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1. FUNDAMENTAL OF POTAMOBIOLOGY FOR BSC COURSE  

1.1. Overview 

The origin and development of human civilization are closely related to various 

running water types. Over 80 percent of the human settlements in Hungary are 

located in the vicinity of a running water. This is the reason why the word “river” 

evokes positive emotions and is associated with expressions like pure, clean, and 

calm. At the same time, being so close to human activities, rivers are subject to 

various and quite often negative impacts. 

Running waters are perhaps the most impacted ecosystem on the planet as they 

have always been the focus for human settlement and are heavily exploited for 

water supplies, irrigation, electricity generation, and waste disposal (Postel et al. 

1996). The main ultimate factors forcing change in running waters (ecosystem 

destruction, physical habitat and water chemistry alteration, and the direct 

addition or removal of species) stem from proximate influences from 

urbanization, industry, land-use change and water-course alterations (Walsh et al 

2001). Each and every river is likely to be subjected to several types of impact, 

and the management of impacts on lotic systems is complicated by numerous links 

between different forms of anthropogenic effect (Brierley and Fryirs 2005). Long-

term trends for different impacts may vary. Concentrations of chemical pollutants 

such as toxins and nutrients have increased in rivers in developed countries over 

the past century, with recent reductions for some pollutants (e.g. metals, organic 

toxicants, acidification), and continued increases in others (e.g. nutrients); there 

are no long-term chemical data when it comes to developing countries (Kilham 

1990). Dam constructions were increased rapidly during the twentieth century, 

peaking in the 1970s, and the number of reservoirs have been stabilized since this 

time, whereas the transfer of exotic species between lotic systems continues to 

increase. Hence, there have been some success stories in attempt to reduce the 

impacts from anthropogenic impacts in developed nations. Improvements in the 

pH status of running waters in some part of the Earth should continue with lower 

sulphurous emissions, although emissions of nitrous oxides are set to continue 

under current legislation and will continue to contribute to acidification and 

nutrient loadings (Lepori et al. 2003). Climate change will also impact running 

waters through alterations in hydrology and thermal regimes, although precise 

predictions are problematic; effects are likely to vary (Lehmkuhl 1974). Effects 

from climate change may be more extreme over longer time scales (>50 years). 

The overriding pressure on running water ecosystems up to 2025 will stem from 

the predicted increase in the human population, with concomitant increases in 

urban development, industry, agricultural activities and water abstraction, 

diversion and damming. Future degradation has potential to be substantial and 

rapid (c. 10 years) and will be concentrated in those areas of the world where 



 

resources for conservation are most limited and knowledge of lotic ecosystems 

most incomplete; damage will centre on lowland rivers, which is also relatively 

poorly studied. Running water ecosystems in developed countries seem to be 

benefitting from the changes implemented in management practices and public 

awareness (Ward 1989). 

 

1.2. Processes along the streams 

All rivers, regardless of their type, have the same stages of structural changes 

from source to delta (Karr and Chu 2000). The profile of every river can be 

divided into three zones (Figure 1.1). Source zone (headwaters) – mountain 

streams that slope rapidly downhill and form V-shaped river valleys, often 

forming waterfalls. These rapids shape and carry large-size sediments 

downstream. 

 

 

Figure 1.1. Structural changes of the streams. 

 

Transfer zone – characterized by a lower altitude. The flow velocity is slower, 

the river bed becomes wider, and meanders form. Some of the larger sediments 

settle at the interim area between the source zone and the transfer zone, thus 

forming the so-called sediment cones. Other sediments are carried further 

downstream. Erosion and deposition processes are in equilibrium in the transfer 

zone. Most of the lowland water courses in Hungary belong to this zone. 



 

Deposition zone – of rather low slope; flow velocities are slow, forming wide 

meanders. Most of the sediments, including the finest ones, settle in this area. The 

river mouth often opens into a wide delta bottomed by fine sediments, and the 

river splits into many arms. Such zones are formed only in the lower course of 

rivers that flow directly into the Oceans or Seas. 

 

Sinuosity 

Natural rivers are never straight. We can calculate the sinuosity index by 

dividing the mid-river length by the length of the river valley. When the sinuosity 

index is more than 1.3, the river is defined as meandering. 

This index is invariable for the relevant river section. This means that if the 

river course becomes straight as a consequence of human interference or natural 

“shortcutting” of a meander, misbalance will occur and the river will try to restore 

its previous sinuosity. 

 

Riffles and pools 

Regardless of the form of their beds, all rivers have equidistant sequencing of 

shoals and deeper sections, called riffles and pools. They are linked to the river 

midstream – a line which benchmarks the deepest section of the river and where 

the water flows the fastest. Pools are formed in the midstream, next to the outside 

bank of a watercourse bend. Riffles are formed between two bends where the 

midstream goes from one river bank to the other (Figure 1.2). The distance 

between two pools or two riffles – a common feature for all rivers – is 5 to 7 times 

the width of the river, measured at its highest water level. The sequencing of pools 

and riffles within a river section, and the existence of various habitats illustrates 

the variety of life adapted to both fast and slow currents and serves as a 

precondition for a well-functioning river ecosystem (Hamilton et al. 1992, 2001, 

Jowett 1993, 2003, Harding et al. 1998, Hall et al. 2003). 



 

 

Figure 1.2. Riffles and pools in streams 

 

Horizontal structure of the river corridor 

The basic component of river corridor is the riverbed. This is a naturally 

lowered landform usually used as a passageway for flowing water. The next 

component is the floodplain – this is the neighbouring part of the riverbed, flooded 

by high water at different intervals varying from very often to seldom. The 

floodplain may be situated on either one or both river banks, depending on relief. 

The next component is the transition upland fringe, which begins above the 

floodplain and forms the frontier between the river corridor and the adjacent 

landscape. 

 

Riverbed (bottom) 

The shape and size of the riverbed are defined by the equilibrium of four basic 

factors – the energy of the water stream (slope and water velocity) and the 

resistance of substratum (particle size of the sediment and its runoff). If we 

illustrate this on a scale where we have the sediments on one side and the water 

energy on the other, every decrease in the water energy will result in smaller 

sediment particles and in the widening of the riverbed. The river equilibrium is 

reached when all four variables are balanced (Figure 1.3.).  



 

 

Figure 1.3. Riverbed and its features 

 

Floodplain 

The floodplain is theoretically divided into two parts: hydrologic floodplain 

and topographic floodplain (Figure 1.6). The hydrologic floodplain is an area 

inundated about two out of every three years. The topographic floodplain includes 

the hydrologic floodplain up to the altitude reached by a flood peak of given 

frequency (every 100 or 500 years). The topographic floodplain is used in spatial 

planning and development, and all the activities therein must consider the risk of 

flooding. For instance, no human settlements or important infrastructure facilities 

should be developed in the floodplains. The floodplains, especially those 

downstream, are dynamic systems with many various components that undergo a 

continuous process of formation or disappearance. Meander scrolls – old alluvial 

deposits that mark the former passageway of the riverbed (Lane 1955, James 

1991).  

Oxbow lakes or abandoned river bends – former river meanders that were 

gradually cut off from the riverbed. They can be in different stages of 

development – from those still linked to the river to those which are rather far 

away and almost dried up (He et al. 2005). 



 

Natural levees or sand-bars – which these are formed during flooding when 

large amounts of sediments are carried out by waters that disperse, losing most of 

their energy and depositing the coarser sediments on one of the river banks, thus 

forming an embankment. 

Splay – structures that form at high water when streams under pressure break 

through natural levees and spread deposits into a fan-shaped structure. 

Backswamp – wetlands that are formed after high water as a result of natural 

levee formation which prevents water going back to the riverbed, thus prolonging 

the flooding period. 

Wildlife in rivers is dependent on all these floodplain components. For 

instance, many of the carp species need backswamps and oxbow lakes to spawn. 

These are also the places where fish fry find food and shelter amongst the water 

vegetation. Draining of riparian wetlands or cutting off their link with the river is 

one of the main reasons that downstream fish population decreases. 

 

Vertical structure of the river corridor 

The water level of most rivers varies greatly depending on the season. The 

seasonal level of rivers usually varies between 10-20 cm and 6-7 m (such as the 

Danube). The seasonal increase of water level has an important role in supporting 

river ecosystems. Rivers often link to adjacent wetlands only at high water level, 

which is often the only possibility for fish populations to migrate. Unique vegetal 

systems develop on the banks of the rivers with higher variations of water levels, 

especially in the lower course; they are very well adapted to such conditions.  

These are the floodplain forests.  

River depth does not end where its bottom lies. The riverbed usually lies on 

water-saturated, old river sediments. This groundwater runs to or from the river 

down the river valley. The stream in the riverbed is usually just a small part of the 

water flow running through the valley. The level of groundwater depends on the 

level of water in the riverbed. In dry seasons, surrounding areas drain into the 

river bed and groundwater runs towards it. During flooding, the groundwater 

direction may reverse (Figure 1.4.). 



 

 

Figure 1.4. Groundwater connections 

 

Processes occurring in river corridors 

You cannot step twice into the same river” – next time the river will not be the 

same. This maxim of the ancient Greek philosopher Heraclitus probably describes 

most precisely the dynamic nature of rivers. Water transfer from precipitation into 

rivers and oceans and vice versa, including its vaporization, is known as the 

“water cycle”. This is the main driving force of the river ecosystem. River runoff 

is the quantity of water that moves through a spot of the river over certain time. 

This indicator can vary within very wide limits for the same river. For instance, 

in some torrential catchment basins, the runoff may increase 100 times after a 

downpour. 

The seasonal increase of water runoff and associated flooding are natural and 

unavoidable processes. With human influence, flooding may cause serious 

consequences – from positive (the ancient Egypt civilization developed on the 

banks of the Nile River) to disastrous ones. Flooding does not “damage” nature. 

On the contrary, this is a cyclic process that serves an important role for the 

normal functioning of the river corridor. Spring high water is a prerequisite for 

fish migration. The regular water flow through riparian wetlands is also important 

because it carries away dead organic material and cleans the area. Many 

backswamps exist due to periodical flooding. If this process and the link with the 

river is broken, these areas will silt up, the succession or “natural aging” will 

accelerate and they will finally disappear. 

 

 

 



 

Sediment transport 

The movement of eroded soil and rock particles in water flow is called 

transport of sediments. Sediment transport is measured by the number of 

undissolved particles that pass through a river spot over a certain time. The energy 

required to carry the particles and move them downstream relates to the difference 

between the velocity of water in different strata. Water in bottom layers move 

slower due to higher friction, while water in upper layers flow faster due to lack 

of friction. Thus a whirlpool, or vortex, is formed between the two water layers – 

this spiralling movement carries particles off the river bottom. They roll, hop or 

slide in the water depending on their size and density (Figure 1.5.).  

 

 

Figure 1.5. Sediment movement, according Dumas and Luna 1998. Water in 

Environmental planning in FISRWG (10/1998). 

 

The sediment load of a river consists of suspended and bedload sediment. 

Suspended sediments are fine particles which are easy to move by turbulence in 

the bottom layer (Holeman 1968). These particles can be taken up high in the 

water column and transported a long distance with no further contact with the 

riverbed as long as the water has enough turbulence. The main part of the river 

solid load (50-90%) consists of suspended sediments. The source of suspended 

sediments is the entire river basin and the fine particles brought by rainwater and 

as a result of the soil erosion on the river banks. Bedload sediments are the bottom 

particles, which are dense and big enough to move downstream mainly by rolling 

or hopping. The size of bedload sediment is the same as that in the river bed in 

the given river section. The source of bedload sediments is the riverbed itself and, 

to a much lesser extent, the erosion of the banks and other sources. 

 



 

Riverbed processes 

The processes of erosion, sediment transport, and deposition interacting with 

vegetation make river corridors very dynamic ecosystems (Hicks and Gomez 

2003, Hickey and Doran 2004). Rivers constantly change shape and location. New 

meanders and arms are formed, old ones are abandoned; the riverbed itself shifts. 

This phenomenon is called migration of the river corridor (Macneale et al. 2005). 

Sand dunes in the lower part of the river course also shift from their initial 

location. Sometimes they surface over the water and form small islands that may 

be carried away and destroyed by the next high floods. Riparian vegetation takes 

possession of some of these islands which can exist for several decades, 

continuously relocating and changing their shape. Riparian vegetation is a very 

important component of the river corridor, and its significance in the ecosystem 

is even higher (Jones 2006). Specific wood species adapted to the river conditions 

develop along all rivers. With regard to natural rivers, this vegetation forms a 

continuous belt from the river spring to the mouth. Wood canopy along smaller 

rivers may completely cover and overshadow the riverbed, while this effect is 

only partial along larger rivers. The overshadowing or “doming” of the water 

course by riparian vegetation has an extremely strong influence on water 

temperature and sunlight penetration, which favours the development of 

phytoplankton (Vansteveninck et al. 1992). Riparian vegetation plays an 

important role in river bank consolidation and prevention of coastal erosion. The 

roots of the black alder are entangled under the water into specific flat netting 

which retains even the finest particles of the bank layers. Other riparian species 

such as willows have similarly entangled roots but less potential to protect against 

erosion. The roots of riparian vegetation also serve as a filter that “swallows” most 

of the nutrients dissolved in groundwater before reaching the river (Wallis et al. 

1981). Vegetation in catchment basins considerably slows down rainwater runoff 

to the river, thus decreasing the risk of a high tide. The abundant vegetation 

controls evaporation from earth surface and keeps groundwater near the surface 

(Wallis et al. 1981).  

 

River biocorridor 

Rivers are important migration corridors. We know that water wildlife 

migrates with the purpose of feeding, breeding and to compensate for the river 

flow both upstream and downstream the river. The possibility of migration 

enables water life to avoid unfavourable river sections, such as temporarily 

polluted places, gravel pits etc. It is even more important for water life to be able 

to go back and re-colonize an area when conditions are restored. For instance, fish 

may leave a river section which have suffered a severe pollution discharge impact 

and then restore its population in neighbouring river sections. If there are 



 

functional barriers in the biocorridor such as dams, strongly polluted sections, or 

concrete riverbeds, migration is hindered and the relevant river section may 

remain with no fish for long time even if the conditions improve (Hart 1981, Hart 

and Finelli 1999, Hart and Poff 2002, Hart et al. 1996). Another key component 

of the river biocorridor is the continuous belt of riparian vegetation. This is a basic 

interlink for many animals in the course of their regular migrations. In the past, 

vast forests covered the lowlands. Nowadays forests in the lowlands are 

fragmented and small. They are dotted amongst vast areas of farmland, urban 

developments, and highways, which are an overwhelming barrier for forest 

wildlife. River corridors are often the only natural link between isolated forest 

areas and the survival of a large number of plants and animals that depends on 

them (Figure 1.6.). 

 

 

Figure 1.6. Rivers are serve a migration-corridors 

 

1.3. Water quality 

The water quality is of paramount importance for the functioning of river 

corridors. Even if the river is in a good hydro-morphological and hydrological 

condition and is not subject to straightening, even if it preserves its riparian 

vegetation, and even if there are no dams or artificial lakes built along it, any 



 

disturbance of the physical and chemical features can make the river corridor non-

functional. Some of the more important water parameters are as follows: 

 

Suspended solids 

Suspended solids or suspended sediments are a natural component of the 

physical and chemical characteristics of the river. If they exceed the normal 

quantities, this may generate serious problems in the river corridor. Their high 

concentration and continuous impact may lead to asphyxiation of wildlife that use 

gills for respiration such as fish, invertebrates, larvae of amphibians, and fish eggs. 

Suspended solids can also serve as a “carrier” of pollutants, such as micro-

organisms and toxic substances, which adhere to the bottom particles and can thus 

be carried a long distance. The source of dissolved substances, as mentioned 

above, is mainly erosion, both natural and induced by human. Gravel extraction 

from rivers is one of the main causes for continuous turbidity of water.  

 

Dissolved oxygen 

The most important feature of any water course is its oxygen content. Most of 

the aquatic organisms breathe” dissolved oxygen. Its concentration in water 

depends mostly on water temperature and salinity. Sources of oxygen are the 

atmosphere and the photosynthesis of river plants and algae. When the oxygen 

concentration is under 3-4 mg/l, a few fish can survive, while under 2 mg/l the 

environment is considered slowly anaerobic; if such concentration persists longer, 

it can result in completely “dead” water body. Extinction caused by low oxygen 

concentration often occurs in the smaller, channelled and cleaned” rivers in the 

plains. This is often induced by high temperatures combined with water pollution 

from different oxidizable organic or other substances (deoxydation from 

resuspended organic sediments in the Iskar River is illustrated below). 

 

Water temperature 

This is also a basic water characteristic. It determines the oxygen concentration 

in water, and furthermore, many aquatic organisms have very narrow limits of 

tolerance to changes in water temperature. Thus, every single temperature change 

results in changes of their metabolism, breeding capacity and even viability. 

Moreover, many chemical processes in water depend on temperature, such as 

sorption of organic toxicants, which has an indirect impact on the living 

organisms. Water temperature depends mainly on three factors – air temperature, 

earth temperature and sunlight. For instance, if riparian vegetation is cut away and 



 

the stream is exposed to sunlight, the temperature would go up and the oxygen 

contents in water would decrease. As a consequence, the flora and fauna will 

change (Jacobsen et al. 1997). Water temperature is also influenced by the inflow 

of higher or lower temperature streams – this is the so-called temperature 

pollution (Basu and Pick 1996, Barmuta 1989, Barrett 1989, Battin 2000, 

Bartholomew and Reno 2002, Baron et al. 2002, Battin et al. 2004, Barnett et al. 

2005). The most typical examples are the increased temperature of a Danube 

River section resulting from the cooling plant of various nuclear power stations.  

 

pH 

The acidity or alkalinity of water is also of key importance to aquatic 

organisms. Most aquatic organisms are adapted to live in water with a pH between 

5 and 9, and many organisms are adapted to specific pH limits where any 

deviations lead to problems in reproduction processes, ion exchange and viability. 

Water pH depends on both the substratum in the river course and rainwater. For 

instance, if sulphate or chloride ion concentration in air is high, rainwater will be 

acid and the acidity of river water will increase. Abrupt changes in pH also occur 

when wastewaters are discharged into the river. 

 

Nutrients 

Besides oxygen, CO2 and water, all plants, including algae, need nitrogen, 

phosphorus and other chemical elements in the form of various soluble 

compounds. These chemical substances are called nutrients (Redfield 1958). The 

deficiency of some of these elements limits the growth of plants. On the other 

hand, the excess of nutrients results in eutrophication, usually characterized by an 

excessive development of algae or an “algal bloom” (Kaplan and Bott 1989). The 

“algal bloom” or sliming” of water, as often referred to, is actually extensive 

development of single-celled algae. Eutrophication leads to oxygen depletion in 

water during the night, when plants breathe but there is no photosynthesis and it 

often results in the death of fish and other aquatic organisms that breathe dissolved 

oxygen. Apart from changes in fauna and flora, such rivers suffer deterioration of 

water quality. The water becomes unsuitable for many industrial and farming 

purposes. In ecosystems affected by human impacts, the main sources of nutrients 

are agriculture (fertilizer leaching into groundwater) and sewage systems. 

Nowadays nutrients are identified as one of the main pollutants of freshwater 

ecosystems.  

 



 

Toxic (poisonous) substances 

Under natural conditions water may contain small quantities of different 

chemical compounds that are toxic to water life. As a result of human activities, 

the concentration of many of these substances exceeds the safety limits 

(Abdelhamid et a.1992). Man has created many toxic substances that do not occur 

in nature such as biocides – pesticides, herbicides etc. Heavy metals are also 

extremely toxic and can accumulate in living organisms. Sources of toxic 

elements are again agriculture and wastewater (Hall et al. 1980, 1987, 2005). 

 

1.4. Antropogenic changes of the rivers and their impacts 

River Straightening 

One of the most negative anthropogenic impacts is the so-called straightening 

and the construction of embankments in the mid and lower streams of almost all 

large rivers of Hungary during the mid-20th century. The main purpose of these 

actions was to provide more farmlands for developing the economy and to combat 

flooding. The consequences of these activities are very serious and in many cases 

do not solve, but intensify the problems. The main consequence of river 

“straightening” by building dikes and cutting off meanders from the rivers is that 

the river becomes shorter and steeper. The new river is narrower due to the dikes 

built on its banks. All of this result in faster water flow and higher water levels 

during floods. The faster flow itself results in intensified erosion of both the river 

banks and bottom, i.e. the river starts “eating” its own bed and digs into the ground 

until it reaches harder bedrock (Williard et al 2005). The increased erosion results 

in higher water turbidity, which is a big problem for all aquatic organisms because 

it reduces the penetration of sunlight into the water. Fine particles clog to the gills 

of the animals that breathe dissolved oxygen.  

Another, even more serious problem related to riverbed incision is the lowering 

of groundwater levels. The problem is particularly exacerbated with the gravel 

extraction. The river and neighbouring groundwater are interconnected bodies, 

and the drop of water levels in the river (in some cases down 5 or 6 m) leads to a 

parallel decrease in the groundwater level because the river acts as a draining 

channel. The lowering of groundwater levels results in withering of riparian trees 

and a general drainage of adjacent farmland; wells run dry and boreholes dry up. 

This problem affects virtually all the main rivers in our country (Humphries 

1996).  

These changes affect all the components of riparian ecosystems – riparian 

wetlands, wet meadows and floodplain forests dry up. The loss of meanders and 

pools leads to the extinction of many species of plants and animals associated 



 

with slower and deeper waters. River straightening reduces the river’s self-

purification capacity because of shortened contact of the water with the bed layer 

(this is where self-purification processes mainly occur). Changing the bottom 

substrate also results in a thorough change of benthic communities and dominance 

of rheophile species that are adapted to fast streams.  

 

Gravel extraction 

Gravel extraction is also a serious problem for river systems. On one hand, it 

speeds up the erosion process of both the banks and the river bottom, and on the 

other hand it has a huge impact on the biological system (Karr et al. 1986). This 

impact includes direct eradication of organisms – with the extraction of bottom 

sediments all the immobile or slow moving life forms are removed from their 

habitat (Keleher and Rahel 1996). The new bottom is sterile; it has no bacteria or 

other organic substances. Re-colonization of such a sterile bottom is a slow and 

gradual process which, depending on the extent of damage, may take years to 

restore the equilibrium (Hoagland et al. 1982). The first inhabitants will be inferior 

organisms followed by more superior ones and so on, up to the highest level of 

food chain, namely fish, birds and mammals. The river bottom is the main 

biological filter “responsible” for the self-purification of streams (Barlocher and 

Kendrick 1973, 1975, Barlocher et al. 1978, Barlocher 1985, Barlocher and 

Corkum 2003). Recovering of the self-purification ability can take several 

decades. 

Quite often the pits left after gravel extraction become traps for organic matter 

due to accelerated sedimentation (Gergel et al. 1999) They quickly fill up with 

branches, leaves, dead plants, fine organic particles and other decaying organic 

matter, thus taking up the oxygen and releasing toxic gases like hydrogen 

sulphide, which kill any remaining life forms not only in the pit, but also further 

downstream (Kaushik et al. 1971, Abelho et al. 2005). This impact is of particular 

concern regarding rivers that run through densely afforested areas. It is extremely 

severe when high waters run through such a place and transport all the decaying 

matter. This uses all the oxygen kilometres downstream and leads to extinction of 

life forms (Hora 1928). 

