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Abstract 

As we move into the twenty-first century, global economic prosperity is driving the 
consumption of energy to grow faster and faster. Hydropower, which is presently the only large 
scale renewable alternative to fossil fuel generation, is increasing its share in the world Total 
Primary Energy Supply. Hydropower projects are popular and increasing in number and scale, 
mainly because they are regarded as renewable, clean, with less impact than other options and 
generate less greenhouse gas. But this point of view is under challenge. Hydropower projects 
can lead to changes in the riparian ecosystems and may affect the biodiversity, making the 
project not sustainable. The impact of hydropower on the riparian ecosystems has been studied 
intensively by many scientific communities but the mechanisms are not fully understood 
especially in the special field of groundwater. This study was made in order to give future 
researches on this subject a systematic and integrated view of the impact of hydro projects.  The 
study is a comprehensive literature review of  physical, physical-chemical changes of the river 
water, and the groundwater as well as of accompanying changes in the ecosystems. 
Hydropower projects can change the flow pattern and flow regime of the river water, the 
hyporheic exchange, the thermal properties of the river water, and the transport of nutrients and 
metals. The properties of the river-near groundwater can also be changed. The comprehensive 
result of these changes is the change in the riparian ecosystems, such as disturbing the fish 
migration paths, reducing the activity of the floodplain and riverbed, destruction of habitats, 
changes in the riparian communities and so on. Today most studies regarding to this topic are 
focusing on the changes in the ecosystems and not the physical and chemical changes in the 
river water which are very important and are the causes of the changes in the ecosystems. It is 
worth noticing that impact on the groundwater has been underestimated. Now the groundwater 
dependent ecosystems are attracting more attention and the impact of river regulations on the 
groundwater calls for more research.  

 



   4 
 

Table of Contents 

1  Introduction ............................................................................................................................... 5 

1.1  The World Situation of Hydropower Projects .................................................................................5 

1.2  Benefits of Hydropower and the Dilemma .....................................................................................7 

1.3  Aims and Scope .............................................................................................................................9 

2  Impacts of River regulation...................................................................................................... 11 

2.1  Impacts on Physical Properties of River Water.............................................................................11 

2.1.1  Impacts on Flow Regime...................................................................................................11 

2.2.2  Impacts on Thermal Properties ..........................................................................................12 

2.2  Impacts on River Geochemical Parameters ..................................................................................15 

2.3  Impacts on Groundwater and Hyporheic Exchange......................................................................17 

2.3.1  The Importance of Hyporheic Exchange ...........................................................................17 

2.3.2  Changes in Hyporheic Exchange .......................................................................................18 

2.3.3  Approaches to Measure the Hyporheic Exchange..............................................................19 

2.4  Impacts on the Transport of Metals, Nutrients, and Turbidity ......................................................21 

2.5  Impacts on Riparian Ecosystems ..................................................................................................22 

2.5.1  Riparian Ecosystems and Research Directions ..................................................................23 

2.5.2  Possible Changes of Ecosystems .......................................................................................24 

2.5.3  Groundwater Dependent Ecosystems ................................................................................26 

3  Conclusions and Future Studies ............................................................................................... 28 

4  References ............................................................................................................................... 29 

 



   5 
 

1  Introduction 

1.1  The World Situation of Hydropower Projects 

As we move into the twenty-first century, global economic prosperity is driving the 
consumption of energy to grow faster and faster. The vast majority (80%) of energy today is 
provided from fossil fuel sources, i.e. coal, gas and oil; but there are growing global concerns 
regarding the lack of sustainability of these forms of energy that bring into question their use in 
a long-term energy strategy (IHA et al., 2000). Hydropower, which is presently the only large 
scale renewable alternative to fossil fuel generation, provides approximately 19% of the 
electricity produced worldwide (IEA Energy Statistics, 1995). The first hydropower plants were 
constructed in the 1890s, and hydropower became an important new benefit that could be 
derived from a country's water resources (Koch, 2002). Energy produced by hydropower plants 
has been increasing in the past 3 decades and in 2007, hydropower generated 264.74 Mtoe 
(million tons of oil equivalent) of electricity, 2.2% of the world's total energy production, and 
about 3.3% of global final energy consumption (IEA, 2009).  

 

Figure 1. World total primary energy supply (TPES): Evolution from 1971 to 2007 of world 
total primary energy supply by fuel. (IEA, 2009) 
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Figure 2. 1973 and 2007 fuel shares of TPES. (IEA, 2009) 

Hydropower has a major macro-economic impact in 65 countries where it supplies more than 
50% of the national electricity production (Koch, 2002), and even more in 32 countries where it 
supplies more than 80% (IHA et al., 2000). In spite of electricity production, in more populated 
areas, hydro projects are often multi-purpose projects in which irrigation, flood control, 
navigation or recreation may be more important objectives, and electricity generation is only a 
fifth or sixth priority (Koch, 2002). 

Approximately 40,000 large dams with a height of more than 15 m and 900,000 smaller ones all 
over the world are now keeping back two-thirds of the fresh water flowing into the oceans 
(Petts, 1984; McCully, 1996). There are many other additional rivers which are constrained by 
artificial constructions (Nilsson and Berggren, 2000). About 10,000km3 of water is kept back 
by dams on the Earth (Nilsson and Berggren, 2000). These various hydro projects, which are 
built to achieve different purposes like agriculture irrigation, domestic purposes, 
hydroelectricity, and flood protection, have changed the ecosystem structures and processes in 
running waters and related environment all over the world (Nilsson and Berggren, 2000). The 
number of large dams in the world has increased sevenfold from 1950-1986, up to about 39,000 
and the usable man-made reservoir capacity in the relation to annual river runoff is about 9% on 
a world basis, 10% in Europe, and 22% in North America (Dynesius and Nilsson, 1994).  

The world’s total technical viable hydro power potential is estimated to be about 14,370 TWh 
per year, of which about 8080 TWh per year is presently considered economically possible for 
development (IHA et al., 2000). About 2600 TWh per year is already use, and further 108 GWh 
per year is under construction (IHA et al., 2000). A large amount of the remaining potential is 
found in Latin America Africa, and Asia: 
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Table 1. The world’s feasible hydro potential, both technically and economically (IHA et al., 
2000). 

