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Freshwater is a vital resource. But subjected to the simultaneous effects of climate change, 
pollution and overexploitation, water resources have become fragile. Models are used to study 
the consequences of water preservation measures.

Rivers, lakes and wetlands, also referred to 
as freshwater hydrosystems, represent only 
0.6 percent of the world’s water but host 6 

percent of the total number of animal and plant 
species. As such, they are an important reservoir of 
biodiversity and play a key role in a variety of bio-
logical cycles. But they are as susceptible to climate 
change as the terrestrial ecosystems with which 
they are connected. They are vulnerable because 
climate change is happening on a global scale and 
because they are also submitted to the impact of 
human activities.

Increasing air temperatures will contribute to 
warmer water temperatures and disrupt water 
transfers through for example, a change in the date 
of snow melt. These transfers control not only the 
quantity of water in transit, but also the organic 
and mineral components being transferred.

This will change the soil composition and vege-
tation in the river watersheds (terrestrial systems 
with which the hydrosystem is connected). As a 

intensity of rainfall, the quantity and availability of 

water that reaches the hydrosystems will change. 

physicochemical conditions in their environment, 
for example declining concentrations of dissolved 
oxygen in water. 

It is essential that we study and understand 
the impacts of climate change on hydrosystems to 
suggest either mitigation or adaptation strategies. 
However, the variety and complexity of these im-
pacts hinder our ability not only to identify them, 
but also to predict their occurrence and intensity.

Presented here is a review of current research 
focusing on the adaptation of hydrosystems to cli-
mate change, bearing in mind that aquatic systems 

-
restrial ecosystems.

Impacts on water quantity
The reduction of fresh water availability is one im-
mediate consequence of climate change. In many 

used too intensively to ensure replenishment of the 
stocks. In the future, agriculture will require even 
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more water to satisfy an increasing hu-
man population (19 percent increase 
by the year 2050). As a result, more 
intense competition for access to water 
resources for agricultural, industrial, 
household, recreational and environ-
mental activities is anticipated.

Temperature increases stimulate 
both evaporation and evapotranspira-
tion (water loss by plants), which, com-
bined with a decline in precipitation, 
threatens hydrosystems with drought 
in temperate zones, for example in 
the marshes of western France. Water 

25 percent by the end of the century 
and this is also expected to come with 
longer low water periods. At the same 
time, extreme rainfall events should 

of high water. 
By reducing the quantity of water 

circulating in hydrosystems, climate 
change would also prompt a de-
crease in the hydrological connection 

(upstream, downstream, estuaries and 
tributaries), therefore enhancing habi-
tat fragmentation. 

Ecological adaptations
Increased average temperatures will 
cause a warming of water, the magni-
tude of which will vary depending on 
the altitude and water supply to the 
watershed. Between 1977 and 2006, 
annual average water temperatures 
in the Rhone river increased by 1.5° C, 
and summer temperatures taken from 
the middle of the Loire river rose by 
1.5° to 2° C. In Lake Geneva, as for 
a dozen of other Swiss lakes, deep 
waters have warmed by 1° C over 
40 years; the winter temperature of the 
total water mass rose from 4.5° C in 
1963 to 5.15° C in 2006.

Hydrosystems host numerous 
cold-blooded animal species, notably 

to temperatures. As such, global war-
ming of water may induce cascading 

populations faced with environmen-
tal changes depends on the species 
capacity to adapt. Adaptation may 
come from phenotypic plasticity (as, 
for example a change in shape or size, 
without modifying their genetic cha-
racteristics), or can arise from selection 
mechanisms triggering changes in the 
genetic composition of the population 
(provided the genetic variability wit-

For instance, triggers for reproduc-
tion, egg development and fry survi-
val in Arctic char (Salvelinus alpinus), 
require temperatures ranging between 
3 and 7°C. Warmer waters in winter 

would jeopardize reproduction and 
maintenance of Arctic char popula-
tions living in the Great Alpine Lakes 
in France, their southernmost habitat 
in Europe. In contrast, in these same 

reproduction in December is compen-
sated for by a shortening of the dura-
tion of its embryonic development and 