Water turbidity caused by the presence of suspended solids prevents sunlight 

from penetrating into the water and hinders photosynthesis. The suspended solids 

also asphyxiate gilled aquatic organisms – mainly mussels, fish, snails, and 

crustaceans. Turbid waters hinder fish breeding because the fine suspended 

particles clog the mucous membrane of fish eggs and asphyxiate the fry.  

Interruption of the river continuum by dams, hydropower stations, artificial 

lakes, trout thresholds (Vannote et al. 1980, Kwak and  Waters 1997). Interrupting 



 

river courses by dams, hydropower stations, artificial lakes, and so on, has a 

serious impact on migrating aquatic life. This impact is most severe to fish 

because many of the fish species perform seasonal breeding, feeding and other 

migrations up and down the stream (Allen 1951, 1969, Huryn 1996). This impact 

is also of particular concern regarding species that migrate for breeding. The 

presence of migration barriers may completely destroy the population of these 

species in the short term (Figure 1.7.).  

 

 

Figure 1.7. Barriers of river corridor 

Dams also modify the hydrological regime of the river (Figure 1.7.) (Talling 

and Rzoeska 1967). Depending on the height of the dam wall, an artificial lake of 

a different size takes shape behind it. Water therein is much slower and conditions 

are created for accumulation of fine sediments. This completely changes the flora 

and fauna of the environment. The accumulation of organic matter and sediments 

behind the dam wall may lead to a mass extinction of water life (Jones et al. 1997). 

In the case of larger dam walls, e.g. dozens of meters high, water is usually 

released from the bottom layers of the lake where it is not only short of oxygen, 

but also very cold. This kind of temperature pollution is quite often neglected, but 

it is very serious and impacts large sections of the rivers. In some cases aquatic 

communities change completely.  

Another problem is the dramatic daily change of river levels after the 

hydropower station (hydropeaking). This unnatural process can kill riparian 

communities, putting a lot of stress on the remaining ones. When a dam is built, 

sediment transport downstream is suspended, which results in incision of the river 

bed after the dam, increased erosion and all the other negative consequences 

described above. The sediments in the artificial lake behind the dam came up to 



 

the surface, dissolved into the water and killed tens of thousands of fish 

downstream. There is no statistical data about other small aquatic life forms. 

 

1.5. Stream management – water intake 

For our everyday needs, industry and farmland irrigation we use huge amounts 

of fresh water. Most of it comes from rivers or from underground sources which 

feed the rivers. This naturally leads to water decrease in rivers, resulting in serious 

consequences: many rivers dry up in their upper sections, where most of the 

catchments areas for potable water are located. In other places the water volumes 

drop under their critical minimum and the riparian vegetation dies. 

 

Cutting down riparian vegetation, “clearing” river beds 

Cutting down riparian vegetation - whether to clear the riverbed, to combat 

flooding or to reclaim land for farming – leads to: 

(1) Increase of water temperature, especially in small mountain tributaries 

where riparian trees fully overshadow the river course and prevent water 

overheating. The removal of this vegetation leads to increased water 

temperature and changes in river ecosystems. This is of particular concern 

regarding the trout area, where the removal of riparian vegetation results in 

the extinction of trout population. 

(2) Increase of nutrient pollution. The absence of riparian belt of vegetation 

leads to unhindered passage of nutrients via groundwater from the 

farmland. Where there is a vegetation belt, up to 90% of the nutrients are 

captured and absorbed before reaching the river. 

(3) Intensified erosion of river banks. The roots of plants and especially those 

of trees have an important structural role on the reinforcement of river 

banks because they retain the soil particles and prevent the water from 

carrying them away. 

 

1.6. Water pollution 

This is one of the best known and most commented negative impacts of human 

activity on water. Until recently it was considered the most significant problem of 

river health. As a consequence of wide discussion and measures taken, there is a 

decrease in pollution of Hungary but not in worldwide. 



 

The most important problem is that decreased retention capacity of watersheds 

(Hagedorn et al. 2000, Haggard et al. 2005). The other very important problem is 

the deforestation, transformation of areas into arable land for farming, urban 

development and cutting off floodplain areas result in a decreased water retention 

capacity of watersheds, which take in, retain and gradually release precipitation 

water into the rivers. As a consequence, the runoff is considerably changed. 

Floods are more frequent with higher waters, and dry seasons become longer. It 

is well known that deforested areas easily erode, which favours torrents. Different 

forests have different retention capacities depending on the root systems and 

forest floor. Research has shown that old deciduous forests have the highest water 

retention capacity. In urbanized areas, where the possibility for rainwater 

infiltration is virtually zero because of impervious areas covered by asphalt and 

concrete, it takes less time for rainwater to reach the rivers than in natural 

environs. This eventually leads to serious flooding because at downpour huge 

amounts of water reach the river at the same time, and the river does not have the 

capacity to take it in. Riparian floodplains act as buffers where the overflow 

spreads out and subdues the flood peak (Jones et al. 2006). Later, part of the water 

goes gradually back into the river reducing the period of low water. In the 20th 

century dams and other hydrotechnical structures cut off almost 80% of the 

floodplains that provided retention areas along the Danube River. The situation is 

similar for the floodplains along the other rivers of Hungary. 

 



 

2. POTAMOBIOLOGY FOR MSC COURSE 

2.1. Introduction to watercourses 

The running waters can tumble and cascade down steep slopes over large 

boulders, meander through gentle valleys, or flow majestically across broad flats 

as they approach the sea. Food webs in forested streams derive much of their food 

base from autumn leaf fall, whereas streams that are open, shallow, and stony 

typically develop a rich film of algae and microbes (Bott 1983, 2006, Bott et al. 

1984, 1997, Bothar 1987, Bott and Kaplan 1990, Borchart and Bott 1995, 

Borchardt 1996, Wootton et al. 1996, Bonin et al. 2000). Rivers that still have an 

intact floodplain exchange organic matter and nutrients with the adjacent land, 

and all running water ecosystems exhibit high connectivity laterally, 

longitudinally, and vertically (Figure 2.1). River science attempts to sort this kind 

of diversity, reveal the underlying processes that are responsible for the variety of 

patterns that we observe, and understand how those processes interact with 

different environmental settings and across scale from the smallest headwater 

streams to great rivers (Gray 1997, Graca 2001, Graca et al. 1993, 2001, 2005). 

Numerous classification systems for rivers have been developed to better 

comprehend natural patterns of variation, as well as guide management activities 

including restoration and assessments of river health (Karr and Chu 1999). But 

the main basic is the following: the variation of fluvial ecosystems is continuous, 

the variables often are too independent to form recognizable clusters, and different 

classifications have different purposes (Leopold 1962, 1977, 1994). 

 

Figure 2.1. The typical running water type with its three major axes: 

upstream/downstream, channel/margins, and surficial/underground 

environments. (Reproduced from Piegay and Schumm 2003 ) 



 

 

Freshwater ecosystems, occupying approximately 0.8% of the earth’s surface 

(Gleick 1996), support at least 100,000 known species (Strayer 2006), about 6% 

of the 1.8 million described species. In an ambitious effort to catalog the number 

of animal species in all major freshwater groups by continent or major ecoregion. 

Although the numbers are provisional, a brief accounting of diversity in major 

groups of freshwater invertebrates is of interest. The best current estimate of the 

total number of invertebrates that are either truly freshwater or are dependent on 

freshwater is about 90,000 species. All vertebrate classes have freshwater 

representatives, although dependency on freshwater environments varies, as all 

amphibians include an aquatic phase and no birds are exclusively aquatic. 

Approximately 300 new fish species are described or resurrected from synonymy 

annually (Stiassny 1999), and almost one third of the total known amphibian 

species have been described in the past decade (Dudgeon et al. 2006). This is 

evidence that the true totals are much higher. 

 

2.1.1. The order of watercourses 

Streams and the landscape units they drain form nested hierarchies. The 

smallest permanently flowing stream is referred to as first order. The union of two 

first-order streams results in a second-order stream, the union of two streams of 

second order results in a third-order stream, and so on (Figure 2.2). Stream order 

is an approximate measure of stream size, conceptually attractive, and correlates 

with a number of other, more precise size measures including the area drained, 

volume of water discharged, and channel dimensions. As a simple classification 

system it provides an informative tally of the numbers of small streams and large 

rivers (Table 2.1). The great majority of the total length of river systems is 

comprised of lower-order or headwater systems, each of short length and small 

drainage area. Rivers that we might consider to be of medium size, fourth through 

sixth order, are not uncommon - they include over 20,000 river channels in the 

contiguous United States. About 250 US running water types are of order seven 

and higher, and only a handful are great rivers (Table 2.1). Of these, only the 

Mississippi ranks among the 15 largest rivers of the world based on the annual 

volume of its discharge. 



 

 

Figure 2.2. A drainage network illustrating stream channel order within a fourth-

order catchment. The terminus may be a lake or the junction with a larger river. 

Intermittent streams occur upstream of the first-order tributaries, and often 

extend nearly to the catchment divide. 

 

Table 2.1. Number and lengths of river channels of various sizes in the United States (excluding 

tributaries of smaller order). (From Leopold et al. 1964.) 

 

Each stream or river drains an area of land that is proportional to its size. This 

area is its drainage basin, and includes the topographically determined region that 

contributes all the water that passes through the stream. Although it is common to 

define drainage area for the entire river system from origin to mouth, one can also 

determine the drainage area for individual tributaries. So, the stream network 

forms a hierarchy of low-order streams nested within higher-order rivers, their 

 

 

Order 

 

 

Number 

Average 

length 

(km) 

Total 

length 

(km) 

Mean drainage 

area (km2) 

1 1,570,000         1.6 2,510,000 2.6 

2 350,000         3.7 1,300,000 12.2 
3 80,000         8.8     670,000 67 
4 18,000      19 350,000 282 
5 4,200      45 190,000 1,340 
6 950    102 98,000 6,370 
7 200    235 48,000 30,300 
8 41    540 22,999 144,000 
9 8 1,240 9,900 684,000 

10 1 2,880 2,880 3,240,000 



 

drainages likewise are nested hierarchically (Howarth et al. 1996). As with rivers 

and streams, there are overlapping terms in wide use. Drainage basin and river 

basin tend to be applied to large units, whereas smaller units are referred to as 

watersheds and subwatersheds, or catchments and subcatchments. 

The hierarchical view of river systems also emphasizes that processes acting 

at upper levels of the hierarchy control features expressed lower in the hierarchy, 

but not vice versa. Climate, source of flow, geology, and landform exert particular 

control on the river basin and network development, and set the domain of 

interacting geomorphic processes that shape channels and features at the segment 

to reach scale (Leopold et al. 1953, 1964, Reckhow 1982, Bayley 1995, Beisel et 

al. 2000, Beaulac and Bechtold et al. 2003, Begon et al. 2005,). More locally, the 

stability of banks and supply of pool-forming wood strongly influence details of 

channel features and habitats (Kondolf et al. 2003). 

 

2.1.2. Longitudinal patterns 

Some changes that occur along a river’s length have already been described. 

An increase in size and volume of water will occur as tributaries join and the 

network’s drainage area increases. Rivers have a characteristic longitudinal 

profile in which they typically are steeper in the uplands where they originate and 

have a more gradual slope in the lowlands near their terminus. The longitudinal 

profile of a river can be divided roughly into three zones: erosion, transfer, and 

deposition of sediments. In addition to their steeper gradients, headwaters often 

have deep, V-shaped valleys, rapids and waterfalls, and export sediments (Horton 

1945). The transfer zone is characterized by broader valleys and gentler slopes. 

Tributaries merge and some meandering develops. Sediments are received from 

the headwaters and delivered to lower sections of the river system. In the lower 

elevation depositional zone, the river meanders across a broad, nearly flat valley, 

and may become divided into multiple channels as it flows across its own 

deposited sediments (Kazmierczak et al. 1987). 

This description adds another features of rivers, that of sediment erosion, 

transport, and deposition. Because the river’s power to transport sediment is a 

function of gradient and volume of flow, and more power is required to move 

large versus small particles, the river also is a sediment sorting machine (Bencala 

and Walters 1983, Ben-David et al. 1997, Benfield 1997, Benedito-Cecilio and 

Araujo-Lima 2002, Benda et al. 2004, Benbow and Merritt 2005). Indeed, many 

of the channel types and features that contribute to the variety of rivers, such as 

boulder cascades, rapids, riffle-pool sequences, and so on can be seen to exhibit a 

longitudinal progression determined by sediment supply, stream power. 



 

Rain and snow that fall within the catchment reach the stream by myriad flow 

paths. Some, notably surface and shallow subsurface flows, reach the stream 

rapidly and so high flows quickly follow storms. Others, primarily groundwater 

flows, are so gradual that streamflow barely responds to rain events. Geology, 

slope, and vegetation strongly influence these flow paths in natural systems, and 

human land use adds further complications (LeBlanc et al. 1997, Lean and 

Warrilow 1989). Precipitation that flows quickly over surfaces can wash 

sediments and organic matter into streams, whereas water that has a longer 

residence time in the ground has more opportunity to dissolve minerals and take 

on the chemical signature of the underlying geology (Sedell et al. 1978, Speaker 

et al. 1984.). The valley slope is the source of much of the sediment inputs in the 

headwaters, which exports all but the largest particles downstream, and the 

channel walls become increasingly important as a sediment source in middle and 

lower river sections as the river’s meandering and flooding drives endless cycles 

of erosion and deposition (Hemphill and Cooper 1983, Hershey et al 1996, Hicks 

and Gomez 2003, Hickey and Doran 2004). Thus, key aspects of the river’s 

hydrology, its channel shape, and its chemistry are the consequences of climate 

and the geology, topography, and vegetation of the valley. 

Land that borders the stream undoubtedly has the greatest influence, affecting 

multiple stream functions. Called the riparian zone, and including the floodplain 

in locations where the river frequently overflows its banks, the influence of the 

stream margin and its vegetation cannot be overstated. Roots stabilize banks and 

prevent slumping, branches and trunks create habitat diversity wherever they fall 

into streams, shade from the canopy prevents excessive warming, and the infall 

of vegetation and invertebrates are major sources of energy to stream food webs. 

When vegetation changes along a river’s length, across ecological regions or due 

to human activities, the stream is affected in multiple ways. 

 

2.2. The Ecosystem 

The ecosystem integrates the biota and biological interactions with all of the 

interacting physical and chemical processes that collectively determine how 

systems function (Grossman et al. 1982, 1998, Grubaugh et al. 1996, Gucker and 

Boechat 2004). Certain properties can be recognized that characterize the whole 

system: its overall production and metabolism, how efficiently nutrients are used, 

the diversity of energy supplies, and the number of species and feeding roles 

represented (Hyatt 1979). All ecosystems have some flux across their boundaries, 

but fluvial ecosystems are especially open, exhibiting high connectivity 

longitudinally, later ally, and vertically (Figure 2.1). Ecosystems include people, 

and rivers have always been magnets for human settlement, providing water for 

drinking and to grow crops, harvestable resources, transportation, and 



 

hydropower. In ways both subtle and obvious, almost all running waters today 

show some evidence of modification due to human activities. 

2.2.1. Energy sources 

In fluvial food webs, all energy available to consumers ultimately originates as 

primary production, but not necessarily from aquatic plants or within the stream 

itself (Layman et al. 2005). The primary producers of greatest significance, 

especially in small streams, include algae, diatoms, and other microscopic 

producers (Odum 1956, Hodoki and Ohbayashi (2005). These are found on 

stones, wood, and other surfaces and occur where light, nutrients, and other 

conditions are suitable for their growth. Organic matter that enters the stream from 

the surrounding land, such as leaf fall and other plant and animal detritus, is an 

important energy source in most streams, and is of primary importance in many 

(Hill and Dimick 2002). Bacteria and fungi are the immediate consumers of 

organic substrates and in doing so create a microbe-rich and nutritious food supply 

for consumers, including biofilms on both inorganic and organic surfaces, and 

autumn-shed leaves riddled with fungal mycelia (Suberkropp and Klug 1980, 

Fischer 2003, Fischer and Pusch 2001, Fischeret al. 2002, Wright and Covich 

2005). Rivers typically receive organic matter from upstream and also laterally, 

depending upon the nature of the riparian vegetation and the river’s connectivity 

with a floodplain (Karlsson et al. 2005). In forested headwater streams and large 

floodplain rivers, most energy is received as external inputs, termed 

allochthonous sources. Streams flowing over a stony bottom in an open meadow 

often develop a rich algal turf on the substrate, and so most of the energy is 

produced internally, that is, from an autochthonous source. Typically, the food 

webs of streams and rivers are fueled by a complex mixture of allochthonous and 

autochthonous energy sources, and unraveling their relative contributions to 

higher trophic levels is a considerable challenge (Wootton et al. 1996). 

2.2.2. Food webs and biological communities 

Just as they are adapted to their physical environment, the organisms of fluvial 

ecosystems exhibit specific food-gathering abilities and feeding modes that are 

shaped by the food supplies available to them and the habitats in which they 

forage (Levine et al. 1979, Lessard et al. 2003, LeVeque et al. 2005). The 

macroinvertebrates of streams, including insects, crustaceans, molluscs, and other 

taxa, are organized into functional feeding groups based on similarities in how 

food is gathered as well as the food type (Mackay 1977, 1992, Mackay and Kalff 

1969). Grazers and scrapers consume algae from substrate surfaces, stones in 

particular; shredders consume autumn- shed leaves enriched with microbes; 

predators consume other animals; and collector-gatherers feed on the abundant 

and amorphous fine organic particles originating from the breakdown of leaves 

and everything once living (Alstad 1987, Englund 1993, 1997, Alvarez and 



 

Peckarsky 2005). Because functional feeding groups place primary emphasis on 

how the food is obtained rather than from where it originated, they may imply 

greater distinctiveness in trophic pathways than actually is the case (Adams 1980, 

Hughes and Dill 1990, Huckins 1997). This is especially true in the case of 

biofilms, which appear to be ubiquitous and likely make a direct contribution to 

the trophic needs of all consumers (Cummins and Lauff 1969, Cummins 1973, 

Cummins et al. Klug 1979, Cummins et al. 1983, Simon et al. 2003). 

The vertebrates of fluvial ecosystems likewise exhibit considerable 

diversification in their feeding roles and their adaptations to exploit available 

resources (Vanni et al. 2002). The various trophic categories, often termed guilds, 

include algivore, detritivore, omnivore, and piscivore; and feeding location (e.g., 

streambed versus water surface) may also be distinguished. Many fishes consume 

primarily an invertebrate diet, and so do salamanders, and some birds and 

mammals. Algae are the primary diet of a number of fish species, especially in 

the tropics, and of some larval anurans. Other fishes with elongated guts are able 

to digest detritus, including leaf matter and ooze (Jonsson and Malmqvist 2000). 

In addition to omnivores, a term generally used to describe species whose diet 

include plant (or detritus) and animal matter, and piscivores, which are 

invertivores early in their life histories, many species feed more broadly than these 

categories imply (Anderson et al. 1978, Anderson and Sedell 1979, Andrews and 

Nakervis 1995). The biological communities of fluvial ecosystems are assembled 

from the organisms that are adapted to regional conditions, including the physical 

environment and food resources, and are further refined through interactions with 

other species (Hildrew and Townsend 1976, 1980, Hildrew and Edington 1979, 

Hildrew et al. 1984). Similar to the way that large- scale aspects of climate, 

vegetation, and geology influence local-scale physical and chemical features of 

the stream environment, a series of hierarchically nested environmental factors 

also influences the assemblage of species at progressively more localized spatial 

scales (Figure 2.3.). 



 

 

Figure 2.3. The number and types of species at a site reflects their possessing 

traits (trophic, habitat, life history, etc.) that allow them to pass through multiple 

biotic and abiotic filters at hierarchical spatial scales. The species assemblage 

found within a particular microhabitat possesses traits suitable for prevailing 

watershed/ basin, valley bottom/stream reach, and channel unit and habitat 

conditions. (Reproduced from Poff 1997.) 

 

Species able to colonize and survive within a particular stream network are 

those that occur within the region and are tolerant of the hydrologic and thermal 

regimes and water chemistry Vannote and Sweeney 1980). Persistence at the 

valley reach level requires a more refined match of species adaptations to physical 

habitat, food resources, and specific temperature and flow conditions (Gorman 

1988). Additional filters at the channel unit and microhabitat level further restrict 

the pool of suitable species to those with traits suited to finer-scale conditions 

such as space within the interstices of the substrate, local hydraulic conditions, 

and habitat and food resources (Collier and Halliday 2000, Collier et al. 1990). 

Lastly, interactions among species can serve as a powerful additional filter, as 

when one species competitively displaces another, a critical food resource is 

lacking, or a top predator eliminates all but the most cryptic or elusive of prey 

(Cooper and Scherer 1967, Cooper 1984, Cooper et al. 1990). The river ecosystem 

includes its hydrology, diversity of channel and habitat types, solutes and 

sediments, and biota (Brunke and Gonser 1997, Brunke and Fischer 1999, 

Brugger et al. 2001, Bruijnzeel 2004). Certain processes and properties emerge at 

the level of the whole ecosystem, including the flow of energy through food webs, 

the cycling of carbon (C) and nutrients such as nitrogen (N) and phosphorus (P), 



 

and the origin, processing, and transport of materials from headwaters to sea. 

Rivers are not only important links in the hydrologic cycle and ‘‘the gutters down 

which run the ruins of continents’, but also ecosystems that use and reuse 

biologically reactive elements. 

In any ecosystem, nutrient cycling describes the uptake of some nutrient, 

usually from a dissolved inorganic phase, and its subsequent incorporation into 

biological tissue (Hood et al. 2005). That material resides for some time in organic 

form within the plant or microbe, and likely passes through other consumers, but 

eventually is remineralized by excretion or respiration, thus completing the cycle 

(Figure 2.4). In running waters, downstream transport occurs in both the inorganic 

and organic phases, but especially in the former, stretching the cycle into a spiral. 

Thus, uptake distance rather than time becomes a useful measure of biological 

availability and demand. 

At the catchment scale, mass balance analysis complements reach-scale uptake 

studies by computing all inputs to the landscape and exports from the river mouth. 

The difference is an estimate of all the nutrients removed by ecosystem processes 

or stored within soils and sediments, and this can be viewed as a measure both of 

the services provided by an ecosystem and of their limitations. For example, it 

appears that roughly 25% (but occasionally as much as 50%) of the total N inputs 

to a catchment are exported at the river mouth; the difference is attributed mostly 

to denitrification that takes place in terrestrial ecosystems, wetlands, and the river 

itself. The river continuum concept integrates stream order, energy sources, food 

webs, and to a lesser extent nutrients into a longitudinal model of stream 

ecosystems (Vannote et al. 1980, Wootton et al. 1996). In a river system flowing 

through a forested region, the headwaters (order 1-3) are heavily shaded and 

receive abundant leaf litter, but algal growth often will be light-limited. Streams 

of order 4-6 are expected to support more plant life because they are wider and 

less shaded, and in addition receive organic particles from upstream (Quinn et al. 

1996). 

