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Abstract 

Climate change is bringing more risk and vulnerability to water management in 
the Mediterranean-climate regions of the world. The islands are particularly vulnerable 
to changes on water resource. This work aims to study of the impacts climate change on 
watersheds and rivers, located in Corsica, France. Impacts on biodiversity, human 
health, agriculture, energy and tourism are studied. 

Temperature, rainfall, evapotranspiration and stream flow rate have been studied 
over the past 60 years. Due to the cumulated effects of rising temperatures, reduced 
precipitation in surnmer and the increasing scarcity of snow in winter, the annual flow 
of stream water has dropped by 20 to 30 % since the mid-1980s. In summer, there is a 
50 decrease. During a hydrological cycle, extreme events (high and low water levels) 
are more frequent and more widespread. The impact on water resources will be greater, 
mainly due to rising temperatures and evapotranspiration. The biodiversity of 
freshwater ecosystems is threatened too by climate change and the proliferation of non
native species. For example, in Corsica, 85 % of river fish are non-native. Human health 
is threatened by emerging or re-emerging infectious and vector-bome diseases 
(bilharzia, chikungunya, dengue, zika, etc.) fostered by higher temperatures. There is a 
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higher risk of the development ofinfectious and vector-borne diseases having an impact 
on human health. The increased proliferation of toxic cyanobacteria in reservoirs 
constitutes a danger for users of this water resource. More frequent proliferation of 
cyanobacteria in reservoirs constitute additional risks for users of water not only for 
recreational activities but also for domestic consumption (drinking water) or agricultural 
use (irrigation, watering of livestock). Agricultural water use has increased by 40 % in 
20 years. There is an impact on the energy sector when water levels in reservoirs are 
low, which undermines multiannual energy prograrnming. Rarity of water resources 
will lead to priee increases with economie consequences and an impact on tourist 
activity. 

Watershed management carries number of activities managing water resource to 
address the ever increasing problems with water resource. Therefore, watershed 
management could be one of the resilient tools to cope with clirnate change managing 
scarce water resource. 

Introduction 

Climate change is bringing more risk and vulnerability to water management in 
the Mediterranean-climate regions of the world. The islands are particularly vulnerable 
to the impact of changes on the water resource. Cors ica is an island with an area of 8680 
km2 and a population of 340 000 inhabitants. In the summer season (June-September), 3 
million tourists visit the island, with a peak of 1.2 million tourists around 15th August. 
There are 3000 km of rivers and streams in Corsica. The annual precipitation on the 
island is 8 billion of m3 (Mori et al., 20 17). Half of this resource disappears through 
evaporation or infiltration. The rainfall is unevenly distributed in space and time, with 
'Cevennes-like' episodes in autumn and a dry season extending to September and 
October (Orsini et al., 2017). The aim of this work is to study the impact of climate 
change on the watersheds and rivers of Corsica. The impact on biodiversity, human 
health, agriculture, energy and tourism are studied. 

Climate Change lndicators 

Air Temperature, rainfall, evapotranspiration and stream flow rate have been 
studied over the past 60 years. 

Temperature 

The annual patterns of temperature change at Ajaccio (20 rn asl.), Corte (436 rn 
asl.) and Bastelica (802 rn asl.) are presented in Fig. 1. The patterns of change in the 
annual average temperature show an increase, since 1970, of 1.1 oc in Ajaccio, 2.1 °C 
in Corte and 2.6 oc in Bastelica. At altitude, the impact of climate change seems more 
marked. The regression slope is significant with (i) 0.03 for Ajaccio, (ii) 0.05 for Corte, 
(iii) 0.07 for Bastelica. The temperature has increased by 7 hundredths oc per year at 
802 rn asl, whereas it only increased by 3 hundredths °C at sea level. 
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Fig. 1: Variation ofthe average temperatures. 

