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INTRODUCTION
Climate variability and change may greatly influence 

human health [1], directly, as for instance drowning or 
trauma in extreme weather events, or indirectly, by al-
tering the characteristics of the natural environments 
and habitats hence increasing the exposure of human 
populations to risk factors.

Extreme weather events are by far among the most 
destructive disasters known, whether their toll is 
measured in lives, damages of built environment, de-
struction of critical infrastructure, loss of properties 
and economic activities, irreversible contaminations, 
forced population displacement, short and long term 
diseases. According to EM-DAT [2] disastrous weather 
events database (criteria to be accounted for EM-DAT 
data base: a) at least 10 people killed; b) more than 
100 hundred people affected; c) call for international 
assistance; d) declaration of state of emergency), 
the number of affected people in the UN-ECE Euro 
Region in the last two decades has increased of about 
400% compared to previous decadal period. Up to the 

first semester of 2008, as a consequence of adverse me-
teorological disasters, 38 million people required health 
assistance and basic survival needs such as safe shelter, 
medical assistance, a safe water supply and sanitation. 
EU accounted for 29 million of affected people with 
an economic loss of about 270 US$ billion, the high-
est rate in the world of economic loss per capita. In 
particular, Italy and Germany suffered major damages 
from floods and storms due to high population and 
infrastructure density. The overall scenario in the west-
ern hemisphere is similar. In the US more than 700 
billion US$ in damages were estimated for the period 
1980-2008, mostly due to hurricane, severe weather 
and non-tropical floods. Trends constantly increased 
worldwide and they’re expected to do the same in the 
future since, as stated in the latest 2012 IPCC SREX 
Report [3], observed changes in climate extremes re-
flect the influence of anthropogenic climate changes in 
addition to natural climate variability, with changes in 
exposure and vulnerability influenced by both climatic 
and no climatic factors. Specifically about floods, it is 
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Abstract. Change in climate and water cycle will challenge water availability but it will also increase 
the exposure to unsafe water. Floods, droughts, heavy storms, changes in rain pattern, increase of 
temperature and sea level, they all show an increasing trend worldwide and will affect biological, 
physical and chemical components of water through different paths thus enhancing the risk of 
waterborne diseases. This paper is intended, through reviewing the available literature, to highlight 
environmental changes and critical situations caused by floods, drought and warmer temperature 
that will lead to an increase of exposure to water related pathogens, chemical hazards and cyanotox-
ins. The final aim is provide knowledge-based elements for more focused adaptation measures.
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Riassunto (Effetto dei cambiamenti climatici sulle malattie trasmesse dall’acqua). I cambiamenti cli-
matici e del ciclo idrologico metteranno a rischio la disponibilità d’acqua e aumenteranno l’esposi-
zione ad acqua contaminata. Le alluvioni, le siccità, le grandi tempeste, le variazioni nella frequenza 
ed intensità delle piogge, il riscaldamento e l’aumento del livello del mare crescono in ogni parte del 
mondo e influenzeranno le caratteristiche biologiche e chimico-fisiche dell’acqua attraverso diversi 
meccanismi, con il conseguente aumento del rischio di malattie trasmesse dall’acqua. L’analisi della 
letteratura disponibile, presentata in questo articolo, evidenzia i cambiamenti ambientali e le situa-
zioni critiche causate da alluvioni, siccità e crescente riscaldamento che causeranno un aumento di 
esposizione a patogeni, inquinanti chimici e cianotossine, legati all’acqua. Lo scopo è di fornire gli 
elementi scientifici di base per misure di adattamento mirate.

Parole chiave: cambiamenti climatici, malattie trasmesse dall’acqua, microrganismi patogeni, contaminanti chimi-
ci, cianobatteri tossici.
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e likely that the frequency of heavy precipitations or the 
proportion of total rainfall from heavy rainfalls will in-
crease in the 21st century over many areas of the globe. 
This is particularly the case in the high latitudes and 
tropical regions, and in winter in the northern mid-lati-
tudes. Heavy rainfalls associated with tropical cyclones 
are likely to increase with continued warming induced 
by enhanced greenhouse gas concentrations. There is 
high confidence that locations currently experiencing 
adverse impacts such as coastal erosion and inunda-
tion will continue to do so in the future due to increas-
ing sea levels, all other contributing factors being equal 
[3].

In the temperate zone, climate change is predicted 
to decrease the number of rainy days, but to increase 
the average volume of each rainfall event [4]: as a 
consequence, drought-rewetting cycles may impact 
water quality as it enhances decomposition and 
flushing of organic matter into streams [5]. Flooding 
is the most common natural extreme weather event 
in the European Region [2]. Flooding may be caused 
by heavy rainfall, tidal surges and rapid snow melt. 
According to a database on floods in Europe, the 
most extreme flash floods are greater in magnitude 
in the Mediterranean countries than in the inner 
continental countries [6]. Coastal flooding related 
to increasing frequencies and intensities of storms 
and Sea Level Rise (SLR) is likely to threaten up 
to 1.6 million additional people annually in the EU 
alone [7]. Larger storm surges produced by extreme 
storms, combined with a rising sea level, could re-
sult in much higher rates of coastal erosion, which 
would in turn affect the levels of saline intrusion 
into coastal freshwater [8].

Other climatic factors affecting the hydrological 
regime are temperature and droughts, both of them 
projected to become worse.

About temperature, models predict with large 
confidence a substantial warming in temperature 
extremes by the end of the 21st century. Also, on a 
global scale, the frequency and magnitude of warm 
daily temperature extremes will increase, while cold 
extremes will decrease. The frequency of annual 
hottest days are projected to go from 1 in 20 years 
to 1 in 2 years, with an increase in the annual daily 
temperature of 2 to 5 °C by the end of 21st century, 
even if  regional variations will often differ from the 
global changes [3].

