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Preface

Traditionally the water industry has relied on specialist engineers, biologists, chem-
ists and microbiologists. However, with new and challenging legislation it has
become increasingly necessary for such specialists to develop a broader understand-
ing of the concepts of each other’s disciplines. Environmental engineering and envi-
ronmental science are new hybrids of civil engineering and science, respectively,
which require a thorough knowledge of the physico-chemical and biological nature
of the aquatic environment, in order to identify and assess impacts, as well as being
able to select, design and operate the most appropriate technology to protect both
the environment and the health of the general public. Water technology is a rapidly
developing area that is truly interdisciplinary in nature.

The European Union has been developing and implementing legislation to pro-
tect the aquatic environment for over 30 years. The Water Framework Directive
(2000/60/EC) is the final piece of that legislative jigsaw puzzle that puts in place
the management structure to ensure that the water quality of lakes, rivers, ground-
waters, estuaries, wetlands and coastal waters is protected, and enhanced through
proper cooperation and management. The Directive makes this bold statement at
the outset:

Water is not a commercial product like any other but, rather, a heritage which must
be protected, defended and treated as such.

The Water Framework Directive is a powerful enabling piece of legislation that pro-
vides an integrated management base for water resource protection and manage-
ment including water supply treatment and wastewater treatment. This new edition
of Water Technology acknowledges the importance of this legislation and uses the
concept of River Basin Management throughout. At the end of 2009 the first River
Basin Management Plans were published with just five years to achieve the environ-
mental objective of good quality status in all surface and groundwaters. The period
2010 to 2015 will be extremely challenging for water scientists and engineers with
new innovation and technologies needed. It is going to be an exciting and rewarding
time in which I hope you will be able to play a part.

It must be stressed that Water Technology is an introductory textbook that covers
the areas of freshwater quality, pollution and management; the treatment, quality
and distribution of drinking water; and the treatment and disposal of wastewater.
Hydraulics has been largely excluded as it would simply make the text too large,
although several excellent introductory and specialist books are recommended
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Preface

in the text. However, where required in relation to water monitoring and process
design, basic hydraulics have been included. The text is aimed at pure and applied
scientists as well as civil and chemical engineers who require an interdisciplinary
transitional text to the most important areas of water technology and science. The
text, while easily accessible to all disciplines, is particularly designed for students
interested in water science and technology who require a sound understanding of
the basic concepts that make up this subject, providing the reader with a concise and
self-explanatory course. The emphasis of the text is on practical application and the
understanding of the processes involved. Special attention has been paid to those
areas where an interdisciplinary approach will be advantageous. The text is supple-
mented by links given at the end of each chapter. These provide access to a wide
range of governmental and NGO websites, including important reports and manu-
als. Links do change and so where these no longer can be accessed you can find the
new link at the text website along with updates on critical areas, including case stud-
ies, more worked examples and self-assessment questions (www.irelandswater.com).
This new edition has been fully updated and expanded with many new sections such
as sustainable urban drainage systems and microbial source tracking. It also has a
series of process selection algorithms to help you select the most appropriate unit
processes for the treatment of wastewaters.

The Brundtland Report and, subsequently, Agenda 21 (the 1992 Rio Earth Summit)
both identified sustainable development as a critical goal. However, while there
appears to be broad agreement for the idea, we still have no consensus as to its
precise meaning or its practical application. Environmental scientists, technologists
and engineers are going to have to aggressively take hold of the concept of sustain-
ability and develop it into a practical reality in order to comply with the demands
of new carbon dioxide reduction targets agreed in Copenhagen. This can only be
achieved by different disciplines working together with mutual respect. The ability
of the engineer to understand the constraints and limitations imposed by the sci-
entist and vice versa is the key to a safer and cleaner environment. Together almost
anything is possible.

Nick Gray
Trinity College, Dublin
May 2010
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1 Basic Considerations

Chapter

in Hydrobiology

1.1 HyprorocicAL CYCLE

Water supplies are not pure in the sense that they are devoid of all dissolved chemi-
cal compounds like distilled—deionized water, but are contaminated by a wide range
of trace elements and compounds. In the early days of chemistry, water was known
as the universal solvent, due to its ability to slowly dissolve into solution anything
it comes into contact with, from gases to rocks. So as rain falls through the atmos-
phere, flows over and through the Earth’s surface, it is constantly dissolving mate-
rial, forming a chemical record of its passage from the clouds. Therefore, water
supplies have a natural variety in quality, which depends largely on their source.

The total volume of water in the world remains constant. What changes is its qual-
ity and availability. Water is constantly being recycled, a system known as the water
or hydrological cycle. Hydrologists study the chemical and physical nature of water,
and its movement both on and below the ground. In terms of total volume, 97.5%
of the world’s water is saline with 99.99% of this found in the oceans, and the
remainder making up the salt lakes. This means that only 2.5% of the volume of
water in the world is actually non-saline. However, not all of this freshwater is read-
ily available for use by humans. Some 75% of this freshwater is locked up as ice
caps and glaciers, although this is slowly changing in response to climate change,
with a further 24% located under ground as groundwater, which means that less
than 1% of the total freshwater is found in lakes, rivers and the soil (Table 1.1).
Only 0.01% of the world’s water budget is present in lakes and rivers, with another
0.01% present as soil moisture but unavailable to humans for supply. So while there
appear to be lots of water about, there is in reality very little which is readily avail-
able for use by humans. Within the hydrological cycle, the water is constantly mov-
ing, driven by solar energy. The sun causes evaporation from the oceans, which
forms clouds and precipitation (rainfall). Evaporation also occurs from lakes, rivers
and the soil; with plants contributing significant quantities of water by evapotran-
spiration. While about 80% of precipitation falls back into the oceans, the remain-
der falls onto land. It is this water that replenishes the soil and groundwater, feeds
the streams and lakes, and provides all the water needed by plants, animals and, of