Precipitation 

The annual precipitation (rainfall and snowfall) shows wide variability, although 
the signal is rather unequal. It may be noted nevertheless that average annual 
precipitation was 627 mm before 1986 and 624 mm after 1986 for Ajaccio. For Corte, 
the precipitation was 804 mm before 1986 and 823 mm after 1986. In Bastelica, the 
precipitation was 1340 mm before 1986 and 1342 mm after 1986. It thus seems that the 
average annual precipitation is relative! y stable whatever the altitude. 

Evapotranspiration 

The stations chosen are the cities of Bastia and Ajaccio on the coast and Lake 
Nino at 1743 rn asl. (Fig. 2). 

It may be noted that within 40 years, the evapotranspiration rate increased from 
1000 mm to 1100 mm, or an increase of 10 %. That corresponds, as indicated by the 
regression slope, to an additional 2 to 3 mm /year. At altitude, the regression slope is 
more distinct. At Lake Nino, the evapotranspiration rate increased by 11.65 mm /year. It 
may thus be observed that the evapotranspiration rate increases with altitude. 

Q) 

"0 

·E 
~ 

1400 AJACCIO (20 rn as!.) 

1200 
y= 3,1088x- 5524,7 

R2 = 0 64 
1000 

800 

600 

BASTIA (10 m asl.) 
y= 2,8988x- 4859,1 ... . 

R2 ;:o. 0-,7·1 ...... 

400 

200 

0 
1960 1970 1980 

........... ·r-· -------
..... LAKE NlNO ( 1 743 rn asl. ) 

1990 

y= 11 ,657x- 22458 
R2 = 0,67 

2000 2010 2020 

Fig. 2: Evapotranspiration rate (mm) at Ajaccio, Bastia and Lake Nino since 1970. 
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Flow analysis 

The patterns of change in the flow rate of the ri vers Tavignano and Vecchio are 
presented in Fig. 3. Since the beginning of the 1980s, the variation in the average flow 
rate for the period 1960-1990 is from -1 to -3 m3.s_l for the Vecchio and from -5 to -10 
m3.s"1 for the Tavignano. 

The hydrological mode ofthese two waterways has been altered (Fig. 4); before 
1985 (time period 1960-1984), the mode was Mediterranean rain-snow type, and since 
1985 (time period 1985-2018) it has been Mediterranean rain mode. Before 1985, the 
hydrological mode was marked by (i) a high spring flow rate, related to snow melt and 
(ii) the summer minimum flow rate lasting 3 months. Since 1985, the hydrological 
mode has been marked by a summer minimum flow rate lasting 5 months, from June to 
October. The patterns of change in the daily average flow rate of the Tavignano in 2016 
clearly illustrate the impact of climate change on the hydrological mode of the 
waterways of Corsica, with (i) a minimum flow rate lower than 6 m3/s from May to 
October, and (ii) a strong increase in November and December, in particular on 
December 20th when the momentary maximum flow rate was 837 m3/s and the 
maximum river height observed during this flood event was 8.44 rn The amplitude and 
frequency of extreme events are very clearly on the increase. Thus in 2016, the period 
ofbaseflow in the Tavignano was 6 months. 

Worse still, in 2017, for the River Solenzara (Southern Corsica), the baseflow 
period was 7 months, from March to September. A similar situation may be observed in 
ail the waterways in Corsica. Due to the accumulated effects of rising temperatures, 
reduced precipitation in summer and the increasing rarity of snow in winter, the average 
annual flow rate of stream water has dropped by 20 to 30% since the mid-1980s. In 
summer, there has been a 50% decrease. During a hydrological cycle, extreme events 
(high and low water levels) have become more frequent and more widespread. 

15 5 
Vecchio 

Tavignano 4 

~-~ ~-~-E 
10 3 

5 2 
.., 1 

""a o So -r 1,~-. -5 -1 
-2 

-10 -3 

-15 -4 
\0 \0 \0 \0 ...... \0 \0 

\0 \0 t'- t'- 00 00 0\ 0\ 0 0 -0\ 0\ 0\ "' 0\ "' 0\ 0\ 0 0 0 0 

Fig. 3: Flow rate (m3
) ofTavignano and Vecchio compared to the average. 
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Fig. 4: Annual hydrological flow of the River Tavignano. 