These phenomena are going to affect many char-
acteristics of water basins, as it has already hap-
pened. Atmospheric warming has been associated 
with an increase in surface water temperatures since 
the 1960s in Europe, North America and Asia (0.2-
2 °C) [4]. In several lakes in Europe and Northern 
America, the water temperature increase has influ-
enced the stratification period that has lengthened 
by 2-3 weeks [9]. In the European rivers Rhine and 
Meuse, an increase in the average summer water 
temperature of about 2 °C has been observed over 
the last three decades, with temperature peaks dur-
ing the two severe droughts in 1976 and 2003, with 

a pH increase (due to a decrease in CO2 concentra-
tion) [10-11]. Computer models predict an increase 
of around 2 °C by 2070 in European lakes, although 
differences can be estimated, depending on lake 
characteristics and season [12-13]. The residence 
time in lakes with, at present, a short residence time, 
will probably increase by 92% in 2050 in summer 
and there will be a significant increase in tempera-
ture in the epilimnion and hypolimnion in shallow 
lakes [13]; however, on a long period, deepest lakes 
will be most sensitive to warming, due to their high-
er heat storage capacity and will experience highest 
winter temperature [14].

Also the ocean state has changed, in response to 
changed surface thermal conditions. The heat con-
tent of the World Ocean has increased since 1955, 
leading to sea level rise through thermal expansion, 
in addition to transfer of mass from glaciers, ice 
sheets and river runoff, due to changing hydrologi-
cal regime. The waters at high latitudes (poleward 
of 50°N and 70°S) are fresher in the upper 500 m, 
while the subtropical latitudes in both hemispheres 
are characterized by increase in salinity. However, 
while there are many robust findings regarding the 
changed ocean state, key uncertainties still remain, 
making difficult projections for the future [15].

Droughts, which can be described as an unusual 
long period with little or no precipitation, are ex-
pected to increase in some areas. Model projections 
for the next 50-100 years indicate that climate change 
will reduce discharges to coastal waters in southern 
South America, western Australia, western and 
southern Africa, and in the Mediterranean Basin 
with consequences on salinities and nutrients and 
sediment delivered to the coast [16]. Salinity will tend 
to advance upstream, thereby altering the zonation 
of plant and animal species as well as the availability 
of freshwater for human use. Saltwater intrusion as 
a result of a combination of sea-level rise, decreases 
in river flows, unsustainable freshwater withdrawal 
and increased drought frequency are expected to 
modify physical and chemical components of es-
tuarine-coastal environments with secondary im-
pacts on phytoplankton community. In Central and 
Southern Europe and the Mediterranean region, in 
North and Central America, northeast Brazil and 
Southern Africa, droughts will likely intensify in 
the 21st century, due to reduced precipitation and/or 
increased evapotranspiration [3]. Projection for the 
rest of the world are still inconsistent, due to lack of 
data, or incapacity of the model to include all the 
different causes of dryness [3]. 

During dry periods, reduced groundwater recharge 
and increased water abstraction due to warmer tem-
peratures may cause further water stress by reducing 
groundwater table levels. For these reasons in coastal 
areas, droughts can cause the intrusion of seawater 
into freshwater aquifers. In general freshwater con-
tamination by seawater of only 5% is enough to rule 
out many important uses including drinking-water 
supply, irrigation of crops, parks and gardens, and 
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ethe well-being of groundwater- dependent ecosys-
tems [17].

To identify the role of climate change on the spread-
ing of waterborne diseases is made difficult by the 
simultaneous influence of other causes, like destruc-
tion of habitats, extensive travels and migrations of 
human populations, drug and pesticide resistance, 
urbanization and increased population density, and 
availability of health services [18]. 

The aim of this paper is to review the available lit-
erature to show the potential increase of the burden 
of WBDs resulting from climate changes and par-
ticularly from floods, increase of temperature and 
droughts, with regards to risk factors as microbial 
pathogens, chemicals, cyanotoxins.

MICROBIAL PATHOGENS 
Waterborne pathogens of human and animal faecal 

origin include a high number of viruses, bacteria and 
parasitic protozoa. Also several naturally occurring 
microorganisms can be pathogenic to humans, as 
various species of Vibrio (gastroenteritis, diahorraea 
and septicemia), Pseudomonas aeruginosa (skin and 
ear infections), Legionella pneumophila (Legionnaire’s 
disease) and amoebae (encephalitis) [19]. 

Waterborne pathogens of concern for humans 
have the following characteristics:

- �“are shed into the environment in high numbers, 
or are highly infectious to humans or animals at 
low doses” (i.e. cystis of protozoa);

- �“can survive and remain infectious in the envi-
ronment for long periods, or they are highly re-
sistant to water treatment;

- �some types of bacterial pathogens can multiply out-
side of a host under favorable environmental condi-
tions” [20]. Pathogenic microorganisms of human 

and animal faecal origin enter surface waters main-
ly by discharges of raw and treated wastewater and 
by runoff from the land. The reservoirs and routes 
of exposition are schematically depicted in Figure 1, 
after Hurst [21]. Some pathogens, like V. cholerae, 
hepatitis A virus and Schistosoma are restricted to 
tropical areas, while others like Cryptosporidium 
and Campylobacter are more diffused [22]. 

Heavy rainfall and floods 
More frequent and intense heavy rainfall/floods will 

cause higher pathogen concentrations in natural wa-
ters which will generally be reflected in worse quality 
of drinking and bathing waters, crops and shellfish. 
Indeed, heavy rainfall/floods can cause over-flooding 
of sewage treatment plants, runoff of animal dejec-
tions and manure, re‑mobilisation and redistribution 
of contaminated sediments [7, 23-27]. Since the diffu-
sion of pathogens depends on hydrodynamic of sur-
face water bodies it can be expected that floods and 
heavy rainfall, by speeding up water fluxes carrying 
pathogens, will counteract the natural pathogen inac-
tivation in the environment by UV and temperature.

Enhanced environmental levels of pathogenic mi-
croorganisms may result in increased incidence of 
diseases and occurrence of new ones [28]. In gen-
eral it is expected that zoonotic infections may ex-
pand due to an increased washing into water of wild 
animal and livestock faeces. A significant problem 
can be posed by an increased presence of different 
strains of enteric viruses in water bodies, as they are 
resistant to treatment in sewage treatment plants; 
bathing water receiving treated waters and seafood 
reared in receiving water bodies can represent im-
portant source of exposure to these pathogens [29]. 
Furthermore, viruses can be the unseen etiologi-
cal pathogens responsible for human diseases even 

Animal
reservoirs

Human
 reservoir

Wastewater

Ground
water

Land
surface

Surface water - Reservoir:
naturally occurring pathogens

Recreation Domestic
use Shell�sh Aerosols Crops Domestic

use Aerosols

New human host

Fig. 1 | Sources of waterborne 
pathogen. The non-enteric pathogens 
are naturally present in surface 
waters, which can, therefore, 
be a reservoir. 
(Modified from Hurst [21]).