 



 

 

Figure 2.4. Nutrient uptake and release in streams is coupled with downstream 

transport, stretching cycles into spirals. Spiraling length is the sum of the 

distance traveled by a nutrient atom in dissolved inorganic form in the water 

column, called the uptake length (Sw, in meters), and the distance traveled 

within the biota before being mineralized and returned to the water column, 

called the turnover length (SB). Arrows show uptake and release of nutrient 

retained within the streambed. (Modified from Newbold 1992.) 

The headwaters have more allochthonous inputs, indicated by a ratio of 

primary production to respiration well below unity, whereas the mid reaches have 

more autochthonous production and a higher P/R ratio. Higher-order rivers are 

too wide to be dominated by riparian leaf fall and too deep for algal production 

on the bed to be important. Instead, organic inputs from upstream and the 

floodplain, along with river plankton, play a greater role (Greenberg 1964, 

Admiraal et al. 1994). 
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3. HYDROLOGY 

3.1. Streamflow 

The volume of flow moving past a point over some time interval is referred to 

interchangeably as discharge or flow. Usually it is calculated from measurements 

of width (w), depth (d), and current velocity (v), and expressed in m3 s-1 or ft3 s-

1 (cfs). 

Q = wdv 

 

Figure 3.1. (a) Cross section of a gaining stream, typical of humid regions, 

where groundwater recharges the stream. (b) Cross section of a losing stream, 

typical of arid regions, where streams can recharge groundwater. (Reproduced 

from Fetter 1988.) 
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Discharge from the water table into the stream accounts for base flow during 

periods without precipitation, and also explains why base flow increases as one 

proceeds downstream, even without tributary input. Such streams are called 

gaining or effluent (Figure 3.1. a). Streams originating at high elevation 

sometimes flow into drier areas where the local water table is below the bottom 

of the stream channel. Depending upon permeability of materials underlying the 

streambed, the stream may lose water into the ground. This is referred to as a 

losing or influent stream (Figure 3.1. b). The same stream can shift between 

gaining and losing conditions along its course due to changes in underlying 

lithology and local climate, or temporally due to alternation of base flow and 

stormflow conditions. The exchange of water between the channel and 

groundwater will turn out to be important to the dynamics of nutrients and the 

ecology of the biota that dwells within the substrate of the streambed. 

 

3.2. Flow Variation 

The characterization of streamflow has practical application for the design of 

flood-control structures, evaluation of channel stability, and in determining 

whether sufficient water is available at the appropriate time to meet the needs of 

both people and the ecosystem. Abundant data often are available for gauged sites 

- as much as a century of continuous monitoring - and methods exist that allow 

extrapolation to ungauged sites. This has led to a great deal of hydrologic analysis 

of the spatial and temporal variation in streamflow (Gordon et al. 1992, 2004). 

One must consider five elements of streamflow to ensure that the needs of the 

stream ecosystem are met. These include the magnitude of flow, its frequency of 

occurrence, duration and timing of the event, and the rate of rise and fall. Because 

these five components are determined by natural variation in climate, vegetation, 

geology, and terrain, it is argued that rivers of a region have a characteristic flow 

regime, much like a region has a characteristic climate (Arthington and Pusey 

2003, Artmann et al. 2003, Bagnold 1966). An approach to the sediment transport 

problem of general physics. US Geological Survey Professional Paper 422-I, US 

Geological Survey, Washington, DC.  

 

3.3. The Drainage 

Water on the ground surface moves downhill, creating small channels or rills 

that, over time, become persistent channels. The channels join others, forming a 

treelike network of increasing drainage area. In reality, each additional tributary 

causes drainage area to increase in steps, rather than smoothly, but as an 

approximation, channel length increases as the 0.6 power of drainage area 
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increases. Stream networks generally increase in length more than width, and 

develop particular shapes depending on topography and the erodibility of the land 

surface. A stream draining a narrow valley often results in a central channel with 

numerous, short tributaries entering almost at right angles, whereas more gentle 

terrain can lead to a rounder drainage basin. Various descriptive terms (dendritic, 

radial, rectangular, trellis) are used to describe these patterns. Drainage density 

(the sum of channel length divided by drainage area, in km/km2) is a measure of 

how finely dissected the network is, and tends to be lower in more xeric (drier) 

locations. Relief ratio is the elevation difference divided by river length along the 

main axis, and thus is related to gradient and the pathway that the river takes. At 

the upstream origin of the drainage network, near the drainage divide, a very large 

number of very small channels carry water only during storms, but at some point 

the upstream area is sufficient to generate year-round flow. This is the point where 

perennial flow begins, and defines the beginning of a first-order stream. Above 

the first-order stream lies an ephemeral stream flowing only during wet periods. 

The exact transition between an ephemeral and first-order perennial channel is 

indistinct, and migrates up- and downslope depending on precipitation. 

 

3.4. The Stream Channel 

The shape of the cross section of a stream channel is a function of the 

interaction between discharge and sediment, the erodibility of its bed and banks, 

the stabilizing influence of vegetation, and any large structure (boulders, large 

wood [LW]) that can influence local channel conditions. A cross-sectional survey 

maps the shape of the channel and measures depth at multiple points, effectively 

creating a series of cells of known width and depth, whose product is summed to 

determine the area. Mean depth can then be estimated as area divided by width. 

The location of maximum depth within the channel is known as the thalweg. 

Channel shape and cross-sectional area will differ from transect to transect 

even within a reach, as some locations are wide and shallow, others narrow and 

deep. Water discharge must be the same at each transect, barring tributary inputs 

and groundwater exchange, but area and shape need not. Channel cross sections 

are more regular, often trapezoidal, in straight stretches but are asymmetric at 

curves or bends, where the greatest depth and velocity usually are at the outer 

bank (Figure 3.2). Sediment deposition forms point bars along the inner bank due 

to reduced velocity and the helicoidal flow within the bend, in which near-bed 

current flows from the outside toward the inside of the bend. Anglers make use of 

these shallow and gently sloping regions of streambed to cast toward the deeper 

water on the far bank. In steep, narrow valleys, channels are confined by 

topography, whereas flat, wide valleys allow more lateral movement and 

meandering (Figure 3.3). 
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Figure 3.2. A meandering reach, showing the line of maximum velocity and the 

separation of flow that produces areas of deposition and erosion. Cross sections 

show the lateral movement of water at bends. (Reproduced from Morisawa 

1968. 

 

 

Figure 3.3. (a) Diagrammatic cross section of a valley showing present channel, 

the floodplain occupied in modern time, and a terrace representing a previous 

floodplain. (Reproduced from Dunne and Leopold 1978.) (b) A constrained 

river channel with little opportunity to develop a floodplain. (Reproduced from 

Ward et al. 2002.) 
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3.5. Sediments and their Transport 

The supply and transport of sediments are important because they strongly 

influence channel dynamics, affect habitat quality experienced by the biota, and 

can be costly to manage (Wu and Loucks 1995). The dynamic equilibrium that 

rivers seek is between the twin supplies of sediments and water, which together 

determine whether erosion and deposition are in balance and thus how the channel 

responds (Townsend 1989). Too much sediment, or too little, can be harmful to 

the biota and have costly consequences for human populations and infrastructure. 

Many rivers have a long history of human-induced erosion and sedimentation, 

causing habitat degradation and altering their ecology to the point where 

restoration will be extremely challenging (Brierley and Fryirs 2000, 2005, 

Brierley et al. 1999).  

3.5.1. Bed material 

The grain size of bed material in a stream reach is determined by the sizes 

introduced to the channel from upstream, from local tributaries and from 

hillslopes, and by abrasion and sorting. Bed material is one of the imposed 

conditions to which channel form is adjusted. A convenient size classification 

(Table 3.1.), based on a progressive doubling of sizes, helps us be precise in our 

use of terms such as gravel, pebble, boulder, etc. Grain and particle describe a 

particle of any size and clast usually refers to larger particles. Streambeds 

typically include a mix of particle sizes. The composition of the bed surface 

determines material available for transport, which is the main focus here. It also 

influences bed roughness and thus the near-bed hydraulic environment, as well as 

bed permeability and its suitability as habitat for biota, which will be dealt with 

later. 
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Table 3.1. The Wentworth grain size scale defines size classes in intervals that increase by 

powers of two. 

Size category Particle diameter (range in mm) 

Boulder >256 

Cobble  
Large 128-256 

Small 64-128 
Gravel  
Very coarse 32-64 

Coarse 16-32 
Medium 8-16 
Fine 4-8 
Very fine 2-4 

Sand  
Very coarse 1-2 
Coarse 0.5-1 
Medium 0.25-0.5 
Fine 0.125-0.25 
Very fine 0.0625-0.125 
Silt <0.0625 

 

Because the bed surface typically is composed of a mix of particle sizes, it is 

useful to quantify the average particle size as well as the size range. The pebble 

count is a simple and widely used method to quantify grain size of the surface 

layer and predict bed mobilization thresholds. The usual approach is to measure 

the intermediate axis of approximately 100 grains that are >4 mm diameter by 

randomly selecting stones from the streambed or a gravel bar of a reasonably 

homogeneous stream reach. However, when the streambed contains significant 

amounts of material smaller than 10-15 mm in diameter, samples of bed material 

must be passed through sieves of various sizes. 

The surface layer of a gravel-bed stream usually has coarser grains than 

subsurface layers. Streambed armoring refers to the vertical layering of substrate, 

where coarser grains overlay finer material and may prevent the latter from being 

entrained in the water column. This can be quantified as the ratio of surface D50: 

subsurface D50. 

Bed sediment measurement employs many methods in addition to the pebble 

count (Kondolf et al. 2003). A less quantitative, but still useful, approach 

preferred by some biologists is to report the dominant and subdominant particle 

size. If the interest is in fish biology rather than in sediment transport, the fraction 

of gravel within a certain size range preferred by fish for spawning may be the 

most useful measure, and if fine sediments are limiting the intergravel flow of 

oxygenated water necessary for incubating fish embryos or benthic invertebrates, 
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then their quantification is important (Angermeier and Karr 1983, Angermeier 

and Schlosser 1989, Angermeier and Winston 1998, Araujo-Lima et al. 1986).  

 

3.5.2. Bank and bed erosion 

All sediments ultimately derive from erosion of basin slopes and water flowing 

across the land surface, but the immediate supply usually derives from the river 

bed and banks. Episodes of high flow scour and transport sediments, eventually 

depositing them farther down the channel as flow subsides. The erosion of stream 

banks is an important source of sediments and of channel instability. It occurs 

naturally as channels meander, and can become severe when peak flows are 

increased. Thus, increases in impervious surface area and stormwater conveyance 

can enhance erosion (Walsh et al. 2005). The process begins when streamflows 

cause the bank to steepen by eroding material at its base. As tension cracks begin 

to form in the upper, horizontal bank surface and water infiltration raises pore- 

water pressure (and increases mass), shearing begins, leading to bank failure. Soil 

debris is deposited at the foot of the bank, and streamflow removes the failed 

debris, increasing the sediment load of the stream (Bilby 1981, Harmon et al. 

1986, Bilby and Likens 1979, 1980, Bilby and Bisson 1998, Bilby et al. 2001). 

Bank steepening starts again, resulting in a vertical bank face and another cycle 

of bank erosion. 

Most channel banks include finer material and this provides some degree of 

cohesion. The root systems of plants help to hold soil in place. Grass has been 

found to be particularly effective at stabilizing stream banks, relative to trees, 

owing to a deeper and denser root system. Indeed, along a stream passing between 

pasture and woodland, the channel has been observed to narrow and deepen in the 

grassy stretches, and become shallower and wider in forested stretches. Because 

some land managers apparently prefer woody vegetation, the planting of trees in 

grassy riparian area has the potential to cause streams to become wider and 

shallower as their shape adjusts to the change in bank stability.  

Bank stability can be increased in several ways. Vegetation on the bank surface 

both stabilizes the soil with its roots and removes soil water by uptake and 

evapotranspiration. Drainage tiles can be installed to remove infiltration water, 

which reduces the likelihood of mass wasting. Toe protection by various devices 

can prevent bank steepening. Bank stabilization is an important management 

activity, and varies from ‘‘hard’’ solutions such as riprap (slabs of concrete) and 

gabions (wire baskets of stones) to more environment-friendly approaches using 

vegetation. However, efforts to stabilize banks will be ineffective if incision of 

the streambed takes place. 
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Urban streams present a different scenario than agricultural settings. Peak 

flows typically increase with urban infrastructure, and banks often are hardened 

because channel shifts can undermine roads and houses. Bed erosion and 

downcutting are the expected consequences, with considerable sediment exported 

to lower reaches. 

Bed material is transported when discharge reaches a sufficient level to initiate 

motion and transport particles generally of larger size than fine sand. Not 

surprisingly, the size of particle that can be eroded and transported varies with 

current velocity (Figure 3.4). The competence of a stream refers to the largest 

particle that can be moved along the streambed at some flow, and the critical 

erosion (competent) velocity is the lowest velocity at which a particle of a given 

size, resting on the streambed, will move. Sand particles are the most easily 

eroded, having a critical erosion velocity of about 20 cm s-1. Due to their greater 

mass, larger particles require higher current velocities to initiate movement, for 

example, at least 1ms-1 for coarse gravel. However, grains smaller than sands, 

including silts and clays, have greater critical erosion velocities because of their 

cohesiveness. 

Once in transport, particles will continue in motion at somewhat slower 

velocities than was necessary to initiate movement (Figure 3.4). As velocities 

decrease, grains settle out of suspension, beginning with the largest and heaviest. 

This occurs when discharge declines following a flood, in reaches of lower 

gradient, at the inside of bends and behind obstructions. 
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Figure 3.4. Relation of mean current velocity in water at least 1 m deep to the 

size of mineral grains that can be eroded from a bed of material of similar size. 

Below the velocity sufficient for erosion of grains of a given size (shown as a 

band), grains can continue to be transported. Deposition occurs at lower 

velocities than required for erosion of a particle of a given size. (Reproduced 

from Morisawa 1968.) 

 

By mode of transport, the sediment load is divided into suspended load and 

bed load. The flow of water in rivers generally is turbulent, and exerts a shearing 

force that causes particles to move along the bed by pushing, rolling, and skipping, 

referred to as the bed load (Ackerman and Hoover 2001). This same shear causes 

turbulent eddies that entrain particles into suspension, called the suspended load. 

The distinction between bed load and suspended load is based on sampling 

method, and the same material that is transported as bed load at low discharge 

may become suspended load at higher discharge. Bed load transport is difficult to 

measure, and often involves a trap or tracer particles (Gordon et al. 2004). 

Suspended load is fairly easy to sample - a simple grab sample will suffice - but 

varies with depth and can change rapidly with discharge, and so sampling that 

integrates across depth and takes place frequently over the rise and fall of the 

hydrograph is preferred. Because fine sediments tend to be washed into the stream 

at the beginning of a rain event and entrained by rising water, their concentrations 

usually are greater during the rise of the hydrograph, and decline during the falling 

hydrograph due to exhaustion of the sediment supply. As a consequence, sediment 
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concentrations can be different at identical discharges of the rising and falling 

hydrograph. This is referred to as hysteresis. 

Suspended sediments cause turbidity by restricting the transmission of light 

through water due to scattering and absorption. By measuring light transmission 

through a water sample, turbidity meters provide a simple approximation of 

suspended sediment loads (Jones et al. 2001). These usually are reported as 

nephalometric turbidity units (NTUs), which can be calibrated against measured 

sediment concentrations (mg L-1). There are additional sources of turbidity, 

however, including algae and colloidal matter, and so turbidity is not solely a 

measure of suspended sediments. 

 

3.6. Changing hydrology 

3.6.1. Dams 

The extent of alteration of river flow and loss of river connectivity due to dams 

and impoundments is staggering (Poff and Hart 2002). Worldwide, it is estimated 

that there are >45,000 large dams >15 m in height or of large reservoir capacity 

and perhaps a million smaller dams. The United States has >75,000 dams >2 m 

in height and approximately 2.5 million smaller water control structures (Hart and 

Poff 2002). As a consequence, most river systems are impacted and few free-

flowing sections of any size remain. Within the 48 contiguous US states, only 42 

high-quality rivers contain free-flowing sections >200 km in length (Benke 1990). 

Most of the largest river systems of North America, Europe, and former USSR 

are highly or moderately affected by fragmentation of their main channels 

(Jackson et al. 2005). Only tundra rivers in the northern hemisphere and some 

large tropical rivers, particularly in South America, remain predominantly 

undammed (Payne 1986). The ecology of tropical lakes and rivers. Wiley, New 

York.  

The pace of dam construction increased steadily throughout the 20th century, 

reached a peak between 1970 and 1975 during which roughly 5,000 large dams 

were constructed, and now has slowed to approximately 2,000 large dams per 

decade. This slowing is due partly to a declining number of suitable sites, and 

partly to growing appreciation of the resultant social and ecological disruptions. 

Dams vary widely in their size, purpose, and mode of operation and these 

differences influence their impact upon river ecosystems (Petts 1984). Dams also 

differ in whether water is released from the surface of the dam, near the bottom, 

or both. Water supply impoundments require a large storage volume to meet 

projected needs and outlast droughts. Dams constructed for irrigation must store 

as much water as possible during the rainy season for release during the growing 
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season. Flood control reservoirs maintain only a small permanent pool in order to 

maximize storage capacity, and draw down as soon as possible after a flood event 

to restore their capacity. Navigation requires water storage in upper reaches to 

offset seasonal low flow conditions, and may be complemented by a system of 

locks and dams. Hydroelectric dams store water for release to meet regional 

energy demands, which can vary seasonally or over the course of 24 h. “Run-of-

the-river” dams release water at the rate it enters the reservoir, usually are of low 

height, and are thought to have few adverse effects on hydrology, although they 

may still impair longitudinal connectivity. The hydropower dams meet daily 

fluctuations in energy demand by allowing water to flow through turbines only at 

certain times, usually from midmorning through early evening. Changing water 

levels create unstable habitat conditions that can be especially disruptive to 

juvenile fishes and limit spawning opportunities for adults (Horwitz 1978). 

Finally, reservoirs may also serve recreational purposes including fisheries, but 

typically, this is a secondary function of a multipurpose facility. 

The river environment below an impoundment is affected by changes in flow, 

sediment load, temperature, and water quality of the outflow. Effects on channel 

shape and substrate conditions are varied and can be especially serious. Dams that 

release very high discharges may cause scouring of fine materials and armouring 

of the streambed, a process in which the surface substrate becomes tightly 

compacted. Because of the loss of the river’s normal sediment load, the result of 

deposition in the slow waters of the impoundment, the discharge immediately 

below a dam is ‘‘sediment-starved.’’ This can lead to substantial channel and bank 

erosion and down-cutting of the streambed as the river adjusts to the altered 

balance between the amount of water and sediments that it is transporting. Where 

fine sediments are available, the absence of flushing flows can result in their 

accumulation within the streambed, reducing habitat space for invertebrates 

(Vanni et al. 2002). 

A river’s temperature regime is altered to varying degrees by impoundments, 

strongly so in the case of large reservoirs with deep-release dams located on 

temperate rivers, which release water of cool and relatively constant temperature 

throughout the year. The new thermal regime facilitates the replacement of warm- 

water by cool-water fish species, which often are introduced trout in the western 

and southeaster United States. A moderated thermal regime has been shown to 

cause dramatic reductions in macroinvertebrate diversity at high latitudes, where 

exposure to near-freezing temperatures followed by a spring temperature rise is 

necessary to break egg diapause (Lillehammer et al 1989). Because 

impoundments trap sediments, water clarity typically increases below dams, 

resulting in a greater abundance of periphyton or higher plants than is found 

elsewhere in the river (Lowe et al. 1986, Robinson and Rushforth 1987). The 

benthic invertebrate community immediately below dams often shows a reduction 

in species richness (Townsend et al. 2002). In addition to the specific and local-
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scale effects of individual dams on the impounded river section and downstream 

reach (which may extend for tens or even hundreds of km), dams sever the 

upstream-downstream connectivity that is a core characteristic of river 

ecosystems. The influence of dams on migrating salmon of the Pacific Northwest 

of North America may be the best known yet still controversial example of 

biological impacts on migratory species (Gresh et al. 2000, Kareiva et al. 2000). 

The total number of individuals of all species of salmon returning from the sea to 

spawn in the Columbia River prior to development is conservatively estimated to 

be 6.2 million, of which spring- and summer-run Chinook were most abundant 

(Hilderbrand et al. 1999). By the close of the 20th century, numbers of naturally 

produced salmon had declined to about one eighth of their predevelopment 

abundance. Some 19 major hydroelectric facilities were constructed between the 

1930s and 1970s, impeding and in some cases completely blocking upstream 

migrations of returning salmon. Juveniles that once passed swiftly downstream 

with the river’s current now must expend more energy in swimming through 

slack-water impoundments, risk damage from passing over spillways or through 

tur-bines, and run a gauntlet of predatory fish and birds that congregate below 

dams (Kuhara et al. 1999). Despite the well-documented declines of salmon runs 

and the obvious negative effects of dams, other factors including deteriorating 

habitat in nursery streams, commercial and recreational harvest, and varying 

ocean conditions all affect salmon survival.  

Floodplains are a natural feature of large lowland rivers, a fact that is easy to 

forget in lots of part of the Earth due to construction of dams, dikes, and levees to 

control flooding and permit agricultural use and human settlement in former 

floodplains. Natural floodplains are highly imperilled ecosystems, with over 90% 

under cultivation for example in Europe. Land-use change is an integrator of 

many human activities that have a negative impact on running water ecosystems. 

Flow variability and sediment delivery to streams are strongly influenced by the 

impervious surfaces and storm drains of urban areas, the channelized streams and 

field tiles of agricultural areas, and logging practices and road building in areas 

of forest harvest (Thorp et.al. 1998). Habitat degradation is likely to be manifested 

in changes to flows, benthic habitat conditions, and riffle- pool integrity. In 

regions that naturally have a vegetated riparian, the presence of vegetation 

stabilizes banks, moderates water temperature, filters nutrients and sediments, and 

strongly influences energy pathways by influencing the availability of light and 

inputs of particulate organic matter Typically the loss of riparian vegetation is 

accompanied by bank erosion, silt deposition, warmer water, and altered food 

webs; and as human presence encroaches to the stream edge contaminant loading 

often increases. Although the pathways are less obvious, land use patterns and 

human presence throughout the catchment often serve as good indicators of a 

stream’s condition, acting as a general index of human disturbance (Table 3.2.). 
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Table 3.2. Principal mechanisms by which land-use activities influence stream ecosystems. 

(From Allan 2004.) 