Regions 
Technically feasible potential 

(TWh/year) 
Economically feasible potential 

(TWh/year) 
Africa 1750 1000 

Asia 6800 3600 
North + Central 

America 
1660 1000 

South America 2665 1600 

 

1.2  Benefits of Hydropower and the Dilemma 

One of the most important reasons for the widespread use of hydropower is that many regard 
hydropower as a cheap and domestic energy source which is renewable, clean, and has less 
impact on the environment than the alternatives (Bourassa, 1985; Kaygusuz, 1999; IHA et al., 
2000). A review by Rosenberg (1995) pointed out that the most often heard claims in support of 
large scale hydroelectric development were:  

(1) Hydropower generation is clean. 
(2) Water flowing freely to the ocean is wasted. 
(3) Local residents (usually native) will benefit from the development.  

Yet this point of view is still under debate. Though hydropower is the major source of 
renewable electricity production and as such provides major global environmental benefits, it 
also generates significant local social and environmental aspects impacts  (IEA, 2000; IHA et 
al., 2000).  

Natural rivers and their riparian zones, represent the most complex, diverse, dynamic, and 
comprehensive ecosystems of the world (Naimen et al., 1993), and they play key roles in the 
regulation and maintenance of biodiversity in the landscape (Dynesius and Nilsson, 1994). At 
the same time, the damming of rivers has been recognized by many as one of the most dramatic 
and widespread deliberate impacts of humans on the natural environment (e.g. Petts, 1984). 
Hydropower raises specific environmental issues, related to the transformation of river flow 
patterns and land use, and can finally have negative effects on aquatic and riparian ecosystems 
(IEA, 2000; Koch, 2002). These disadvantages have to be weighed against the advantages 
(Koch, 2002). 

The dilemma is that the benefits and impacts of river regulation projects are still not fully 
understood. Scientists, None Government Organizations (NGOs) and other professional groups 
such as the International Commission on Large Dams (ICOLD), International Hydropower 
Association (IHA) and the International Energy Agency (IEA) have written extensively about 
this issue. The main impacts of hydropower projects can be concluded as follows: The dams on 
rivers can change the flow regime, the characteristics of the river flow, and the physical and 
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chemical parameters and also the river morphology, which can severely affect the structure and 
function of the relative ecosystem (Mao, et al., 1994). Damming and diversion have greatly 
changed the flowing waters as well as the conditions for riparian and aquatic organisms (Bain 
and Finn, 1988; Brittain and Saltveit, 1989; Nilsson, et al., 1991) in three major ways: 
organisms adapted to natural water-stages and natural flow regime are impoverished due to 
changes or destruction of their natural habitats (Nilsson, et al., 1997; Dynesius and Nilsson, 
1994), the capacity of each river to serve as a corridor is decreased, and the riparian zone filter 
function  (between aquifer and aquatic systems) is greatly modified (Dynesius and Nilsson, 
1994). In some projects with reservoirs where the designing and management of the project is 
not satisfactory, severe results, such as interception of river water and water pollution can 
emerge (Mao, et al., 1994). 

However, IEA Implementing Agreement for Hydropower Technologies and Programmes (2006) 
concluded that in spite of the disadvantages of hydropower projects (e.g. unfavourable effects 
on the river and its shoreline ecosystems, as well as on the communities in the project area), 
most hydro power projects bring essential benefits to society; renewable and sustainable 
electricity which generates insignificant amounts of noxious emissions and greenhouse gases. 

To achieve a sustainable use of the water resources and to diminish the impact of river 
regulations on the river-near ecosystems, it is essential to include in the design of the project the 
restoration measures about land use, ecosystem and stream flow changes (Mao, et al., 1994; 
Dynesius and Nilsson, 1994). So in the planning and design of new hydro projects, and in the 
improvement of existing installations, it is important to avoid such negative effects, or to take 
mitigation measures to reduce them as much as possible (IEA Implementing Agreement for 
Hydropower Technologies and Programmes, 2006; WCD, 2000).   

Hydropower industry practitioners design and implement a large number of environmental and 
social mitigation measures within the context of hydroelectric projects. However, the 
effectiveness of such measures is relatively unknown (Trussart et al., 2002). Besides, 
environmental and social impacts of hydropower projects are very different from one project to 
another (IEA Implementing Agreement for Hydropower Technologies and Programmes, 2000). 
The diversity of hydropower projects in size and nature sets it apart from most other electricity 
production technologies. In these cases the weighing of benefits against costs becomes difficult 
and often controversial (Koch, 2002). So far, there seems to be no example of a 
water-regulation project for which the effect on riparian processes have been described in 
reasonable detail before construction; all developments have been pursued with little 
understanding or appreciation of ecological consequences to riparian zones (Naiman, et al., 
1993). 

We must look at proposed water development projects in a much wider setting in order to 
improve future development outcomes – “A setting that reflects full knowledge and 
understanding of the benefits and impacts of large dam projects and alternative options for all 
parties” (WCD, 2000).  
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Among all these, the modification in water quality is the most difficult to mitigate (Trussart et 
al.,, 2002), which requires more investigations on this issue and more understanding on the 
mechanisms to evaluate the changes caused by already built projects and to predict the 
outcomes of planned projects (Nilsson and Berggren, 2000). 

Today, more than 75% of the total  runoff  of the 139 largest river systems of Europe, North 
America, north of Mexico and of the republics of the former Soviet Union is strongly or 
somewhat influenced by fragmentation of the river channels by dams and by water regulation 
(Dynesius and Nilsson, 1994). This is a combined result of reservoir operation, diversion of 
water between different basins, and water withdrawal for irrigation (Dynesius and Nilsson, 
1994; Nilsson and Berggren, 2000). The only free-flowing large river systems are fairly small 
and almost all situated on high latitudes, e.g. the 59 medium-sized river systems of 
Fennoscandia and Denmark (Dynesius and Nilsson, 1994).  Many sorts of river ecosystems 
have therefore varnished and  populations of many riverine species have become very 
fragmented so to improve the conservation of biodiversity and the sustainable use of these 
water resources, immediate action is required according toDynesius and Nilsson, (1994).  

Rivers are today, by ecologists, regarded as mediators of communication in several different 
dimensions: between the river and the receiving sea, between the main river channel and its 
tributaries, between the river’s source and mouth, between the river and the atmosphere and 
also between the river and hyporheic water and the terrestrial surroundings (Ward and Stanford, 
1983; Ward and Stanford, 1987;  Decamps, 1993; Dynesius and Nilsson, 1994).  

Therefore, studies and evaluations of the environmental impacts of human activities as well as 
strategies for river conservation should focus on all these subjects and use the whole river basin 
as the basic functional unit of river landscape (Lotspeich, 1980). 