The Impact on Biodiversity Fishes 

The biodiversity of freshwater ecosystems is also threatened by climate change 
and the proliferation of non-native species. The rivers and streams of Corsica are 
dorninated by three species of fish: trout (Salmo trutta), eel (Anguilla anguilla) and 
river blenny (Salariafluviatilis). The common trout is a Salmonidae species originating 
in Eurasia and North Africa. It is widespread throughout Europe. Genetic studies (Krieg 
and Guyomard, 1985; Berrebi, 1995) have shown the existence ofseveral genetic types. 
In mainland France, we may distinguish the Atlantic strain ( domesticated and bred in 
fish farms) and the Mediterranean strain. 

ln Corsica, in addition to the Atlantic and Mediterranean strains, we may note 
the occurrence of an endemie Corsican strain belonging to the sub-species macrostigma. 
The European Habitat directive 92/43CEE, in Annexe II, classes Salmo truffa 
macrostigma as a "species of Community interest". 

The eel is an amphibiotic catadromous species. lt leaves the continental and 
coastal waters and undertakes a transoceanic migration to breed in the Sargasso Sea, 
thought to be its only spawning site. In the rivers and streams of Corsica, the eel has 
been recorded up to altitudes of 1 1 OOm (Roché, 2001 ). 

The river blenny is a fish that is found throughout the Mediterranean area, more 
common in Corsica than on the mainland (Kiener, 1985). This species occurs in the 
main coastal rivers up to 200m altitude (Roché, 2001). These three native fish species 
are distributed in the waterways of Corsica according to a four-level altitude-based 
zoning pattern: 

• The upper trout zone, above 800 rn altitude, is dominated by the trout; the eel is 
often not present. 
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• The lower trout zone, between 800 and 200 rn altitude, where the community is 
composed of trout and eel. 

• The eel zone, below 200 rn altitude, is dominated by the eel which cohabits with 
the river blenny; the numbers oftrout have declined considerably. 

• The marine influence zone includes the estuary and the part of the river subject 
to the inflow of salt water. In addition to eel and stickleback ( Gasterosteus 
aculeatus) , there are also amphiotic anadromous species which migrate from the 
sea towards the inland waterways to breed: twaite shad (Alosa fallax), atherina 
(Atherina boyeri), European seabass (Dicentrarchus labrax), thicklip grey 
mullet (Chelan labrosus, Liza aurata, Liza ramada, Mugi! cephalus). 

The freshwaters of Corsica have become home to numerous introduced species 
(Roché, 2001) over the course of the 20th century (Fig. 5): common sturgeon 
(Acipenser sturio), northern pike (Esox lucius), crucian carp (Carassius carassius), 
goldfish (Carassius auratus) , European carp (Cyprinus carpio), chub (Squalius 
cephalus), common roach (Rutilus rutilus) , gudgeon (Gobio gobio), Eurasian ruffe 
(Gymnocephalus cernuus), minnow (Phoxinus phoxinus), channel catfish (lctalurus 
punctatus), common rudd (Scardinius erythrophtalmus), zander (Sander lucioperca) , 
wels catfish (Si/urus glanis ), tench (Tinca tinca ), European perch (Perca fluviatilis ), 
largemouth bass (Micropterus salmoides). These introduced species have been recorded 
in the lower reaches of rivers impacted by the exploitation of gravel pits and in sorne 
artifical reservoirs managed by Electricité de France or the Office d 'Equipement 
Hydraulique de la Corse. 