Environmental 

factor 

Effects 

Sedimentation Increases turbidity, scouring, and abrasion; impairs substrate suitability 

for periphyton and biofilm production; decreases primary production 

and food quality causing bottom-up effects through food webs; in-

filling of interstitial habitat harms crevice-occupying invertebrates and 

gravel-spawning fishes; coats gills and respiratory surfaces; reduces 

stream depth heterogeneity leading to decrease in pool species 
Nutrient 

enrichment 
Increases autotrophic biomass and production, resulting in changes to 

assemblage composition, including proliferation of filamentous algae, 

particularly if light also increases; accelerates litter breakdown rates 

and may cause decrease in dissolved oxygen and shift from sensitive 

species to more tolerant, often nonnative species 
Contaminant 

pollution 
Increases heavy metals, synthetics, and toxic organics in suspension, 

associated with sediments, and in tissues; increases deformities; 

increases mortality rates and impacts to abundance, drift, and 

emergence in invertebrates; depresses growth, reproduction, condition, 

and survival among fishes; disrupts endocrine system; physical 

avoidance 

Hydrologic 

alteration 
Alters runoff-evapotranspiration balance, causing increases in flood 

magnitude and frequency, and often lowers base flow; contributes to 

altered channel dynamics, including increased erosion from channel 

and surroundings and less-frequent overbank flooding; runoff more 

efficiently transports nutrients, sediments, and contaminants, thus 

further degrading instream habitat. Strong effects from impervious 

surfaces and stormwater conveyance in urban catchments and from 

drainage systems and soil compaction in agricultural catchments 
Riparian clearing/ 

canopy opening 
Reduces shading, causing increases in stream temperatures, light 

penetration, and plant growth; decreases bank stability, inputs of litter 

and wood, and removal of nutrients and contaminants; reduces 

sediment trapping and increases bank and channel erosion; alters 

quantity and character of dissolved organic carbon reaching streams; 

lowers retention of benthic organic matter owing to loss of direct input 

and retention structures; alters trophic structure 

Loss of large wood Reduces substrate for feeding, attachment, and cover; causes loss of 

sediment and organic material storage; reduces energy dissipation; 

alters flow hydraulics and therefore distribution of habitats; reduces 

bank stability; influences invertebrate and fish diversity and 

community function 

 

Because urban stressors have a disproportionate influence on aquatic ecosystems 

the influence of urbanization can be important even at low values. When small 

catchments of low-order streams are the focus land use can vary from nearly 0-
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100% coverage of urban, agricultural, or forested land. Many studies have shown 

that habitat quality and biological diversity correlate with various measures of 

land use either along the river corridor or throughout the stream’s catchment.  

Some great rivers remain still largely unregulated and flood regularly over vast 

areas of forest and wetland, including the Amazon, Orinoco, and Mekong. Many 

fishes in these rivers make upstream breeding migrations during the wet season, 

spawning in inundated areas, or move laterally into flooded forest. Because fish 

production in tropical rivers is positively correlated with extent of flooded area 

and fluctuates among years with the size of flood peaks, fish production and 

human livelihoods are likely to be harmed by river regulation (Barbour and Brown 

1974, Baltz et al. 1982, Baltz and Moyle 1993, Barbarino et al. 1998, 2003, 

Barbour et al. 1999). There is ample evidence that poorly regulated forest harvest 

has resulted in substantial degradation in habitat and fish populations. Changes in 

streamflow and increased sediment production are among the most serious 

consequences of logging activities because they have long-term effects on channel 

and habitat features. Major sources of sediments include landslides from 

deforested slopes, surface scour from logging roads, and erosion of sediments 

stored on stream banks or within the streambed itself due to greater flooding. As 

more of the basin is logged, pools fill with sediments, pool-forming large wood 

is lost, and the frequency and size of pools decline. In general one observes a 

reduction in species diversity, attributed to habitat simplification, and an increase 

in standing crop biomass, attributed to greater light penetration and autotrophic 

production. How effectively a riparian buffer strip can lessen the adverse impacts 

of land use on aquatic ecosystems, and what width is required, continue to be 

debated (Lee et al. 2004). The recommended width of buffer strips varies from 

<10 to 100 m, and will likely depend on protection goals and context. 

 

3.7. Channelization 

From small drainage ditches that return water to a river a short distance 

downstream, to interbasin diversions that connect historically distinct river 

systems, to massive plumbing schemes that alter drainage patterns of large 

regions, canals and water transfers have had an effect upon rivers rivalling that of 

dams. Indeed, diversion projects typically are combined with impoundments and 

dams, either to bring water to the impoundment for added hydropower, or to send 

water though pipes and canals for irrigation and navigation. The channelization 

of small streams, primarily to improve conditions for agriculture, is widespread. 

Agricultural fields often are underlain by an extensive network of subsurface 

drainage tiles, which help to drain the soils but also result in faster runoff. 

Consequently, stream channels must be made wider, deeper, and straighter in 

order to convey greater stormflows. Channelization dramatically alters the shape 
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and dimensions of the stream system and these ditches often are managed by weed 

cutting, wood removal, and dredging of sediments to ensure flood conveyance. 

Unsurprisingly, both the fish assemblages and the macrophytes of highly 

managed systems have been shown to be strongly affected by these practices 

(Bunn and Hughes 1997, Bunn et al. 1998, 1999, Grenouillet et al. 2000). 

Whereas small streams are widened and straightened for water conveyance, larger 

rivers commonly are modified for navigation, flood control, and utilization of 

floodplain land. The period 1750-1900 marked an era of ambitious regulation 

schemes for most of the large rivers of Europe (Deecamps et al. 1984). Shoreline 

length is a useful measure of habitat simplification owing to channel 

modifications. In rivers that still maintain a complex and dynamic interaction with 

their floodplains, such as the Tisza river, shoreline length can be as high as 19 km 

per kilometre of river length: in channelized Tisza river, that value can be as low 

as 2.1 km of shoreline per river kilometre. 
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4. INORGANIC AND ORGANIC VARIABLES 

Many factors influence the composition of river water, causing variation from 

place to place (Kempe  et al. 1991). Rain is one source of chemical inputs to rivers, 

and a stream flowing through a region of relatively insoluble rocks can be 

chemically very similar to rain water in its composition. Most streams and rivers 

contain much more suspended and dissolved material than is found in the rain, 

however. Ultimately, all of the constituents of river water originate from 

dissolution of the earth’s rocks. The dissolving of rocks commonly is the major 

determinant of river water chemistry locally as well, but this varies with geology 

and with the magnitude of inputs via other pathways including precipitation, 

volcanic activity, and pollution (Gibbs 1970). Materials are concentrated by 

evaporation and altered by chemical and biological interactions within the stream. 

Unlike seawater, which is quite constant everywhere and can be approximated 

with an artificial standard, river water varies considerably in its chemical 

composition. In this chapter we shall concentrate on the major dissolved 

constituents and the gases.  

The materials transported in river water can be subdivided into dissolved 

versus suspended, organic versus inorganic, and by chemical description. 

Following Berner and Berner (1987), a useful breakdown includes: 

1. Suspended inorganic matter 

2. Gases (N2, CO2, O2) 

3. Dissolved major ions (Ca2+, Na+, Mg2+, K+, HCO3
-, 

SO4
2- , Cl-) 

4. Dissolved nutrients (N, P, and to some extent Si) 

5. Suspended and dissolved organic matter 

6. Trace metals, both dissolved and suspended 

 

4.1. Gases 

Oxygen (O2), carbon dioxide (CO2), and nitrogen (N2) occur as dissolved gases 

in river water in significant amounts. Although N gas can be incorporated into N 

cycling within stream ecosystems by certain specialized bacteria, the 

concentration of dissolved N2 itself is of little biological importance. Both oxygen 

and CO2 occur in the atmosphere and dissolve into water according to partial 

pressure and temperature (Table 4.1.). The solubility of oxygen in freshwater is 

reduced at high elevations due to lower atmospheric partial pressure. It also 

decreases with increasing salinity, by about 20% in normal seawater. Air is nearly 

21% oxygen by volume and just 0.03% CO2, but the latter is much more soluble 

in water. Hence, although saturated freshwater has higher concentrations of 
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oxygen than CO2, the difference is not nearly as great as is found in air. 

Groundwater frequently is very low in dissolved oxygen and enriched in CO2 due 

to microbial processing of organic matter as water passes through soil. Localities 

that receive substantial groundwater inputs may reflect this, but equilibration with 

the atmosphere usually occurs once hyporheic water enters the stream (Sobczak 

and Findlay 2002).  

In small, turbulent streams that have received only limited pollution, diffusion 

maintains oxygen and CO2 near saturation. Should biological or chemical 

processes create a demand for or an excess of either within the water column, 

exchange with the atmosphere usually maintains concentrations very near to 

equilibrium. Concentrations may change seasonally and daily, however, in 

response to shifts in temperature. Diffusion plays a reduced role in large rivers 

because of the smaller surface area relative to volume, and in more smoothly 

flowing rivers because of less turbulence. In these circumstances, high naturally 

occurring biological activity can alter the concentrations of oxygen and CO2, 

organic pollution can greatly increase respiratory demand for oxygen, and acid 

precipitation can alter the carbonate buffer system, which influences the 

concentration of free CO2 in solution (Sondergaard and Middleboe 1995).  

Table 4.1. Concentration of dissolved oxygen and carbon dioxide in saturated pure water for 

atmospheric partial pressure at sea level. 

Respiration and photosynthesis are the two important biological processes that 

alter the concentration of oxygen and CO2. Oxygen consumption increases with 

increased loadings of organic matter due to direct chemical reactions and aerobic 

respiration. Oxygen demand can be high in certain areas and seasons, for example, 

within accumulations of fallen leaves in woodland streams in autumn, in 

backwaters with abundant decaying plant matter, and due to anthropogenic 

sources. In highly productive waters, whole-system photosynthesis results in 

elevated concentrations of oxygen during the day, while whole-system respiration 

causes oxygen to decline at night. CO2 concentrations in streamwater are 

influenced not only by atmospheric diffusion and instream metabolism but also 

by groundwater inflows, which commonly are substantially enriched with CO2 

due to soil respiration throughout the catchment. Free CO2 exceeded the 

concentration expected for atmospheric equilibration by a factor >10 at the source 

of a moorland stream and decreased to near equilibrium at few km downstream, 

indicating the extent of outgassing of soil-derived CO2. In highly productive 

lowland streams that support luxuriant growths of macrophytes and microbenthic 

algae, diel shifts in dissolved CO2 can be large (Hill and Webster1982, 1983). 

Temperature (°C) O2 (mg L 1) CO2 (mg L-1) 

0 14.2 1.1 

15 9.8 0.6 
30 7.5 0.4 
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Because of the interdependence of CO2 concentration and pH in within a given 

range, midday pH can increase by as much as 0.5 units. In larger rivers receiving 

a substantial organic load, outgassing of CO2 is unable to compensate for excess 

CO2 generated by microbial respiration. As a consequence the partial pressure of 

CO2 in the water column can exceed that of the atmosphere by as much as 2-5 

times, and occasionally by even more. In example: a given lake, in summer CO2 

is lower than the atmospheric partial pressure (pCO2) due to the productivity of 

lake phytoplankton. In winter at about twice the atmospheric partial pressure. 

Because organic pollution increases as one proceeds downriver, the pCO2 

increases also. High summer temperatures permit high microbial respiration, with 

the result that the downstream average pCO2 is about sometimes 20 times the 

atmospheric value (McArthur 2002).   

. 

4.2. Physico-chemical variables 

The concentration of hydrogen ions is very important both chemically and 

biologically, because they determine the acidity of water. This is expressed as pH, 

and is a logarithmic scale in which a tenfold change in hydrogen ion activity 

corresponds to a change of 1 pH unit. A pH of 7 is neutral, higher values are 

alkaline, and lower values are acidic. 

The total dissolved solids (TDS) content of fresh water is the sum of the 

concentrations of the dissolved major ions.  The world average is about 100 mg 

L-1 (Table 4.2.). Four major cations, Na+, K+, Ca2+, Mg2+, and four major anions, 

HCO-, CO3
- , SO4

2- , and Cl-, make up most of the ionic content of fresh water. 

Other ions, including those of N, phosphorus (P), and iron, are biologically 

important but make a minor contribution to total ions. Both the total and the 

concentration of individual constituents vary considerably from place to place, 

due to variability in natural and anthropogenic inputs. However, the vast majority 

of the world’s rivers have TDS that contain more than 50% HCO-, and from 10% 

to 30% (Cl- + SO4
2-). This reflects the dominance of sedimentary rock weathering, 

and especially of carbonate minerals. Just under one fourth of the earth’s land 

surface is covered by igneous and metamorphic rocks, versus three fourths 

covered by sedimentary rocks. Combining this information with the known 

differences in ionic concentrations associated with different geologies, it is 

evident that dissolved materials from sedimentary rocks contribute by far the 

greatest amount of the total dissolved load of rivers, and thus dominate the 

composition of ‘‘average’’ river water. 
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Table 4.2. Chemical compositions of river waters of the world (mg L -1). Cations and anions are 

in |xeq L -1 (from Wetzel (2001). 

 

Salinity refers to the sum of the concentrations of all dissolved ions, and so is 

a more inclusive term than TDS, although for all practical purposes it is the same 

quantity. TDS is measured by evaporation and weighing of the residue. In 

addition, major ions can be measured directly by a number of ways, including 

colorimetric methods in which specific ions react with specific chemicals to form 

coloured compounds, ion chromatography, and by means of ion-specific probes. 

Conductivity is a measure of electrical conductance of water, and an approximate 

measure of total dissolved ions. Distilled water has a very high resistance to 

electron flow, and the presence of ions in the water reduces that resistance. The 

relationship between TDS and specific conductance (SC) typically is linear (TDS 

= k x SC) with a value of k between 0.55 and 0.75. However, the value of the 

constant varies with location and must be established empirically (Walling 1984). 

Differences in conductivity result mainly from the concentration of the charged 

ions in solution, and to a lesser degree from ionic composition and temperature. 

Values are reported as micro Siemens per centimetre (µS cm-1) at 20 or 25°C.  

Of course, river water will be more concentrated than rainwater simply because 

of evaporation. Using the world average runoff ratio of 0.35, which means that 

35% of precipitation becomes runoff, the concentration of ions in river water 

should be nearly three times greater than the concentration in rain. Because the 

true differential is roughly 20-fold, rock weathering, other natural sources, and 

anthropogenic inputs must account for the majority of dissolved ions in river 

water. Figure 4.1. illustrates this discrepancy for North America. Roughly 10-

15% of the calcium, sodium, and chloride in US river water comes from rain, 

compared to one fourth of the potassium and almost half of the sulphate. In 

contrast, almost none of the SiO2 or HCO3
- comes from rain. This emphasizes the 

need to examine the origins of each of these major cations and anions in order to 

understand what influences their concentrations. 
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Figure 4.1. Dissolved ionic concentrations for river (clear bars) and rain water 

(shaded bars) from North America. Rainwater concentrations are multiplied by 

2.6 to correct for evaporation. Cross-hatching shows anthropogenic contribution 

to river water values) reproduced from Berner and Berner 1987). 

 

Calcium is the most abundant cation in the world’s rivers. It originates almost 

entirely from the weathering of sedimentary carbonate rocks, although pollution 

and atmospheric inputs constitute small sources. Its concentration (along with 

magnesium) is used to characterize ‘‘soft’’ versus ‘‘hard’’ waters, which are 

discussed fully below. Magnesium likewise originates almost entirely from the 

weathering of rocks, particularly Mg-silicate minerals and dolomite. Atmospheric 

inputs are minimal, and pollution contributes only slightly. 

Sodium is generally found in association with chloride, indicating their 

common origin. Weathering of NaCl-containing rocks accounts for most of the 

Na found in river water. However, rainwater inputs from sea salts can contribute 

significantly, especially near coasts. Pollution, due to domestic sewage, 

fertilizers, and road salt, is an especially important factor. Berner and Berner 

(1987) estimate that, worldwide, ~28% of the sodium in rivers is anthropogenic. 

Potassium is the least abundant of the major cations in river water, and the least 

variable. Roughly, 90% originates from the weathering of silicate materials, 

especially potassium, feldspar, and mica. Concentrations thus vary with the 
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underlying geology, and also increase substantially from polar latitudes toward 

the tropics, apparently due to more complete chemical weathering at higher 

temperatures. Silica is used by diatoms in the formation of their external cell wall 

and can on occasion limit algal productivity (Keithan and Lowe 1985). 

Bicarbonate (HCO3
-) ultimately derives almost entirely from the weathering of 

carbonate minerals. However, the immediate source of the majority of bicarbonate 

is CO2 dissolved in soil and groundwater, which is produced by bacterial 

decomposition of organic matter, and derives in turn from the photosynthetic 

fixation of atmospheric CO2 (Moore 1972, Suberkropp and Klug 1976, Moran and 

Hodson 1990). Bicarbonate is a biologically important anion (Harrison et al. 

1970). High concentrations are reflected in measures of alkalinity and are 

indicative of fertile waters. The carbonate buffer system, alkalinity, and hardness 

are interrelated, as will be discussed more fully below. Anthropogenic increases 

in acidity, caused by acid precipitation or mining, reduce bicarbonate levels 

through the formation of H2CO3.  

The origins of chloride are essentially the same as sodium: mostly from 

weathering of rocks, but inputs of sea salts and pollution including the application 

of road salts to reduce ice can be important. Chloride is chemically and 

biologically unreactive, and so is useful as a tracer in nutrient release experiments. 

Sulphate has many sources, including the weathering of sedimentary rocks and 

pollution from fertilizers, wastes, mining activities, and especially the burning of 

fossil fuels; biogenically derived sulphate in rain and volcanic activity are 

additional inputs. Sulphate and bicarbonate concentrations tend to be inversely 

correlated in streamwater, especially in low alkalinity areas (Thorp and Delong 

2002). 

Dissolved inorganic P and N are primary nutrients that limit plant and 

microbial production, and cycle rapidly between their inorganic forms and their 

incorporation into the food web (Wootton et al. 1996, Gordon 1999). Nutrients in 

dissolved inorganic form enter a stream reach from upstream, groundwater and 

surface runoff, and atmospheric inputs. Nutrients are incorporated into organic 

form by biological uptake and assimilation, move through the food web by 

consumption, and subsequently are mineralized to inorganic form by excretion 

and the decomposition of organic matter (Hall and Meyer 1998, Hall et al. 2000, 

2002, 2003). Although the cycling of nutrients between abiotic and biotic 

compartments often is thought of as taking place within fixed boundaries, 

unidirectional flow adds a pronounced spatial dimension to nutrient cycling in 

running waters. Nutrients generated at one location typically will be transported 

some distance before subsequent reutilization. The term nutrient spiralling 

describes the interdependent processes of nutrient cycling and downstream 

transport. Nutrients that are in demand relative to their supply should be taken up 
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rapidly, resulting in short transport distances and rapid cycling relative to 

elements whose supply is less critical. Nutrient dynamics in streams are further 

complicated by various abiotic uptake and release mechanisms that partially 

regulate nutrient concentrations and, particularly in the case of N, by several 

transformations among inorganic states that yield energy to specialized bacteria 

(Berner and Berner 1987, Bernhardt et al. 2002, Bernardes et al. 2004,).  

 

4.3. Nitrogen forms 

Nitrogen and P are the major nutrients that have been found to influence rates 

of primary production and the activity of heterotrophic microbes. Research has 

shown that benthic algal productivity can be limited by either N or P singly, be 

co-limited by both, or not be nutrient limited. Sources and supplies of N and P 

vary considerably with geology, soils, climate, and vegetation, and their 

concentrations often are substantially elevated owing to anthropogenic inputs 

(Dodds 2003, 2006, Dodds and Biggs 2002, Dodds and Welch 2000, Dodds and 

Whiles 2004, Dodds et al. 1998, 2000, 2002). Nitrogen is abundant in the 

environment as N2, but it is N bonded to oxygen, hydrogen, or C such as nitrate, 

ammonium, and organic N that comprises reactive N, and until recently this 

originated mainly by biological N fixation. As a consequence of the synthesis of 

nitrogenous fertilizers, burning of fossil fuels, and wide cultivation of crops that 

have N-fixing microbial symbionts, annual N fixation from anthropogenic 

sources now exceeds natural fixation. 

Nitrogen occurs in freshwater ecosystems in many chemical states (Table 4.3.). 

Dissolved inorganic nitrogen (DIN) includes ammonium (NH+), nitrate (NO3
-), 

and nitrite (NO2
-) (Neff et al. 2002). Dissolved organic nitrogen (DON) consists 

of amino nitrogen compounds (polypeptides, free amino compounds) and other 

organic molecules, and most particulate organic nitrogen (PON) occurs as 

bacteria and detritus (Hodoki 2005). Total N includes all dissolved and particulate 

forms including both organic and inorganic. Nitrogen also occurs in gaseous 

forms as dinitrogen N2 and in association with oxygen as NOx. Inorganic N forms 

(ammonium, nitrate, and nitrite) are generally determined through colorimetric 

methods.  
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Table 4.3. Major forms of nitrogen and phosphorus found in natural waters (after Meybeck 

1982). 

 

The sources of these various forms of N in streams include atmospheric 

deposition, N fixation, and terrestrial inputs carried in runoff and groundwater 

(Golterman 1975, Goolsby et al. 2001, Goller et al 2006,). Atmospheric 

deposition as precipitation and dry fallout occurs primarily in the form of 

ammonium and nitrate, although organic forms also can be important (Gurevitch 

et al. 2002, Gulis and Suberkropp 2003, Gucker and Boechat 2004, Gulis et al. 

2004, Guo et al. 2004, Gueguen et al. 2006). Nitrogen gas is abundant in the 

atmosphere and soluble in water, where it can be transformed by N-fixing 

bacteria, principally cyanobacteria, into N forms that can then be used by other 

organisms (Judd et al. 2006). Nitrogen from the land enters streams as runoff from 

soil and vegetation and in groundwater, depending on precipitation and 

hydrologic flowpaths (Grimm 1987, 1998, Grimm and Fisher 1986, Grimm and 

Petrone 1997). During baseflow, most inputs are from subsoil leaching. Inputs 

from throughfall (rain that drips from vegetation) can be significant at the 

beginning of a rain event; subsequently, inputs via shallow flowpaths from 

topsoils rich in DON are more important. Be-cause the atmosphere is the main 

reservoir of N, rock weathering is usually discounted as a source. However, recent 

evidence indicates that some sedimentary rocks contain large amounts of fixed N, 

and so weathering may provide significant amounts of nitrate to running waters 

in some circumstances (Holloway et al. 1998). Nitrogen inputs often vary 

seasonally due to the effects of the growing season and hydrology (Kemp and 

Dodds 2001, 2002a, 2002b). Due to uptake of N by terrestrial vegetation, 

streamwater concentrations tend to be lower during the growing season and higher 

during the dormant season. Spatial variation in streamwater nitrate concentrations 

is influenced by nitrification in upland soils, which affects the extent to which 

catchments retain or export nitrate via streamflow (Walling and Webb 1975).  