1.3  Aims and Scope 

River regulation is thus widespread and by many seen as a clean and renewable source of 
energy. However, benefits and impacts of river regulation projects are still not fully understood. 
Both older and recent studies have shown that river regulation has large impact on the flow 
regime of river water, compositions and qualities of river water, river near groundwater, and 
riparian ecosystems. The overall aim with this study is therefore to review studies of river 
regulation impacts. The specified goals are to summarize observed effects on: 

•       River physics (river fragmentation and flow regulation) 
•       River water composition (temperature and geochemistry) 
•       River water and groundwater exchange (hyporheic exchange) 
•       Ecosystems (floodplain landscapes, groundwater dependent ecosystems)  

Hydro projects and river regulations also have large social impacts. Any infrastructure 
development inevitably involves a certain degree of change. Hydropower development 
profoundly affects the local residents in number of ways like relocation, encroachment and 
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harvest disruption. However these effects are beyond the scope of this study.  River regulation 
will also influence receiving lakes and seas since the river water from regulated rivers will have 
altered seasonal pattern and different physical and geochemical composition than water from 
pristine rivers, but this effect of river regulation is not covered in this paper. 
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2  Impacts of River regulation 

The human activities on rivers can mainly be divided into two kinds: channel fragmentation and 
flow regulation. As for channel fragmentation, all dam-induced fragmentation of the river 
channel corridor should be included since all dams except low weirs may have a fragmentation 
effect (Dynesius and Nilsson, 1994). And for flow regulation, there are mainly three types of 
human manipulations of the flow regime: reservoir, intersystem water transfer, and irrigation 
consumption (Dynesius and Nilsson, 1994).  
 
The direct impact of river regulation can mainly be divided into two branches: physical impact 
and chemical-physical impact. Physical impact includes the change in water temperature, river 
flow regime and turbidity. Chemical-physical impact mainly refers to the changes in the 
geochemistry parameters (pH, DO, etc.), the changes in transport of nutrients and also the 
changes in hyporheic exchange. And the final and integrated impact, both immediate and those 
complicated effects which will show over certain time period or even hard to predict, is the 
impact on the riparian ecosystem (Nilsson and Berggren, 2000; Jansson, et al., 2000).   

2.1  Impacts on Physical Properties of River Water 

2.1.1  Impacts on Flow Regime 

The most immediate result of hydropower projects on the river is the change in the flow regime 
of the river water, including the changes in seasonal discharge and the flow peaks. 

Many large reservoirs are operated in such a way that flow downstream becomes more constant, 
eliminating large spates or severe droughts (Neel, 1963; Ward, 1976). By increasing the water 
level fluctuations in the reservoir, the downstream river flow is accordingly smoothed out 
(Nilsson and Berggren, 2000). Welcomme (1979) described this as a change from ‘flood-rivers’ 
to ‘reservoir-rivers’. Due to river regulations, the rapids are diminished in rivers and the former 
free flowing rivers are turned into chains of storage reservioirs and impoundments (Nilsson and 
Berggren, 2000). 

A most common and direct downstream effect of a large dam is that the flow is smoothed out 
and thus the flow peaks are diminished, which results in a reduced flood frequency and 
sometimes that the flood is displayed in time (Petts, 1984). This change is due to the release of 
the water stored in the man-made reservoir. The storage of the discharge from high-altitude 
catchments leads to a decreased summer discharge and reduced frequency of flood events, 
favoring clogging tendency in the river bed (Fette, et al., 2005). In winter, water released from 
the reservoir will increase the winter discharge.  
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In most cases, the water released from the reservoir attributes more to the winter discharge than 
to the summer discharge. Canton Valais in Switzerland is a typical example of this phenomenon. 
Several large hydroelectric power projects were realized at Canton Valais, among them is the 
largest hydroelectric power plant in Switzerland. It contains a reservoir with a volume of 0.4 
km3 and generates electricity of 2100 GWh per year (Fette, et al., 2005). When hydropower 
operation started in 1950s, the average winter discharge increased drastically. In the 1980s, the 
winter discharge has been increased by approximately 100%  (Loizeau and Dominik, 2000). On 
average, about half of the total winter discharge, but only one fifth of the summer discharge 
comes from the hydropower plants (Loizeau and Dominik, 2000). 

Besides, the construction of large reservoirs often increases the evaporation losses and can 
further more reduce the downstream discharge (Nilsson and Bergrren, 2000).  

2.2.2  Impacts on Thermal Properties 

Change in thermal properties is one of the most immediate effects of river regulation and hydro 
power projects. Reservoir construction and associated regulation of the downstream water 
course are powerful examples of how human activity can modify the thermal regime of rivers, 
often with significant ecological repercussions (e.g. Sylvester, 1963; Ward and Stanford, 1979; 
Petts, 1984).  

2.2.2.1  Causes of Temperature Changes 

There are mainly three reasons for the temperature change caused by river regulations: 
stratification in the reservoir, the increased water surface for solar energy, and river regulation 
induced changes in ground water fluxes. The regulation of water temperature in a reservoir 
depends upon the volume and temperature of the entering water the reservoir, the volume and 
temperature of the impounded water, ground-water conditions, the morphometry 
(volume/depth ratio) of the reservoir, the location of the outlets for water withdrawal, and the 
rate of water withdrawal (Gore and Petts, 1989).  

Stratification in the reservoir  

Stratification has been often mentioned as the major reason of the changes in river temperature 
after regulations (e.g. Mao, 1994; Webb and Walling, 1996). The physical characteristics 
associated with water temperature have major effects on the hydrodynamic distribution of 
water being impounded because of its variable density at different temperatures (Gore and Petts, 
1989).  An example of temperature variations with depth in a reservoir in Northern Sweden is 
shown in Figure 3 along with the corresponding variations in oxygen saturation and pH with 
depth.  
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Figure 3. An example of –pH, dissolved oxygen and water temperature in a reservoir with a 
clear sign of thermocline (modified from Drugge, 2003).   

Water is generally released through a dam from fixed levels. Some impoundments have surface 
withdrawals (Gore and Petts, 1989), which make the released water warmer than average 
temperature, thus increasing the river water temperature; some outlets are located at an 
intermediate depth in the pool, while others are located near the reservoir bottom (Gore and 
Petts, 1989), which makes the water cooler than that of an unregulated river.  

Changes in the lake surface area exposed to solar energy 

The construction of reservoirs enlarges the surface to intake the solar energy thus increase the 
water temperature in the river discharge. This is in most cases not the main reason for 
temperature change of river water, thus seldom studied. 