The eastern mosquitofish ( Gambusia holbrooki) was introduced in the 19th 
century as part of an anti-malaria campaign. A common sturgeon farming facility was 
opened in 1973 on the banks of the Gravona. A devastating flood swept the facility 
away in the 1980s, but the sturgeon became acclimatised in this river.The brook trout 
(Salvelinus fontinalis) was introduced in 1970 in a few high altitude lakes. The rainbow 
trout (Oncorhynchus mykiss) is regularly released in the waterways of Corsica just 
before the opening of the fishing season by the Fédération Interdépartementale de 
Pêche et de Pisciculture. Finally, in Cors ica, 85% of river fish are non-native. 
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Fig. 5: Accumulated number ofintroduced species offish in Corsica since 1900. 
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Fig 6: Patterns of change in the max. water temperatures in the Tavignano (10 rn asl.). 

Patterns of temperature change in waterways may exp1ain the acclimatisation of 
new species and changes in the range of distribution of local and introduced species. 
Fig. 6 shows the patterns of change in the maximum temperatures in the River 
Tavignano at 10 rn asl. The maximum temperature of the river water is increased by 8 
oc in 60 years. This must have an impact on the fishes and on the other animal and 
plant species that populate the river. Owing to climate changes, the rise in temperatures, 
the drop in flow rates and the alteration of the hydrodynamic regime, the limits of the 
range of distribution have been altered, as is the case for eel and minnow: 

Eel: 
Minnow: 

Emergent Diseases 

before 1980 (900 rn); since 2000 (1 300 rn), 
before 1990 (200 rn); since 2010 (600 rn). 

Mosquito related disease 

The tiger mosquito (Aedes albopictus) occurs throughout Corsica since 2016. 
This species is even present in all highland areas over 800 rn asl. lt has even been found 
since 2018 in the Paris area and it occurs in 70% ofthe territory of France. This insect 
is the vector of several viral diseases, the incidence of which has thus progressed in 
parallel with the spread of the mosquito. This is the case for dengue fever, chikungunya 
and zika. These are 'arboviruses', that is diseases transmitted by insect stings. Since 
2010, in France, 12 episodes of local transmission have been recorded, nine of dengue 
fever and three of chikungunya, resulting in a total of 54 local cases, 23 of dengue fever 
and 31 of chikungunya. In Corsica, a few cases have been recorded each year, for 
example in 2018 in Southern Cors ica. The first studies in Corsica date from 2009 
(Moutailler et al., 2009) . 

Human health is threatened by emerging or re-emerging infectious and vector
borne diseases fostered by higher temperatures like malaria, chikungunya, dengue, zika, 
etc. 
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Bilharzia or sn ail fever 

The appearance of bilharzia in Corsica is the first tangible example in Europe of 
the impact of global changes on the emergence of infectious diseases that have affected 
other continents. Schistosomiasis, or bilharzia, is a tropical and subtropical parasitic 
disease caused by parasites that live in human blood vessels and are transmitted by a 
specifie freshwater mollusc, Bulinus truncatus. Human infection is triggered by the 
transcutaneous penetration of the infectious larval stage of the parasite emitted by the 
vector mollusc in bathing water. Several cases have been reported in the south of 
Corsica in 2013, 2014, 2015, 2016, 2017 and 2018. The two rivers where cases have 
been reported are the Cavu and the Solenzara. The parasite found in the Cavu is a 
hybrid between the form Schistosoma haematobium which is a parasite of man and the 
primates, and a parasite infecting cattle and rodents (S. bovis) (ANSES, 2018). 
Phylogeographical analysis has shown that this hybrid cornes from West Africa. 
Recently, this hybrid form has been detected in Northem Senegal (Catalano et al., 
2018). The hybrid character of the parasite endows it with enhanced adaptive capacities 
which it has acquired in comparison with the 'pure' forms. 

There is a convergence of two phenomena. The flux of human populations 
(tourism and migration) and the increase in the temperature of freshwaters make the 
environment propitious for the installation of the parasitic cycle. The temperatures of 
the rivers in Corsica have increased by 1 to 2°C on average over the last 50 years. They 
regularly exceed 33°C in the lower reaches of rivers in summer. We do not know the 
capacity of the hybrid schistosoma to adapt to the molluscs occurring in Southem 
Europe. Will the parasite be able to survive all year round in our latitudes? What is the 
pathogenicity of the hybrid schistosoma in humans (Boissier et al., 2015)? In addition to 
vector-bome diseases, transmitted by mosquitos, such as dengue fever and 
chikungunya, the emergence of bilharzia in Corsica requires that we also take into 
account the tropical diseases transmitted by vector molluscs. 