476 Enzo Funari, Maura Manganelli and Luciana Sinisi

H
e

a
l

t
h

 r
is

k
s 

f
r

o
m

 w
a

t
e

r
 a

n
d

 n
e

w
 c

ha


l
l

e
n

g
e

s 
f

o
r

 t
h

e
 f

u
t

u
r

e when waters meet regulatory criteria for faecal con-
tamination, based on conventional bacterial indica-
tors, which are less resistant than viruses and decay 
much faster in natural environment [29]. Studies on 
cryptosporidiosis suggest that in the future more in-
tense precipitation events may increase the satura-
tion of soil profiles and mobilize infectious oocysts 
more often, significantly increasing the risk [30].

There are several examples of waterborne dis-
eases outbreaks associated to excessive rainfall [31-
43]. The largest reported waterborne disease out-
break in the United States, due to the presence of 
Cryptosporidium cists in drinking water, occurred in 
Milwaukee in 1993 and was related to heavy rainfall 
and associated runoff and consequent contamina-
tion of Milwaukee lake, the source of the waterworks 
of the area. It resulted in the deaths of 54 people 
and more than 403 000 ill [37, 44]. Contamination 
of groundwater after flooding has been associated 
to additional disease outbreaks like Acanthamoeba 
keratitis in Iowa (USA) [22]. An outbreak of giardia-
sis in Montana (USA) was related to excess rainfall 
[39]. Cryptosporidiosis cases in England and Wales 
were positively associated with maximum river flow 
[45]. Escherichia coli O157:H7 and Campylobacter 
jejuni were responsible for a waterborne outbreak, 
causing 7 deaths, 65 hospitalization and more than 
2300 cases of gastrointestinal illness in the Canadian 
town of Walkerton [46]. In this case, drinking water, 
supplied by shallow groundwater wells, turned out 
to be contaminated by a cattle manure from a local 
farm, following a period of intense spring rainfall, 
an event that is considered to happen once every 60 
years [46].

In the US, Curriero et al. [38] reported a statistical-
ly significant association between excess rainfall and 
waterborne disease outbreaks over a long period of 
time and on a national scale. The study was based 
on 548 reported outbreaks in the United States from 
1948 through 1994. The results indicated that 51% 
of waterborne disease outbreaks were preceded by 
rainfall events above the 90th percentile and that 
68% were preceded by events above the 80th percen-
tile. Outbreaks due to groundwater contamination 
were preceded by a 2-mo lag in rainfall accumula-
tions whereas surface-water contamination showed 
the strongest association with excessive rainfall dur-
ing the month of the outbreak [38].

In the European Union, in 2007, only 17 water-
borne outbreaks were reported by eight countries, 
clearly indicating an under-reporting; they involved 
10 912 cases, with 232 hospitalizations. The main 
microorganisms involved were Campylobacter, no-
rovirus, Giardia and Cyptosporidium [47]. Only 24% 
of waterborne pathogen outbreaks in England, 
between 1970 and 2000, were found associated to 
heavy rainfall [48]. Yet, Nichols et al. [36] analyz-
ing a small dataset [89] of waterborne outbreaks 
in England and Wales between 1910-1999, due 
to Giardia, Cryptosporidium, E. coli, S. typhi, S. 
paratyphi, Campylobacter and Streptobacillus mon-

iliformis, assessed a significant strong correlation 
between 40% of the cases and heavy rainfall in the 
week before the outbreak or low rainfall during the 
four weeks preceding the outbreaks.

Floods and hurricanes, destroying the water dis-
tribution system and mixing drinking and waste 
waters, can have a significant impact also on the dif-
fusion of cholera, caused by the naturally occurring 
V. cholerae. The disease is one of the most severe 
forms of waterborne diarrheal disease, especially for 
developing countries, where outbreaks occur sea-
sonally and are associated with poverty and use of 
poor sanitation and unsafe water [1]. The extreme 
climatic events increase the cases of diseases and 
fatalities by adding an oral-faecal contamination 
pathway difficult to manage. 

Rainfalls are known to worsen the microbiologi-
cal quality of bathing waters, indeed they are used 
directly as predictors of short term events of con-
tamination in the European directive concerning 
the management of bathing water quality [49]. The 
same approach should be applied to shellfish-grow-
ing waters, as well. Indeed after heavy rainfalls sud-
den contamination of coastal waters are expected 
and results from environmental investigation, which 
require a too long time, do not represent the ade-
quate tool to predict this contamination and prevent 
from dangerous human exposures. Heavy rainfall 
and sewage treatment plant failure were twice re-
sponsible for international gastroenteritis outbreaks 
due to consumption of oysters harvested from Tahu 
lagoon, in France [50, 51]. One of the outbreaks was 
characterized by the high diversity of human enteric 
viruses (up to six different strains) detected both in 
patient stool and shellfish samples [51]. Other im-
portant outbreaks associated to contaminated oys-
ter/clam consumption caused by sewage overflow 
and discharge into the aquatic environment during 
heavy rainfall events were reported as those that af-
fected 2000 people in Australia, in summer 1978 [52], 
and 1000 people in New York State in 1982 [53].

Temperature
There is a contrast between the well documented 

and forecasted increase in temperature and the pau-
city of data on the effects of this increment on mi-
crobial pathogens and infectious diseases [54].