3
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TasLE 1.1

Total volumes of water in the global hydrological cycle

Type of water Area Volume Percentage of
(kn®> X 10°)  (km?* X 10°)  total water
Atmospheric vapour (water equivalent) 510000 13 0.0001
(at sea level)
World ocean 362033 1350400 97.6
Water in land areas 148067 - -
Rivers (average channel storage) - 1.7 0.0001
Freshwater lakes 825 125 0.0094
Saline lakes; inland seas 700 105 0.0076
Soil moisture; vadose water 131000 150 0.0108
Biological water 131000 (Negligible) -
Groundwater 131000 7000 0.5060
Ice caps and glaciers 17000 26000 1.9250
Total in land areas (rounded) 33900 2.4590
Total water, all realms (rounded) 1384000 100

Cyclic water
Annual evaporation

From world ocean 445 0.0320

From land areas 71 0.0050

Total 516 0.0370
Annual precipitation

On world ocean 412 0.0291

On land areas 104 0.0075

Total 516 0.0370

Annual outflow from land to sea

River outflow 29.5 0.0021
Calving, melting and deflation 2.5 0.0002
from ice caps

Groundwater outflow 1.5 0.0001
Total 33.5 0.0024

Reproduced from Charley (1969) with permission of Routledge Publishers Ltd, London.

course, humans (Fig. 1.1). The cycle is a continuous one and so water is a renew-
able resource (Franks, 1987). In essence, the more it rains, the greater the flow in
the rivers and the higher the water table rises as the underground storage areas
(i.e. the aquifers) fill with water as it percolates downwards into the earth. Water
supplies depend on rain, so when the amount of rain decreases, the volume of
water available for supply will decrease, and in cases of severe drought will fall to
nothing. Therefore, in order to provide sufficient water for supply all year round,
careful management of resources is required.

Nearly all freshwater supplies come from precipitation which falls onto a catchment
area. Also known as a watershed or river basin, the catchment is the area of land,
often bounded by mountains, from which any water that falls into it will drain into
a particular river system. A major river catchment will be made up of many smaller
sub-catchments each draining into a tributary of the major river. Each sub-catchment



Ficure 1.1
Hydrological cycle
showing the volume
of water stored and
the amount cycled
annually. All volumes
are expressed

as 107 km?.
(Reproduced from
Gray (1994) with
permission of John
Wiley and Sons Ltd,

Chichester.)
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will have different rock and soil types, and each will have different land use activities
which also affect water quality. So the water draining from each sub-catchment may
be different in terms of chemical quality. As the tributaries enter the main river they
mix with water from other sub-catchments upstream, constantly altering the chemical
composition of the water. Therefore, water from different areas will have a unique
chemical composition.

When precipitation falls into a catchment one of three major fates befalls it:

1. It may remain on the ground as surface moisture and be eventually returned to
the atmosphere by evaporation. Alternatively, it may be stored as snow on the
surface until the temperature rises sufficiently to melt it. Storage as snow is an
important source of drinking water in some regions. For example, throughout
Scandinavia lagoons are constructed to collect the run-off from snow as it melts,
and this provides the bulk of the drinking water during the summer.

2. Precipitation flows over the surface into small channels becoming surface run-off
into streams and lakes (Section 2.1). This is the basis of all surface water supplies
with the water eventually evaporating into the atmosphere, percolating into the
soil to become groundwater, or continuing as surface flow in rivers back to the sea.

3. The third route is for precipitation to infiltrate the soil and slowly percolate into
the ground to become groundwater that is stored in porous sediments and rocks.
Groundwater may remain in these porous layers for periods ranging from just a
few days to possibly millions of years (Section 2.2). Eventually groundwater is
removed by natural upward capillary movement to the soil surface, plant uptake,
groundwater seepage into surface rivers, lakes or directly to the sea, or artifi-
cially by pumping from wells and boreholes.

Therefore, from a management perspective the hydrological cycle at this point can
be represented as:

P=E+R+1I (1.1)

where P is the precipitation, E is the evapotranspiration, R is the run-off and [ is
the infiltration. In France, approximately 55% of precipitation evaporates, 25%
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Ficure 1.2

The water services
cycle. Water is
intercepted within
the hydrological
cycle for use and
after treatment is
returned back to the
cycle. (Reproduced
from Latham (1990)
with permission

of the Chartered
Institution of Water
and Environmental
Management.)
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becomes surface run-off and 20% infiltrates into the ground. However, this will vary
enormously between areas.

The water in the oceans, ice caps and aquifers is all ancient, acting as sinks for pol-
lutants. All pollution eventually ends up in the cycle and will ultimately find its way
to one of these sinks. Freshwater bodies are often closely interconnected, forming
part of a continuum from rainwater to saline (marine) water, and so may influence
each other quite significantly.

In many countries the hydrological cycle is highly managed in order to provide suf-
ficient water for industry, agriculture and domestic use. This requires the manage-
ment of surface and groundwater resources, the treatment and supply of water, its
subsequent collection, cleansing and return to the cycle (Fig. 1.2). The hydrological
cycle will be increasingly affected by climate change through rising surface tempera-
tures increasing the rates of precipitation, evaporation and evapotranspiration. This
will result in some regions becoming wetter and some subtropical areas in particu-
lar becoming even drier, increasing the incidence of droughts. At higher latitudes
changes in snowfall patterns may lead to springtime flooding with the proportion of
water stored in the cycle as ice slowly declining with sea levels rising to accommodate
the extra free water (Section 1.5).

