterial survival, the
people spend more time outside where they eat and drink,
and finally due to the increase in the insect/rodent population
and activity (El-Sayed et al. 2008; Milazzo et al. 2017; Park
et al. 2018; Touchon et al. 2009).

Insects and insect-borne diseases

Global warming influences both vector host dimensions in a
way which controls their spatiotemporal expansion and the
emergence of the diseases in a complex but balanced way
(Morgan et al. 2001; Renn et al. 2011). Vector-borne patho-
gens are usually geographically restricted to certain areas
where their vectors exist. However, the emergence of the
transmitting vectors to new districts as a result of global
warming is logically associated with the emergence of these
vector-borne pathogens (Cann et al. 2013). In the last years,
several diseases could emerge in Europe in relation to their
vector expansion such as dengue fever, West Nile fever,
chikungunya fever, malaria, leishmaniasis, Lyme disease and
tick-borne encephalitis (Baylis 2017).

The emerging of new infectious diseases due to the geo-
graphical expansion of the insect vector should not be
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underestimated. One vector (e.g. Aedes albopictus) can alone
transmit at least 22 different types of arboviruses in addition to
various parasitic diseases such as dengue fever, yellow fever,
West Nile virus, Eastern equine encephalitis, chikungunya
virus, Ross River virus, Usutu virus, and the nematodes
Dirofilaria immitis and D. repens (Redshaw et al. 2013).
The northern expansion of vectors like ticks and mosqui-
toes lead to the emergence of VBDs in North America and
Scandinavian. The tick-borne diseases include diseases like
babesiosis, anaplasmoses, and Powassan encephalitis, while
the mosquito-borne diseases involve diseases like dengue fe-
ver and malaria. Other victors like sandflies introduced dis-
eases like Lyme disease, Boutonneuse fever and leishmania-
sis. Similarly, the southern expansion of victors in Australia
increased the prevalence of insect-borne diseases according to
health records such as Ross River virus, Murray Valley en-
cephalitis and Barmah Forest virus (Greer et al. 2008).

Mosquito

While the increase in temperature enables the survival of mos-
quitoes and the elongation of their season of activity, heavy
rainfalls are also necessary to provide standing water surface
required for egg-laying and larval development. High levels of
air humidity enhance the vector population dynamics. Finally,
the wind plays an important role in the spread of mosquitoes
and their associated diseases. The wind was incriminated to be
the reason for the emergence of Culex tritaeniorhynchus mos-
quitoes in several areas in China (Min and Xue 1996; Walsh
et al. 2008).

Three genera of mosquitoes (Aedes, Culex and Anopheles)
are the mostly incriminated in transmission of diseases to men
and animals. The mosquito-borne diseases may expand either
through the emergence of the victor species to a new area or
through the adaptation of the introduced mosquito-borne path-
ogen to native mosquito species which already exist in this
location. The best example for that is the chikungunya virus
which is usually transmitted by Aedes albopictus. Following
its emergence in Europe, the native European mosquito spe-
cies such as Ae. geniculate were found to be highly susceptible
to chikungunya virus infection and can replace Aedes
albopictus in disease epidemiology (Ng et al. 2019;
Prudhomme et al. 2019). The best example for the second
possibility is seen by Aedes aegypti which is endemic in
Africa. The exotic mosquito species emerged in the
Netherlands but could not persist due to the unsuitable envi-
ronmental conditions. In opposite to the case in Portugal
where the invader species could establish itself in 2002 and
induced dengue fever outbreak a few years later in 2012
(Scholte et al. 2010; Sousa et al. 2012). Similarly, invasive
Aedes species could be routinely detected between the years
2016 and 2018 in different localities in Canada (June 2018).
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However, beside the effects of environmental changes
which favour the increase in insect population, human activi-
ties may also induce changes in mosquito population as was
seen in Belgium. The intensive rearing of pigs and the collec-
tion of manure nearby enabled the shift in larval habitat from
tree holes in forests to the pig farm manure (Dekoninck et al.
2011). At the time, at least 8 human pathogenic insect-borne
viruses from the families are circulating in European popula-
tions, namely, sindbis and chikungunya (Togaviridae), Batai,
Tayna, snowshoe hare and Inkoo (Bunyaviridae) and finally
West Nile, Usutu, and dengue (Flaviviridae) (Vazquez et al.
2011).