Enteric pathogens in the water environment are gen-
erally neutralized by higher temperatures, however, 
their sensitivity shows different features. For instance, 
cysts of Giardia and enteroviruses are less rapidly in-
activated compared with oocysts of Cryptosporidium 
[55]. Cryptosporidium oocysts are inactivated during 
the winter, as they are susceptible to freezing and 
thawing cycles; hence, as the number of frozen days 
decrease, oocysts may increasingly survive through 
the winter [30]. It is also known that a large variation 
in temperature susceptibility exists among viruses 
[56], suggesting a possible selection of more resist-
ance strains, like the hepatitis A virus (HAV), which 
is fairly temperature insensitive. For some viruses a 
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ecorrelation between increasing temperature and in-
activation rate starts only after 10 days [55].

Increasing temperature could favor less tempera-
ture sensitive species, directly promoting the growth 
of some indigenous bacteria, including pathogenic 
species [57]. Vibriosis caused mainly by Vibrio pa-
rahaemolyticus, V. vulnificus and V. alginolyticus 
are among the 6 most common foodborne diseas-
es monitored by the Foodborne Diseases Active 
Surveillance Network (FoodNet) in the USA, where 
V. parahaemolyticus in the past decade has become 
the main cause of gastroenteritis [58]. According to 
CDC, the incidence of Vibrio infections in the USA, 
which are also monitored by the Cholera and Other 
Vibrio Illness Surveillance (COVIS) system and are 
due to exposure to recreational water as well, was 
76% higher in 2011 than in 1996-1998 [59]. A strong 
link between rising summer water temperatures, 
prolonged summer seasons, and noncholera Vibrio 
sp. infections has been shown [60], even if  Johnson 
et al. [61] found that temperature explain only about 
50% of the presence of V. paraemolytichus, and also 
that the pathogenic subpopulations respond differ-
ently than the whole population to temperature. 

The influence of increased temperatures on envi-
ronmental bacteria is not expected to be homogene-
ous. The Baltic Sea for instance provides an envi-
ronment in which only small changes of the present 
conditions (e.g., temperature) result in increased 
Vibrio sp. populations [60].

Increasing temperatures would be expected to ex-
pand the range and increase the prevalence of V. 
cholerae and cholera both geographically and tem-
porally, if  environment and public health measures 
are not implemented [57]. Indeed, temperature shifts 
will alter the latitudinal distribution of planktonic 
species. Due to sea level rise inland areas will experi-
ence greater saltwater intrusion and increased levels 
of marine and estuarine bacteria, including V. chol-
erae [57]. It is then expected that an increase in tem-
perature will threat water quality with regard espe-
cially to cholera disease in Asia and South America 
[22]. However, the question may be more complex. 
A non linear population model to explain and pre-
dict the dynamics of V. cholerae has been developed 
by Koelle et al. [62]. The authors, considering both 
extrinsic (climatic) and intrinsic (acquired tempo-
rary immunity) drivers of epidemics, could explain 
the interannual cycles of cholera outbreaks from 
Matlab, Bangladesh. They found a strong correla-
tion with climatic variables (monsoon) over 7 years 
and with local water temperature, degree of floods 
and droughts, at a shorter scale. Warmer pond and 
rivers increase the incidence of cholera through the 
faster growth rate of the pathogen in aquatic envi-
ronments, but to have a good correspondance be-
tween the model and the incidence of cholera epi-
demics it was necessary to include in the model data 
on other parameters included the complex dynamics 
of aquired temporary immunity which could explain 
the interval between two epidemics [62].

There are also some authors who argued that one 
of the main effects of climate change is the reduction 
of biodiversity, that is some species are disappearing 
at a high rate, and that pathogens are subjected to 
the same ecological constraints [63]. Therefore, if  
there are areas where health conditions are worsen-
ing due to the spreading of pathogenic organisms, 
there are other areas that will be affected in the op-
posite way, thus reducing the areal distribution of 
the same pathogen. The final balance could be no 
overall increase in the global diffusion of a patho-
genic species. The importance of such a debate is to 
highlight, among others, some important aspects to 
be considered: 1) better data sets and modeling ap-
proaches are required to make robust predictions of 
the impacts of climate change on disease dynamics 
and 2) expansion or reduction of specific pathogens 
geographical ranges will depend not only on extrin-
sic factors (including climate change), but also on 
intrinsic factors (such as immunity, phenotypic plas-
ticity, and evolution) [64]. 

Droughts
The impacts of  drought on human health due to 

shortage of  water are dramatic and include deaths, 
malnutrition, increase in infectious diseases [65]. 
These effects are associated with worsening hygienic 
conditions, higher probability of microbial contami-
nation of drinking water due to infiltration of organic 
material along the distribution system when pressure 
drops, higher re-use of wastewaters in agriculture, with 
consequent contamination of fresh vegetables, unsafe 
use of untreated water. Additionally, water shortages 
may increase the likelihood of multiple uses of a water 
body (e.g., for cleaning, bathing, and drinking) with 
a consequent increase of the risk of microbial con-
tamination and human exposure to pathogens [57]. 
Periods of droughts followed by short intense rain-
fall can cause peaks of surface water contamination. 
River-bed sediments represent an important microor-
ganisms reservoir in dry areas, like the Mediterranean, 
where long dry periods are interrupted by flash-
floods, transporting most of them downstream, up 
to coastal waters [66]. In areas affected by increasing 
droughts, treated effluents from sewage plants might 
become a quantitatively important source of  water 
influx into river and heavy rainfall events can pose a 
risk to human health because of the huge increase of 
pathogenic microrganisms concentrations in the river 
downstream sewage treatment plants. In a study on 
Campylobacter, it has been shown that the resulting 
combined sewer overflow, enriched in pathogen, is dis-
charged into the receiving rivers at a 150 fold higher 
concentration than usual [67].