1.2 ComPARISON BETWEEN FRESHWATER AND SALINE WATER

Conditions in freshwater differ from saline water in many ways; for example, lower
concentrations of salts (especially Na, SO4, Cl) and smaller volumes of water.
Smaller volumes result in a greater range and more rapid fluctuations in tempera-
ture, oxygen and other important parameters, making freshwater ecosystems more
vulnerable to pollution. The smaller volume and area of freshwater bodies also
acts as a physical restriction on certain species due to size and feeding behaviour,
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TasLE 1.2  Water residence time in inland freshwater bodies

Running waters Streams Rivers

Standing waters Shallow lakes Deep lakes
Reservoirs

Groundwaters Karst Alluvial Sedimentary Deep
aquifer aquifers aquifers

Bank filtration

Hours Days Months Years 10 years 100 years 1000 years

Reproduced from Meybeck et al. (1989) with permission of Blackwell Science Ltd, Oxford.

restricting free dispersion of organisms. Rivers and lakes are isolated entities that
make colonization difficult, resulting in comparatively low diversities. In terms of
pollution, both lakes and oceans act as sinks, with the former having only limited
dilution and assimilative capacity.

Freshwaters have a low concentration of salts, which presents organisms living in
such waters with two problems: first, how to acquire and retain sufficient minimum
salts for metabolism; and, second, how to maintain concentrations of salts in their
internal fluids that are higher than those in the water (i.e. osmotic and diffusion
problems). To some extent this is why the total number of species of organisms that
live in freshwater is smaller than the number living wholly on land or in the sea.

1.3 FRESHWATER HABITATS

There are a wide range of freshwater habitats. For example, there are lakes, ponds,
turrlochs (temporary ponds), springs, mountain torrents, chalk streams, lowland riv-
ers, large tropical lakes, and a range of artificial habitats such as abandoned peat
workings (e.g. the Norfolk Broads) and gravel pits. These are just a few of the wide
variety of freshwater bodies that can be found and the hydrological, physico-chemical
and biological characteristics vary enormously between them.

In the most basic classification water can be separated into surface and groundwa-
ter, with surface waters further split into flowing systems (lotic) and standing systems
(lentic). In reality, lotic and lentic systems often grade into each other and may be
difficult in practice to differentiate. Lakes generally have an input and an output with
what may be a very small throughput. Therefore, these systems can only be separated
by considering the relative retention times (Table 1.2). For example, many rivers have
been impounded along their length to form reservoirs resulting in lentic-lotic (e.g.
River Severn in England) or lotic-lentic-lotic systems (e.g. River Liffey in Ireland).

Rivers can be hydraulically defined as having a unidirectional flow, with generally
short retention times measured in days rather than weeks. They have a relatively
high average flow velocity of between 0.1 and 1.0ms™!, although the discharge rate
(m*s~!) can be highly variable over time, and is a function of climatic and discharge
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conditions within the watershed. Rivers generally display continuous vertical mixing
due to currents and turbulence, although lateral mixing may only occur over consid-
erable distances. Lakes in contrast have a low surface flow velocity of between 0.001
and 0.01ms™!, with water and element retention times varying from 1 month to >100
years. Currents are multi-directional with diffusion an important factor in disper-
sion of pollutants (Section 9.2.2). Depending on climatic conditions and depth, lakes
can display alternating periods of stratification and vertical mixing (Section 2.1.1).
Groundwaters display a steady flow pattern in terms of direction and velocity, result-
ing in poor mixing. Average flow velocities are very low, between 1071 and 10 >ms™".
This is governed by the porosity and permeability of the aquifer material but results in
very long retention periods (Table 1.2). There are a number of transitional forms of
water bodies that do fit into the above categories. The most common are flood plains
which are seasonal and intermediate between rivers and lakes; reservoirs which are
also seasonal depending on water release or use and are intermediate between rivers
and lakes; marshes which are intermediate between lakes and aquifers; while karst
and alluvial aquifers are intermediate between rivers and groundwater because of
their relatively rapid flow. The Water Framework Directive recognizes not only sur-
face freshwater and groundwater resources, but also transitional waters such as wet-
lands, estuaries and coastal waters that are highly influenced by freshwater inputs, in
the overall management approach of catchment areas (Section 7.3).

The hydrodynamic characteristics of a water body are dependent primarily on the
size of the water body and the climatic and drainage conditions within the catch-
ment area. More specifically, rivers are further characterized by their discharge var-
iability, lakes by their retention time and thermal regime controlling stratification,
and groundwaters by their recharge regime (i.e. infiltration through the unsaturated
aquifer zone to replenish the water stored in the saturated zone).

Lotic systems have a more open system than lentic ones, with a continuous and
rapid throughput of water and nutrients, resulting in a unique flora and fauna
(biota). The main advantages of aquatic habitats, and of lotic systems in particu-
lar, are that there is no gravity; food comes to the consumer; and that there are no
waste disposal problems for the biota (Chapter 4).