Principal anthropogenic inputs of N to streams include agricultural fertilizers, 

atmospheric deposition, N-fixing crops, and human and animal waste. Point 
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sources from sewage were important in highly populated watersheds but 

nonetheless were smaller than inputs from fertilizer application and atmospheric 

deposition. Although some fertilizer is assimilated by crops, when applied at high 

levels, substantial amounts of N leach into surface and groundwater, resulting in 

increases in river nitrate concentrations. The cultivation of crops N-fixing bacteria 

also increases the amount of reactive N in soils, representing as much as half of 

the inputs due to fertilizer application. Increased atmospheric deposition of N is 

primarily the consequence of the burning of fossil fuels to generate electricity and 

in automobiles (Holland et al. 1999). Preindustrial N deposition likely was higher 

in the tropics than in the temperate zone because natural volatilization processes 

that release N oxides into the atmosphere, including biomass burning and soil 

emissions, are greater in tropical regions. The N cycle is complex, due to the many 

chemical states in which N is found and the central role of bacteria in its 

transformation from one form to another. To understand the complexities of the 

N cycle, it helps to recognize that some transformations are to obtain N for 

structural synthesis (assimilatory uptake), while others are energy-yielding 

reactions (dissimilatory uptake) (Larned et al. 2004). Nitrogen fixation and 

assimilation of DIN by autotrophs and heterotrophs are in the former category, 

whereas nitrification and denitrification are reactions where bacteria obtain 

energy by using ammonia as a fuel or nitrate as an oxidizing agent. Primary 

producers rely primarily on the sur-rounding water to supply the nutrients needed 

for protein synthesis. Bacteria and fungi can meet much of their nutrient 

requirements from their C substrate, but when that substrate is poor in nutrients, 

these microorganisms also rely on nutrients in the water (Wright and Covich 

2005). Biological uptake and incorporation of nutrients into new tissue is referred 

to as immobilization, and may be by autotrophs or heterotrophs. Ammonium is 

taken up more readily than nitrate, which requires energy to convert into 

ammonium prior to assimilation. Since ammonium usually is a small fraction of 

DIN compared to nitrate, N fixation, in which bacteria and cyanobacteria convert 

N gas to NH4
+ and incorporate this ammonium into bacterial biomass, may be 

favoured under N limitation. However, N-fixation by cyanobacteria also is 

energetically costly, requires molybdenum, and is restricted primarily to taxa with 

specialized cells called heterocysts that protect enzymes from oxygen. 

Nitrification and denitrification are energy- yielding reactions carried out by 

specialized bacteria that do not assimilate the N but transform it between various 

inorganic oxidation states. Nitrification, the oxidation of ammonium to nitrate, 

can be an important source of nitrate to streamwater. Its rate depends on the 

availability of ammonium and dissolved oxygen, and on the abundance of 

nitrifying bacteria. Significant nitrate generation can occur within the hyporheic 

zone provided oxygen does not become limiting due to inadequate water 

exchange or very high bacterial respiration. In denitrification, certain bacteria use 

nitrate as an electron acceptor to oxidize organic matter anaerobically in energy-

yielding reactions analogous to aerobic respiration, and in the process reduce 
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nitrate to nitrous oxide and nonreactive N2 (Kroeze and  Seitzinger 1998). Because 

the end product is N2 gas, which is unavailable to most of the biota and can outgas 

back to the atmosphere, denitrification represents an important pathway by which 

excess N can be permanently removed from aquatic ecosystems.  

Sorption-desorption processes can act as a buffer on streamwater nutrient 

concentrations by removing them from solution when concentrations are high and 

releasing them when concentrations are low. The sorption of ammonium to 

sediments was a significant storage during summer and autumn. Stream sediments 

may be a temporary storage site for ammonium periodically retrieving sediment-

filled bags from a third-order gravel and cobble bed stream. Comparison of the 

amount of ammonium extracted from the sediments to that present in interstitital 

water showed that sorbed ammonium was highest during summer base flows and 

lowest during winter stormflow. 

By transforming ammonium into nitrate, nitrifyng bacteria can influence the 

concentrations of each form of N in streamwater as well as the possibility of its 

eventual permanent removal through denitrification to nonreactive N2. 

Nitrification accounted for over half of total ammonium removal. The resultant 

nitrate can be immobilized by the biota, exported downstream, or transformed 

into N2 gas by denitrifying bacteria. Mineralization of organic N to ammonium 

followed by nitrification to produce nitrate was thought to be responsible for the 

additional nitrate in streamwater. Because nitrifying bacteria require aerobic 

conditions, nitrification rates should be greater where subsurface flows provide 

oxygenated water, such as in shallow, disturbed sediments. Nitrification rates 

within the hyporheos were highest in regions of downwelling, which presumably 

supplied organic C and oxygenated water. In this system, most of the N demand 

of surface algae was met by hyporheic mineralization of ammonium and 

subsequent nitrification, demonstrating the importance of the coupling of surface 

and subsurface systems (Jones et. al. 1995). The reduction of nitrate to 

nonreactive N2 gas by denitrifying bacteria is an important pathway in the N cycle 

because it represents the only process that permanently removes reactive N from 

the stream network. Denitrification rates are enhanced under conditions of high 

nitrate and organic matter availability and low oxygen concentrations. 

Denitrifying bacteria can be found in association with FBOM and senescing mats 

of Cladophora and cyanobacteria, where anoxic zones develop that bacteria can 

utilize Edwards and Meyer 1986, Edwards et al. 1990). Sediment-rich streams in 

agricultural watersheds exhibit high denitrification rates, but nitrate levels 

nonetheless remain high owing to very high inputs of nitrate from fertilizer (Vanni 

et al. 2001, Weld et al. 2001). 

Denitrification rates tend to be higher under conditions of low flows and 

shallow depths, owing to greater interaction of water with sediments, and so the 
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smaller and shallower lower-order tributaries likely play a disproportionate role 

in nitrate removal. 

 

4.4. Phosphorus forms 

Phosphorus occurs in streamwater as orthophosphate (PO4
3-) dissolved in 

water and attached to inorganic particles in suspension, as dissolved organic 

molecules and in particulate organic form mainly in bacteria and detrital particles 

(Sollins at el. 1985). Total phosphorus (TP) is determined by analysing unfiltered 

samples and includes all forms of P, including those present in organisms, 

detritus, and adsorbed to inorganic complexes such as clays and carbonate (House 

2003, Wetzel 2001). The various P fractions are analysed using filtration and 

digestion to separate its forms, followed by measurement using colorimetry and 

additional reactions. Total dissolved P is determined from water passing through 

a 0.45 pm filter and includes organic (colloids, esters) and inorganic 

(orthophosphate and polyphosphates) forms. An operational category known as 

soluble reactive phosphorus (SRP) based on the reaction of soluble P with 

molybdate is commonly used as a measure of orthophosphate (PO4
3-) (Neal et al. 

2003). However, there is evidence that the SRP fraction can also include 

polyphosphates and therefore may overestimate orthophosphate concentrations. 

In common usage, orthophosphate, phosphate, SRP, and dissolved inorganic P are 

interchangeable terms that refer to the form of P available for organisms to take 

up. 

Both SRP and TP are widely used as indicators of trophic status, and there is 

some controversy over which is the preferred measure. SRP usually is considered 

the best indicator of what is immediately available for uptake, but because P 

cycles rapidly among its various states, TP may be a better measure of overall 

availability of P. The usefulness of SRP versus TP in predicting algal productivity 

likely varies with the residence time of P in the ecosystem, because a longer 

residence time allows for more efficient use of P by the biota. Thus SRP may be 

most effective in predicting algal production when water residence time is short, 

as in small streams. However, for broad comparisons of trophic status and nutrient 

limitation across stream ecosystems, TP may prove to be more useful as a measure 

of overall P availability. In contrast to N, which is abundant in the atmosphere, 

the principal reservoir for P is rocks and sediments. It is released slowly by 

weathering, and in unpolluted waters often is in short supply relative to metabolic 

demand. Phosphorus levels are generally higher in regions draining sedimentary 

rock deposits, and low in regions of crystalline bedrock (Williard et al 2005). 

Phosphorus generated from plant breakdown and stored in the soil organic layer 

is an important input, entering streams by surface runoff and subsurface pathways 

(Mulholland et al. 1985, 1991, 1994, 1997). Because orthophosphate readily 
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adsorbs to charged particles, clays in particular, it is transported with sediment 

that is eroded during storms, especially where slopes are steep and vegetation 

cover is minimal. Phosphorus concentrations in surface runoff vary with the 

amount of P in surface soils and the proximity of P- rich soils to the stream 

channel (Hedges et al. 1986, Heathwaite et al. 1996, Heathwaite and Dils 2000). 

However, uptake of P by plant roots and immobilization by soil microbes can 

reduce concentrations in mineral soil water. Anthropogenic sources include 

municipal and industrial wastewater, termed point source pollution because it 

enters surface waters at a point, usually through a pipe; and fertilizers and manure 

from farm fields, referred to as nonpoint sources because of their diffuse entry 

into streams via surface and subsurface runoff (Harvey et al. 1996, Harvey et al. 

1997, Hatch et al. 1999). Point sources such as sewage treatment plants discharge 

P in dissolved forms. Because dissolved P is highly bioavailable and the supply 

is essentially constant throughout the year, including during the growing season 

when low flows result in less dilution, sewage waste effluent can have a 

disproportionately large influence on receiving waters. Nonpoint P inputs 

commonly are transported in particulate form in association with sediments, 

particularly where erosion is high, although P originating in fertilizer and manure 

also can be transported in dissolved forms (Jordan et al. 1997). This can change 

temporally because of human activities and hydrology. For example, P loss from 

fertilized grasslands is likely to be primarily in dissolved forms during baseflow, 

whereas particulate forms are more likely to be transported during stormflow. 

Because much of the diffuse P supply is associated with sediments and storms, 

often during the non-growing season, there is a high likelihood that these inputs 

will be exported downstream.  

Phosphorus dynamics in streams is influenced by physical, chemical, and 

biological processes. The principal biological processes are autotrophic and 

heterotrophic uptake of dissolved inorganic P and its assimilation into cellular 

constituents, transfer of organic P through the food chain, and its eventual release 

and mineralization by excretion and the decomposition of egested material. Algae 

and microbes in biofilms likely obtain the majority of their P from the water 

column, but rooted macrophytes and benthic algae can remove P from the 

sediments as well (Wetzel and Manny 1971). Phosphorus may be excreted or 

released following cell lysis directly as dissolved inorganic P, or released as 

dissolved organic P, which subsequently is mineralized to orthophosphate by 

bacterial activity. The decomposition of organic matter including feces, dead 

organisms, and leaf litter also releases P into the water column and sediment pore 

water (Golladay 1997, Golladay and Sinsabaugh 1991, Golladay et al. 1983, 

1987). In addition to these biological processes, P availability is influenced by 

physical-chemical transformations. Sorption of orthophosphate onto charged 

clays and charged organic particles occurs at relatively high P concentrations, 

while desorption is favoured by low concentrations. Sorption-desorption reactions 
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thus act as a buffer on dissolved P concentrations. In addition, under aerobic 

conditions, dissolved inorganic and organic P both may complex with metal 

oxides and hydroxides (such as Fe(OH)3) to form insoluble precipitates. This 

phosphate is released under anaerobic conditions, and since the extent of the 

anaerobic zone tends to vary seasonally with organic matter loading, the 

availability of dissolved phosphate varies accordingly. 

Precipitation and sorption onto sediments are physical-chemical processes that 

can have a strong influence upon phosphate and a lesser influence upon 

ammonium-N, whereas nitrate- N apparently is little affected by physical-

chemical removal. Sorption of phosphate ion onto charged clays and charged 

organic particles occurs when SRP concentrations in stream or sediment pore 

water are high relative to an equilibrium SRP value of no net exchange, and 

desorption occurs when SRP concentrations are lower. Phosphorus sorption to 

suspended sediments is rapid, and is fastest with smaller particles such as silts 

compared with coarser particles. Because of the association of P with sediments, 

amounts of particulate and total P in streamwater often vary temporally in parallel 

with concentrations of suspended sediments. The affinity of orthophosphate for 

sediments is also responsible for the link between sediment and P concentrations 

in surface runoff. Once this particulate inorganic P enters the river, lower 

concentrations of dissolved inorganic P in streamwater result in desorption and 

thus an increase in bioavailable P. 

Nutrients sorbed onto sediments can be released back into the water column 

after weeks or months. In streams that receive high nutrient inputs such as from 

waste water treatment plants, storage of sorbed ions in the sediments can be 

substantial. In a highly enriched stream below a wastewater treatment plant, P 

dynamics were dominated by short-term, abiotic storage and release processes, 

which acted to “stabilize” high P concentrations over time. In addition to sorption-

desorption processes, under aerobic conditions both SRP and dissolved organic P 

may complex with metal oxides and hydroxides to form insoluble precipitates, 

and under anaerobic conditions this phosphate is released back into the water 

(Figure 4.2.). Because the extent of the anaerobic zone varies seasonally and 

spatially with the amount of organic matter in the sediments and thus the extent 

of microbial respiration, the availability of dissolved phosphate varies 

accordingly. Phosphorus can also coo-precipitate with calcite under high pH 

conditions that result from decreases in CO2 or HCO3
- levels due to the 

photosynthetic activity of macrophytes and benthic algae.  
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Figure 4.2. Net uptake and release of soluble reactive phosphorus (SRP) by river 

sediments. Uptake (■) was measured after spiking the overlying water with 

orthophosphate. The greater release of SRP under anaerobic (O) compared with 

aerobic (•) conditions is attributed to the dissolution of phosphate that had 

precipitated with Fe hydroxide minerals. (Reproduced from House 2003.) 

 

4.5. Organic matter 

Sources of organic C and thus energy to lotic ecosystems include 

autochthonous production by algae and aquatic plants, and allochthonous inputs 

of dead organic matter from terrestrial primary production. Studies of stream 

ecosystem metabolism address two central questions: 

(1) the relative magnitude of internal versus external energy sources, 

including their variation along a river’s length and with landscape setting; 

(2) the efficiency of the stream ecosystem in metabolizing those energy 

supplies versus export to downstream ecosystems and possibly to the oceans. 

Principal approaches include the comparison of GPP to ecosystem respiration, 

mass balance estimation of all inputs and exports, and measures of the efficiency 

with which organic C is utilized. 

Organic C budgets are based on the estimation of all inputs, standing stocks, 

and losses within a stream reach or, ideally, a catchment, although the latter is 

practical only for headwater streams. Budget studies demonstrate the 

overwhelming importance of climate and the terrestrial biome on the relative 
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magnitude of allochthonous versus autochthonous inputs. Inputs of coarse, fine, 

and DOM from terrestrial primary production typically dominate the energy 

supply in small, forested streams where algal primary production tends to be light-

limited, but primary production is of greater importance in open locations that 

receive sufficient light (Likens 1975, Larson 1978, Lewis 1988, Hinton et al. 

1997, 1998, Larsson 2006). Thus, longitudinal position and landscape setting 

determine the relative magnitude of sources of organic C to stream ecosystems. 

Lowland streams have high primary production relative to detrital inputs, forested 

streams are the converse and highly dependent upon external energy inputs, and 

lowland streams have large quantities of DOC and POC in transport (Sobczak 

1996). 

The relationship between GPP and ecosystem respiration, expressed as the P/R 

ratio or NEP, indicates whether an ecosystem is reliant on internal production or 

requires organic matter subsidies to sustain respiration. Wherever GPP is low 

relative to ecosystem respiration, a stream clearly is dependent upon external 

energy inputs, either from the adjacent terrestrial ecosystem or from upstream 

sources. Stream ecosystems where P exceeds R are likely to export organic matter 

to downstream locations. Al-though a P/R < 1 has often been used to indicate a 

stream ecosystem dependent upon microbial production fuelled by the breakdown 

of allochthonous material, the transition value at which stream metabolism 

depends equally on autochthonous and allochthonous production likely falls 

between 0.5 and 1. The numeric value of the metabolic transition is difficult to 

ascertain because ecosystem respiration includes the activities of heterotrophs as 

well as autotrophs. Nonetheless, P/R and NEP both show the influence of 

longitudinal and landscape position, increasing downstream from forested 

headwaters and exhibiting low values in forested locations and high values in arid 

area and other open locations. 

Stream ecosystems are relatively inefficient at mineralizing their inputs of 

organic C, as indicated by comparisons of processing rates to transport rates, of 

outputs to inputs, and of C turnover lengths. Globally, rivers export significant 

quantities of organic C from terrestrial primary production to downstream 

locations and the oceans. Streams of low order unquestionably are inefficient, 

exporting large quantities of FPOM and DOM (Aitkenhead et al. 1999, 2003, 

Mattsson et al. 2005). Large rivers also have substantial POM and DOM in 

transport, but declines in DOC concentrations in lower reaches of large rivers and 

their supersaturation with CO2 provide evidence of substantial metabolic activity, 

indicating that significant mineralization takes place near the lower terminus of 

rivers (Kreutzweiser and 2003, Hood E., Williams and Mcknight 2005). 

Allochthonous material, which includes all of the organic matter that a stream 

receives from production that occurred outside the stream channel, often makes 

up a large fraction of a stream’s total inputs of organic matter (Jones and Smock 
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(1991). Coarse and fine POM derived from the terrestrial ecosystem and DOM 

from groundwater and adjacent terrestrial soils are important sources of nonliving 

organic C originating beyond the stream channel (Kaiser et al. (2000). 

Heterotrophic microorganisms and other consumers utilize these C sources, and 

in some settings allochthonous detritus dominates stream metabolism. Instream 

primary production may contribute to DOM pools by extracellular release and 

enter both DOM and POM pools after sloughing and dieback, and so the 

separation of allochthonous versus autochthonous sources may sometimes be 

imperfect, but this is unlikely to be a major source of error in the estimates that 

follow (James and Henderson 2005). Leaves and wood are the principal inputs of 

allochthonous coarse particulate organic matter (CPOM), although other plant 

products and terrestrial invertebrates may occasionally contribute. Leaf litter is 

the dominant input into forested streams, varying in magnitude with forest 

productivity, with stream size, and with anthropogenic disturbance (Hoover et al. 

2006). In small streams, logs show neither breakdown nor movement, and thus 

are of little importance from the perspective of organic C utilization (Hughes and 

Omernik 1983). Leaf litter can fall directly into the stream from the riparian 

vegetation or reach the stream by lateral movements from the bank (Dangles and 

Malmqvist 2004, Dangles et al. 2004, 2004b). The relative contributions of lateral 

and direct inputs are highly variable depending on wind patterns, bank slope, 

ground cover, and the distance between the stream and the forest. Lateral inputs 

were estimated to contribute roughly one fourth of the total based on a review of 

many streams. Highest leaf inputs usually occur during the autumn in the 

temperate zone, although lateral inputs may occur throughout the year. Additional 

seasonal variation in leaf fall may occur depending on the type of terrestrial 

vegetation. In small streams, inputs of leaf litter peaked in the summer in streams 

running through native forest, but maxima were observed in autumn in pasture 

areas. In pine forests, litter inputs were lowest in the winter and peaked during the 

spring when large inputs of pollen heads were observed. Litter inputs expressed 

per unit area of stream- bed are expected to decline as stream width increases, and 

be greater in warmer and wetter climates because of higher forest productivity. 

Fine particulate organic matter (FPOM) is generated within streams from the 

breakdown of leaf litter and other CPOM, and in some circumstances fecal pellets 

can be very abundant. In addition, considerable amounts of FPOM enter the 

channel as a product of the breakdown of vascular plant material from the 

surrounding terrestrial landscape. FPOM inputs are low during base flow and 

increase during storms and seasonal high flows, as rising flows entrain particles 

from stream banks and side channels. Many studies document variation in the 

con-centration of suspended FPOM with season, surrounding vegetation, and 

stream flow. Forested streams frequently exhibit higher FPOM concentrations 

that non- forested streams, as was observed in a comparison of native forest to 

pasture sites (Davies-Colley 1997, Davies-Colley and Quinn 1998). Stream 
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lighting in five regions of the North Island, New Zealand: control by channel size 

and riparian vegetation.  

POM concentrations show a positive relationship with regional precipitation, 

probably due to the influence of precipitation on terrestrial production and thus 

on the supply of CPOM. Floodplains can be a large source of organic matter to 

rivers, and higher POM concentrations usually are observed in low gradient 

streams during inundation. FPOM concentrations are influenced by changes in 

particle availability, which is influenced primarily by terrestrial production and 

seasonal changes in biological processes within the stream ecosystem; and by 

discharge, which varies both seasonally and unpredictably. In streams during 

normal flows, FPOM concentrations are higher during spring and summer than 

during autumn and winter probably because lower biological activity during the 

colder months results in less instream particle generation. If the particle supply is 

relatively constant, then an increase in discharge will cause a dilution effect, even 

if the total amount of FPOM in transport is greater. An increase in streamflow in 

response to a rainstorm results in a corresponding increase in particle 

concentrations as POM generated during low flows and stored in depositional 

areas is entrained by rising stream levels. This indicates that the major pool of 

POM lies in areas already wet or adjacent to the stream’s wetted perimeter, where 

FPOM accumulates during low flows. Inputs of POM from outside of the stream 

also are likely to be greatest during the rising limb of the hydrograph, due to the 

erosive effects of rainfall on soil and stream bank litter and generation of flow in 

previously dry channels. During the descending limb, water enters the stream 

principally by subsurface flow, and carries little or no POM. Thus, concentrations 

are highest on the rising limb of the hydrograph and then decline due to exhaustion 

of the particle supply and dilution of the entrained material. Just as depletion of 

benthic POM contributes to concentration differences between rising and falling 

limbs of the hydrograph, time elapsed since the last storm and seasonal 

differences in particle generation interact with discharge to determine POM peaks 

during storms. The POM concentrations increased greatly with rising discharge 

during the first autumn storm, apparently due to the availability of abundant 

FPOM generated by autumn leaf fall, coupled with a lengthy prior period of low 

flow. A winter storm resulted in a smaller increase, which Wallace et al. attributed 

to depletion of benthic FPOM by washout during prior fall storms. In larger rivers, 

the effect of individual storms on POM concentrations is less pronounced, and 

seasonal variation in flows and floodplain inundation is more important. As is 

found in smaller systems, POM concentrations in large rivers are highest on the 

rising limb of the hydrograph, and decline thereafter. The standing stock of POM 

is the amount residing within the stream channel, referred to as coarse benthic 

organic matter (CBOM) and fine benthic organic matter (FBOM). It reflects the 

balance between the inputs just described and losses due to breakdown and 
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transport. CBOM is expected to decrease with increasing stream order owing to 

declines in riparian inputs and lower retention. 

Because POM concentrations usually are higher when discharge is greater, 

most FPOM is transported during episodic and seasonal floods, and thus flow 

conditions that occur during only a small fraction of the annual discharge cycle 

can account for a very large fraction of annual transport. High discharges 

representing just 1% of the annual discharge regime accounted for 20% of water 

export and fully 70% of annual export of FPOM from a small stream.  

DOM includes labile organic compounds that are available to microorganisms 

for biological uptake as well as refractory material that is less easily assimilated 

and may be exported great distances. Groundwater, rainfall and throughfall, and 

leaching of leaves are primary sources of dissolved organic C. concentrations vary 

with terrestrial vegetation, soil flow pathways, and the presence of wetlands, and 

may be enriched by domestic sewage or agricultural runoff. DOC enters streams 

primarily through groundwater inputs at low flows, while more DOC enters via 

lateral flows during storms (Kaplan and Bott 1982). DOC inputs increase during 

storms due to flushing of locations of DOC accumulation (particularly in organic- 

rich riparian zones and surface soils on hill- slopes), canopy throughfall, and 

possibly due to leaching of newly entrained material.  