Drought can lower the water table, resulting in 
changes in underground water flows of surface 
water into groundwater. In UK, an outbreak of 
Cryptosporidium, due to contamination of the bore-
hole used as a source of drinking water was record-
ed when unusually very strong rainfall followed a 
long dry period [68]. No conclusive explanation is 
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e given in the report, but the authors suggested the 
possible contamination of the aquifer by the intru-
sion of a contaminated river water flowing nearby, 
through interstices in the chalk [68]. Other examples 
of outbreaks linked to contamination of ground-
water sources have been documented. In Brushy 
Creek, Texas, an outbreak of cryptosporidiosis was 
reported in 1998 followed extended drought condi-
tions. The primary drinking water supply of Brushy 
Creek was chlorinated groundwater [69]. This source 
was contaminated by sewage, through fractures in 
the bedrock due to the long period of drought and 
extreme heat in which heavy water demand and no 
rainfall was present to recharge the aquifer [69]. 
Outbreaks of cryptosporidiosis have been associated 
to contamination of drinking water supplied by sur-
face water, due to intense rainfall after very long and 
unusual drought periods, in Japan and Oregon [70-
71]. The largest reported outbreak of E. coli O157:H7 
occurred at a fairground in the state of New York in 
September 1999 and was linked to contaminated well 
water. This outbreak resulted from unusually heavy 
rainfall, which was preceded by a drought [43].

In general, monitoring programs are not elabo-
rated in such a way to capture these periods of very 
high peaks of pathogenic concentrations which in 
turn represent a particularly high risk of infectious 
diseases transmission. 

CHEMICALS
Climate change may influence the concentrations 

of chemical constituents and contaminants in nat-
ural waters through diverse ways. As an example, 
coastal erosion, likely to be exacerbated under cli-
mate change, has led to the exposure of landfill sites 
in Europe, with a clear potential for contamination 
of coastal waters [27]. 

It is difficult to estimate the risk associated to in-
creased chemical concentrations in natural waters. 
Nevertheless, it seems possible to identify the fol-
lowing scenario of human exposure and the respec-
tive reasons of concern. 

Heavy rainfall and floods 
Climate change will influence the concentration 

of chemical constituents in natural waters. Indeed, 
it has been reported that a storm flow, by increas-
ing the concentration of dissolved organic matter 
to which some metals can strongly get complexed, 
could lead to a transport of dissolved lead, titan and 
vanadium in peat land systems [72]. Furthermore a 
seasonal change in dissolved metal concentrations 
has also been observed for various trace elements 
(Fe, Mn, Al, La, U, Th, Cd and As). An increase 
of organic carbon content and a decline in redox 
conditions seem to be related with a trace elements 
release. A positive correlation is also found between 
storm events and trace element concentrations in 
streams [73]. In fact, organic and inorganic colloids 
could play an important role in trace elements mo-

bilization in soil sand water [74]. The possible im-
plications for human health associated with these 
higher mobilization of chemical constituents from 
minerals and higher concentrations in natural wa-
ters are difficult to demonstrate. Natural waters con-
tain many minerals, often in very small concentra-
tions, that arise from the contact with the rocks and 
soils that water goes through. Most of these are of 
no concern but some are known they may impact 
human health for instance via drinking water, as ar-
senic and fluoride. Both arsenic and fluoride are sig-
nificant contributors to morbidity in regions where 
concentrations in water are high. Hence, higher con-
centration of these elements as well as others of hu-
man concern may represent higher risky conditions 
in the affected areas.

More frequent intense rainfall is likely to exac-
erbate the flushing to water bodies of agricultural 
pollutants, including pesticides and veterinary med-
icines [28, 75]. Flooding may lead to contamination 
of water other than with chemicals already in the en-
vironment like pesticides, with dangerous chemicals, 
heavy metals, or other hazardous substances, from 
storage. Overall, flood events and strong rainfalls 
can transport pollutants from a contaminated area 
to a non-contaminated one [24, 76], from soil and 
sediments to water bodies.

Drinking water treatment is vital in protecting 
public health against microbial illness which re-
mains a major cause of morbidity and mortality in 
many parts of the world, yet care has to be taken 
that treatment does not introduce higher levels of 
unwanted disinfection by-products (DBPs) than 
necessary. Indeed, epidemiological studies reported 
weak associations between chlorination and cancers 
of the colon, rectum and bladder and positive as-
sociations between concentrations of DBPs and a 
number of adverse reproductive effects, particularly 
stillbirth and low weight for gestational age [77]. In 
the past years a significant decline in DBPs con-
centrations has been achieved especially thanks to 
the introduction of improved treatment to remove 
the natural organic matter and better filtration that 
means less chlorine to be added. Floods and heavy 
rainfalls may increase concentrations of organic 
precursors of DBPs in surface waters [14]. On the 
other hand they cause higher nutrient concentra-
tions which can promote algal and cyanobacterial 
blooms. Chen et al. [78] showed that DBPs precur-
sors originating from high cyanobacterial densities 
can account for significant percentages of the total 
DBPs formation potential.

Increased floods and rainfalls will alter the trans-
port, transfer, deposition and fate of chemical con-
taminants in coastal waters. Bioavailability of spe-
cific contaminants (e.g. metals) is greatly affected by 
salinity [79, 80]. Numerous studies have shown an 
increasing metal uptake by diverse aquatic organ-
isms at reduced salinities [81-83]. Other studies have 
shown that solubility of many PAHs depends on 
salinity in the ambient water [84]. Thus, floods and 
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erainfalls will regulate the extent of exposure to toxic 
substances of seafood, hence of its consumers. 

Unfortunately there is still little published evi-
dence demonstrating a causal effect of chemical 
contamination on the pattern of morbidity follow-
ing flooding events. But it is expected that floodings 
and heavy rainfalls, having implications for residue 
levels in food crops, food animals [85] and water 
bodies [86], will increase human exposure to chemi-
cal contaminants.

Temperature
It is well known that temperature influences phys-

ic chemical equilibriums and biological reactions. 
Chemical reactions can be doubled for a tempera-
ture increase of 10 °C. As a consequence, higher 
water temperature will determine an increase of dis-
solution, solubilization, complexation, degradation, 
evaporation. Hence higher temperatures will lead to 
higher concentration of dissolved substances in wa-
ter but will also favor an increase of volatilization 
of chemicals. 

Considering the specific issue of pesticides, higher 
temperature will exert contrasting impacts, from 
one side higher degradation and volatilization [75] − 
whch often will cause a more intensive use of them 
to fight pests risk − but from the other side, more 
solubilization in water. It is likely that changes in 
land use, induced by higher temperature, might play 
a more significant effect on pesticides in the environ-
ment than transformation and repartition processes 
[75]. For example, an increased prevalence of pests, 
weeds and diseases may lead to wider and more fre-
quent application of both pesticides and veterinary 
medicines [28, 75].