Groundwater flux induced long-term variability 

The influence of river regulation can vary from one year to another. Here a typical example 
(Webb and Walling, 1996) of regulated River Haddeo illustrating how the hydro projects can 
change the thermal properties of river water depending on whether a wet or a dry year was 
studied. In the long-term study by Webb and Walling (1996), the temperature of the regulated 
river was largely effect by the flow from springs originating from upper stream just below the 
dam which contributes a substantial portion of the compensation flow. It appeared that 
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construction of the reservoir had substantially increased the flow of these springs, which were 
thought to be fed by water from the base of the reservoir (Webb and Walling, 1996), which 
could be explained by the enhanced river-groundwater exchange. By comparing the differences 
in mean temperatures between the regulated river and the unregulated one for individual 
months in different years with the corresponding mean discharges measured in the tailbay of the 
reservoir systematic relationships for this thermal impact was revealed (Webb and Walling, 
1996).  

In dry winters when the volume of water released from the reservoir was relatively small, the 
groundwater component (which was warmer than the water from the reservoir) dominated in 
the regulated river, so the temperatures at the regulated river were appreciably higher than those 
at the unregulated river. But in years with wetter winters, when high volumes of relatively cold 
runoff passed the spillway of the dam, the warming influence of the flow from the springs was 
masked and the difference in monthly mean temperature between the regulated and unregulated 
rivers was reduced, hence the temperatures in the regulated river were lower than in the 
unregulated one. 

In summer time, conversely, the water from the springs was cooler than the runoff in the 
unregulated river or the water released from the reservoir. Therefore, in years when relatively 
little water was released from the reservoir, the cooling influence from the springs dominated in 
the regulated river, and the mean temperatures were lower than that in the unregulated river. 
This effect was diminished, or even reversed, in those summers when larger volumes of water, 
which was often warmer than that in the unregulated river, were released from the reservoir. 

2.2.2.2  Temperature Changes in River Water 

Lots of studies showed that the main effects of impoundment and regulation have been to raise 
mean water temperature, eliminate freezing conditions, decrease summer maximum fluxes, 
delay the annual cycle and reduce diurnal fluctuation (Webb and Walling, 1996; Lowe, 1979; 
Hannan and Young, 1974; Ward, 1974, 1976).  

Yet situations can vary between years for regulated river. The long-term study mentioned above 
by Webb and Walling (1996) focused on  year-to-year contrasts in the thermal impact of river 
impoundment and regulation. The variations could largely be explained with reference to 
inter-annual variations in both reservoir operation and weather conditions, which primarily 
controlled the amount of water released in summer months, and the volume of flow passing the 
spillway in the winter period, respectively.  

There have been many investigations of thermal impacts associated with impoundments; 
schemes varying greatly in size and purpose, in position and numbers of dams within the river 
system and in environmental setting have been studied (Neel, 1963; Nishizawa and Yambe, 
1970; Lavis and Smith, 1972; Ward and Stanford, 1983; Crisp, 1987; O’Keefe et al., 1990; Liu 
and Yu, 1992). Compared to short-term studies, by long-term studies it is possible to assess how 
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the thermal impact of a reservoir varies in response to inter-annual fluctuations in weather 
conditions (dry/wet years), or to changes in the regulation operation schedule in order to meet 
evolving demands for its water supply or other functions (Webb and Walling, 1996). 

The study by Webb and Walling (1996) showed that temperatures in the regulated river did not 
rise above the highest temperature in the unregulated river; neither did the temperature fall 
below the lowest temperature in the unregulated river, which meant that the overall range of 
variation had been suppressed in the regulated river, although the data indicated that the scheme 
had a greater effect in raising water temperatures in the low to intermediate range than in 
reducing high values. The study also showed that the impoundment and regulation had reduced 
the extent of diurnal fluctuation and altered the timing of annual cycle of variation for 
temperatures. The annual cycle of temperature fluctuation in the regulated river was delayed 
compared to the unregulated river and strong differences in mean temperatures between the 
regulated and unregulated rivers occurred in the period from September to December. Similar 
conclusions were made regarding the Lule River according to Drugge (2003).  

Year-to-year variation can only be achieved by long-period investigation, which are very few. 
Webb and Walling (1996) ‘s study is a typical long-term study of the temperature change of 
river water after regulation. The study provided long-term records which revealed considerable 
year-to-year variability in the impact of regulation on the downstream water temperature. 
Although mean water temperatures in the regulated river had generally risen following 
regulation, this effect was not present in all years nor was it consistent in its magnitude (Webb 
and Walling, 1996). Besides, considerable inter-annual variation was also evident in the extent 
to which summer maxima were depressed in the regulated river, so were the difference in winter 
minima (Webb and Walling, 1996).  

Annual statistics provided by Webb and Walling (1996) also revealed that the diurnal water 
temperature ranges were suppressed in the regulated river in all years of the study period, but 
there was also considerable inter-annual variability in this effect, especially for mean and 
maximum diurnal fluctuations. Plots of monthly mean water temperature throughout the study 
period also showed that there were variations from year to year in the extent to which the annual 
cycle of water temperature at the regulated river was out of phase with that at the unregulated 
one (Webb and Walling, 1996). 

2.2  Impacts on River Geochemical Parameters 

By changing the flow regime of river water, various geochemical parameters are changed. 
These parameters mainly include temperature, pH, conductivity, redox potential, DO (dissolved 
oxygen) and so on. These parameters can not only change the river water quality but can also 
affect the living environment of aquatic organisms.  
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2.2.2  Impacts on pH, Conductivity, and Dissolved Oxygen 

Drugge (2003) conducted a study to compare the geochemistry of Kalix river (a pristine river) 
with the geochemistry of the highly regulated Lule River, both located in northern Sweden. The 
observed change in river conductivity is mainly a result of the change in seasonal discharge. 
Since the flow is smoothed out and the snow melt peak flow is delayed, the maximum and 
minimum conductivity will also be delayed and be more moderate when the river is regulated 
(Figure 4). Basically, the minimum conductivity of river water should be in spring or summer 
due to snow melt. And normally, a steady increase in conductivity could be observed during 
winter due to decreased discharge. For northern regulated rivers, take Luleå River as an 
example, the increase of conductivity will be diminished since the flow is smoothed out 
(Drugge, 2003). 

Local geochemistry conditions, like bedrock, vegetation, and climate and so on influences the 
pH-value but the pH in the regulated river demonstrated larger variations than the pristine river, 
which in some way correlates with the change in conductivity. (Figure 4).  Thus, in situ 
sampling is required for each study site concerning on the impacts of river regulation on the pH. 

From the study of Drugge (2003) we could see that before regulation, dissolved oxygen (DO) 
was quite stable in the pristine river but temporal variations could be observed in the regulated 
river. It has a clear correlation with the changes in the river water temperature. In summer, when 
the peak temperature is smoothed out, there’s an over saturation in the regulated river compared 
to the pristine river. And in spring when the minimum temperature happens, DO in the 
regulated river shows lower saturation percentage due to relatively higher temperatures of the 
river water.  The conductivity variations in the unregulated and the regulated river as well as the 
correlation between conductivity and discharge is displayed for both rivers (Figure 4). 