The ingestion of particles by collector-gatherers and filter-feeders acts both as 

retention and utilization, as some fraction of the ingested material is digested and 

metabolized by the animal consumer (Calow 1975a, 1975b). There does not 

appear to be any estimate of the potential magnitude of this effect owing to benthic 

collector-gatherers. However, filter- feeders typically consume only a small 

fraction of transported particles, < 1% of annual transport in one estimate. Thus, 

microorganisms, mainly bacteria, appear to be responsible for most of the 

breakdown and remineralization of the organic C of FPOM that occurs within 

stream ecosystems (Hemphill and Cooper 1983, Hedges at el. 1994, Hejzlar et al 

2003, Heino 2005, Hershey et al. 2006). However, this interpretation may reflect 

inadequate study of benthic detritivores. Unlike CPOM with its abundance of 

direct measurements of breakdown rates, the utilization of FPOM is poorly 

documented, although microbial utilization can be approximated from 

measurements of respiration rates (Benner 2003, Benner et al. 1989, 1995, 

Seitzinger et al. 2005). 
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5. PRIMARY PRODUCERS 

Nutrient uptake and cycling is expected to vary directly in response to biotic 

demand by primary producers and heterotrophic microorganisms in biofilms and 

other sites of high biological activity, and thus ultimately be influenced by the 

environmental factors that control rates of primary and microbial production. 

More productive systems should cycle nutrients at higher rates, owing to higher 

uptake rates as well as higher rates of regeneration due to consumption, excretion, 

and egestion and subsequent mineralization. Animal consumers such as 

herbivores can stimulate rates of production by increasing the turnover of 

producers and regenerating nutrients that help to meet producer demand. The 

dissimilatory activities of nitrifying and denitrifying bacteria change the 

concentrations of various forms of inorganic N, enhancing or limiting its 

bioavailability. The efficiency with which stream ecosystems are able to utilize, 

retain, and recycle nutrients is largely determined by environmental factors that 

influence uptake and assimilation by the biota and, in the case of N, the various 

biologically mediated transformations that determine its chemical form (Castillo 

et al. 2000, 2003, 2004). Nutrients are inorganic materials necessary for life, 

whose supply is potentially limiting to biological activity within lotic ecosystems 

(Peckarsky 1983). Although many macro- and micronutrients are required for 

enzymatic activity and protein synthesis, P and N are the primary nutrients that 

limit biological activity. In addition, the supply of silica can be important to 

diatoms because of the high silica content of their cell walls. Phosphorus and N 

occur in numerous forms including dissolved and particulate, and inorganic and 

organic. They are most bioavailable in their dissolved inorganic forms, as 

phosphate, nitrate, and ammonium. Their concentrations are very low in 

unpolluted waters, but are greatly elevated in many areas including most large 

temperate rivers due to human inputs of agricultural fertilizers, human and animal 

sewage, atmospheric deposition, and industrial pollution. Nitrogen and P 

concentrations in rivers often exceed the levels that cause eutrophication in 

standing water, and consequently the load of nutrients delivered to lakes and 

coastal waters by river export is a serious management concern (Seitzinger et al. 

2002). 

There are, broadly speaking, two perspectives on nutrient cycling in lotic 

ecosystems: how nutrient supply affects biological productivity, and how 

processes within the ecosystem influence the quantity of nutrients that are 

transported downstream. Metabolic processes likely to affect and be affected by 

the supply of nutrients include primary production and the decomposition of 

organic matter by bacteria and fungi, and thus the rate at which basal resources 

for stream food webs are produced (Gessner and Chauvet 1997, Gessner et al. 

1999, Hieber and Gessner 2002). Because rivers export substantial quantities of 

nutrients to receiving lakes and oceans, instream storage and removal processes 
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have the potential to influence large-scale element budgets and reduce the 

quantity of nutrients delivered to receiving water bodies. 

Nutrient cycling describes the passage of an atom or element from dissolved 

inorganic nutrient through its incorporation into living tissue to its eventual 

remineralization by excretion or egestion and decomposition. In many ecosystems 

nutrients largely cycle in place, but in lotic ecosystems, downstream flow 

stretches cycles into spirals (Peckarsky 1983). The distance travelled by an atom 

as inorganic solute before its immobilization in the streambed is called the uptake 

length, Sw. Because uptake length depends strongly on discharge and velocity it 

is desirable to standardize nutrient uptake by estimating an uptake velocity, vf, 

which quantifies the velocity at which a molecule moves from the water column 

to retention sites on and within the streambed (Payn et al. 2005). A number of 

biotic and abiotic processes influence nutrient spiralling. The immobilization of 

nutrients by autotrophs involves assimilatory uptake for the incorporation of 

nutrients into new tissue. Heterotrophs in biofilms and on organic substrates 

likewise require nutrients for synthesis of new structural compounds, but 

nitrification and denitrification are dissimilatory reactions where bacteria obtain 

energy by using ammonia as a fuel or nitrate as an oxidizing agent. In addition, 

both N and P can be removed from streamwater by abiotic processes. Sorption-

desorption reactions, in which both inorganic and organic molecules are bound to 

the surfaces of sediments, can help to regulate nutrient availability by serving as 

temporary storage sites when a nutrient is present in streamwater at high 

concentrations, releasing it back into solution when concentrations decline. Under 

aerobic conditions, dissolved inorganic and organic P both may complex with 

metal oxides and hydroxides to form insoluble precipitates, which are released 

under anaerobic conditions. 

The capacity of lotic ecosystems to influence the dynamics of nutrients during 

their downstream passage depends on the factors that influence biotic and abiotic 

uptake (Ward 1989). Biological demand varies seasonally with environmental 

conditions that favour high rates of primary production and with the supply of 

organic substrate for heterotrophs, particularly leaf fall. During periods of high 

discharge, streams are in a throughput mode, exporting most of their annual load 

of nutrients in weeks to a few months of the year. During low flows, processing 

and retention are more important. Because the streambed and its interstices are 

locations of biofilm development and organic matter accumulation, subsurface 

flowpaths can retard the downstream passage of nutrients and increase their 

exposure to sites of uptake, thereby con-tributing to nutrient retention and 

utilization (Marti et al. 1997).  Transient storage capacity, which accounts for the 

slow passage of a conservative tracer relative to water column flow, is a useful 

descriptor of the extent to which channel complexity affects downstream passage. 

Once nutrients are assimilated by primary producers and heterotrophic microbes, 

they can pass through multiple steps of food webs before their eventual 
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mineralization to a bioavailable state. In some highly productive systems, 

recycling by consumers makes a significant contribution to nutrient availability, 

and in some circumstances selective retention of nutrients in consumer biomass 

may contribute to nutrient imbalances (Findlay 2003, Findlay and Sinsabaugh 

1999, 2006, Findlay and Sobczak 2000, Findlay et al. 1984, 1986a, 1986b, 1986c, 

1991, 1992, 1997, 1998, 2001, 2002, 2003). Nutrient budgets provide an 

accounting of all inputs, exports, and internal stores for some delineated spatial 

unit, such as a stream reach, catchment, or large river basin or region. Outputs are 

typically much less than inputs in budget calculations because storage in soils and 

river sediments is not accounted for and, in the case of N, denitrification can be a 

significant loss term. Nutrient budgets have proven to be especially useful in 

revealing the magnitude of anthropogenic inputs, which can vary substantially 

among forested, agricultural, and urban catchments. Nitrogen inputs have 

increased so greatly that river export is now nearly 20 times above estimated 

pristine conditions in some regions. Phosphorus yields have increased by a 

smaller amount but anthropogenic influences are nonetheless important, 

especially during summer low flows when inputs of bioavailable phosphate from 

sewage water can be a significant fraction of total flows. 

 

5.1. Benthic Algae 

Virtually all substrates that receive light, whether in small streams or large 

rivers, sustain a benthic algal community. Benthic algae support fluvial food 

webs, remove nutrients from the water column, and can attenuate the current and 

stabilize sediments, thereby modifying the aquatic habitat Benthic algae can be 

further categorized by their size. Macroalgae are benthic forms having a mature 

thallus visible to the naked eye, in comparison with smaller microalgae that 

cannot be distinguished without a microscope. Algae also can be categorized by 

whether they grow on stones (epilithon), sediments (epipelon), sand 

(epipsammon), wood (epixylon), or other plants (epiphyton). Epipelic and 

epipsammic taxa form films or mats on silt and mud bottoms, and typically are 

motile and easily swept away by an increase in current. Because of their motility, 

filter paper and glass slides placed on the sediment surface are readily colonized, 

thus serving as one sampling technique. Epiphytic taxa occur on macrophytes, 

particularly angiosperms, where epiphytic coating can be detrimental to the host 

plant. Unlike epipelic species, epiphytic and epi- lithic taxa usually are firmly 

attached by mucilaginous secretions or via a basal cell and stalk, and thus are less 

likely to be dislodged by the current. 

Some algal species are in contact with the substrate along the entire cell wall, 

colony, or filamentous system. This growth form is termed ad pressed, and 

contrasts with erect forms in which only a basal cell or basal mucilage contacts 



        

71 

 

the substrate. As a consequence of this variety in growth form and lifestyle, a 

close look at a benthic algal community reveals much structural diversity. 

Diatoms, green algae, and cyanobacteria typically contribute the majority of 

species found within the periphyton, although red algae, chrysophyceans, and 

tribophyceans may also occur. Proximate factors that may influence benthic algae 

include light, temperature, current, substrate, scouring by floods, water chemistry, 

and grazing (Hillebrand 2002, 2005, Stevenson and Smol 2003, Hillebrand et al. 

2004). The regional and catchment features such as topography, geology, land 

use, vegetation, and climate affect these proximate variables, which directly 

regulate the accrual and loss of benthic algal biomass. Light and nutrients, 

interacting with temperature, influence biomass accrual while disturbance 

(substrate turnover and transport, high current velocities) and grazing lead to the 

dislodgement of algae and biomass loss (Power 1983, Chance and Craig 1986, 

Chambers et al. 1991, Chase 1999, Champion and Tanner 2000, Opsahl et al. 

2003). Light can be a limiting factor in small streams under dense forest cover, 

where benthic algae populations tend to reach maxima just prior to canopy 

development and then decline through the summer. However, other factors often 

override light. Nutrients, particularly phosphorus (P) and nitrogen (N), might be 

expected to exert a critical influence over autotrophs in rivers just as they do in 

standing freshwaters, but this turns out to be rather complicated. Flow provides 

continual delivery of water, thus minimizing the depletion of nutrients, and 

thermal stratification does not occur to restrict mixing of nutrients throughout the 

water column, so nutrient exhaustion should be less likely to occur in rivers than 

in lakes, where its importance is well established. In some studies, enrichment of 

stream water with N and P has had no effect on benthic algal development, and in 

others it has. Phosphorus and N have been found to be limiting, sometimes in 

combination, depending on location. Other nutrients, trace metals, and 

bicarbonate probably are of some importance, temperature increases rates of 

metabolism, and grazing can limit algae populations, sometimes severely. Fast 

currents restrict the establishment of macrophytes and influence the distribution 

of benthic algae in terms of both taxa and growth forms (Green 2005). Where 

discharge is variable, flood events and scour by suspended sediments can cause 

major reductions in algal standing crops. As a consequence, in very rainy climates 

the growing season is restricted to the time between the last spring flood and the 

first autumn flood, and summer standing crops depend upon the number of 

consecutive flood-free days. However, in running waters where extremes of 

discharge are minimal, direct effects of current may be less important to the 

benthic algae. Overall, it appears that the effects of light, nutrients, and scour are 

of greatest importance, and each can be strongly limiting at a particular location 

or time. 
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3.2. Macrophytes 

Flowering plants, mosses and liverworts, a few species of encrusting lichens, 

the Charales, and other large algal species constitute the macrophytes of flowing 

waters. Most groups can also be found in standing water, but as one proceeds to 

faster flows the flora becomes restricted to the small number of species able to 

withstand current. Taxa almost entirely restricted to very fast currents include two 

flowering plant families of the tropics: Podostemaceae and Hydrostachyaceae, 

and a number of bryophytes). Macrophytes exhibit few adaptations to life in 

flowing water and are most successful in slow currents and backwaters (Horvath 

2004). Certain characteristics permit establishment and maintenance of 

populations in appreciable current (Harrison et al 2004, 2005). Macrophytes can 

be classified according to their growth form, their manner of attachment and even 

more specifically by the range of environmental conditions that a species inhabits. 

Four major growth forms are recognized. Emergent macrophytic species occur on 

river banks and shoals. They are rooted in soil that is close to or below water level 

during much of the year, and their leaves and reproductive organs are aerial. 

Floating-leaved taxa occupy margins of slow rivers, where they are rooted in 

submerged soils. Their leaves and reproductive organs are floating or aerial. Free-

floating plants usually are not attached to the substrate and can form large mats, 

often entangled with other species and debris, in slow tropical rivers. Submerged 

taxa are attached to the substrate, their leaves are entirely submerged, and they 

typically occur in midstream unless the water is too deep. 

Particular species occur in specific habitats based on growth form and 

attachment characteristics, as well as other environmental factors. Bryophytes 

occur worldwide in relatively cool streams and characteristically are found in 

headwater regions, associated with high currents, high substrate stability, and low 

light (Bowden 1999). 

 

3.3. Phytoplankton 

The phytoplankton are algae suspended in the water column and transported 

by currents in various running water types. Whether a river phytoplankton could 

be self-sustaining was in doubt for some time, because downstream flow would 

seem to prevent the persistence of their populations. It was suggested that any 

river plankton was the result of displacement of cells from the benthos, 

backwaters, and lakes or impoundments along the river’s course, and reflected 

washout and export rather than a true ‘‘potamoplankton.’’ These are indeed major 

sources of phytoplankton in rivers (Lack (1971). In small, fast-flowing streams, 

sloughing of benthic algae likely is the primary source of phytoplankton, and any 

cells in the water column are simply eroded material in transit. However, in 
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sluggish, lowland streams, in side channels and within macrophyte beds, and in 

rivers of considerable length, the residence time of a water mass can be sufficient 

for true plankton to colonize and reproduce. Under these conditions 

phytoplankton and zooplankton almost always are present, and at times they can 

develop substantial populations. 

It is doubtful that any planktonic organisms are restricted only to flowing 

water, and so the phytoplankton species found in rivers are drawn from the same 

pool of species found in standing water (Ha et al.  1998). Thus, the presence of 

lakes, ponds, and backwaters, and more recently the creation of impoundments, 

can be of great importance in seeding the river with plankton (Baker and Baker 

1979). 

Factors affecting the growth of phytoplankton in running waters include all the 

same variables that limit algal growth in lakes, such as light, temperature, and 

nutrients (Vansteveninck et al. 1992). However, discharge regime has a profound 

influence over river phytoplankton, and the influence of light and nutrients differ 

in some ways from what is seen in standing waters. In addition, adjacent stagnant 

waters are critical to the establishment of river phytoplankton, through their 

influence upon the size of the inoculum. This can be of considerable importance, 

especially when residence time of the water mass is short enough to limit the 

build-up of populations (Cole et al. 1988, 1991, 2001). 

An inverse relationship between river discharge and phytoplankton abundance 

is perhaps the most common finding of detailed investigations of river 

phytoplankton (Reynolds and Descy 1996). In a large river with ample nutrients 

and a transit time long enough to permit multiplication of phytoplankton, it is 

likely that the phytoplankton is limited by light via interactions among turbidity, 

depth, and turbulence (Vansteveninck et al. 1992). If the water column mixes to 

a depth greater than the photic zone, then an individual cell will spend part of the 

day at light levels too low to support photosynthesis (Leland 2003). Turbidity and 

depth of mixing will of course vary from place to place and with seasons, greatly 

affecting the opportunities for growth of phytoplankton populations (Klausmeier 

et al. (2004). 

Nutrient limitation of river phytoplankton does not appear to be usual in free-

flowing rivers. Downstream transport and light typically are overriding variables, 

and nutrient concentrations in rivers, and especially in lowland rivers, often are 

considerably higher than in lakes. 
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6. SECONDARY PRODUCTION 

Secondary production includes “new” biomass produced by microbial and 

animal growth and reproduction. In lotic ecosystems, animal production is due 

primarily to the meiofauna, macroinvertebrates, and fish (Hakenkamp and Morin 

2000). It represents the production of new biomass over some time period, often 

a year, due to growth and recruitment and accounting for losses to mortality, and 

commonly is expressed in mass per area per time. The ratio of production to 

biomass (P/B), called the turnover rate (in units of time), is a measure of the 

productivity of some population or assemblage. High P/B ratios usually are 

associated with fast life cycles and rapid individual growth rates. High production 

may be due to a high P/B ratio, high biomass or both, but usually is due to high 

individual growth rates and short life spans resulting in rapid population turnover. 

The magnitude of secondary production can be calculated for a population of 

a particular species in a stream reach, for the taxa, and for an entire assemblage 

(Hawkins and Furnish 1987, Hauer et al. 1989, Hawkins et al. 1997, Hawkins 

2006). The measurement of secondary production requires estimation of biomass 

per unit area, also referred to as standing stock, and of growth rate (Jackson et al. 

1986.). Typically one uses wet mass for fishes and either dry mass or ash-free dry 

mass for invertebrates. In species with cohort population structure, usually seen 

when reproduction occurs annually, growth rate can be obtained by measuring the 

average mass of individuals sampled frequently, often monthly. When growth 

rates are more rapid or cohorts overlap it may be necessary to measure growth 

rates in the laboratory, usually across a range of temperatures and at different 

stages of the life cycle (Elliott 1987a, 1987b, 1988, Elliott and Hurley 2000). 

Production is the product of mass-specific growth rate and population biomass, 

so factors influencing either growth rates (primarily temperature and food 

availability) or population biomass (habitat suitability, discharge fluctuations, 

resource supply, and predators) can affect production (Fausch 1984, 1993, 

Boulton and Boon 1991, Boulton et al. 1992,). Studies of secondary production 

by macroinvertebrates are undertaken to obtain a better understanding of energy 

flow through populations and to investigate the trophic base that supports the 

population. When secondary production is estimated for an entire assemblage, it 

can then be compared with estimates of primary production and production of 

fishes to examine energy produced and consumed at each level (Hocutt and Wiley 

1986). A number of environmental factors affect growth and thus secondary 

production. Temperature is the most important variable affecting growth, which 

often at least doubles for each 10°C increase within tolerance limits of the species. 

By combining estimates of secondary production with diet studies, it is possible 

to connect the magnitude of consumer production to the primary or secondary 

production that sustains it. In the case of trout streams, it appears that consumption 
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at the top of the chain is capable of removing all of the production below, 

suggesting top-down control of lower trophic levels (Rosemond et al. 1993). 
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7. SPECIAL FOOD-WEB INTERACTIONS 

7.1. Herbivory 

Primary producers, including algae, cyanobacteria, bryophytes, and vascular 

plants, are important basal resources in lotic food webs (Wootton et al. 1996). As 

we already discussed to comparatively little grazing pressure before entering the 

detrital pool, and phytoplankton play a relatively minor role in most free-flowing 

rivers. Grazing on benthic algae by invertebrates, some fishes, and a few 

amphibian larvae is the most important pathway of herbivory in streams, and has 

received by far the most study (Steinman et al. 1987, Feminella and Hawkins 

1995, Feminella and Resh 1989). Benthic algae vary in their distribution, growth 

form, and nutritional value, and grazers differ in their means of scraping and 

browsing this food supply. Thus, which algae are consumed reflects their 

vulnerability to particular grazers, and possibly aspects of preference as well. 

Grazers can have a number of impacts on algae, reducing their abundance, altering 

assemblage composition, and even stimulating algal growth and overall 

productivity through the removal of senescent cells and the recycling of nutrients 

(Hill and Knight 1987, 1988, 1992, Hill et al. 1995, 1997, 2001). 

Algae are patchily distributed, from the smallest scale of the surface of an 

individual substrate, to an intermediate scale such as from stone to stone, through 

larger scales such as open versus canopied sections of streams. Although some 

herbivores might feed essentially at random, an ability to perceive and respond to 

this patchiness ought to be advantageous.  

Grazers can concentrate in food-rich locations through behavioral mechanisms 

at small and even relatively large scales, and such non-random foraging has been 

established in both vertebrate and invertebrate grazers of periphyton (Marker 

1976).  

At an even larger spatial scale, of stream sections or entire streams, grazing 

animals have been shown to respond to variation in resource availability (Duffer 

and Dorris 1966, Dudley and Anderson 1982, Dudley et al. 1986, 1990, Dudley 

and D’Antonio 1991). Whenever highly mobile herbivores concentrate where 

algal resources are rich, crowding can reduce the rate of return for an individual 

grazer to approximately what it would experience in a less productive but less 

crowded region. A likely consequence is for the abundance and biomass of 

grazers to increase proportion less productive and supported a lower abundance 

and biomass of herbivorous fish compared to open pools. Reduction in algal 

biomass due to herbivory has been recorded with many different grazers, 

including snails, shrimp, caddisfly, mayfly, and midge larvae, tadpoles, and fish 

(Poff and Ward 1995). Snails and caddisfly larvae have proven to be highly 

effective grazers of periphyton in a number of studies, and share the traits of being 
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individually large, relatively slow-moving, and well equipped with scraping 

mandibles or a radula (Hawkins and Furnish 1987, Mayer and Likens 1987, 

Herlihy et al. 1999). Where herbivorous fish are plentiful, they have been found 

to exert considerable control over benthic primary producers Baxter et al. 2004, 

2005, Bayley 1988, 1989).  

In sum, grazing animals respond to locations of high periphyton abundance, 

both by shifts in distribution and, if conditions persist, by population recruitment 

(Gregory 1983, Gregory et al 1991, Greenwood and Rosemond 2005). These 

concentrations of grazers can either reduce or enhance variation in the distribution 

and abundance of periphyton, influence the composition and physiognomic 

structure of the periphyton assemblage (Rosemond et al. 2000). Heavy grazing 

pressure has the potential not only to reduce the total biomass of periphyton, but 

also to alter the structural and taxonomic composition of the assemblage (Hornick 

et al. 1981). Benthic algae exhibit a variety of growth forms that include prostrate 

and low-profile species, upright and stalked species, and filamentous growth 

forms; furthermore, different grazers are best adapted to consume one or more 

layers (Biggs and Hickey 1994, Biggs 1996, Biggs et al. 1998, 2005, Biggs and 

Smith 2002). Many species of mayflies are most effective at browsing the loosely 

attached, outer layers of the periphyton mat, whereas the scraping and rasping 

mouthparts of caddis larvae and snails allow them to consume tightly attached 

algae (Peterson and Grimm 1992). Filamentous algae appear to escape most 

invertebrate grazers due to their size and texture, although probably they are 

consumed in their early growth stages. However, algal filaments can be very 

vulnerable to grazing fishes such as the stoneroller in temperate streams and a 

variety of herbivorous fishes in tropical streams. 

 

7.2. Predation 

Most of all heterotrophic organisms are able to prey for others at some stage 

of their life cycles, and many species encounter predation risk throughout their 

lives. The potential effects of predation are diverse, and include reduction in 

abundance or even the elimination of a species from a region, restrictions on 

habitat use and foraging efficiency that affect growth rates and reduce fitness, and 

adaptation via natural selection to persistent predation risk (Harvell 1990, Flecker 

1984, 1992a, 1992b, Flecker and Feifarek 1994, Flecker and Townsend 1994, 

Flecker and Taylor 2004, Flecker et al. 1999, 2002). Top predators can cause a 

potential cascade of interactions through the trophic web, directly affecting prey 

by reducing their abundance and changing their foraging behavior, and indirectly 

influencing additional species to which the prey are linked as food or competitors 

(Dill 1983, 1987 , Dill and Fraser 1984, Wooster and Sih 1995). Furthermore, 

changes in energy pathways and species composition may have consequences for 
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nutrient utilization and regeneration. We first consider the predator-prey linkage 

as an interaction between individuals that has effects on populations, directly 

through consumption and mortality, and indirectly through behavioral and 

morphological adaptations that may entail some fitness cost to the prey in order 

to survive (Peckarsky 1984). We then examine how predation can trigger trophic 

cascades that have consequences for the entire ecosystem. All the predators show 

some degree of preference, feeding mainly on certain species of prey. Aspects of 

the predator that bias it toward consuming more of some prey than others include 

sensory capabilities, foraging mode, and behavioral mechanism of prey capture. 