When we investigate the mosquito-borne diseases such as
dengue fever, yellow fever, and chikungunya virus (transmit-
ted by Aedes species), West Nile fever, Eastern equine en-
cephalitis and heartworm infection (by several mosquito spe-
cies including Anopheles, Aedes, Culex, Culiseta,
Coquillettidia, Deinocerites, Mansonia, Orthopodomyia,
Psorophora and Uranotaenia), Ross River fever and Usutu
virus infection (by Culex and Aedes) and malaria (by
Anopheles and Aedes) (Redshaw et al. 2013), we would notice
that one mosquito species (Aedes aegypti) out of 3500 mos-
quito species is responsible for most serious outbreaks and can
transmit most of the mosquito-borne pathogens outside Africa
(Powell 2018). While Aedes aegypti is common in Africa,
another species which originates from Asia (tiger mosquito
Aedes albopictus) emerged in Europe and North America
and was considered as the most invasive mosquito species
and one of top 100 invasive insect species worldwide. Tiger
mosquitoes are known for being very aggressive diurnal-
biting insects. It can transmit more than 20 pathogens to
humans alone (Ogden et al. 2014). Tiger mosquitoes are re-
sponsible for the emergence of several diseases to Europe
such as chikungunya fever (Italy in 2007 and France in
2010) (Fischer et al. 2013). The emergence and expansion of
A. albopictus in the Western Hemisphere enhanced the emer-
gence and endemicity of A. albopictus-borne diseases like
chikungunya virus infection and dengue fever in Italy,
France and Croatia in Europe, and in Hawaii, Texas and
Florida in USA. West Nile virus became now also endemic
in North America after its emergence due to migratory birds
(Redshaw et al. 2013).

According to the published data, three major emerging
mosquito-borne viruses represent a global challenge for public
health: (1) West Nile virus (WNYV), an insect-borne virus
which induces fatal encephalitis in mammals, humans and
even birds. The virus is transmitted by Culex mosquitoes.
Like other mosquito-borne diseases, the disease expanded its
geographic range to emerge in new countries as a result of
climatic changes. The disease emerged in South America in
2003 and induced a large outbreak in Europe in 2010 (in-
volved Greece, Romania, Hungary, Spain, Russia, Turkey
and Italy) (Paz 2015). The disease was also detected in other

European countries such as France, Portugal and Serbia. The
source of the invading viruses was confirmed to be from
Israel, Morocco and Turkey. Later on, in 2018, the virus
emerged for the first time in Germany (Ziegler et al. 2019).
In 1999, WNV first emerged in New York (USA), the increase
in mosquito population due to the increase rainfalls and the
lengthening of the mosquito activity season due to the increase
in temperature leads to the increase of the prevalence of the
disease. In 2013, 2170 cases of WNF were reported in USA
with 88 fatalities (Kilpatrick et al. 2006; Paz 2015). (2)
Chikungunya virus is transmitted by Aedes mosquitoes. In
the last decade, Ae. Albopictus spread in Europe, North and
South America, and many countries in Africa; this resulted in
the recent emergence of the chikungunya virus to more than
40 countries worldwide (Sanyaolu et al. 2016). The increase
in temperature was found to be linearly related to the increase
in disease prevalence (Dhimal et al. 2015b). The epidemio-
logical map of the diseases indicated its confirmed existence
in at least in 98 countries (24 in Africa, 20 in Asia, 44 in North
and South America, 10 countries in Pacific Islands) (Sanyaolu
et al. 2016). Additionally, the virus emerged in 2007 for the
first time in Europe (Italy) where it infected at least 200 per-
sons (Rezza et al. 2007). Later on, in 2010, the highly aggres-
sive Asian tiger mosquito (Ae. Albopictus) spread both
chikungunya and dengue viruses to France and Croatia, and
in 2012 to Portugal (Sousa et al. 2012). However, a part of this
ability to widespread is attributed to its genetic mutation
which enabled the virus to use Asian tiger mosquito as a
vector and not being restricted to yellow fever mosquito alone
(CE TKVDM 2007). (3) Zika virus which induced serious
public health problems in South America between 2015 and
2016 is expected to emerge in Europe as both of'its vectors Ae.
aegypti and Ae. albopictus are endemic in Europe (Caminade
etal. 2017).