1.4 Tue CATCHMENT AS AREA OF STUDY

Water bodies and lotic systems in particular are not isolated entities; they impinge
on the atmosphere and the land. Across these boundaries there is a constant move-
ment of materials and energy. Across the air—water interface gases, water, dissolved
nutrients and particles in rain all enter the river. The land-water interface is the
main source of material from weathered and eroded rocks, and from dead and
decaying plants and animals. Other factors such as transpiration rate of trees, soil
and rock type, and land use all affect water quality, therefore it is necessary to study
and manage the catchment area or watershed as a whole. This facilitates integrated
management of the water cycle within that area.
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Rivers have been managed on a catchment basis for many years although it is rela-
tively recently, with the introduction of geographical information system (GIS) and
remote sensing, that it has been possible to integrate land use and groundwater pro-
tection in water quality management at the catchment level (Chapter 7). However,
groundwater resources do not always correspond to river catchment areas and often
overlap catchment boundaries. Catchment management in Europe is currently being
harmonized through the introduction of the EU Directive Establishing a Framework for
Community Action in the Field of Water Policy (2000/60/EC). The Water Framework
Directive (WFD), as it is generally known, proposes a new system of water quality
management based on natural river catchments. It provides an integrated approach to
the protection, improvement and sustainable use of European water bodies, including
lakes, rivers, estuaries, coastal waters and groundwaters. Water resources are utilized
for a wide range of uses including abstraction, fisheries, conservation, navigation,
recreation and waste disposal. The WFD allows all these users (i.e. stakeholders) to
have an active role in the management of their water resources. Under this legislation
catchments are split into River Basin Districts (RBDs) and then managed through
River Basin Management Plans (RBMPs). In Ireland, catchments have been com-
bined to form eight RBDs of which three are International RBDs (i.e. transboundary)
(Fig. 1.3). The Water Framework Directive aims to prevent further deterioration of
water quality of all water resources and raise their minimum chemical and ecologi-
cal status to a newly defined good quality status by 2012. Also by eliminating the dis-
charge of certain hazardous substances to inland and groundwaters, it is expected that
the concentrations of these pollutants in marine waters will eventually fall to back-
ground or zero levels. The Water Framework Directive is fully explored in Section 7.3.

1.5 ErrEcTS OF CLIMATE CHANGE ON FRESHWATERS

It is difficult to predict the effect climate change will have on freshwater ecosystems.
Comparing the average temperature and total rainfall in England and Wales over the
past 160 years clear changes have become discernible over the past three decades.
By plotting the deviation of the summer and winter average temperature and total
rainfall from 1845 to 1974 it can be seen that significant trends have evolved. On the
summer chart recent years tend to fall more in the bottom right quarter, correspond-
ing to hotter, drier summers compared with earlier periods (Fig. 1.4); while on the
winter chart recent years fall more in the top right quarter, corresponding to warmer,
wetter winters. However, it is very difficult to predict exactly how climate change will
affect local and regional weather in either the short or medium to long term.

The ecological impact of climate change depends on the hydrological response of
the local hydrological cycle at catchment level. The size of the catchment is very
important, with smaller catchments most vulnerable to changes. Key effects include
(i) increased water temperature; (ii) reduction in summer flow rates; (iii) rivers
fed by groundwaters and upland peatlands possibly drying up in summer; and
(iv) increased spates and flooding in winter. All surface waters are more vulnerable
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to acidification and eutrophication with reduced dilution increasing the impact of
wastes generally. Lakes are especially vulnerable to climate change owing to a reduc-
tion in volume due to reduced inflow and surface run-off, and increased evaporation.

The effects will vary regionally, especially with latitude. For example, the most
severely affected will be the cold ecoregions (e.g. Scandinavia) where increased water
temperatures and the extension of ice-free periods are altering the seasonal discharge
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patterns of rivers. This results in enhanced primary productivity, eutrophication, the
disruption and desynchronization of lifecycles, and the exclusion of cold water spe-
cies. In temperate ecoregions (e.g. Western Europe) more frequent flood events alter
the hydromorphology of ecosystems with increased water temperatures leading to
either the migration upstream of temperature-sensitive species or their elimination.
Not all species are negatively affected by increased water temperatures; for example,
temperature-tolerant species benefit from an increased risk of invasion by alien spe-
cies. In warm ecoregions (e.g. Mediterranean areas) the major problems are the high
temperature and increased transpiration rate leading to reduced flows and even rivers
possibly drying up during the summer. Higher water temperatures and lower dilution
will promote eutrophication, oxygen depletion and enhanced impact by pollutants.
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INTERACTIVE SITES
CATCHMENT INTERFACES

This website is supported by the Australian government and focuses on how surface water
features like rivers, lakes and wetlands interact with aquifers, and how this interaction can
affect water quantity and quality. The website deals extensively with processes and looks at a
number of trial catchments.

http://www.connectedwater.gov.au/processes/index.html

WATER FRAMEWORK DIRECTIVE

The United Kingdom Technical Advisory Group (UKTAG) comprises the key UK and Irish
environment and conservation agencies. It provides technical advice on the implementa-
tion of the European Community (EC) Water Framework Directive (Directive 2000/60/EC)
including standards monitoring and implementation.

http://www.wfduk.org/

CLIMATE CHANGE

An EU funded site managed by Euro-Limpacs, based at the University of Duisburg-Essen,
which investigates the effects of climate change on rivers, lakes and wetlands. The site looks
at the potential impacts, methods of assessment and case studies.

http://www.climate-and-freshwater.info/

This site has detailed statistics and analysis of the effects of climate change on the UK
Meteorological Office from both a historical and future perspective.

http://www.metoffice.gov.uk/climatechange/
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2.1 SURFACE WATERS

Surface water is a general term describing any water body which is found flowing or
standing on the surface, such as streams, rivers, ponds, lakes and reservoirs. Surface
waters originate from a combination of sources:

(a) Surface run-off: rainfall which has fallen onto the surrounding land and that
flows directly over the surface into the water body.