Cyanobacteria 

Cyanobacteria blooms in freshwater ecosystems has shown a strong progression 
worldwide over the past decades. Cors ica has been particularly affected in most of the 
lakes and reservoirs destined for agricultural or domestic uses (Orsini and Mori, 2013). 
The cyanobacteria proliferate when the environmental conditions are favourable. They 
are then in competition with the other phytoplanktonic organisms occurring in the 
water. Because of their extensive adaptative capacities, the cyanobacteria generally 
dominate the phytoplankton during blooms. Environments with stagnant or slowly 
flowing freshwater, such as water bodies, natural or artificiallakes, which are often the 
environments affected by eutrophisation, are the most exposed to massive developments 
of cyanobacteria. 

The period most favourable for bloom episodes extends from the summer to the 
beginning of auturnn. The development of cyanobacteria may have an incidence on the 
quality of the water, since certain cyanobacteria possess the ability to produce 
cyanotoxins, hepatotoxins and neurotoxins. Animais, in particular dogs, die each year in 
France after the consumption of water rich in cyanobacteria. The proliferations of 
cyanobacteria, when they are particularly massive, have a range of effects: ecological, 
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human health and economie. There is a serious health risk (according to the type of 
toxin and its concentration in the water) when a cyanobacteria bloom occurs in a water 
body used for the supply of drinking water, for watering animais, for fish farming or for 
leisure activities. In the reservoirs of certain dams in Corsica, the high phosphorus 
concentration in the sediment and the high surnmer water temperature of the epilimnion 
may explain the proliferation of the cyanobacteria. Fig. 7 shows the occurrence of 
cyanobacteria in a lake, Lake Codole, over a seven year period from 2007 to 2013. It 
may be noted that a rate of one million cells/ml was exceeded each year and 
increasingly late in the year, until November. Even the threshold of 100 000 million 
cells per ml was passed in 2012. Today, we may note an increase in the frequency and 
amplitude of the cyanobacteria blooms. One of the consequences of climate change is 
the increasingly early occurrence of the proliferations of these microorganisms. In 
addition, the appearance of the thermocline as earl y as the month of May results in the 
stratification of the artificiallake that favours a decline in the oxygenation of the waters 
at the bottom of the reservoir, which results in the release of the phosphorus stocked in 
the sediments. This enrichment in phosphorus of the water is one of the factors in the 
proliferation of cyanobacteria. The study of the population of Microcystis aeruginosa 
shows the dominance of this species, which had a density of more than 81 million cells 
per millilitre on 24/10/2012. The proliferation of this species, of which the growth rate 
is optimum when the temperature if the water increases, should be related with the 
increase in the air temperature, one of the consequences of climate change. 

The increased proliferation of toxic cyanobacteria in reservoirs constitutes a 
danger for users of this water resource. The more frequent proliferation of cyanobacteria 
in reservoirs constitutes additiona1 risks for users of water not only for recreational 
activities but also for domestic consumption ( drinking water) or agricultural use 
(irrigation, watering oflivestock). 
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Fig 7: Occurrence of cyanobacterial blooms ( cells per ml) in Lake Codole. 
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Fig. 8: Water consumption for agricultural and domestic uses. 60 million m3 ofwater is 
stocked in reservoirs for hydroelectricity. 