For prey, many aspects of life style and body plan influence their vulnerability 

(Wooster and Sih 1995). 
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8. INVASIVE SPECIES 

The worldwide spread of invasive species coupled with the decline or 

extirpation of native species results in a fauna that is becoming progressively more 

similar across regions, which in turn lessens the uniqueness of local faunas 

(Marchetti et al. 2004). This is the phenomenon known as biological 

homogenization, and freshwater fishes are a prime example. Freshwater species 

are purposefully transported and released in new environments to enhance sports 

fishing, for aquaculture, and as agents of biological control. Indeed, stocking of 

non-native fish remains a cornerstone of management efforts to provide the most 

desirable species for sport or commercial fisheries (Higgins and Wilde 2005). 

The impact of nonindigenous species on the native biota is highly variable. 

Evidence to date suggests that many, perhaps the majority, of invading species 

have little impact, do not become abundant, and are assimilated into the existing 

assemblage without causing significant change. On the other hand, some invasive 

species clearly are harmful, and their contribution to species imperilment in 

freshwater is perhaps second only to habitat loss.  

Although relatively few species are extensively used in aquaculture, these are 

among the most widely transferred fishes. Introductions associated with fish 

culture expanded considerably in the 1960s, as international development 

agencies promoted aquaculture to provide protein for rapidly expanding human 

populations and to benefit local economies. Fishes also have been introduced as 

biological control agents to combat disease vectors and noxious aquatic weeds. 

Unintentional introductions occur in a number of ways, including escapees from 

fish farms, the release of aquarium pets, unnoticed species that ‘‘hitch-hike’’ with 

a planned introduction, and those carried in ballast water or dispersed through 

canal systems. Most tropical fish introductions have occurred since 1960, when 

techniques greatly improved for the live transport of fish. About 10% of 

international transfers of exotic fishes have been the result of truly non-purposeful 

introductions, such as accidental transfers of small cyprinids included with 

shipments of juvenile carp species. Recently, ballast water introductions have 

been a focus of concern. Invasion success is expected to be influenced by traits of 

the invading species and characteristics of the receiving environment, including 

‘‘environmental resistance’’ from the invaded community (Hincks and Mackie 

1997). The successful establishment of an alien species can be viewed as a 

succession of probabilistic events, beginning with transport or dispersal and 

followed by establishment and further spread, until finally becoming fully 

integrated into the community (Gilliam et al 1993, Gilliam et al. 1989, Gido and 

Brown 1999, Giller et al. 2004). Lastly, its impact on native species and 

ecosystem processes determines whether the novel species qualifies for nuisance 

or invasive status. Environments that are highly similar to those found within the 

native range of the invading species are expected to offer the greatest opportunity 
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for successful establishment. Habitat alteration can facilitate species invasions by 

creating novel environmental condition’s to which native species are not well 

adapted (Caraco and Cole 1999, Caraco et al. 1997, Cardinale et al. 2002a, 

2002b). When free-flowing rivers are transformed into “lake-like” impoundments 

by dams and river regulation, native species may decline because of these changes 

and successful invaders will likely be those best suited to the altered ecosystem. 

Thus the opportunity to invade previously unoccupied niche space, most likely 

arising from long-term environmental changes and particularly the establishment 

of lentic conditions in impoundments, has played a major role in the establishment 

of invasive species. 

Declines in native species following fish introductions occur via a number of 

mechanisms, including species interactions, habitat alterations, introductions of 

diseases or parasites, trophic alterations, and hybridization (Hoffman and 

Schubert 1984). Predation appears to be a common cause of the replacement of 

native species by invasive species. A host of diseases and parasites are associated 

with alien species, posing yet another threat to the invaded community. In 

addition, nonindigenous species may cause a variety of indirect effects via food 

web interactions. Sometimes nonindigenous species has greater top-down control 

over invertebrates than the native, resulting in a reduction in benthic grazing and 

an increase in algal biomass. 

To sum up, the increasing human population with associated migrations and 

increased trade is likely to lead to a continuation in the transfer of exotic 

organisms. Therefore, in the future, the faunas and floras of streams, rivers and 

riparian zones will have become more mixed than they are today. There are also 

likely to be much local, and some global, extinction of riverine fauna, although 

most of these will go unnoticed due to a lack of data for vast areas of the tropics. 

Such extinctions may be particularly pronounced when invading species are 

highly aggressive (Harrison and Stiassny 1999).  
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9. POLLUTION AND BIODIVERSITY LOSS 

Declines in water quality result from industrial, municipal, residential, and 

agricultural sources that generate a wide variety of contaminants. Point source 

pollution comes from a single source and is often delivered through a pipe from 

an industry or municipal wastewater treatment plant, whereas nonpoint source 

pollution comes from diffuse sources, such as fertilizer runoff and acid rain. 

Although the human footprint is appreciable in all but the most inaccessible 

regions of the planet, freshwater ecosystems are especially subject to multiple 

pressures: water abstraction, industrial and domestic effluents, the spread of 

invasive species, altered hydrology, habitat degradation, and overharvest of 

resources. Over half of the accessible freshwater runoff is already appropriated 

for human use, more than one billion people lack access to safe drinking water, 

and approximately half of the world’s six billion people lack basic sanitation 

services. The demand for freshwater resources creates an urgent need to ensure 

sufficient freshwater for human wellbeing, while minimizing declines in 

biological diversity, the deterioration of freshwater ecosystems, and loss of 

ecosystem services. 

The biological diversity of freshwater ecosystems is experiencing much greater 

declines than is seen in the majority of terrestrial ecosystems, and if human 

pressures continue to rise and biodiversity continues its downward trend, the 

prospects for freshwater ecosystems are alarming and perhaps catastrophic. The 

freshwater biota is experiencing a biodiversity crisis, brought about by multiple 

interacting threats (Allan 1975, 1978, 1982a, 1982b, 1983, 1995, Allan and 

Flecker 1988, Allan and Benke 2005, 1993, Allan et al. 2005a, 2005b). Habitat 

degradation is pervasive, the result of instream alterations including dams, 

dredging, and channelization, harmful activities along the water’s edge that 

destabilize banks, and changes in land use that affect hydrology with secondary 

consequences for physical processes and the biota (Gleick 1993, Gippel and 

Stewardson 1998, Dudgeon 1999, 2000, Dudgeon et al. 2006). Pollution from 

diffuse and end-of-pipe sources is widespread, and in many areas of the world the 

water is not safe for humans or for aquatic life. Although significant advances 

have been made in treating wastewater and reducing point source pollution in 

more developed nations, sewage spills continue to occur because of aging 

infrastructure and the rapid pace of development. Invasive species, spread by 

accident and design, often have devastating effects on native species via 

predation, competition, habitat alteration, and as conveyers of diseases 

(McAuliffe 1983). Overexploitation does not affect all species or areas, but 

turtles, molluscs, some crayfishes, and many fishes have been or are being forced 

into decline by capture rates that are unsustainable. Finally, climate change has 

direct impacts by changing temperature and runoff patterns, and has indirect 

effects on many aspects of lotic ecosystem function. Individually and through 



        

82 

 

their interactions, these five categories of threats demand urgent action to reverse 

the course of biodiversity and ecosystem decline (Brooks et al. 2005, Brown et al. 

2005). Rivers provide numerous benefits to humankind, some of them 

irreplaceable. These ecosystem services include water supply for domestic, 

industrial, and agricultural uses, harvestable organisms, hydropower, waste 

disposal, navigation, recreational enjoyment, and spiritual fulfilment. Impaired 

lotic ecosystems may fail to provide these services, and instead of contributing to 

human well-being become the source of water-borne diseases including diarrhea, 

river blindness, schistosomiasis, and malaria. The great utility of rivers results in 

conflicts between types of uses, especially between those uses for which an 

economic value can easily be assigned, and other uses that have historically been 

excluded from any explicit valuation. 

Alteration of physical habitat is the most significant threat to biodiversity and 

ecosystem function in the majority of human-impacted river systems. The 

consequence of many different human activities, for the purpose of discussion 

human impacts on habitat can be grouped under altered flows, altered channels, 

and altered land use. Flows are affected by impoundments, water abstraction, and 

changing land use. The effects range from imposed constancy, to enhancement of 

floods and droughts, and even to dewatering River channels are straightened, 

widened, realigned, and stabilized for flow conveyance, habitat-forming wood is 

removed, and levees are imposed to reduce flooding, all of which result in 

simplification and homogenization of habitat. Changing land use includes all 

aspects of forest harvest, agricultural intensification, and the spread of urban 

areas, and so has indirect and diffuse effects on flow, habitat, and contaminant 

levels. 

Causes of the imperilment of river ecosystems and their biota are diverse, and 

are discussed below under the headings of habitat alteration, invasive species, 

pollution, overexploitation, and climate change (Table 9.1.). Ultimate causes can 

be found in the conflicting demands on fresh water, changing land use, and the 

many unsustainable practices that characterize growing populations and 

expanding economies throughout the world. Most human activities that harm river 

ecosystems show an upward trend throughout the 20th century, and although 

some aspects of pollution have ameliorated in recent years, other pressures, 

including species invasions and cli-mate change, are expected to worsen. 

Current biodiversity loss in lotic systems is taking place at a rate similar to, or 

exceeding that, of the historical great extinctions. Unfortunately, the ability to 

predict precisely the rate of species loss is hampered by a lack of knowledge of 

how many species there are and the impossibility of tracking changes in 

populations of taxa other than large, high profile organisms. Data from the tropics 

suggest that habitat destruction may have severe implications for biodiversity, 

although such predictions suffer from a lack of knowledge of species turnover in 
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these habitats (Hubbell 2001). The destruction of tropical lotic habitats is also 

likely to result in the extinction of species, particularly in areas with high 

endemism. Effects from habitat destruction may also have a time lag and the 

damage from the cumulative destruction of ecosystem fragments can be much 

worse than expected at an earlier stage, by which time further habitat destruction 

has taken place (Covich et al. 2004, Cowx and Gerdeau 2004). There is evidence 

that species-rich systems often have higher and more stable productivities, and 

greater resistance to perturbations, than species-poor systems, but diversity effects 

are still equivocal (Benke 1990, 1993, 1998, Benke and Wallace 1980, 1997, 

Benke et al. 1984, 1985, Benke and Cushing 2005). 

Table 9.1. The primary threats to streams and rivers. (Modified from Malmqvist and Rundle 

2002.) 
 

Proximate causes Abiotic effects Biotic effects 

Habitat 

alteration Damming, water 

abstractions and diversions 

Channelization 

Land-use change including 

deforestation, intensive 

agriculture, urban 

development 

Loss of natural flow 

variability, altered habitat, 

severing of upstream- 

downstream linkages 

Reduced habitat and 

substrate complexity, lower 

base flows 
Altered energy inputs, 

increased delivery of 

sediments and contaminants, 

flashy flows 

Reduced dispersal and 

migration, changes to water 

quality and assemblage 

composition 

Reduction in biological 

diversity favoring highly 

tolerant species Changes in 

assemblage composition, 

altered trophic dynamics, can 

facilitate invasions 

Invasive species Aquaculture, sports 

fishing, pet trade, 

ornamental plants 

Some invasive species 

modify habitat, otherwise 

minor 

Declines in native biota, 

biotic homogenization, can 

result in strong ecosystem-

level effects 
Contaminants Nutrient enrichment from 

agriculture, municipal 

wastes, atmospheric 

deposition Acidification 

from fossil fuels (SO2, NOx), 

mines Toxic metals from 

mining, industrial gaseous 

emissions, waste disposal 

Organic toxins 

Increased N and P, altered 

nutrient ratios 

Reduced pH, increased Al+, 

metals 
Increased trace metal 

concentrations (e.g., Hg, 
Cu, Zn, Pb, Cd) 
Increased levels of PCB, 

endocrine disruptors, some 

pesticides 

Increased productivity, algal 

blooms, altered assemblage 

composition 
Physiological and food chain 

effects 
Toxic effects through 

biomagnification 

Physiological and toxic 

effects 

Overexploitation Commercial harvest for 

food, pet trade recreational 

fisheries 

Usually none Changes in assemblage 

composition, altered trophic 

dynamics, can facilitate 

invasions 

Climate change Temperature changes 

Precipitation changes 
Milder winters, altered 

evapotranspiration patterns 

and flow regimes Altered 

flow regimes, greater 

flashiness 

Range shifts in accord with 

physiological tolerances, 

increased productivity Greater 

role for disturbance 
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9.1. Point- and nonpoint-source contaminants 

The various running water types, especially large rivers, although gradually 

improving, have experienced some degree of pollution and show regional 

variation in the types and sources of contaminants. The important point source 

discharges in urban areas are from wastewater treatment plants and industries. 

Improvements in wastewater treatment plants technology have resulted in 

significant reductions in chemical constituents in many countries. However, in 

many older cities, storm and sewer drains are combined in a single system, and 

so during high flows the volume of water exceeds the capacity of the wastewater 

treatment plants, forcing it to bypass untreated wastewater directly into receiving 

waterways. Contaminants transported in urban and agricultural runoff are primary 

sources of nonpoint pollution to waterways, transporting sediments, nutrients, 

agricultural pesticides and herbicides, and various harmful substances. Virtually 

the entire net increase of the human population in the period up until 2025 will 

occur in urban areas of developing countries (United Nations 1995) and in 2025 

as much as 60% of the world population (i.e. about 5 billion) will live in cities, 

most of which are situated on rivers. Streams in urban areas are severely impaired 

by industry, sewage, run-off from impervious surfaces, and loss of riparian trees. 

Therefore, in many urban streams the main energy resource is in the form of fine 

particulate organic material. Overall, urban streams are functionally less diverse 

than undisturbed streams and, potentially, vulnerable to invasions of non-

indigenous species. Urbanization brings about many different threats to running 

waters, and these act synergistically making it difficult to single out any one 

disturbance (Walsh et al 2001). These threats are likely to have materialized to a 

much greater extent in future than today, if substantial mitigating measures have 

not been implemented. This is not likely, however, as the affected areas are often 

also poor and overpopulated. 

Another consequence of an expanding population will be the increased use of 

agricultural fertilizers. From a global perspective, fertilizer use is the biggest 

single driver of nutrient loadings and is predicted to increase dramatically in the 

early part of this century. Global fertilizer use has been predicted to increase by 

145% between 1990 and 2050, representing an increase in the global average 

fertilizer use from 15 to 21 kg per person per year. These projected increases vary 

dramatically between regions, with the largest absolute increases in countries 

bordering the western Pacific (China) and the Indian Ocean, although substantial 

increases were also predicted throughout Asia, Africa and Latin America. Inputs 

of nitrogen to catchments from the atmosphere and point sources were also 

predicted to increase with increased industrial activities and population 

development, although the contributions from these two sources were still small 

compared with those from fertilizers. Additions of nitrogen to river catchments 

had consequences for the export of dissolved inorganic nitrogen (DIN) by rivers, 
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the rate of which was predicted to double by 2025. Differences between regions 

reflected trends in inputs with the greatest exports from India and China, Japan 

and the rest of south-east Asia.  

Agriculture increases nutrient levels due to fertilizers and animal waste, and 

also by increasing soil erosion, which particularly affects the transport of 

phosphorus. Urban areas can also be significant nutrient sources due to municipal 

wastes and fertilizers. A gradient of increasing urbanization has numerous 

impacts on stream ecosystems, including flashier flows from impervious surfaces 

and storm drains, nutrient and organic matter enrichment from lawn fertilizers and 

pet waste, altered channel morphology, and increased delivery of sediments and 

various toxins. Water entering streams can be significantly warmed during its 

passage over paved surfaces, and new construction is an important source of 

sediments. As a consequence of what has become known as the ‘‘urban stream 

syndrome’’ (Walsh et al. 2005), biotic richness is reduced while dominance by 

tolerant species is greater. Stream macroinvertebrate assemblages generally show 

a reduction in diversity in response to increasing urbanization, but variable 

changes in abundances, as moderate levels of nutrient and organic enrichment can 

increase numbers of invertebrates whereas toxins, temperature change, and 

siltation generally cause declines (Walsh et al 2001). Although 

macroinvertebrates can be abundant in locations of organic pollution, the 

assemblage typically is dominated by midges (Chironomidae) and worms 

(Oligochaeta).  
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10. CLIMATE CHANGE 

There is a broad consensus that rising levels of carbon dioxide (CO2) and other 

greenhouse gases in the atmosphere have contributed to an approximately 0.6°C 

temperature increase over the past century (IPCC 2001). Further changes in 

greenhouse gases and other atmospheric pollutants are expected to result in 

significant additional warming by 2100, particularly at latitudes between 40°C 

and 70°C, as well as substantial regional and seasonal variation in precipitation. 

Climate change undoubtedly will have important consequences for aquatic 

ecosystems, having proximate effects due to changes in temperatures and flow 

regimes and more subtle effects due to changes in riparian vegetation, disturbance 

intensity and frequency, water chemistry, and species interactions (Uehlinger and 

Naegeli 1998). Some future impacts have a high likelihood of occurring but much 

uncertainty remains, partly because future climate conditions at regional and local 

scales are uncertain, and partly because of the complexity that results from climate 

change acting through multiple pathways. In addition, climate change will interact 

with other threats to lotic ecosystems, enhancing some regional water shortages, 

favouring species invasions, and acting as an additional stressor on the biota. Most 

freshwater organisms are adapted to a particular temperature range, and so 

poleward distributional shifts under warmer climate scenarios are highly probable 

(MacArthur 1972). There are models, which predict a northward latitudinal shift 

of approximately 500-600 km for both macroinvertebrates and fishes in response 

to a warming of 3-4°C. However, dispersal ability varies among taxa and few 

rivers are barrier-free, and so some species may face limited opportunities. For 

example, a given fish in the area cannot move northward because given streams 

and rivers tend to run west and east. Because summer water temperatures now 

approach the upper limit for a number of species, just a few degrees of warming 

poses serious risk of extinction for native fishes in these regions (Matthews et al. 

Zimmerman (1990). The amount and timing of runoff are expected to change 

significantly under future climate scenarios due to changes in evapotranspiration 

and precipitation. However, it is difficult to predict at regional scales whether 

changes in precipitation or evapotranspiration will be greater, and thus whether 

surface water levels and runoff will increase or decline. For example the glacier-

fed streams are expected to experience an increase in discharge for years to 

decades, followed by declines as glacier ice is depleted. In regions that formerly 

accumulated a winter snowpack, warming temperatures will result in earlier 

runoff, or a shift to a variable winter flow regime driven by rain events 

(Magilligan at al. Nislow 2005). Because winter snowpack is a natural storage 

reservoir, much of this winter runoff will be lost to the oceans. Due to the 

important influence of hydrologic disturbance on stream communities, a greater 

frequency and intensity of flooding is likely to be a widespread and important 

consequence of climate change for lotic ecosystems (Patrick 1975). 
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The most probable ecosystem response to climate change is an increase in 

biological productivity. Ectotherms typically increase their metabolism by a 

factor of 2-4 with each 10°C increase in water temperature, until very near their 

upper temperature tolerances. Thus, while changes in species composition may 

be complex and unpredictable, an overall increase in system productivity is likely 

to be a common response to climate warming. Riparian vegetation will almost 

certainly change under future climates, affecting the nature, timing, and supply of 

allochthonous inputs, and this is likely to affect the processing of detritus and 

functioning of the microbial-shredder food web linkage in complex ways 

(Wootton et al. 1996). Altered C/N ratios of the leaves likely will reduce 

palatability, temperature changes will affect leaf processing rates, and floods may 

export leaf matter before it can be processed.  

The ability of the stream biota to disperse to more favourable environments 

will vary among taxa and locations. Fishes, winged invertebrates, and 

microorganisms that disperse with the wind or are transported by mobile taxa such 

as birds likely have dispersal rates that will allow them to keep pace with climate 

change. Other taxa such as mussels may not be as fortunate. 

Organisms that are aquatic in all life stages obviously must disperse along 

stream corridors, and so dams and other potential barriers can limit dispersal 

within basins, and catchment boundaries can be absolute barriers. Insects with an 

aerial adult stage are better able to disperse, and although the majority of their 

movements may occur along river corridors, dispersal across watersheds also 

occurs (Hutchinson (1981).  

To sum, the climate change has the potential to worsen the impact of other 

threats. Increases in stream temperature due to riparian clearing will be 

exacerbated by a warming climate, and become particularly acute if hydrologic 

changes lead to low summer flows. Flooding may become more severe in many 

areas due to climate change, but will be more extreme if forest harvest, wetland 

loss, and impervious surfaces also play a role. 
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11. ECOSYSTEM-BASED RIVER MANAGEMENT 

There is no doubt that rivers face serious threats, and although some stressors 

are moderating in their influence, others continue unabated. While there are many 

concerns, there also is much reason for hope. Rivers have enormous restorative 

powers, advances in science are beginning to point the way toward holistic, 

ecosystem-based management, and public awareness and concern are growing 

rapidly. In plain language, in order to manage, restore, and conserve lotic 

ecosystems, we have to understand how they function, we need to assess their 

condition over time in order to identify status and trends in river health, we need 

tested and proven management practices, and we need the will and organizational 

structure to put good intentions into action. The following sections will briefly 

examine some of these issues, which offer many opportunities for new 

partnerships among scientists, practitioners, and policy specialists to begin to 

reverse the many negative trends documented in the preceding section. 

 

11.1. Biological elements 

Monitoring the status and trends of freshwater biota and ecosystems is essential 

in order to quantify human impacts and evaluate the effectiveness of management 

actions. Biological indicators of water quality have been in use for at least 100 

years, and initially relied on the use of suites of species that were sensitive to 

organic enrichment and low oxygen levels. Known as Saprobic Indices, these 

were in wide use in Europe by the 1950s (Wright 1995). In the United States, 

water quality measures such as low dissolved oxygen, species diversity metrics 

such as the Shannon-Weaver Index, and a few indicator species known to be 

intolerant of pollution were the primary tools for monitoring stream condition into 

the 1970s. The 1972 amendments to the Clean Water Act called for maintaining 

and restoring the biological integrity of freshwaters, and that language is now 

reflected in widely used integrative ecological indices based on the biota and on 

aspects of habitat (Karr et al. 1986, Plafkin et al. 1989) including Karr’s Index of 

Biological Integrity (IBI). The goal of these indices is to measure river condition, 

and increasingly this is referred to as ‘‘river health,” in the very broad sense that 

a healthy river is one in good condition (Karr and Chu 1999). 