(b) Direct precipitation: rainfall which falls directly into the water body.

(c) Interflow: excess soil moisture which is constantly draining into the water body.

(d) Water table discharge: where there is an aquifer below the water body and the
water table is high enough, the water will discharge directly from the aquifer
into the water body.

The quality and quantity of surface water depend on a combination of climatic and
geological factors. The recent pattern of rainfall, for example, is less important in
enclosed water bodies, such as lakes and reservoirs, where water is collected over
a long period and stored. However, in rivers and streams where the water is in a
dynamic state of constant movement, the volume of water is very much depend-
ent on the preceding weather conditions. The quality of drinking water depends
largely on the natural geology, as well as the management and protection of water
resources (Section 11.1).

2.1.1 RIVERS AND LAKES

Generally in rivers the flow is greater in the winter than the summer due to a
greater amount and longer duration of rainfall. Short fluctuations in flow, how-
ever, are more dependent on the geology of the catchment. Some catchments yield
much higher percentages of the rainfall as stream flow than others. Known as the
‘run-off ratio’, the rivers of Wales and Scotland can achieve values of up to 80%
compared with only 30% in lowland areas in southern England. Hence, while the
River Thames, for example, has a vast catchment area of some 9869 km?, it has only

13
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half of the annual discharge of a river such as the River Tay, which has a catchment
of only 4584km?. Of course in Scotland there is higher rainfall than in south-east
England and also lower evaporation rates due to lower temperatures.

Even a small reduction in the average rainfall in a catchment area, say 20%, may
halve the annual discharge from a river. This is why when conditions are only mar-
ginally drier than normal a drought situation can so readily develop. It is not always
a case of the more it rains the more water there will be in the rivers; groundwa-
ter is also an important factor in stream flow. In some areas of England during the
dry summer of 1975, despite the rainfall figures, which were way below average, the
stream flow in rivers which receive a significant groundwater input was higher than
normal due to the excessive storage built up in the aquifer over the previous wet
winter. The drought period in England, which started in 1989, where there were
three successive dry winters, resulted in a significant reduction in the amount of
water stored in aquifers with a subsequent fall in the height of the water table. This
resulted in some of the lowest flows on record in a number of south-eastern rivers
in England, with sections completely dried up for the first time in living memory.
Before these rivers return to normal discharge levels, the aquifers that feed them
must be fully replenished and this still had not occurred 8 years later. As groundwa-
ter contributes substantially to the base flow of many lowland rivers, any steps taken
to protect the quality of groundwaters will also indirectly protect surface waters.

Precipitation carries appreciable amounts of solid material to earth, such as dust,
pollen, ash from volcanoes, bacteria, fungal spores and even, on occasions, larger
organisms. The sea is the major source of many salts found dissolved in rain, such
as chloride, sodium, sulphate, magnesium, calcium and potassium ions. Atmospheric
discharges from the house and industry also contribute material to clouds which are
then brought back to earth in precipitation. These include a wide range of chemicals
including organic solvents, and the oxides of nitrogen and sulphur that cause acid rain.
The amount and types of impurities in precipitation vary due to location and time
of year, and can affect both lakes and rivers. Land use, including urbanization and
industrialization, significantly affects water quality, with agriculture having the most
profound effect on supplies due to its dispersed and extensive nature (Section 7.4).

The quality and quantity of water in surface waters are also dependent on the geol-
ogy of the catchment. In general, chalk and limestone catchments result in clear
hard waters, while impervious rocks, such as granite, result in turbid soft waters.
Turbidity is caused by fine particles, both inorganic and organic in origin, which are
too small to readily settle out of suspension and so the water appears cloudy. The
reasons for these differences are that rivers in chalk and limestone areas rise as
springs or are fed from aquifers through the riverbed. Because appreciable amounts
of the water are coming from groundwater resources, the river retains a constant
clarity, constant flow and indeed a constant temperature throughout the year,
except after the periods of prolonged rainfall. The chemical nature of these rivers
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is also very stable and rarely alters from year to year. The water has spent a very
long time in the aquifer before entering the river, and during this time dissolves the
calcium and magnesium salts comprising the rock, resulting in a hard water with a
neutral to alkaline pH. In comparison, soft-water rivers are usually raised as run-
off from mountains, so flow is very much linked to rainfall. Such rivers suffer from
wide fluctuations in flow rate with sudden floods and droughts. Chemically these
rivers are turbid due to all the silt washed into the river with the surface run-off and,
because there is little contact with the bed rock, they contain low concentrations of
cations, such as calcium and magnesium, which makes the water soft with a neutral
to acidic pH. Such rivers often drain upland peaty soils and so the water contains a
high concentration of humus material giving the water a clear brown-yellow colour,
similar to beer in appearance.

Land areas can be divided into geographical areas drained by a river and its trib-
utaries. Each area is known as a river basin, watershed or catchment. Each river
basin is drained by a dendritic network of streams and rivers. They increase in size
(order) from very small (1) feeding eventually into the main river channel (4-10)
(Fig. 2.1). The stream order is a function of the catchment area feeding that tri-
butary or collection of tributaries, although other parameters, such as average dis-
charge rate, width, etc., are also used to classify rivers (Table 2.1). Stream order is
positively correlated to catchment area and the length of the river section, while the
number of tributaries within the catchment and slope is negatively correlated with
stream order.