The decrease in individual sizes as 
observed for salmon population ap-
pears to be related to changes in both 
environments they occupy, i.e., increa-

Monitoring salmon populations
A significant increase in the growth of juvenile Atlantic salmon population over the last 
40 years has been observed in a small river in Brittany. It was initially attributed to the 
rise in water temperature due to climate change, but finally proved to be the result of an 
increase in productivity in the river correlated to inputs of nitrates. Additional studies over 
the past 20 years indicate that the primary factor affecting growth for salmonids in Brit-
tany is definitely not water warming. 

How consistently explore the effects of climate change on fish populations? Vir-
tual experimentation through model simulation provides important new insight. INRA is 
currently developing a simulation tool to study Atlantic salmon populations currently 
at risk in French rivers. This simulator integrates a diverse range of modalities for envi-
ronmental factors related to climate change and the processes linking the different life 
cycle phases. It will give the opportunity to explore how populations adapt both with and 
without genetic change.

First simulations showed that, in an initial phase, increasing river water temperature 
would promote the survival of individual fish, but that it can also lead to earlier sexual 
maturation, which tends to have a negative influence on survival rates. Virtual experimen-
tation also offers the opportunity to prioritize the various components of climate change 
relative to their effects. As such, for the next 30 years, changes in the hydraulic regime 
(notably flow) in rivers should be a higher concern for the persistence of salmon popula-
tions than rising temperatures.
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of the marine habitat combined with 
higher temperatures and altered water 

species adapt by modifying their spa-
tial distribution. Along the Rhone 
river, near Bugey nuclear power plant, 
thermophilic species, such as the bar-
bel and the dace, are gradually repla-
cing cold water species, such as chub, 
encountered further upstream. Al-
though there are several evidences of 

communities, predicting long-term 

in freshwater environments beyond 

these selected examples remains a 

Changes in hydrosystems

density (reaching a maximum at 
4°C, then lowering when tempera-
tures increase), climate change also 

layers, alternate with periods when 
the lake water mixes. But the relative 
duration and intensity of each of these 

Warmer springs have prompted stra-

-

The seasonal succession of plank-
tonic species has in turn been modi-

-
bacteria species, that are adapted to 
grow in deep waters where they face 
sedimentation, proliferated mainly in 
autumn. Nowadays, they appear at 
the end of the summer and have lon-

species, sometimes even toxic, they 
tend to accumulate at the bottom of 

lakes and disturb the supply of drin-
king water. Furthermore, changes in 

tributaries also contribute to limiting 

winter and oxygen replenishment in 
deep waters. As such, bottom deoxy-
genation in the Great Alpine Lakes has 
increased over the past 20 years, threa-
tening life in deep waters.

Changes in rainfall on watershed 
basins are also altering the quantity 
and nature of transported organic mat-
ter and nutrients. In northern Europe 
and in Britain, water in streams has 

become increasingly brown over the 

increasingly warmer and dryer sum-
mers, and to severe thunderstorms. 
Both of these factors contribute to an 
increased displacement of soluble ma-
terial from soils to streams. The sensi-
tivity of soils to erosion is expected to 
increase in the forthcoming decades, 
causing an increase of river sediment 

the transparency and quality of water, 
and will prompt a decrease in habitat 

Moreover, gas solubility, for carbon 
dioxide and oxygen, will decrease 
with rising temperatures, promoting 
both the risk of water deoxygenation 
and the release of extra carbon dioxide 
into the atmosphere.

Lastly, the rise in ocean levels 
will increase the risk of coastal areas 
becoming more or less covered by 
saltwater. If estuaries are invaded 
by saltwater, their essential role as 
nurseries for marine species will be 
altered, and a number of plant and 
animal species they normally host 
will disappear. Freshwater resources 
of coastal aquifers are also endange-
red due to salinization.