 

Figure 4. Seasonal variations of conductivity, water temperature, pH and dissolved oxygen in Kalix 



   17 
 

River (a pristine river) and the highly regulated Lule River (Drugge, 2003).  

2.3  Impacts on Groundwater and Hyporheic Exchange 

Altered downstream runoff pattern also changes the groundwater recharges. Reduced discharge 
can lead to reduced groundwater recharge and accordingly to lowering of the groundwater table 
(Nilsson and Bergrren, 2000). However, the changes in groundwater tables can vary from one 
site to another within the same river reach under investigation. For example, the groundwater 
table near the constructed reservoir is normally raised instead of being lowered.  

Not all interactions between river water and groundwater are considered as hyporheic exchange. 
It is hard to identify the concept of the hyporheic exchange since there does not seem to be a 
consensus regarding the concept. Hydrogeologists approached the problem by defining the 
hyporheic zone on the basis of flowpath. The hyporheic zone has been viewed as subsurface 
flowpaths which start from the stream and return to the stream within a stream reach under 
investigation (Harvey and Bencala, 1993; Wroblicky et al., 1998). The hyporheic zone can thus 
be defined as “the subset of finer-scale interactions between the channel water and ground 
water that occur within the context of larger-scale patterns of loss and gain of channel water in 
drainage basins” (Harvey and Wagner, 2000).  

2.3.1  The Importance of Hyporheic Exchange 

Many of the earlier studies concerning the solute transport in rivers have attributed all solute 
detention to only in-stream processes (Fischer, 1979; Valentine, 1979; Thackston, 1970). For 
stream ecosystems, the significance of interactions of surface and subsurface waters results 
from the inherent biogeochemical transitions between the stream, the hyporheic zone, and the 
groundwater aquifer. There is also a sharp physical transition at the stream water-streambed 
interface from a regime of open channel flow to one of flow in porous media. Quantitative 
assessment of surface-subsurface hydrologic interactions is an essential step in understanding 
and interpreting the exchange of oxygen, nutrients, and all other constituents between surface 
water and subsurface zones (Harvey and Wagner, 2000). 

As a result, for the planning and design of hydropower projects or flood protection projects, 
especially those with measures for river restoration, it is essential to quantify the 
river-groundwater exchange and require a detailed knowledge of river-groundwater 
interactions (Fette, et al., 2005). Change in river-groundwater exchange will lead to changes in 
groundwater properties, such as water table and groundwater regime, which, in turn, will affect 
the Groundwater Dependent Ecosystems and may cause different kinds of environmental 
problems. 

Although the hyporheic exchange does not include all the interactions between the surface 
water and subsurface water, it is the most important one with regarding to the river ecosystems. 
The importance of hydrologic exchange between streams and hyporheic zones is that it keeps 
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surface water in close contact with chemically reactive mineral coatings and microbial colonies 
in the subsurface, which has the effect of enhancing biogeochemical reactions that influence 
downstream water quality (Harvey and Wagner, 2000).  

The transport velocity of solutes in rivers and streams is governed by transient storage in 
hyporheic zones in which the longitudinal advection velocity is small relative to the main 
stream flow velocity (Johansson et al., 2001). Flow-induced processes in the hyporheic zones 
often causes temporary storage of solutes in streams (Wörman et al., 2002), as shown in Figure 
5. This phenomenon explains the tails often observed following the passage of an injected 
solute pulse into a river.   These types of processes are particularly important for the transport of 
reactive substances subject to a range of biogeochemical processes in the soil (Wörman et al., 
2002).  

 

Figure 5. Schematic illustration of hyporheic zones (A) and two field approaches to 
characterize hyporheic zones, using subsurface measurements in wells (B) and modeling the 
injection and transport of a solute tracer in the stream (C). The two different field techniques 
average hyporheic conditions over vastly different spatial scales (i.e., centimeters to meters for 
the subsurface approach and tens to hundreds of meters for the stream-tracer approach). 
(Modified from Harvey and Wagner, 2000). 

Relatively rapid inputs of oxygen and organic carbon to hyporheic flowpaths enhance rates of 
microbially mediated chemical reactions compared to in-stream or groundwater environments 
(Grimm and Fisher, 1984; Findlay et al., 1993). Examples of the enhancement of microbial 
activity in the hyporheic zone include nitrification (Triska et al., 1993), microbial uptake of 
dissolved organic carbon (Findlay et al., 1993), and microbial oxidation of manganese in the 
hyporheic zone (Harvey and Fuller, 1998). 

2.3.2  Changes in Hyporheic Exchange 

Almost every change in stream conditions and flow regimes will accordingly modify both 
transport within the stream itself and hyporheic exchange (Salehin, et al., 2003). The change in 
the in-stream transport and hyporheic exchange accordingly changes the residence times which 
limits the reactions in the receiving bed, thus affect the aquatic ecosystems and recipient water 
bodies. Since the hyporheic exchange is quite linked to the local situation like the bed rock type, 
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river bed formation, different examples are used to explain different effects. 

Changes in groundwater table have been discussed in many studies. Yet even in the same 
regulated river, the changes in groundwater table can vary from one spot to another. The Rhone 
River has been regulated for twice with dikes for flood protection along the whole valley floor 
since a dramatic flood in 1860 (Fette et al., 2005). Due to these flood protection measures, the 
groundwater level is much lower than the average Rhone level (Fette et al., 2005). While in 
many cases, the groundwater tables can be higher than that before regulation, especially near 
the reservoir.  

The pressure variation associated with an uneven streamed surface leads to an induced flow of 
water and solutes between the stream and the hyporheic zone (Wörman et al., 2002). Size of 
hyporheic flowpaths (and water fluxes through them) fluctuate in response to seasonal 
fluctuations in hillslope groundwater levels, increases in stream stage and stream velocity that 
accompany storms (Wondzell and Swanson, 1996; Angradi and Hood, 1998), and fluctuations 
in groundwater levels caused by evapotranspiration (Harvey et al., 1991). 

Studies in hyporheic exchange are common but such researches focusing on the impact of river 
regulation are currently very few. Studies to quantify the effect of hyporheic exchange on the 
transport of substances both before and after the regulation should be conducted.  

2.3.3  Approaches to Measure the Hyporheic Exchange 

Tracers are often used as one of the methods to measure the hyporheic exchanges. Some 
common tracers are listed below.  

Isotope δ18O  

The isotope δ18O signatures the source of the discharge as well as the seasonality in the samples 
from the groundwater wells (Fette et al., 2005).  