Higher temperature in the Oceans may increase 
human exposure to mercury, especially in geo-
graphical areas where the population diet is based 
on seafood. Mercury is a global pollutant and is a 
reason of concern for public health when it is elevat-
ed above natural background levels, mainly through 
anthropogenic causes [87]. Mercury seems methyl-
ated by biotic processes [88]. Monomethyl mercury 
bioaccumulates and biomagnifies at all trophic levels 
in the food chain and can have severe neurological 
effects. Mercury methylation rates are temperature 
dependent [89]. Usually 80-99% of mercury found 
in fish muscle tissue is methyl mercury, regardless of 
its concentration in the environment [89]. It is ex-
pected that ocean temperature changes will increase 
the number of people exposed to above the tolerable 
weekly intakes defined by WHO for mercury [90].

Increased temperatures of natural surface waters 
used as drinking water supplies promote the DBPs 
formation rate [14]. Rodriguez and Serodes [91] 
showed that thrialomethanes (THM) concentra-
tions vary from 1.5 to 2 times, depending on the 
utility, between drinking water plant and tap. In the 
same way, others authors reported that increasing 
temperature (10-33 °C) generally increased the for-
mation of bromoorganic DBPs [92].

Droughts
Hotter, drier summers and increasingly severe and 

frequent droughts will deplete river flows, reducing 
contaminant dilution capacity and leading to el-
evated concentrations of hazardous substances [27]. 
Dry periods may entail brief  spikes of compounds 
from sewage effluents, which can provoke transient 
perturbation of river ecosystems [93], with possible 
implications for human health. Increased contami-
nant concentrations are expected also in groundwa-
ter aquifers, especially in the unconfined ones.

Connected to water shortage is the particular case 
of temporary rivers. These are characterized by peri-
odic dry phase and are a significant percentage of total 
river length in the world (between 40 and 70%). They 
are dominant in the semiarid Mediterranean area [94], 
where they represent an important source of water. 
These ecosystems are particularly exposed to the al-
teration of hydrological cycle due to longer drought pe-
riods associated with intense runoff and flushing [16], 
which can bring particularly high concentrations of 
pathogenic microorganisms and chemicals. The rising 
interest in their ecology during the last decade has high-
lighted their importance as links between water stored 
in soils, aquifers, snowpack, glaciers, vegetation and the 
atmosphere [95]. Recently, it has also been shown that 
they are important spots of nutrient and carbon recy-
cling during the dry period [96, 97]. These processes are 
strictly related to the biochemistry of hazardous sub-
stances, entered the river along the hydrographic basin. 
Increasing frequency and duration of alternated dry-
heavy rain periods, due to climate changes, by altering 
the timing of these processes is definitely going to affect 
the impact on the coastal environments of the catch-
ments. Whether in a positive or negative way, there are 
not enough data yet [98].

CYANOBACTERIA
Health risks due to the toxins produced by cyano-

bacteria, photosynthetic prokaryotes diffuse in all 
the habitats, especially the aquatic ones, have been 
extensively addressed in this same issue of Annali 
dell’Istituto Superiore di Sanità by Manganelli et 
al., p. 415 [99]. Briefly, cyanotoxins have different 
toxicological profiles, and target different organs. 
Several environmental factors affect their produc-
tion, but mechanisms are still unknown. Humans 
can be exposed to cyanotoxins via ingestion (drink-
ing and bathing water, through aquatic food chain), 
via aerosol and via parenteral, if  surface contami-
nated water is used for haemodialysis [99]. Climate 
changes effects will be summed up with the effects 
of other environmental variables on cyanobacte-
rial fitness and toxicity, with different outcomes, de-
pending on the species/strain and the environment 
(i.e. lake, river, seawater). Available data are mostly 
obtained in laboratory studies or using mesocosm 
systems, even providing conflicting results: in many 
cases the apparent discrepancy could be attributed 
to the diverse response to climate change of differ-
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e ent cyanobacterial species, strongly depending on 
their physiological or ecological features, or, in the 
case of field studies, to the different response of the 
water body. It is therefore not possible to draw some 
general behaviours for the entire class of cyano-
bacteria and separated analyses should be carried 
out depending on the species and the environment. 
Bearing in mind these considerations, it is possible, 
at present, only summarize the available informa-
tion in the following as shown in Figure 2.

Heavy rainfall and floods
Changes in freshwater runoff will have the great-

est potential impacts on estuaries, causing changes in 
physical mixing characteristics [100]. Freshwater in-
flows into estuaries influence water residence time, nu-
trient delivery, vertical stratification, salinity, and con-
trol of phytoplankton growth rates [101]. Increased 
freshwaters inputs from increased runoff can dilute 
the estuarine environment by lowering salinity and 
promote extremely large blooms of toxic cyanobacte-
ria by carrying inocula of salt-tolerant cyanobacteria 
from inland rivers. A combination of a particularly 
strong freshwater inflow after one day of unusual 
heavy rainfall with high temperature and the right 
nutrient concentration, favoring fast growth rate, has 
been the cause for a very large bloom of Microcystis 
aeruginosa in the Swan River Estuary, West Australia, 
in February 2000 [102].

Since increasing salinities can induce cell lyses and/
or extracellular release of toxins [103], an indirect 
effect of heavy rainfall/floods, by conveying toxic 
cyanobacteria to brackish coastal waters, can be an 
increase in the extracellular quota of toxins. In 2005 
in St. Lucie River Estuary, one of the largest brack-
ish water systems on the East Coast of Florida, a 
periods of heavy rainfall caused the washout of M. 

aeruginosa cells into the estuary, suddenly covered 
by a dense bloom: the abrupt change in salinity 
(32‰) caused an increase of 80% of toxin release in 
water [104]. Heavy rainfall and floods enhance the 
possibility of cyanobacteria expansion into coastal 
environments, thus increasing the exposure of edible 
organisms [99]. It is worth noting that heavy rain 
and floods can increase the nutrient availability of 
lakes, that in turn induce cyanobacterial prolifera-
tion. In Bangladesh, where a heavy rainfall drained 
phosphorus from the surrounding paddy fields into 
an aquaculture ponds, the increased nutrient con-
centration (9.5 mg L-1) coincident with high tem-
perature (31 °C) was the possible cause of a bloom 
of Microcystis aeruginosa and Aphanizomenon flos-
aquae [105]. Soil runoff and discharge from waste-
water treatment plants, rich in phosphorus, iron and 
carbon, might be responsible for the spreading of 
the mat-forming nitrogen-fixing Lyngbya maiuscula 
in coastal Queensland [106-107]. In Denmark the 
increase in phosphorus loading from land to lakes 
and coastal areas is expected to increase by 3 to 16% 
in the next 100 yr, due to higher winter rainfall; a 
shift in lakes community has already been observed 
towards dominance of cyanobacteria and dinoflag-
ellates vs. diatoms and crysophytes [108].