Most lakes have an input and an output, and so in some ways they can be consid-
ered as very slowly flowing rivers. The very long period of time that water remains in
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Ficure 2.1 (a) The relationship between stream orders and hydrological
characteristics using a hypothetical example for a stream of order 8: (1) watershed area
(A); (2) length of river stretch (L); (3) number of tributaries (n); (4) slope (mm™1).

(b) Stream order distribution within a watershed. (Reproduced from Chapman (1996)
with permission of UNESCO, Paris.)
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TasLE 2.1

Classification of rivers based on discharge characteristics, drainage area and river width

River size Average discharge Drainage River Stream
(m?s~1) area (km?) width (m)  order"

Very large rivers  =10000 =10° =1500 =10
Large rivers 1000-10000 100000-10° 800-1500  7-11
Rivers 100-1000 10000-100000 200-800  6-9
Small rivers 10-100 1000-10000 40-200 4-7
Streams 1-10 100-1000 8-40 3-6
Small streams 0.1-1.0 10-100 1-8 2-5
Brooks =0.1 =10 =1 1-3

“Depending on local conditions.

Reproduced from Chapman (1996) with permission of UNESCO, Paris.

the lake or reservoir ensures that the water becomes cleaner due to bacterial activ-
ity removing any organic matter present, and physical flocculation and settlement
processes, which remove small particulate material. Storage of water, therefore,
improves the quality which then minimizes the treatment required before supply
(‘Introduction to treatment’ in Chapter 10). However, this situation is complicated
by two factors:

1. In standing waters much larger populations of algae are capable of being sup-
ported than in rivers.

2. Deep lakes and reservoirs may become thermally stratified, particularly during
the summer months.

Both of these factors can seriously affect water quality.

Thermal stratification is caused by variations in the density of the water in both
lakes and reservoirs, although it is mainly a phenomenon of deep lakes. Water is
at its densest at 4°C, when it weighs exactly 1000kg per cubic metre (kgm™3).
However, either side of this temperature water is less dense (999.87kgm ™ at 0°C
and 999.73kgm ™3 at 10°C). During the summer, the sun heats the surface of the
water reducing its density, so that the colder, denser water remains at the bottom
of the lake. As the water continues to heat up, two distinct layers develop. The top
layer or epilimnion is much warmer than the lower layer, the hypolimnion. Owing to
the differences in density the two layers, separated by a static boundary layer known
as the metalimnion or thermocline, do not mix but remain separate (Fig. 2.2).

The epilimnion of lakes and reservoirs is constantly being mixed by the wind and so
the whole layer is a uniform temperature. As this water is both warm and exposed
to sunlight it provides a very favourable environment for algae. Normally the vari-
ous nutrients required by the algae for growth, in particular phosphorus and nitro-
gen, are not present in large quantities (i.e. limiting concentrations). When excess
nutrients are present, for example due to agricultural run-off, massive algal growth
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may occur. These so-called algal blooms result in vast increases in the quantity of
algae in the water, a phenomenon known as eutrophication (Section 6.4). The algae
are completely mixed throughout the depth of the epilimnion and in severe cases
the water can become highly coloured. Normally this top layer of water is clear and
full of oxygen, but if eutrophication occurs, the algae must be removed by treat-
ment. The algae can result in unpleasant tastes in the water even after conventional
water treatment (Section 11.1.1), as well as toxins (Section 6.4.1). Like all plants,
algae release oxygen during the day by photosynthesis, but at night they remove
oxygen from the water during respiration. When eutrophication occurs, the high
numbers of algae will severely deplete the oxygen concentration in the water dur-
ing the hours of darkness, possibly resulting in fish kills. In contrast, there is little
mixing or movement in the hypolimnion which rapidly becomes deoxygenated and
stagnant, and devoid of the normal aerobic biota. Dead algae and organic matter
settling from the upper layers are degraded in this lower layer of the lake. As the
hypolimnion has no source of oxygen to replace that already used, its water may
become completely devoid of oxygen. Under anaerobic conditions iron, manganese,
ammonia, sulphides, phosphates and silica are all released from sediments in the
lake or reservoir into the water while nitrate is reduced to nitrogen gas. This makes
the water unfit for supply purposes. For example, iron and manganese will result
in discoloured water complaints as well as taste complaints. Ammonia interferes
with chlorination, depletes the oxygen faster and acts as a nutrient to encourage
eutrophication (as do the phosphorus and silica). Sulphides also deplete the oxygen
and interfere with chlorination, have an awful smell and impart an obnoxious taste
to the water (Section 11.1.1).

The metalimnion, the zone separating the two layers, has a tendency to move slowly
to lower depths as the summer progresses due to heat transfer to the lower hypolim-
nion. This summer stratification is usually broken up in autumn or early winter
as the air temperature falls and the temperature of the epilimnion declines. This
increases the density of the water making up the epilimnion to a comparable den-
sity with the hypolimnion, making stratification rather unstable. Subsequently, high
winds will eventually cause the whole water body to turn over, breaking up so that
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the layers become mixed. Throughout the rest of the year the whole lake remains
completely mixed, resulting in a significant improvement in water quality. Limited
stratification can also develop during the winter as surface water temperatures
approach 0°C while the lower water temperature remains at 4°C. This winter strati-
fication is broken up in the spring as the temperature increases and the high winds
return. The classification of lakes is considered in detail in Section 3.8.