Other mosquito-borne viruses are also investigated.
Repeated horse outbreaks with the mosquito-borne Eastern
equine encephalitis virus could be detected in Ontario in
2008, 2009 and 2010. The virus reported its first human in-
fection in 2016 (Chénier et al. 2010; Ludwig et al. 2019).
Other mosquito-borne viruses include the following: (1)
Usutu virus (flavivirus) was isolated for the first time from
human patients in Italy in 2009 and from migrating birds in
Germany in 2011 (Vazquez et al. 2011). At the time, the vi-
ruses seem to be circulating in several European countries
(Gaibani and Rossini 2017). (2) Rift Valley fever virus
(Bunyaviridae: Phlebovirus) is a serious emerging zoonotic
disease in Africa and the Middle East. The disease has a great
economic impact and represents a public health concern. Like
other emerging insect-borne diseases, the global warming sup-
ports their geographical expansion. The virus was introduced
to Europe in 2016 through a French service member in Mali
who caught the infection in Mali before travelling to France
via Crete, Greece. Fortunately, the disease did not persist there
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(Tong et al. 2019). (3) Yellow fever is a tropical viral disease
which started to induce outbreaks in South America (in par-
ticular in Brazil and Argentina). Although North America and
Europe are free of the virus, the virus emerged in both conti-
nents in the past (seventeenth and nineteenth centuries) ac-
cording to WHO. In the last decades, the virus started to in-
vade new countries in association with mosquito active sea-
sons (Report W 2015), and finally, the bluetongue virus
emerged in 2006-2007 across 12 European countries in north-
emn Europe and UK. The wind is believed to be responsible for
the disease introduction to Europe by spreading the vector
(Cu. imicola) northward. Beside the main vector (Cu.
imicola), additional native European species (Cu. obsoletus,
Cu. pulicaris, Cu. chiopterus and Cu. dewulfi) shared in the
spread of the virus across Europe (Gould and Higgs 2009;
Molyneux 2009; Purse et al. 2005) (Table 2).

Mosquito is also capable of transmitting parasitic diseases
such as malaria and filariasis. Malaria is the most serious and
fatal parasitic disease worldwide with more than 214 million
annual clinical cases and half a million deaths, 90% of which
live in Africa. These numbers are expected to expand in re-
sponse to global warming. The situation is additionally com-
plicated due to the growing resistance against anti-
plasmodium drugs and by mosquitoes against insecticides
(Gunda et al. 2017; Ssempiira et al. 2018). Historically,

Table 2 Some common examples of emerging and re-emerging
diseases infecting human, animals or both
Bacterial diseases Viral diseases Parasitic
diseases
Human  * Tuberculosis  Coronavirus » Malaria
» Hemorrhagic colitis disease 19 .
(HC) and (COVID-19) Schistosomia-
haemolytic uremic * Middle East sis
syndrome (HUS) respiratory
caused by Shiga syndrome
Toxin producing coronavirus
E. coli (STEC) (MERS)
« Severe acute
respiratory
syndrome
coronavirus
(SARS)
* Ebola virus
infection
Animal ¢ Swine edema (by ¢ Swine acute * Fasciola
Stx2e producing diarrhoea .
E. coli) syndrome Trypanosomi-
* Bartonella henselae coronavirus asis
* Pasteurella (SADS-CoV)
multocida
infections
Zoonotic * Methicillin-resistant * West Nile fever ¢ Leishmaniasis
Staphylococcus * Rabies * Ascariasis