Agricultural Water 

According to the plan for adaptation to climate change in Corsica (20 18), 
episodes of agricultural drought will be more intensive, more frequent, more severe and 
longer-lasting. The consumption of water for agricultural purposes has increased in 
Cors ica since 1980 (Fig. 8). The part of the water used for domestic purposes is stable. 
It will be noted that the part of the water destined for agricultural purposes increased 
from 60 to 80 million m3 in 30 years. Every 10 years, agriculture consumed an extra 7 
million m3 of water. This might in due course lead to conflicts over water use with other 
sectors such as tourism. The increase in evapotranspiration means that greater use of 
irrigation is required. Even if irrigation techniques have progressed, the crops cultivated 
have often not changed. The cultivation of maize might be called into question because 
of its excessive consumption of water during periods of hydrie stress. It will be noted 
that maize is still subsidised by the European Union. This should trigger interest in the 
Mediterranean regions. 

1t is essential to move towards a rapid shift in practices and types of crop. 
Sorghum, for example, which consumes less water, might be a solution to replace maize 
as cattle fodder. 

Energy and Hydropower 

Hydraulic energy is the leading source of renewable energy, accounting for 22 
% of electricity production in Corsica. The total annual production of electricity is 2 196 
GWh. 60 million m3 of water is stocked in reservoirs for hydroelectricity. Flow rates 
have dropped by 30% in all the waterways in Corsica. This of course hasan impact on 
the filling rate of reservoirs. lt results in an increase in the part accounted for by heating 
systems, in particular the use of fuel. The annual production of hydroelectricity ranges 
from 400 to 550 GWh, but in 15 years, from 2003 to 2017, there were 6 years (almost 
one year out of two) when the hydraulic production was lower than 300 GWh because 
of the shortage ofwater in the rivers. The low snowfall on the hills heralds for the years 
to come low flow rates in the rivers and limited hydraulic production. 
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Because of climate warming and the mild winters, the savings on energy for 
heating are a reality. But we must bear in mind the increase in energy consumption 
during the summer because of tourism activity and the spread of air conditioning. The 
maximum power required of the network in winter ranges from 400 to 450 MW. In 
summer, it is close to 350 MW, with a record of379 MW in August 2017. This increase 
in the summer electrical consumption has an impact on the production costs. In Corsica, 
the mean annual cost is 200 €/MWh, but it varies from 150 €/MWh in February to 250 
€/MWh in August when the hydraulic production is very low and fuel-burning systems 
represent 60 % of the total production of electricity. 

All in all, the paradox is that Corsica is heading towards more carbon-heavy 
energy use, since the difficulties of the hydro-electricity sector jeopardise the multi
annual energy programme. 

Conclusion 

Corsica is the Mediterranean island that is richest in water, despite a deficit of 
regular rainfall and periods of intensive drought. Two of the consequences of climate 
change are the increase (i) in the annual average temperature of the air and (ii) in the 
evapotranspiration. The modification of these two parameters involves a deficit of the 
water resources which results in a fall of the flow rate of the waterways and a change in 
the hydrological mode. 

Despite the absence of any clear . trend re garding the precipitation, a warmer, 
dryer climate results in a decline of the flow rate, with in particular the aggravation and 
prolongation of the baseflow periods. The replenishment of underground waters by 
precipitation and infiltration from the waterways will probably also decline. In 
consequence, the water resource will tend to become scarcer under the combined effect 
of these factors. Scarcity of water resources will lead to priee increases with economie 
consequences and an impact on tourist activity. W atershed management involves a 
range of activities to manage the water resource in order to address the ever increasing 
problem of water resources. Thus, watershed management could be a resilient tool to 
cope with the management of scarce water resources in the face of climate change. The 
pathogen microorganisms (bacteria, viruses, parasites) and vector-borne diseases are an 
increasing threat to ecosystems and to humanity. 

A range of solutions might be envisaged such as saving water, reducing leakages 
from the water network, the use of micro-sprinklers and drip irrigation, the search for 
alternative resources in each micro-region: underground water, the reuse of treated 
sewage water; irrigation and the replenishment of ground water, the construction of 
small hillside reservoirs, the selection of Mediterranean species ('dry' cultivation), the 
involvement of the local inhabitants in governance. In the end, while technical solutions 
are available, the solution is nonetheless essentially a political one. 
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