2.1.2 RESERVOIRS

As large cities expanded during the last century they relied on local water resources,
but as demand grew they were forced to invest in reservoir schemes often quite
remote from the point of use. Examples include reservoirs built in Wales, the
Pennines and the Lake District to supply major cities, such as Birmingham,
Manchester and Liverpool, with water in some cases being pumped over 80km to
consumers. Most are storage reservoirs where all the water collected is used for sup-
ply purposes. Such reservoirs are sited in upland areas at the headwaters (source) of
rivers. Suitable valleys are flooded by damming the main streams. They can take
many years to fill and once brought into use for supply purposes, they must be care-
fully managed. A balance must be maintained between the water taken out for sup-
ply and that being replaced by surface run-off. Normally the surface run-off during
the winter far exceeds demand for supply so that the excess water can be stored
and used to supplement periods when surface run-off is less than demand from con-
sumers. There is, of course, a finite amount of water in a reservoir, and so often
water rationing is required in order to prevent storage reservoirs drying up alto-
gether during dry summers. A major problem is when there is a dry winter, so that
the expected excess of water does not occur, resulting in the reservoirs not being
adequately filled at the beginning of the summer. Under these circumstances water
shortages may occur even though the summer is not excessively dry.

The catchment area around reservoirs is normally owned by the water sup-
ply company. It imposes strict restrictions on farming practice and general land
use to ensure that the quality of the water is not threatened by indirect pollution.
Restricted access to catchment areas and reservoirs has been relaxed in recent
years, although it is still strictly controlled. This controlled access and restrictions
on land use has caused much resentment, especially in Wales where as much as 70%
of all the water in upland reservoirs is being stored for use in the English midlands.
The problem is found not only in Wales, but in England as well. For example, as
much as 30% of the Peak District is made up of reservoir catchment areas. Water
supply companies want to ensure that the water is kept as clean as possible because
water collected in upland reservoirs is of a very high quality. Storage also signifi-
cantly improves its purity further, and the cleaner the raw water, the cheaper it is
to treat to drinking water standard (‘Introduction to treatment’ in Chapter 10). So
restricted access to catchment areas means less likelihood of a reduction in that
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quality. Conflicts between those who want access to the reservoir or the immedi-
ate catchment area for recreation or other purposes, and the water companies who
want to supply water to their customers at the lowest price possible, is inevitable.

In order to maximize water availability for supply, hydrologists examine the
hydrological cycle within the catchment, measuring rainfall, stream flow and sur-
face run-off, and, where applicable, groundwater supplies. Often they can sup-
plement water abstracted from rivers at periods of very low flow by taking water
from other resources, such as groundwater or small storage reservoirs, using these
limited resources to top up the primary source of supply at the most critical times.
More common is the construction of reservoirs at the headwaters which can then
be used to control the flow of the river itself, a process known as compensation.
Compensation reservoirs are designed as an integral part of the river system. Water
is collected as surface run-off from upland areas and stored during wet periods. The
water is then released when needed to ensure that the minimum dry weather flow
is maintained downstream to protect the biota, including fisheries, while allowing
abstraction to continue. In winter, when the majority of precipitation falls and max-
imum flows are generated in the river, all the excess water is lost. By storing the
excess water by constructing a reservoir and using it to regulate the flow in the river,
the output from the catchment area is maximized. A bonus is that such reservoirs
can also play an important function in flood prevention. The natural river channel
itself is used as the distribution system for the water, unlike supply reservoirs where
expensive pipelines or aqueducts are required to transport the water to the point
of use. River management is also easier because the majority of water abstracted is
returned to the same river. Among the more important rivers in the UK which are
compensated are the Dee, Severn and Tees.

Reservoirs are not a new idea and were widely built to control the depth in canals
and navigable rivers. Smaller reservoirs, often called header pools, were built to
feed mill races to drive waterwheels. Without a reservoir, there are times when
after dry spells, where there is negligible discharge from the soil, the only flow in
the river will be that coming from groundwater seeping out of the underlying aqui-
fer. Some rivers, rising in areas of permeable rock, may even dry up completely in
severe droughts. In many natural rivers the natural minimum flow is about 10% of
the average stream flow. Where river regulation is used, this minimum dry weather
flow is often doubled, and although this could in theory be increased even further, it
would require an enormous reservoir capacity.

Reservoirs are very expensive to construct. However, there are significant advan-
tages to regulating rivers using compensation reservoirs rather than supplying water
directly from a reservoir via an aqueduct. With river regulation much more water
is available to meet different demands than from the stored volume only. This is
because the reservoir is only fed by the upland section of the river contained by the
dam; downstream all the water draining into the system is also available. Hence
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compensation reservoirs are generally much smaller in size and so cheaper to
construct.

Reservoirs can only yield a limited supply of water, and so the management of the
river system is difficult in order to ensure adequate supplies every year. Owing to
the expensive cost of construction, reservoirs are designed to provide adequate sup-
plies for most dry summers. However, it is not cost effective to build a reservoir
large enough to cope with the severest droughts which may only occur once or twice
a century. Water is released from the reservoir to ensure the predicted minimum dry
weather flow. Where more than one compensation reservoir is available within the
catchment area, water will first be released from those that refill quickly. Water reg-
ulation is a difficult task requiring operators to make intuitive guesses as to what the
weather may do over the next few months. For example, many UK water companies
were severely criticized for maintaining water restrictions throughout the winter of
1990-91, in order to replenish reservoirs which failed to completely fill during the
previous dry winter. Imposing bans may ensure sufficient supplies for essential uses
throughout a dry summer and autumn; however, if it turns out to be a wet summer
after all, such restrictions will be deemed to have been very unnecessary indeed by
consumers. While water planners have complex computer models to help them pre-
dict water-use patterns and so plan the best use of available resources, it is all too
often impossible to match supplies with demand. This has mainly been a problem in
south-eastern England, where the demand is the greatest due to a high population
density and also a high industrial and agricultural demand, but where least rainfall
is recorded. Where reservoirs are used to prevent flooding it requires that there is
room to store the winter floodwater. This may mean allowing the level of the reser-
voir to fall deliberately in the autumn and early winter to allow sufficient capacity
to contain any floodwater. This is the practice on the Clywedog reservoir on the
upper Severn. But if the winter happens to be drier than expected, then the reser-
voir may be only partially full at the beginning of the summer. Therefore, operating
reservoirs and regulating rivers are delicate arts and, as the weather is so unpredict-
able, decisions made on the best available information many months previously may
prove to have been incorrect.