aureus (MERSA)
* Leptospirosis

* Avian influenza
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malaria invaded Europe on many occasions. Old reports from
ancient Roma reported the presence of Malaria in Italy thou-
sands of years ago (Micallef 2016; Sallares 2002). Newer
reports from the year 1265 reported the presence of malaria
in Croatia; seventeenth century documented the re-
introduction of malaria to Europe through Spain. However,
in the twentieth century, WHO launched a global malaria
eradication program which resulted in the eradication of ma-
laria from 79 countries worldwide (mainly in Eurasia,
Australia, northern America, and northern Africa with the ex-
ception of Turkey and countries of middle Asia including
Azerbaijan, Georgia, Kyrgyzstan and Tajikistan) (Askling
et al. 2012; Caminade et al. 2014). The eradication of malaria
from Europe was officially declared in 1975 and was achieved
via the drainage of wetland and stagnant water, chemical treat-
ment of patients, biological control of the mosquito larvae
using the fish Gambusia holbrooki, improvement of water
system and sewage infrastructure (Talapko et al. 2019).
However, recently, between 2009 and 2012, several cases
were diagnosed in Greece (Danis et al. 2011). Later on, ma-
laria was re-introduced in Croatia, Italy, Malta, Bulgaria,
France, Germany and Spain (Kriiger et al. 2001; Medialdea-
Carrera et al. 2018; Monge-Maillo and Lopez-Vélez 2012). In
Greece, in 2011, Plasmodium vivax could be isolated from the
blood of 40 patients from different regions of the country. The
patients were infected locally as they have no travelling his-
tory to the outside (Ivanescu et al. 2016). In the same year, in
Romania, malaria was also diagnosed but fortunately, the dis-
ease was imported with travellers from Italy (Neghina et al.
2011; Nicolescu et al. 2016). However, and although most
countries in Europe are malaria-free since decades, the
Anopheles vector continued to live and exist there. The per-
sistence of the vector represents a great threat for the re-
emerge of the diseases any time, and it is expected to re-
emerge in the rest of Europe and USA as the climatic changes
favour the re-emergence of the disease (Askling et al. 2012).
These speculations are supported by computer modelling pro-
grams which predict the re-emergence of malaria in Europe
and USA in the near future (Kuhn et al. 2003). On the other
hand, in the already endemic countries such as Iran and
Zimbabwe, the prevalence of malaria increased in the last
few years as reported (Babaie et al. 2018; Gunda et al. 2017).

The development of malaria inducing Plasmodium vivax and
P, falciparum is highly influenced by environmental temperature.
The global warming is expected to result in a 12—27% increase in
disease prevalence and therefore threaten the life of an additional
200 million persons (Redshaw et al. 2013).

Tick-borne diseases

The association between global warming and the emergence
of tick-borne diseases is well documented in Europe and



Environ Sci Pollut Res (2020) 27:22336-22352

22345

Euroasia (Andreassen et al. 2012; Daniel et al. 2003; Gilbert
2010; Jore etal. 2011; Lindgren 2000; Tokarevich etal. 2011).
These data were also confirmed by long-term studies over
30 years of tick expansion observation in Sweden (Jaenson
et al. 2012). Like mosquitoes, several tick species expanded
their habitat to higher elevations and toward the north in
Canada and Europe due to global warming which elongated
the season of tick activity and enhanced their survival in the
environment. This, in turn, was also reflected on the spread of
tick-borne diseases such as Anaplasmosis, Babesiosis
Powassan viruses and Rickettsia Helvetica, Neoehrlichia
mikurensis and Borrelia miyamotoi diseases (Bouchard et al.
2019; Jado et al. 2007; Kawahara et al. 2004).

Although ticks can transmit the most diverse array of path-
ogens than all other arthropod vectors, fortunately, the tick-
borne diseases emerge usually much slower than mosquito-
borne diseases (Wikel 2018). Ticks alone were found to trans-
mit at least 95% of known insect-borne diseases in the USA
(Adams et al. 2015).