The IBI is a multimetric index, meaning that it is the sum of 10-12 individual 

metrics, including species richness and composition, local indicator species, 

trophic composition, fish abundance, and fish condition. Because it is based on 

multiple metrics, which are considered to be sensitive to different levels and types 

of environmental stress, the IBI should be a useful integrator of multiple stressors 

affecting biological assemblages (Figure 11.1.). Biotic integrity has been shown 

to vary within a region in relation to land-use measures and other indicators of 
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environmental conditions). The IBI has subsequently been adapted for use with 

macroinvertebrates (Kearns and Karr 1994) and periphyton (Hill et al. 1999). 

 

 

 

Figure 11.1. The Index of Biotic Integrity measures changes to stream health in 

response to human alterations to physical, chemical, and biological components 

of the five principal factors depicted. (Reproduced from Karr and Chu 2000.) 

 

Standardization of biological assessment faces a number of methodological 

challenges (Tharme 2003). The number of species in a sample increases with 

sampling effort and stream size, and varies across regions owing to differences in 

the regional species pool. These are difficult but resolvable problems, and have 

led to prescriptions of sampling effort (such as a stream length equal to 25 times 

its width), different cut-off levels for metrics based on stream size (five darter 

species may be necessary for the highest score in a third-order stream, versus 1-2 

species at a first-order site), and regional IBIs (including different scoring systems 

for warm water and cold water fish faunas) (Jungwirth et al. 1995), Karr and Chu 

1999, ). Another approach that is gaining favour uses statistical models to predict 

the expected set of species from environmental site characteristics. Known as 

Rivpacs (River Invertebrate Prediction and Classification System) when first 

developed in the United Kingdom (Wright et al. 1984, Moss et al. 1987), and 
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Ausrivas for its application in Australia (Marchant et al. 1997), it uses a 

multivariate model developed using undisturbed reference sites to predict which 

species have a high probability of occurring based on environmental 

measurements that characterize the site. When a test site is to be evaluated, its 

environmental conditions are used to predict the expected assemblage if the site 

is unaltered, and then the observed assemblage is compared to the expected (O/E). 

Not for the statistically faint- of-heart, O/E predictive models have proven to 

provide a sensitive measure of disturbance in south eastern Australia (Marchant 

et al. 1997) and are under development in other countries, including the United 

States (Hawkins 2006). In principle this method requires a substantial number of 

undisturbed streams to use as reference sites, but in some areas all streams may 

be moderately or substantially disturbed. This has led to the use of “least-

disturbed” and “best- available” sites for scoring purposes (Stoddard et al. 2006), 

which is useful for comparison of sites within a region but makes difficult any 

comparison of index values across regions Analyses that are based on species 

traits represent yet another approach that holds promise for biological assessment. 

In one example, Usseglio-Polaterra et al. (2000) assembled data on 22 traits for 

472 benthic macroinvertebrate taxa of the Loire River, and then employed 

multivariate ordination techniques to examine longitudinal changes in the 

assemblage. Because they were able to detect changes linked to dams, urban 

zones, and tributary inputs not detected with faunal data alone, they suggest that 

trait analyses may prove a useful additional method of bioassessment. 

Although bioassessment is widely and successfully used to determine 

impairment of streams and compliance with water quality standards, the ability to 

combine state assessments into regional or national assessments of ecological 

integrity has been hindered by the lack of a common interpretative framework. 

To address this issue, Davies and Jackson (2006) proposed a model of biological 

response to a gradient of environmental stress within a framework of six tiers that 

describe how closely a water body resembles its natural state (Figure 11.2.). By 

associating narrative descriptions of the response of ten ecological attributes to 

increasing levels of stressors, this model intends to provide more uniform and 

consistent assessment of the status of aquatic ecosystems. 

 



        

91 

 

 

Figure 11.2. Conceptual model depicting changes in biological condition of a 

stream in response to an increasing gradient of anthropogenic stress. Numbers 1 

through 6 refer to six tiers of river condition from fully natural and unaltered to 

that which is highly degraded. (Reproduced from Davies and Jackson 2006.) 

 

11.2. Stream Conservation Strategies 

The downward trend in freshwater biodiversity, coupled with the many threats 

demonstrates the need for freshwater conservation strategies (Keith 2000). In 

addition to management and restoration of human-impacted systems, it is 

important to identify areas that have the greatest potential to conserve freshwater 

biodiversity and the best strategies to accomplish that goal (Jordan et al. 1987). 

To date, rivers have been largely neglected in the discussion of protected areas. It 

is not possible to say what fraction of the world’s rivers is currently protected, as 

they are not explicitly included in world databases of protected areas (Abell et al. 

2007). Rivers located within urban areas have experienced contaminant spills and 

invasive species, and often are affected by dams. Typically in case of small type 

of running water that such areas are not designed with biodiversity protection as 

a goal, and so whether their boundaries include species of concern is likely to be 

accidental.  

Authors agree that the catchment scale is appropriate for freshwater 

conservation, but problematic in practice because the area required can be 
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impracticably large and the exclusion of people rarely is feasible. Although small 

areas may be set aside with freshwater conservation as their sole priority, and even 

some larger-scale river systems may be protected in their entirety in remote 

regions, human use of freshwater resources will need to be accommodated in most 

instances. When one considers the need to protect the entire upstream drainage 

network, the riparian zone and much of the surrounding landscape, and to avoid 

dams, pollution, or other activities that might prevent passage of migratory 

species, the challenges of whole-catchment conservation are apparent. The 

solution requires looking beyond the protection of individual sites, and instead 

developing a spatially distributed set of conservation strategies intended to protect 

specific populations or target areas. A freshwater focal area is the location of a 

feature requiring protection, such as a biodiversity hotspot or spawning area for a 

threatened species. Critical management zones are those areas whose 

management is essential to the functionality of a focal area, such as an intact river 

segment for passage of migrants, or a wetland that moderates flow extremes 

(Acuna V. et al. 2004). The catchment management zone is the entire catchment 

upstream of the focal area, which might encompass a significant human presence 

but nonetheless would be governed by principles of basic catchment management. 

Future protected areas are likely to be more integrative by considering land, 

freshwater, and coastal oceans, as well as in recognizing the presence of people 

in and near protected areas, and the flux of organisms across protected area 

boundaries. The disconnect between river and land protection is made obvious by 

the observation that rivers often form park boundaries, and the boundaries of land 

reserves rarely coincide with catchment divides. Priority-setting and design 

strategies for the freshwater component currently lag well behind terrestrial and 

marine conservation work, and are hampered both by inadequate knowledge of 

the biota, especially those other than vertebrate animals, and insufficient 

understanding of ecological relationships. All fields suffer these deficiencies to 

varying degrees, however. Much can be done using landscape analysis to identify 

lightly impacted areas, well-known taxa to recognize areas of diversity and 

endemism, and bioassessment methods combined with our knowledge of species-

habitat relationships to select high-quality sites. A proactive approach to river 

conservation that targets an achievable percentage of representative river 

ecosystems worldwide is a worthy goal and challenge for the next generation of 

river ecologists. 

Natural streams and rivers are highly dynamic, experiencing dramatic natural 

forces such as flooding, drought and ice. Their biota are consequently resistant to 

such perturbations and lotic communities have a high capacity for self-repair (Wu 

and Loucks 1995). Yet, the pressures from human exploitation have often 

transformed running waters into systems with inadequate retention of water and 
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organic material, disturbed flow regimes, fragmented habitat. Four main 

messages can be derived concerning the major threats to lotic ecosystems: 

(1) Running water ecosystems will be impacted most dramatically 

through development associated with a rapidly increasing human 

population. 

(2) Future degradation will be concentrated in those areas of the world 

where resources for conservation are currently most limited and where 

knowledge of lotic ecosystems is poorest; most damage will occur in 

lowland rivers, which are also poorly studied. 

(3) The importance of global warming as a proximate cause of change 

in lotic ecosystems is likely to increase, although its impact is likely to act 

alongside, rather than override, that from other, proximate causes and may 

be more extreme on a longer time scale. 

(4) Changes in management practices and public awareness are 

improving running water ecosystems in developed countries, and could 

underpin conservation strategies in developing countries if management is 

implemented in a relevant way. 

Assuming that little will be done to prevent the human population increasing 

dramatically, there is a pressing need for conservation strategies to be 

implemented for running waters in the developing world and an even greater 

necessity for global-scale legislation and economic aid that facilitate such 

strategies. The planning and implementation of conservation schemes for 

developing tropical countries are severely hampered by a lack of fundamental 

knowledge of their biology and ecology. Finally, we should recognize that 

ecological goals are most likely to be met when incorporated into water 

development planning from the outset, and conservation goals are most likely to 

be met when human needs are incorporated into conservation planning. 

As well as increasing the knowledge base for river systems throughout the 

globe, it is essential that people’s knowledge of the issues surrounding river 

conservation be improved. Increased awareness of running-water habitat 

destruction has already been prompted by drastic landscape change, lost fisheries 

and the failure of projects to meet expectations; for dams, for example, yields of 

electricity are often lower, costs higher, environmental gains lower, and negative 

impacts on local inhabitants greater than promised. Paradoxically, such failures 

might be our best hope for the future, provided they lead to thoughtful reactions 

and improved education. It is also important that we strive for sustainable water 

economics that might be accomplished by different pricing policies in 

combination with the development of new techniques. A changed global policy 
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would also be necessary, involving a radical increase in crop production and 

export from humid/sub-humid regions of ‘virtual water’ to regions that cannot be 

self-sufficient in food production due to arid climate and large and growing 

populations.  

The threats to running waters are diverse and differ among parts of the world. 

There is, therefore, no single approach to handling all the different problems 

threatening streams and rivers. Instead, we advocate that training and scientific 

research is intensified in developing countries. In particular, we need to know 

more about the species present, their biological requirements, and their role in the 

functioning of riverine ecosystems, as well as the chemical and physical processes 

of the systems they inhabit. Such fundamental information must be obtained, 

alongside applied research into the impact of anthropogenic activities on running 

waters. 
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12. LONG-TERM TTRENDS IN STREAM ECOLOGY 

There are a multitude of natural environmental factors that influence the 

ecology of running water ecosystems (Hynes 1970). At large scales, several 

models have been proposed that highlight factors that are of prime importance in 

shaping the fundamental ecology of lotic systems, including the supply of trophic 

energy and organic matter transport, lateral expansion and contraction of 

floodplains and hydraulic regime. There are also numerous regional and local-

scale studies demonstrating the importance of water chemistry, hydrology, 

microhabitat structure, and biotic interactions in lotic ecosystems (Downes et al. 

1995, 1998, Ward 1989, Douglas and Lake 1994,). Anthropogenic influences on 

river systems can alter the balance of these natural forcing factors, for example, 

by changing the proportional abundance of different streambed substratum types 

or altering the mean annual temperature regime. Alternatively, such impacts can 

cause changes that are beyond the normal condition expected for any given lotic 

ecosystem. Examples would include an influx of toxic metals to, or the complete 

removal of a microhabitat type from, a stream reach, the ultimate impact being 

the complete destruction or removal of the ecosystem, in whole or in part. 

The source and effect of an anthropogenic impact may be obvious, for 

example, a point-source discharge from sewage works containing high 

concentrations of organic compounds. It is more likely, however, that multiple 

disturbances will be contributing to local biological degradation (Uehlinger and 

Naegeli 1998). The ultimate forcing factors that cause change to running waters 

can be categorized into four main types: ecosystem destruction; physical habitat 

alteration; water chemistry alteration; and direct species additions or removals, 

which stem from several types of proximate cause. Links between proximate 

causes and ultimate impacts are complex and forcing factors can have multiple 

impacts. Now we review long-term temporal trends in such impacts. 

 

12.1. Ecosystem reduction of streams 

There has been considerable destruction of running water habitats in all parts 

of the world, from Europe to south Asia, from the boreal region to tropic area. 

Often such losses are associated with increased domestic and agricultural demand 

for water or a total lack of regard for lotic systems during urban or agricultural 

development. There is a strong correlation between population size and water 

withdrawal (Figure 12.1.). Over much of the world, there have been massive 

increases in the use of water for irrigation and two-thirds of water use is currently 

for such purposes). Water resource withdrawals are taking place at a slower rate 

than predicted, however, due to higher efficiency in agricultural usage, and 
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decreased demand from industry in developed countries such as the USA and 

Japan. 

 

 

 

Figure 12.1. Trends in population, water withdrawal, and irrigation sizes for the 

last century (redrawn from Gleick 2000a). 

 

Hydrology 

Water-course exploitation such as damming, channelization or abstraction of 

water (for agricultural, domestic or industrial purposes) directly alters the passage 

of water through river channels. Often the quantity and timing of run-off as well 

as siltation rates within river channels are affected indirectly. Any hydrological 

effects from land-use change act alongside substantial natural variations in flow 

regimes, however. 

Despite the reasonably well-documented links between long-term climatic 

phenomena and stream hydrology, there are few studies that assess links with 

ecological processes or with cycles in biota. Natural fluctuations in flow regimes, 

including seasonal floods and droughts, are important for maintaining 

biodiversity in running water systems. After habitat alterations (e.g. damming, 

flow regulation, channelization and bank stabilization), floods typically decrease, 

or disappear altogether. As many stream organisms are adapted to predictable 

flow changes associated with natural seasonal events (e.g. snow melt or monsoon 

rains), deviations from this pattern may act as disturbance. The abstraction of 

water from many of the world’s large rivers has become so intense that they 
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contain no flowing water for many months of the year, or flows are reduced to 

only a fraction of their original magnitude. The Aral Sea main tributaries, for 

example, lose most of their water to the irrigation of nearly 3 million ha of cotton 

fields. The once rich floodplains of these rivers are either being replaced by salt-

resistant plants or left barren. Other examples of large river systems whose inputs 

to the sea have dried up are the Columbia (North America) and the Nile (Africa). 

With the exception of years with exceptionally high run-off, all the water in the 

Colorado River is captured before it reaches its mouth in the Gulf of California. 

This decline has deprived the aquatic systems at the mouths of these rivers of 

essential inputs to sustain predamming levels of fish production. Changes in river 

hydrology can also result from land-use alterations such as deforestation, 

overgrazing or forestry plantations. Such practices act primarily through altering 

run-off timing and quantity, both of which increase with forest disturbance due to 

reduced interception of rainfall and transpiration rates. Large catchments may be 

better able to buffer such hydrological alterations. The alteration in timing of peak 

flows may vary among regions depending on factors that determine the main run-

off generating processes including climate, geology, topography, vegetation 

cover, and soils and harvesting strategy. As well as altering run-off timing and 

quantity, deforestation and agricultural development can substantially increase 

the loading of fine sediments to river courses due to increased erosion, which is 

exacerbated by overgrazing. 

Documented trends in biota associated with land-use change are scarce, but 

some evidence suggests that stream biodiversity has been significantly influenced 

by past land use. Catchment land use in the 1950s was a much better predictor of 

present day diversities of lotic invertebrates and fish than contemporary land use; 

historical agricultural development, in particular, caused long-term modifications 

to and reductions in diversity, which remained even after reforestation of riparian 

zones. 

 

Dams and river regulation: can it get any worse? 

Dam construction increased dramatically during the 20th century, reaching a 

maximum in the 1970s, nearly 5000 large dams (height >15 m, or 5-15 m with a 

volume of >3 000 000 m3; World Commission on Dams 2000) were built. The 

growth in dam numbers declined thereafter to about 2000 per decade during the 

1990s, with a current total of over 45 000. The decline occurred because most 

suitable sites had been used, although the changed attitude towards damming also 

must have played a role; nearly 500 dams have already been removed in the USA 

(Gleick 2000b). The legal protection of rivers is another cause for decreasing rates 

(Benke 1990). Moves to reduce the number of dams globally may be particularly 

important considering the recent evidence that they may contribute to other 
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environmental problems such as the emission of greenhouse gases and mercury 

release. Damming has long-term effects on biota, and the best-documented cases 

are for fish and mammals, through the disruption of migration. 

In the next decades, the biggest part of the tropical rivers will be dammed to a 

greater extent than today with severe consequences. As most proposed dams in 

tropical Asia are on large rivers, it is likely that their impact will be considerable 

and the prognosis for biological diversity in large river catchments is not good. 

China built the Three Gorges Dam on the Yangtze River will be the largest in the 

world operating from 2012. This river has been heavily impacted by man for 

centuries, yet it is still not the home of many rare and endangered animals who 

formerly lived here. The Chinese government sees the project as a historic 

engineering, social, and economic success. However, with the construction of the 

dam, archaeological monuments and ancient cultural sites have been flooded, 

some 1.3 million people have had to leave their homes, and significant ecological 

changes are taking place, including an increased risk of landslides. Twelve 

hydropower dams are also planned for the Mekong River. The consequences of 

these constructions are difficult to predict, but alterations of flow variability to 

migration route could be devastating to species such as the Mekong catfish, the 

world’s largest lotic fish. Socio-economic impacts following disturbances on the 

fishery are also expected to be strong (Holomuzki and Biggs 1999, 2000, Jackson 

et al. 2001, De Jesus and Kohler 2004).  

In other parts of the world, the increased breaching of dams, due to their non-

fulfilment of environmental, economic and safety requirements, can be expected 

to continue (World Commission on Dams 2000).  

 

12.2. Improvements in water quality, is it a success stories for running 

waters? 

In many industrialized countries, where priorities are focused more on 

improving the quality and ecological integrity of running waters, there are 

examples of declines in the discharge of pollutants into river courses and resultant 

declines in concentrations in receiving. If current priorities remain in such 

countries, concentrations of contaminants should at least stabilize and even 

continue to fall and there should be continued improvements in water quality. 

Efforts to reduce acidifying emissions could also have positive effects on 

running water ecosystems. Two phases to the recovery process have been 

identified. Firstly, the chemical status of water bodies is likely to change, although 

the extent and speed of recovery will vary between systems depending on: (1) the 

decrease of acidifying deposition; (2) the amount of depletion of base cations in 
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exchangeable soil pools; (3) local rates of mineral weathering; and (4) the extent 

and rate of release of sulphate and nitrate ions from soil pools to drainage waters. 

The second phase of recovery involves the colonization and persistence of biota 

once chemical conditions are suitable (Peterson and Stevenson 1989, Hax and 

Golladay 1993).  

This phase is dependent on the dispersal abilities of the organisms involved, 

their regional distribution and abundance. Recent evidence suggests that there 

may be a hysteresis between biological and chemical recovery, however and it 

may be several decades before a total restoration to (or close to) pre-acidification 

conditions takes place (Palmer et al. 2005).  

The global climate is becoming warmer and wetter (IPCC [Intergovernmental 

Panel for Climate Change] 1996), with global mean temperatures having 

increased by 0.3-0.6°C over the past century due to increased emissions of 

greenhouse gases such as CO2 and methane (Jones and Mulholland 1998). There 

is substantial geographical variation in the amount and direction of warming, 

however, with continental areas between 40° and 70° latitude showing increased 

temperatures and those at lower latitudes showing decreased temperatures. 

Alterations to precipitation regimes also vary geographically: rain and snowfall 

have increased and decreased, respectively, in high latitudes of the northern 

hemisphere, but precipitation has decreased in the subtropics and tropics (IPCC 

1996). This variability at large geographical scales suggests that any future effects 

of climate change on aquatic systems will vary substantially throughout the globe. 

With CO2 emissions predicted to continue to increase, and mean global air 

temperatures set to increase by 1-3.5°C by 2100 (IPCC 1996), it seems 

increasingly likely that such effects will occur. 

Lotic systems are likely to be highly sensitive to such future changes in 

climate. The main effects on running waters will occur through alterations to 

hydrology and thermal regimes (Lowe and Hauer 1999). Increases in air 

temperature will cause concomitant increases in river temperatures and will 

increase evapotranspiration from river catchments, which will lower run-off and 

stream flows. Climate change is also likely to have indirect effects on lotic 

systems through alterations to terrestrial systems. There is a growing literature 

focusing on linking future climate scenarios, as predicted by climate circulation 

models, with changes in streamwater temperature and flow. The results of such 

predictions are highly variable, and dependent on the type of model used, the 

parameters used to drive the model and the location for which the prediction is 

being made. 

The interpretation of these models and their potential impact should also be 

interpreted alongside the knowledge of background variability (Poff and Ward 

1989). For example, at the catchment scale, predicted impacts of climate change 
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on mean run-off by 2050 are significantly greater than natural climate variability 

in northern Europe and in southern Europe, but no different to those of natural 

climate variability across most of western and central Europe (Hulme et al. 1999). 

Many stream organisms have precise thermal and hydrological tolerances, and 

changes in these variables are predicted to have large implications for running 

waters (Griffiths 2006). Climate models predict that all regions in the USA will 

be warmer in the future, but trends in precipitation are more varied 

geographically: New England, for example, was predicted to be drier and the 

Great Lakes wetter, than at present. Biological effects also varied regionally, and 

were predicted to be driven more by increased hydrological variability than by 

changes in mean annual conditions. One of the most commonly predicted impacts 

of climate change is a reduction of-thermal habitats for biota. For example, it was 

suggested that cold-water fish would be restricted to headwater streams, whereas, 

extinctions were predicted for warm-water riverine fish, already at the extreme of 

their thermal limit. In the USA, habitat for cool and cold-water species (e.g. white 

sucker and rainbow trout, respectively) throughout their existing range was 

predicted to be reduced by approximately 50% by warming resulting from a 

doubling of CO2 concentrations, with losses greater for species with the smallest 

distributions. The fate of warm-water species is less clear, mainly they are simple 

“identified” invasive species.  

Although more rarely predicted, there are likely to be widespread effects on 

biota other than fish. Stream invertebrates will be impacted by increased 

frequency of droughts in some areas leading to shifts towards drought-resistant 

fauna (Thompson and Townsend 2006). Increased flood frequencies and 

magnitudes, and overall unpredictability may also impact invertebrate 

communities. Range shifts, due to altered temperatures, may occur more rapidly 

in stream insects that are able to disperse more easily between catchments 

compared with fish. In invertebrate communities, several changes occurred in 

response to experimentally increased temperatures (2-3.5°C), including a 

decrease in total densities, early onset of the emergence of adult insects and 

increased growth rates. 

Climate change is also likely to influence effects from chemical pollutants. 

Increased temperatures are likely to increase the rates of bioaccumulation and 

biomagnification of toxicants, and low summer flows may lead to the 

concentration of other contaminants such as metals or nutrients that derive from 

point sources. 

The complexity of the link between climate change and pollution has a final 

important twist concerning the fact that running water systems themselves may 

contribute substantially to emissions of N2O, a gas with a much higher greenhouse 

potential than CO2 (320 times greater). N2O emissions from rivers, alongside 

those from estuaries and continental shelves contribute two-thirds of the total 
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emissions of this gas and the total amount from this source is set to increase by a 

factor of 3-4 by 2050 (Kroeze & Seitzinger 1998). 

For many areas of the world, predictions for effects on biota are lacking, highly 

variable or hampered by the over-simplified nature of the models employed. What 

does seem certain is that some thermal and hydrological changes will occur in 

most rivers. Unfortunately, available predictions are for regions that may be least 

prone to biological effects. Tropical rivers are likely to be susceptible to drastic, 

large- scale phenomena associated with climate change, such as droughts and 

increased desertification, and there is a pressing need for accurate, reliable 

predictions of future climatic trends in such regions where water is such a scarce 

resource (Holmes et al. 1994).  
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