Transient tracer 3H 

The 3H method offers a solution as to measure the time since groundwater had its last gas 
exchange with the atmosphere and provides quantitative groundwater residence times (Beyerle 
et al., 1999). This tracer is mainly used to identify the inflow to groundwater of deep gravel pits. 
By providing the groundwater residence time, the average travel velocity in the alluvial aquifer 
can be calculated (Fette et al., 2005).  
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Geochemical tracers  

In some rivers, where one of its tributaries supplies the main and stable source of some element, 
this element can be taken as a geochemical tracer. Take Rhone River as an example; the sulfate 
here can be used as a geochemical tracer.  In this case, the tributaries and groundwater sources 
south of the Rhone show a high content of SO4

2- with concentrations of more than 12 mM in 
spring water (Fette et al., 2005).  Thus here SO4

2- can help to constrain the source of the 
groundwater. The discharge from the hydropower plants are often characterized by a very low 
mineralization, so it can dilute the SO4

2- concentration in downstream water.  However, this 
effect is only significant in winter. In summer it has only a marginal effect (Fette et al., 2005). 
Sulfate flux in the river is a valuable tracer to quantify the river groundwater interaction (Fette 
et al., 2005). Many other redox elements can also be applied as geochemical tracers (Fe, Mn, N 
etc.). 

Simultaneous Tracers  

Results from a simultaneous tracer experiment using a non-reactive (tritium, 3H2O) and a 
sorptive tracer chromium, 51Cr(III) have formed the basis of a more accurate interpretation of 
the retention characteristics of solutes in streams than previously has been possible. By using a 
simultaneous injection of these two tracers, it was possible to distinguish between their 
different behaviors (Johansson et al., 2001) 

Solute Injection Experiment  

At the current time, the only practical method for probing hyporheic exchange over long stream 
reaches is to analyze transient storage behavior from the results of solute injection experiments 
(Harvey and Wagner, 2000). 

If in-stream transport and hyporheic exchange modify solute transport behavior in exactly the 
same way, then it would not be possible to distinguish their effects from in-stream solute 
transport measurements, and the magnitude of hyporheic flows could then only be discerned by 
means of direct subsurface measurements (Salehin et al., 2003). But when in-stream mixing 
and hyporheic exchange have different functionality with stream conditions, which is generally 
expected due to differences in the characteristic timescales for in-stream and subsurface 
transport processes, then the results of solute injection experiments can be used to assess the 
effects of changing stream conditions on hyporheic exchange (Salehin et al., 2003). 

Water Temperature as a tracer 

Groundwater temperatures vary very little with season while river and surface lake water has a 
clear seasonal trend in northern countries. This fact has been used to track groundwater seepage 
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into lakes (Lee, 1985) identify losing and gaining reaches of rivers and to delineate flow in the 
hyporheic zone (Conant, 2004; White et al. 1987).  Anderson (2005) reviews studies using heat 
as a groundwater traces. 

Usually, to use tracers to measure the hyporheic exchange in a large river is very expensive and 
many tracers are required in such cases. Besides that, in order to compare the effect of 
hyporheic exchange before and after regulation, observations before regulation are required, 
which is often inaccessible. In these cases, computer models are preferred. Exchange with 
hyporheic zone has been represented in several different ways, but the most common goal of 
modeling efforts has been to reproduce the observed longitudinal and temporal variation of 
solute concentrations in streams and rivers (Packman and Bencala, 2000).  

2.4  Impacts on the Transport of Metals, Nutrients, and Turbidity 

The change in turbidity and transport of nutrients (change in the amount of nutrients that 
reaches the river mouth to the sea) is an immediate and relatively clear impact of river 
regulation. The regulations have been found to lower the in-river transport of solutes due to the 
lower water velocities and smoothing out of the seasonal variations in discharge (Drugge, 2003; 
Jonsson and Wörman, 2005). The altered water quality usually plays a much more important 
role in influencing the riparian ecosystem than the changes in flow patterns,  

The change in the transport of nutrients can mainly be ascribed to six reasons. The most obvious 
reason is due to the change in flow pattern of river water mentioned in section 2.2.1. As a 
consequence, nutrients and other elements reach the river mouth in changed amounts during 
different seasons compared to what would have been the case for unregulated rivers (Brydsten 
et al., 1990).  

The second reason is due to the construction of reservoirs and artificial lakes, which change the 
hydrodynamics of the river water (mainly changes the flow velocity, hence longer water 
residence time) and accordingly change the transport of particles and hence turbidity, causing 
large amount of sediments and nutrients trapped in the reservoir (Drugge, 2003; Nilsson and 
Berggren, 2000; Mao et al., 1994).  

The third reason is the exchange between groundwater and river water. One of the prime factors 
influencing the solute residence time in rivers is the exchange of water between the flowing 
river water and the hyporheic zone (Hinkle et al., 2001; White, 1993). Especially for reactive 
solutes the hyporheic exchange causes a retention that has been found to have great impact on 
solute stream transport (Jonsson et al., 2003). Studies have shown that several the 
transportation of several elements can be influenced by hyporheic exchange: nitrate (Grimaldi 
and Chaplot, 2000; Hill et al., 2000; Martin et al., 1999; Hinkle et al., 2001), oxygen and thus 
iron due to redox reactions (Rutherford et al., 1995), phosphorus (Mulholland, 1992).  

Besides these reasons regarding the hydraulic dynamics changes, the operation of the reservoir 
can also change the amounts of nutrients transferred. Where large reservoirs are constructed, 
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there’s a probability for floods to occur on the upstream landscape (Drugge, 2003; Fett et al., 
2005), thus large land area being flooded and together with erosion, washing out of nutrients 
and organic matter will occur, and accordingly leads to an eutrophication in the reservoir 
(Drugge, 2003). For natural lakes, water usually leaves in outlets with surface water (Drugge, 
2003), but for reservoirs, it depends on different operations on water release conditions (as is 
mentioned as the different withdrawal conditions in section 2.2.2). It is very common that the 
water that goes to the power station is released at large depths from the deep down from the 
reservoir surface (Drugge, 2003) and since nutrients often concentrated in the bottom waters, 
this may result in that water releases into downstream have lower concentrations. But in some 
cases and operation conditions, water rich with nutrients is released into downstream thus 
changes the amounts of nutrients arriving at the river mouth (Mao, et al., 1994).  