The expansion of Ixodes ricinus ticks (victor of Borrelia
burgdorferi spirochetes) poleward in Europe and Eurasia is
well documented. The tick could be detected in UK,
Germany, Sweden and Russia (Cull et al. 2018; Jaenson
et al. 2012; Mannelli et al. 2012). The expansion of another
tick species in Europe and Eurasia was also reported
(Dermacentor reticulatus) which is the vector of tick-borne
encephalitis virus, Omsk haemorrhagic fever virus, Rickettsia
slovaca, Rickettsia raoultii, Anaplasma marginale, Babesia
canis, Babesia caballi and Theileria equi (Altizer et al.
2013; Foldvari et al. 2016). Similar reports documented the
extension of the habitat of the tick species Ixodes scapularis
(transmit Lyme borreliosis), Amblyomma americanum (vector
of Amblyomma americanum transmitted Ehrlichia chaffeensis
and Ehrlichia ewingii) and Amblyomma maculatum (transmit
Rickettsia parkeri, potted fever agent, and the canine
apicomplexian (Hepatozoon americanum)) and
Hemaphysalis longicornis to involve new land in North
America (Eisen and Eisen 2018; Ogden and Lindsay 2016;
Paddock and Goddard 2015; Sonenshine 2018). Human cases
of tick-borne babesiosis were recently reported in Canada,
Europe and Japan (Kulkarni et al. 2015; Vannier and Krause
2012, 2020).

Tick expansion is promoted by the warmer winters in the
last decade due to global warming (Porretta et al. 2013;
Tokarevich et al. 2011). In the last few years, more than 11
bacterial tick-borne human emerged pathogens were detected
in Europe which include various Rickettsiae and Borrelia spe-
cies (Parola and Raoult 2001). Ticks transmitted by migrating
birds also play an epidemiological role in the spread of the
pathogens. In one study, 16 out of 43 migrating bird species
were infested with at least one tick. The ticks were positive for
C. burnetii, Rickettsia spp. and R. helvetica in addition to
Babesia microti, B. capreoli and B. venatorum in variable

degrees (Lu et al. 2016). Beside the birds, the epidemiological
role of ticks in the transmission of zoonotic bacteria Coxiella
burnetii was recently confirmed (Berthova et al. 2016;
Koehler et al. 2019; Pacheco et al. 2013).

Recent reports listed the main tick-borne pathogens endem-
ic in Europe, such as Rickettsia, A. phagocytophilum, Borrelia
burgdorferi, Babesia spp., Borrelia miyamatoi, Bartonella
henselae, Candidatus N. mikurensis, Francisella tularensis
and the viruses Crimean-Congo haemorrhagic fever virus
(CCHFV) and the tick-borne encephalitis (TBEV). The prev-
alence and their geographical distribution are expanding
(Amicizia et al. 2013; Hartemink and Takken 2016; Jaenson
etal. 2012). In addition, ticks are also capable of transmitting a
large number of serious zoonotic viruses. The spread of the
resulting diseases is coupled with the geographical expansion
of ticks and their emergence in new areas (Kazimirova et al.
2017, Tokarz et al. 2014, 2018). The list of the transmitted
viruses includes Phlebovirus (induces thrombocytopenia and
high fever) (Fatmi et al. 2017; Holbrook 2012; McMullan
et al. 2012), Bourbon virus, Powassan virus, tick-borne en-
cephalitis viruses complex, CCHFV and Alkhurma
haemorrhagic fever virus (Mansfield et al. 2009).

Tick-borne encephalitis (TBE) and Lyme disease emerged
in Europe in connection to tick expansion. Cases of both dis-
eases were even reported in Scandinavia. The disease preva-
lence is increasing in an alarming way due to global warming
and northwards emergence of tick vector (Lindgren 2000;
Lukan et al. 2010; Randolph 2004). Since the mid-1980s,
the winter in Scandinavian got warmer. Since then, the prev-
alence of TBE increases steadily and clearly. Many factors are
believed to be the actual reasons for this increase, mainly the
climatic changes (Andreassen et al. 2012; Lindgren and
Gustafson 2001). One of the TBE complex viruses is the
Louping ill virus. The disease was also recently detected in
Europe and UK (Gilbert 2016).