Climate change is already per-
turbing hydrosystems, but observed 
changes do not always result in a loss 
of biodiversity or in the quality of the 
environment. Over the course of the 

communities in large river systems 
has increased because of the presence 

Some of these species are invasive, that 
is, they multiply at the expense of local 
populations. Although this changes 
the biodiversity, the new species could 
reveal themselves to be essential in the 
future as they might be better adapted 
to changing environments. 

Added to accelerating climate 
changes observed for more than 50 
years, are local human pressures. 
Evaluating the respective roles of cli-
mate change and human pressures on 
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The estuaries and gulfs, such as this one shown in Riga, on the Baltic Sea, are at risk 
of disappearing. They will not be able to continue acting as nurseries for marine species.
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changes in ecosystems will be required 

actions for preserving hydrosystems.

Strategies for adaptation
Freshwater systems and the species 
they host have natural abilities to 
cope with climate change, particularly 
through population migration and 
adaptive capacities. However, exces-
sive human pressures (agricultural, 
industrial and urban) on the envi-
ronment reduce this adaptive poten-
tial. Consequently, these environments 
may deteriorate too rapidly for species 
to adapt, which would increase the 
vulnerability of hydrosystems.

Adaptation strategies are aimed at 
restoring or enhancing hydrosystem 
resilience facing climate change. The 

goal is to manage water availability 
and biodiversity in a way that would 
be economically viable but also based 
on resource sharing and optimized 
use. This can be done by saving water 
via technical actions (reducing lea-

(imposing progressive pricing to 
reduce water consumption), imple-
menting changes in practices (agri-
cultural, industrial or domestic) and 
making necessary adjustments for a 
more equitable and responsible distri-
bution of resources. In addition, terri-
tory development should be revisited 
to avoid concentrated exploitation in 
the same areas and to promote natural 
water management.

To ensure continuity in the water 
cycle and at the same time meet the 
needs of agriculture, water balance in 
soils has to be maintained. This is the 
balance between inputs (precipitation, 

-
-

ration at the ground level and through 
evapotranspiration, drainage). This 
can be achieved by slowing the speed 

through the limitation of impermeable 
zones, and through maintaining de-

-
plains, wetlands and stream courses.

Regarding biodiversity, natural 
adaptation mechanisms should be 

size and genetic diversity. Limiting 
exploitation of the most vulnerable 
species, controlling anthropogenic 
stressors (pollution, habitat destruc-
tion, introduction of invasive species) 
and maintaining or restoring migra-
tion routes, which support population 

connection and individuals exchanges 

or removing obstacles), are several 
ways of promoting diversity. Natural 
adaptation mechanisms can be facili-
tated through direct intervention, for 
example, by assisting migration for 
the most vulnerable species. It should 

-
tation strategy to date still lies in pre-
serving existing high quality habitats 
and in restoring those that have been 
degraded.

A vital resource
The adaptation of freshwater systems 
to climate change is a crucial issue, and 
its success will rely on the commitment 
of users as well as managers. Because 
there are so many ways by which cli-
mate change can disrupt hydrosys-
tems, it will be important to combine a 
variety of methods with temporal and 
spatial considerations (seasonal res-
trictions for water use, daily manage-
ment of rainfall, sustainable use of fer-
tilizers and plant protection products), 

global levels (watershed).
Considering that contradictory 

interests often exist, we will need 
to continue developing models that 
simulate both the behavior of hydro-
systems and the populations they 

-
ment measures intended to support 
their adaptation. These models will 
allow us to compare the impacts of 
recommended measures, whether 
they are designed for the protection 
or restoration of certain habitats or 
connectivity, and to enhance interac-
tions between all actors for whom, 
quite simply, water is vital.
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Severe thunderstorms foster soil erosion and 
increase sediment transport. As a result, 
water quality may be adversely affected.