The temperature stratification of a reservoir can also affect the transport of nutrients and the 
turbidity of the river water due to the change in dissolved oxygen in the reservoir. In the upper 
layers have a relatively higher DO due to the wind and high turbulence, while the lower layers 
have a lower DO, causing the DO in the reservoir showing as a clinograde oxygen curve (Mao, 
et al., 1994). This change in DO will affect the growth of microorganisms, and in the lower 
layers, organic matters decompose in anaerobic conditions, which gives out gases like H2S, 
CO2 and N2O, and accordingly changes the pH of the water, thus affects the erosion processes 
and changes the amounts of the nutrients in the river water. 

There are also some other reasons which can affect the transport of the nutrients such as a very 
common result by dams, the decreased erosion (Brydsten et al., 1990; Schmidt, et al., 1995), 
which can lead to the decrease of nutrients transported, and the organisms growth in the 
reservoir can also trap elements. For example, Humborg et al. (2000) showed that considerable 
amounts of silicon may be retained in reservoirs due to diatom growth, which results in 
decreased amounts of silicon reaching the sea. 

The effect of river regulation on element transport and element balance has been examined in 
several international studies. However, regarding the water quality, the effects of river 
regulation depend on climate, bedrock and soil types, pollution degree, amount of agricultural 
areas, vegetations, mires and depth/volume ratio of the reservoir (Drugge, et al., 2003), thus 
situation can vary considerably from one case to another, making this issue quite site-specific. 
In Northern Sweden, earlier studies suggested that the transport of Si, P, N, K, Fe, Mn and other 
elements in regulated rivers decreased.  

2.5  Impacts on Riparian Ecosystems 

The changes in the riparian ecosystems are the comprehensive impact of hydropower projects, 
and is the final reaction of the ecosystems to the physical-chemical changes discussed in 
previous sections. 

Nilsson and Berggren (2000) defines the riparian ecosystem as ”the stream channel between the 
low- and high-water marks plus the territorial landscape above the high-water mark (where 



   23 
 

vegetation may be influenced by elevated water tables or extreme flooding and by ability of the 
soil to hold water”. Naimen et al., (1993), also referred to riparian ecosystem as the lotic 
ecosystem or the riverine ecosystem. It plays a central ecological role in most landscapes 
(Nilsson and Berggren, 2000). Riparian ecosystems offer habitats for many species, serves as 
filters between land and water, and provide pathways for dispersing and migrating organisms 
(Naiman and Decamps, 1997). Dam operations have caused global scale ecological changes in 
riparian ecosystems (Nilsson and Berggren, 2000). How to protect river environments, while at 
the same time fulfilling the human needs required from rivers remains one the most important 
questions of today (Nilsson and Berggren, 2000). 

2.5.1  Riparian Ecosystems and Research Directions 

A distinguishing feature of riparian ecosystems is a high level of spatio-temporal heterogeneity 
(Ward, 1989). The dynamic and hierarchical nature of riparian ecosystems may be 
conceptualized in a four-dimensional framework (Nilsson and Berggren, 2000; Ward, 1989). 
Three of them are special dimensions as shown in figure 6 and the other one is the temporal 
dimension. The longitudinal dimension includes processes such as dispersal of riparian plants 
by running river water and nutrient transport by aquatic animals  along the riparian zone. The 
transverse dimension includes ‘feeding movements of animals’ (Nilsson and Berggren, 2000)  
across the riparian zone to the river, as the direction shown in figure 6; such as an animal living 
in the riparian zone eating a fish in the river or an aquatic animal feeding on the foods originated 
from the riparian zone but not from the river itself. The vertical dimension represents the 
transport of various nutrients or elements due to the interactions between river water and 
groundwater (Nilsson and Berggren, 2000). 

 

Figure 6. Schematic illustration showing the three spatial dimensions in which riparian 
ecosystems interact with their hypothetical environments. (Nilsson and Berggren, 2000).  
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The longitudinal dimension integrates upstream-downstream linkage (Ward, 1989; Nilsson and 
Berggren, 2000). The linkage between upstream and downstream becomes especially important 
subject on the longitudinal axis when the river is fragmented with multiple dams where 
upstream and downstream effects may overlap (Nilsson and Berggren, 2000). Exchange of 
matter and energy between the channel and the riparian/floodplain system occur along the 
lateral dimension (or often mentioned as transverse dimension), while the vertical dimension, 
which has a lateral hypogean component, incorporates interactions between the channel and 
contiguous groundwaters (Ward, 1989). The fourth dimension, time, superimposes a temporal 
hierarchy on the three spatial dimensions (Ward, 1989). The strength of the interaction along a 
single dimension may vary as a function of position along other dimensions (Ward, 1989). 
Studies about the impact of river regulation should focus on these four dimensions.  

There are lots of studies and theories focus on the riverine ecosystems. Yet most of them are 
based on free-flowing streams while today, larger-scale free-flow streams are rare. Regulation 
by dams has typically resulted in an alternating series of lentic and riparian reaches (Ward and 
Stanford, 1983). Most connections along the longitudinal gradient remain unknown, so it is 
quite important to improve this knowledge, especially to understand how the location, number, 
size, and operation of dams affect their impact on longitudinal connections (Nilsson and 
Berggren, 2000). Discontinuity distance, a concept proposed by Ward and Stanford (1983), 
defined as the longitudinal shift of a given parameter by stream regulation, serves as an attempt 
to attain a broad theoretical perspective of regulated lotic systems over the entire longitudinal 
stream profile. This theory intends to present the hypothesized ramifications of modifying 
thermal and flow regimes by impoundment as major disruptions of continuum processes, 
without additional complicated factors. Besides, there’s hardly any other theoretical method to 
predict and evaluate the impact of river regulation on riverine ecosystems. But still, there are 
many studies are observing the impact of river regulation on the riverine ecosystem and also 
conclude these impacts systematically. 

2.5.2  Possible Changes of Ecosystems 

Reduced activity of the floodplain and riverbed 

The most immediate effect of river regulations and construction of reservoirs is the changes in 
flow pattern. The reduced flow peak and river discharge, even the lowered groundwater level 
can reduce the extent of the active floodplain (Nilsson and Berggren, 2000).  

Dams also change geomorphological processes such as sediment cycling (Nilsson and 
Berggren, 2000). Reservoirs may trap large amount of the sediment which would otherwise 
have been transported further downstream, and this change in water quality will affect the 
erosion processes in the downstream river bed, which it turn may lead to the simplification of 
the geochemistry of the river thus lead to the lowered geochemical activity in the river bed 
channel simplification and reduced geomorphologic activity in the river bed (Johnson, 1992) as 
well as a slower built-up of deltas and coastline erosion (Nilsson and Berggren, 2000).  
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Inundation of habitats 

In most cases, dams and reservoirs may increase the volume of an existing lake, which seems to 
be providing more habitats for aquatic animals. Yet by turning running water to “reservoir 
water”, some permanent losses of certain habitats may occur  (Nilsson and Berggren, 2000). 
The typical example is the break of the migration path of the local fishes.  