A second zoonotic tick-borne emerging viral diseases in
Europe is the Congo haemorrhagic fever (CCHF). The
CCHFYV represents a great public health concern in Europe
due to its high human fatality (Papa et al. 2015). The virus is
transmitted by Hyalomma tick to ruminants, and now it be-
came endemic in Africa, the Middle East, the Balkan
Peninsula, Eastern and South Europe and Asia. Warmer cli-
matic conditions allow the ticks to invade and emerge in new
areas (Baylis 2017). Additionally, ticks are responsible for the
emergence of Piroplasmorida (such as Babesia and Theileria).
Babesiosis is the most important tick-borne protozoal disease
to cattle industry. The disease is a global animal health prob-
lem responsible for great economic losses in the veterinary
sector. The emerging zoonosis represents a great challenge
of public health due to the exponential increase of babesiosis
worldwide facilitated by the geographic expansion of ticks
induced by global warming (Beugnet and Chalvet-Monfray
2013, Florin). At the time, there are more than 100 known
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babesia species, half of them are recently discovered (Florin).
Many of them have zoonotic importance such as B. microti,
B. microti-like organisms, B. duncani, B. duncani-like organ-
isms, B. divergens, B. divergens-like organisms and
B. venatorum (Vannier and Krause 2020).

Beside Babesia, the Anaplasma and Ehrlichia are also im-
portant tick-borne pathogens of zoonotic importance (Brown
and Barbet 2016). The tick-borne disease caused by
Anaplasma phagocytophilum is a serious zoonotic disease
which infects humans, cattle, equines and canines. The disease
can be transmitted by different tick species endemic in Europe
(e.g. Ixodes ricinus), North America (e.g. Ixodes scapularis,
Ixodes pacificus and Ixodes spinipalpis) and Asia (e.g. Ixodes
persulcatus) (Stuen et al. 2013).

Beside Anaplasma, the closely related tick-borne Ehrlichia
can also infect human and animals. The diseases can be in-
duced by Ehrlichia chaffeensis and Ehrlichia ewingii
(Monocytes Ehrlichiosis) in human or heartwater in cattle
(by Ehrlichia ruminantium) (Allsopp 2015; Paddock and
Childs 2003; Thomas et al. 2009). Other forms of ehrlichiosis
can also be induced by other Ehrlichia species like Ehrlichia
canis, Ehrlichia muris and Ehrlichia mineirensis. As a tick-
borne pathogen, Ehrlichia species could be detected almost
worldwide (Allsopp 2015).

The northward expansion of the dog tick Rhipicephalus
sanguineus is alarming due to their role in the emergence
of the life-threatening pathogens such as Rickettsia
rickettsii and R. conorii, the causative agents of Rocky
Mountain spotted fever and Mediterranean spotted fever,
respectively (Parola et al. 2008). The related tick-borne
Rickettsia and Borrelia species usually emerge parallel
to Anaplasma and Ehrlichia as they are also transmitted
by a large variety of tick species. The emergence of
Borrelia bacteria in addition to TBE virus resulted in huge
concern in Europe (Gage et al. 2008).