Temperature
Increasing temperature in eutrophic condition can 

directly increase cyanobacterial proliferation and 
can be a main factor for their poleward movements 
and possibly their toxicity [109]. Indeed, some cyano-
bacteria like Microcystis, Anabaena and Oscillatoria 
have higher growth rate at higher temperature with 
respect to diatoms [110-112] and temperature can be 
one of the main factor in determining the success of 
one species vs other cyanobacteria or other phyto-

lower salinity
(deeper halocline)
higher runoff

Higher temperature

more nitrogen and
phosphorus
increased input of DOM

Acidification
(Higher CO2)

more
and/or
floods

Precipitation

Cyanobacterial blooms
- increase toxins in drinking water
- increase in toxic blooms
- increased cyanobacterial toxicity
- increase in food poisonings = health risk

Increase in aquatic pathogens
(Vibrio spp Legionella spp)
- increase in water-borne diseases

- increase in dissolved toxins
- increase in blooms
- changes in toxins profile

higher salinity
(shallower halocline)

drought
heat waves

Less
Cyanobacterial blooms

Fig. 2 | Schematic diagram depicting 
the interrelations between changing 
meteorological parameters and  
toxic cyanobacteria.
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eplankton, if  nutrients concentration is not limiting 
[113-115].

It is expected that the warming trend will move for-
ward the onset of spring bloom in high latitude and 
temperate areas [116] and will accelerate the spread 
and abundance of subtropical species to temperate 
regions all over the world. Cylindrospermopsis raci-
borskii is probably the best known example. It was 
originally found in the tropics, in central Africa and 
Australian lakes; at present, starting from the mid 
90s, it has been reported in several temperate areas, 
in Europe and central America. Climate change is 
one of the factors considered in explaining its dif-
fusion [117, 118]. Notwithstanding the areal expan-
sion, the risk due to the exposure to C. raciborskii 
cannot be directly inferred and it is not straightfor-
ward that it will increase, since the toxins produced 
in different continents are different: the Australian 
strains produce cylindrospermopsin [119], whereas 
the Brazilian or European strains produce saxitoxins 
and a still unknown toxin, respectively [120, 121].

Another example of expected larger diffusion of 
tropical species is that of Trichodesmium spp. in sea-
water. Temperature dependence of O2 flux and res-
piration seems to be the main reason for this non 
heterocystous N2 fixing species to be dominant in 
subtropical and tropical ocean regions [122]. The re-
duced O2 flux in warm seawater and the high respi-
ration rate at high temperature allow Trichodesmium 
to outcompete other heterocystous species. It has 
been estimated that the poleward shift of the 20 °C 
isothermal as a consequence of a 3 °C increase by 
2090, which poses a lower limit to the distribution 
of Trichodesmium, will expand its range of 11%, 
even if  this will be counteracted by the reduction of 
16% of its thermal niche at the tropics, where tem-
perature is expected to exceed 30 °C, corresponding 
to suboptimal growth rates [123]. It is therefore rea-
sonable to expect a poleward shift of this species, 
being all the other parameters unchanged.

Complex interactions between direct and indirect 
effects of temperature are more often the cause of 
shifts in community composition and changes in 
dominant species. Increasing thermal stability and 
stratification in deep, eutrophic lakes will favor 
the proliferation of buoyant cyanobacteria, like 
Microcystis, Anabaena, Aphanizomenon, and elevate 
the chance for the development of surface blooms 
[124]. Milder winter in temperate eutrophic lakes, 
may indirectly favor also Oscillatoriales bloom, by 
inducing a complex shift in phytoplankton commu-
nity composition [125]. 

The observed significant increase in cyanobacterial 
biomass over the years in the Baltic Sea, composed 
mainly by Aphanizomenon flos-aquae, Nodularia 
spumigena and Anabaena sp., has been correlated 
to increased temperature, to variation in the hydrol-
ogy, and to nutrients inputs [126]. Hence a general 
higher exposure of aquatic organisms, and possibly 
of their consumers, human beings included, can be 
foreseen.

Data available indicate that the prolonged ther-
mal stratification, due to warming climate, would 
favor also species like Planktothrix rubescens [127], 
which are usually more adapted to colder water.

Data on incresing temperature effects on toxicity 
are controversial, and depend on the co-occurrence 
of  other parameters, like light and nutrients [128-
129]. Davis et al. [129] showed that in 4 lakes in 
Northeast US, higher temperature (and phospho-
rus concentration) favored an increase of  micro-
cystins MCs production by stimulating the growth 
rate of  Microcystis spp. toxic cells [129]. During 
the last decade, the rise of  minimal surface temper-
ature of  many reservoirs and water basin in South 
Africa seems to be the direct cause of  the prolifera-
tion and bloom of  toxic cyanobacteria, since there 
has been a correlated increase of  animal mortali-
ties in several areas [130].

In Oscillatoria agardhii isolated from Finnish 
lakes MCs production rate peaked at optimum 
growth temperature in one strain (25 °C) and was 
constant in the range 15-25 °C in a second one. 
However, for both strains, growth and toxin pro-
duction decreased at 30 °C [131]. On the contrary, 
for Microcystis aeruginosa increasing temperature 
from 18 °C to 28 °C, yielded higher growth rates, 
but reduced toxicity of  the cultured strains [132]. 
Also the production of  cylindrospermopsin CYN 
seems to be inhibited by higher temperature in 
tropical Cylindrospermopsis [119] and in temper-
ate Aphanizomenon [133]. 