The immediate effect of the inundation on plants is the changing or destruction of the 
environment of root systems. The waterlogged soil makes the root environment to turn from 
aerobic to anaerobic and this may lead to the elimination the primary root system (Nilsson and 
Berggren, 2000).  Some species will immediately cease growth and die (Nilsson and Berggren, 
2000). 

Another effect of the inundation of habitats is the greenhouse gas which has been claimed as 
one of the reasons why hydropower is clean. When flooded soils and vegetation decompose, 
they release CO2 and CH4, which contribute to global warming (Rosenberg et al., 1995; Nilsson 
and Berggren, 2000). And methylmercury can also be released and accumulated in fishes 
(Rosenberg et al., 1995). Besides, decomposition of flooded soils also releases nutrients such as 
nitrogen and phosphorus that may temporarily increase aquatic productivity (Nilsson and 
Berggren, 2000). 

Changed riparian communities 

After river regulations, the perturbing effects of the flood is eliminated or reduced and the 
groundwater level is often lowered. These changes induce the changes in the riparian forests 
specie composition: from a flooded area type to a type with more characteristics of an 
unflooded upland area type (Decamps et al., 1988).  

Compared to species in a flooded riparian area, species in an unflooded upland area, many 
species are excluded from growing in and near free-flowing river channels due to intolerance to 
sedimentation, erosion, submersion, physical damage, and soil fertility (Johnson, 1994). Yet on 
the other hand, for some riparian species, these changes may not have influences on them since 
they can adapt to or prefer this new environment (Johnson, 1994; Lowe, 1979; Rosenberg et al., 
1995).  

Species numbers are much higher in riparian wetlands, deltas, and estuaries than in other 
territories and these regions are highly productive. Yet this property may degrade following the 
river regulations (Foote et al., 1996). 

It is worth noting that compared to high-altitude areas, the low-altitude areas are normally more 
sensitive since the terrain there is flatter and small alterations in flow may affect vast areas 
(Petts, 1984).  
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Other effects 

There are also some other effects like formation of new riparian zones, salinization of 
groundwater, invasion of exotic species, and so on.  

2.5.3  Groundwater Dependent Ecosystems 

Most researches and conservation efforts in aquatic ecosystems focus on surface waters. This is 
inevitable since the surface waters are more visible and accessible to the public, and they seems 
more vulnerable to human activities (Boulton, 2005). But on the other hand, people are 
realizing that groundwater is not an inert, lifeless resource, but instead can act as the habitat of 
of considerable biodiversity of invertebrates and microbes (Marmonier et al., 1993; Danielopol 
et al., 2003).  

Hancock (2002) referred to groundwater ecosystems as ‘open’ systems through which water 
and energy flows, various substances are processed in various ways and, depending on the 
residence time and the length of the surface flow, exfiltrating groundwater can influence the 
surface ecosystems such as rivers and lakes (Hancock, 2002). As a precautionary rule, 
ecosystems that derive a part of their water budget from groundwater must be assumed to have 
some degree of groundwater dependency (Hatton and Evans, 1998), and these ecosystems can 
thus be defined as GDEs (groundwater dependent ecosystems). This means that any changes in 
groundwater quality or quantity may have impact on the health of these ecosystems. When 
planning a hydropower project or designing conservation measures for existing projects, 
groundwater should also be taken in account since the groundwater dependent ecosystems can 
be influenced by any changes in groundwater. 

Clifton and Evans (2001) defined six types of GDEs based on distinctive fauna or flora. These 
were: 

- Wetlands 
- Terrestrial vegetation 
- Aquifer and cave ecosystems 
- Baseflow ecosystems 
- Terrestrial fauna 
- Estuarine and near-shore marin habitats 

The dependency of GDEs on groundwater is usually much more complicated than just the 
engaged amount of groundwater which is related to this ecosystems during a given year. Four 
key attributes are proposed by many scientists as study directions for GDEs (e.g. Boulton, 2005; 
Hatton and Evans, 1998): 

- Flow or flux: the rate and volume of groundwater supply. 

- Quality: the physico-chemical properties of groundwater including oxygen, temperature, 
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PH, salinity, nutrients, contaminants, etc. 

- For unconfined aquifers, the depth below the soil surface of the water table .  

- For confined aquifers:  the pressure (potentiometric) head of the aquifer. 

In future studies, these key attributes of groundwater should be taken into the study of the 
impact of river regulation. 
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3  Conclusions and Future Studies 

This review has shown the environmental effects that result from hydropower projects and river 
regulations. By changing the flow pattern, the river-groundwater exchange, the seasonal 
discharge, the thermal modification and nutrients transport, these activities finally affect 
floodplain thus the riparian and even groundwater dependent ecosystems and thus may 
impoverish the biodiversity and sustainability of our natural resources.  

In assessing future energy production, clearly policies gaining favour are those which 
emphasize sustainability and the maximum use of renewable energy to meet future needs. 
Consequently, we cannot afford to dismiss any form of renewable energy from the supply mix. 
And a number of countries see hydropower as a key to their future economic development (IHA 
et al., 2000). While we acknowledge that hydropower has significant positive and negative 
consequences for society and environment, we should also recognize that all forms of 
infrastructural development, and in particular energy development, have different degrees of 
impacts. Besides, the scientific community has recently recognized that the main threat to 
biodiversity is global climate change (IHA et al., 2000). In this context, the issue is to minimize 
the degree of the impacts from hydro projects in order to mitigate the global impacts of climate 
change. 

So the critical thing is to explore and carefully study the environmental impacts early in the 
planning process, so appropriate steps can be taken to avoid, mitigate, or compensate for these 
impacts.  

The most fundamental is to determine of the nature and magnitude of impacts of hydropower 
projects at the specific site conditions (IHA et al., 2000). So it is important to study and thus 
optimize development with respect to the complete river system. When considering the world’s 
remaining hydroelectric potential, development of the projects should go hand in hand with 
future researches in the mechanisms on the impacts and together with mitigation and 
compensation measures. For currently operated projects, the operations, such as the release 
conditions, should be adjusted to minimize the impact to make sure a net gain for the 
environment and the affected population.  

Carefully planned hydropower development can make a vast contribution to improving stands 
in the developing world, where the greatest potential still exists. But there are still some aspects 
of the impact of hydro projects are seldom studied and calls for attention. The hyporheic 
exchange should be studied more and the groundwater dependent ecosystems need more 
attention. 
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