The ticks can also transmit various bacterial diseases such
as Lyme borreliosis. In the last decade, the prevalence of the
disease in Europe increased not only in endemic areas but also
expanded to new geographical regions, particularly in
Netherlands and Belgium. It is estimated that Lyme borreliosis
(bacterial spirochaete disease) infects yearly at least 85,000
people in Europe (Gassner and van Overbeek 2007; Hofhuis
et al. 2015). The disease is caused mainly by Borrelia
burgdorferi and Borrelia mayonii in Europe. However, other
species of Borrelia like Borrelia spielmanii, Borrelia
bavariensis, Borrelia afzelii and Borellia garinii were also
reported in North America and Euroasia as potent zoonotic
spirochetes transmitted by Ixodes ricinus complex (Kernif
et al. 2016; Merhej et al. 2014; Parola et al. 2005; Rizzoli
et al. 2011). In addition ticks, fleas and flies can aid in the
expansion of rabbit fever (tularemia), a zoonotic vector-borne
disease caused by Francisella tularensis (Nakazawa et al.
2007).
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Mosquitoes and ticks are not the only insect vectors affect-
ed by global warming. Additional parasites like fleas,
triatomine bugs and bloodsucking flies such as sandfly
(Phlebotomus and Lutzomyia spp.), Glossina tsetse flies,
horsefly (Tabanus spp.) and deerfly (Chrysops sp.) were also
incriminated in the introduction of emerging diseases to new
locations such as tularemia, Yersinia pests, Leishmaniasis and
Trypanosoma in response to climatic changes (Bern et al.
2007; Hargrove 2004; Nakazawa et al. 2007; Redshaw et al.
2013).

Sandflies (Phlebotomus species) can transmit leishmaniasis
(cutaneous and visceral forms). The diseases emerged in
South Europe, UK and Germany and infected humans and
dogs there (Dujardin et al. 2008). More than 90% of the hu-
man cases live in India, Bangladesh, Sudan, South Sudan,
Ethiopia or Brazil (Mitra and Mawson 2017). However,
Phlebotomus spp. were recorded in Switzerland, Germany,
Austria, Spain, Portugal, France, Italy, Belgium, Greece,
Malta, Cyprus, Andorra and Corsica (Aransay et al. 2004;
Ballart et al. 2012; Dereure et al. 2009; ECDC 2013). The
sandfly expansion reached later East European countries like
Bulgaria, Croatia, Albania, Bosnia and Herzegovina, Croatia,
Georgia, Hungary, Montenegro, Romania, Serbia,
Macedonia, Turkey and Ukraine (ECDC 2013). The detection
of sandfly was associated with the expansion of the leishman-
iasis mainly in dogs (Boecken et al. 2011; Ready 2010). This
expansion was attributed to global warming (Galvez et al.
2011).

African trypanosomiasis (sleeping sickness) is a protozoal
disease transmitted by tsetse flies and caused by Trypanosoma
brucei gambiense and T. brucei rhodesiense. Due to the vector
expansion in relationship with the global warming, it is pre-
dicted that 30,000 people will be infected by the parasite while
70 million persons will be at risk during this century (Moore
et al. 2012). Another type of trypanosomiasis started to
emerge from Latin America, namely Chagas disease caused
by Trypanosoma cruzi and transmitted by the bites of the
bloodsucking Triatoma infestans known as the kissing bugs
or orally by the consumption of water or food contaminated
with the faeces of the infected bugs. The disease expansion to
Central and North America was reported. At the time, it is
estimated that 300,000 US residents are infected with the dis-
ease (Shikanai-Yasuda and Carvalho 2012).

The flea Xenopsylla cheopis is the vector of Yersinia pestis,
the causative agent of plague. Warmer and wetter conditions
are benefiting both the flea vector and Yersinia pestis
(Nakazawa et al. 2007) (Ben Ari et al. 2008).

Rodents and rodent-related diseases

Rodents play an important role in the epidemiology of disease
emergence/re-emergence. They are capable of transmitting a
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large number of zoonotic disease agents either directly such as
leptospirosis, Sin Nombre virus and Hantaan virus which
spread via dust contaminated with dried rodent urine
(Hansen et al. 2015) (Pijnacker et al. 2016) or indirectly as
plague (Yersinia pestis). The global warming influences the
change in rodent distribution maps and their population
worldwide (Moore et al. 2011).

In conclusion, it is necessary to make all possible efforts to
stop or at least to slow down the accelerated damage of the
global ecosystem due to global warming and climate changes.
The disturbance in the balanced ecosystems will not only lead
to the emergence of infectious diseases but also has long-term
serious direct and indirect damaging effects which threaten the
existence of human, animals and plants (Table 3).
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