Additionally, temperature can impact on toxicity 
by affecting the variants profile of  toxin produc-
tion, as it happened in an Aphanizomenon sp. cul-
tured strain, which following an increase of  T from 
22 to 28 °C, switched towards the production of 
the more toxic variant among the 4 detected toxins 
[134].

In two strains of  Anabaena from a lake in 
Southern Finland, temperature higher and low-
er than the optimum (25 °C) decreased the total 
amount of  MCs production. In addition the profile 
of  MCs variants changed: high light and high tem-
perature favored the production of  the less toxic 
-RR variant, while an increase in -LR variant was 
observed at lower temperature [135]. 

Droughts 
The likely longer dryness periods, increasing in 

some regions at mid-latitudes and in the dry trop-
ics, some of which already water-stressed areas, may 
influence cyanobacterial proliferation by increasing 
nutrient availability (higher concentrations due to 
surface water evaporation in summer) and reducing 
water bodies flow (thus increasing the areas of still 
waters in which cyanobacterial growth is easier). 
One of the largest bloom of Anabaena circinalis 
involved more than 1000 km of one of Australia’s 
major river systems, in a very low flow conditions, 
concurrent with high nutrients concentration and 
high temperature [136]. 
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e Another important consequence of droughts is 
that rainfall following period of dryness, can trans-
port cyanotoxins into groundwater, beneath parched 
and cracked soil, thus contaminating very precious 
sources of drinking water.

Changes in phytoplankton communities of  coast-
al environment exposed to a reduction in freshwater 
discharge and to saltwater intrusion, can eliminate 
more sensitive species and favor more tolerant cy-
anobacteria and expose aquatic organisms to high-
er concentration of  dissolved cyanotoxins [103]. 

In Nebraska lakes a lower water quality due to 
the presence of  MCs, associated with the drought 
conditions and lower nitrogen:phosphorus ratios 
[137], was reported during 2004, concomitant with 
dogs, wildlife and livestock deaths, and more than 
50 accounts of  human skin rashes, lesions, or gas-
trointestinal illnesses.

CONCLUSIVE REMARKS
Reviewed data show that increase of  water temper-

ature, heavy rains, floods and droughts will increase 
the distribution and patterns of  human exposures 
to pathogens, chemicals and cyanobacteria. Several 
studies have shown the association between heavy 
rainfalls/floods and outbreaks of  waterborne dis-
eases. The number and severity of  these outbreaks 
are destined to increase. In particular, zoonotic 
infections will likely increase as a consequence of 
washing into water of  wild animal and livestock 
faeces due to heavy rain falls and floods. Different 
strains of  enteric viruses and protozoa will increase 
their concentrations in water bodies representing 
etiological pathogens not signaled by conventional 
faecal contamination indicators.

Several outbreaks have been reported due to 
groundwater contamination by pathogens as a con-
sequence of  drought, that has lowered the water ta-
ble, resulting in changes in underground water flows 
of  surface water into groundwater.

Increasing temperature could favor the growth of 
some pathogenic indigenous bacteria, like Vibrio 
parahaemolyticus, V. vulnificus and V. alginolyticus, 
which are already among the most common etio-
logical agents responsible for diseases transmitted 
by seafood consumption in US. Increasing tempera-
tures are expected to expand the range and increase 
the prevalence of  V. cholerae and cholera, whose 
diffusion will also be favored by the destructive ef-
fects of  floods and hurricane on water distribution 
systems.

Heavy rainfalls and floods will increase the re-
lease of  chemical constituents from minerals and 
their concentrations in natural waters, including 
that of  elements like As and F, that at high levels 
are dangerous for human health. Similarly they will 
increase concentrations of  precursors of  DBPs, 
leading to higher exposures through drinking wa-
ter consumption. Higher temperature in the oceans 
may increase human exposure to methyl mercury, 

especially in geographical areas where the popula-
tion diet is based on seafood, increasing the number 
of  people above the tolerable weekly intake defined 
by WHO.

Increased temperatures and floods will promote 
the formation rate of  DBPs.

Heavy rainfalls and floods will expand the distri-
bution of  freshwater cyanobacteria into brackish 
and coastal waters, by physical transport of  cyano-
bacterial blooms into estuaries and by altering the 
chemical and physical conditions of  those areas, ul-
timately affecting the composition of  phytoplank-
ton. These effects will increase the risk of  exposure 
of  seafood to cyanotoxins, which is going to be one 
of  the new scenarios of  exposure.

Also temperature will affect the geographical dis-
tribution of  tropical toxic species, that will move to-
wards temperate latitudes, where water temperature 
is expected to increase. Many deep eutrophic lakes 
are likely to be dominated by buoyant cyanobacte-
ria, by the protraction of  water stratification, which 
will prolong the period of  exposure.

Of course the above predictions do not consider 
the role of  management measures that can be imple-
mented to counteract the worsening scenario, espe-
cially to mitigate the effects of  extreme events. For 
these factors, the main focus is identifying regions 
most at risk of  flooding and preparing plans for re-
sponding and mitigating the main consequences, as 
stated in the European directive on management of 
floods [138].

Many Countries worldwide are strengthening their 
ability to cope with these events improving their 
early warning systems, vulnerability assessment and 
response plan to emergency, still we need a more 
coordinated approach among different operators 
(environmental, public and veterinary health, water 
managers, utilities sectors, land use managers) to 
counteract water unsafety.

WBDs health surveillance, post extreme events 
environmental and biota monitoring of  affected 
areas, efficiency of  waste water treatment are also 
crucial areas of  action for adaptation measures as 
well as training of  professionals involved at local 
level on new risk scenarios of  WBDs.

If  the increase of  temperature and extreme events 
is a result of  global warming due to human activi-
ties, losses, damages, increased burden of  diseases 
could continue rising indefinitely. Long term meas-
ures to counteract the impact of  climate change on 
human health rely on a sound strategy aimed at re-
ducing green house gases emissions.
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