2.2 GROUNDWATER

British groundwater is held in three major aquifer systems, with most of the impor-
tant aquifers lying south-east of a line joining Newcastle-upon-Iyne and Torquay
(Fig. 2.3). An aquifer is an underground water-bearing layer of porous rock through
which water can flow after it has passed downwards (infiltration) through the upper
layers of soil. On average 7000 million litres (Ml) of water are abstracted from these
aquifers each day. Approximately 50% of this vast amount of water comes from
Cretaceous chalk aquifers, 35% from Tiiassic sandstones and the remainder from
smaller aquifers, the most important of these being Jurassic limestones. Of course
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groundwater is not only abstracted directly for supply purposes, it often makes a
significant contribution to rivers also used for supply and other uses by discharging
into the river as either base flow or springs (Fig. 2.4). The discharge of groundwater
into rivers may be permanent or seasonal, depending on the height of the water table
within the aquifer. The water table separates the unsaturated zone of the porous rock
comprising the aquifer from the saturated zone; in essence it is the height of the water
in the aquifer (Fig. 2.5). The water table is measured by determining the level of the
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Ficure 2.5
Cross-section
through soil and
aquifer showing
various zones in the
soil and rock layers,
and their water-
bearing capacities.
(Reproduced from
Open University
(1974) with
permission of the
Open University
Press, Milton
Keynes.)
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water in boreholes and wells. If numerous measurements are taken from wells over
a wide area, then the water table can be seen to fluctuate in height depending on the
topography and climate conditions. Rainfall replenishes or recharges the water lost
or taken from the aquifer and hence raises the level of the water table. So, if the level
falls during periods of drought or due to over-abstraction for water supply, then this
source of water feeding the river may cease. In periods of severe drought, groundwa-
ter may be the only source of water feeding some rivers and so, if the water table falls
below the critical level, the river itself could dry up completely.

Agquifers are classified as either confined or unconfined. An unconfined aquifer is
one that is recharged where the porous rock is not covered by an impervious layer
of soil or other rock. The unsaturated layer of porous rock, which is rich in oxygen,
is separated from the saturated water-bearing layer by an interface known as the
water table. Where the aquifer is overlain by an impermeable layer, no water can
penetrate into the porous rock from the surface; instead water slowly migrates later-
ally from unconfined areas. This is a confined aquifer. There is no unsaturated zone
because all the porous rocks are saturated with water as they are below the water
table level, and of course there is no oxygen (Fig. 2.4). Because confined aquifers
are sandwiched between two impermeable layers, the water is usually under con-
siderable hydraulic pressure, so that the water will rise to the surface under its own
pressure via boreholes and wells, which are known as artesian wells. Artesian wells
are well known in parts of Africa and Australia, but are also found on a smaller
scale in the British Isles. The most well-known artesian basin is the one on which
London stands. This is a chalk aquifer which is fed by unconfined aquifers to the



2.2 Groundwater ¢ 23

North South
4km River Ewell North
— High Thames Downs

Barnet

[ —
RS> \\\N\NNANNNANN S e

Weald Clay

Ficure 2.6 Cross-section through the London artesian basin. (Reproduced from Open
University (1974) with permission of the Open University Press, Milton Keynes.)

north (Chiltern Hills) and the south (North Downs) (Fig. 2.6). In the late nine-
teenth century the pressure in the aquifer was such that the fountains in Trafalgar
Square were fed by natural artesian flow. But if the artesian pressure is to be main-
tained, then the water lost by abstraction must be replaced by recharge, in the case
of London by infiltration at the exposed edges of the aquifer basin. Continued
abstraction in excess of natural recharge has lowered the piezometric surface (i.e.
the level that the water in an artesian well will naturally rise to) by about 140m
below its original level in the London basin. A detailed example of an aquifer is
given later in this section.

It is from unconfined aquifers that the bulk of the groundwater supplies is
abstracted. It is also from these aquifers, in the form of base flow or springs, that a
major portion of the flow of some lowland rivers in eastern England arises. These
rivers are widely used for supply purposes and so this source of drinking water is
largely dependent on their aquifers; good management is therefore vital.

Groundwater in unconfined aquifers originates mainly as rainfall and so is particu-
larly vulnerable to diffuse sources of pollution, especially agricultural practices and
the fallout of atmospheric pollution arising mainly from industry. Elevated chemi-
cal and bacterial concentrations in excess of the European Union (EU) limits set in
the Drinking Water Directive (Section 8.1) are commonly recorded in isolated wells.
This is often a local phenomenon with the source of pollution normally easily identi-
fied to a local point source, such as a septic tank, a leaking sewer or farmyard drain-
age. In the 1970s, there was increasing concern over rising nitrate levels in particular,
which often exceeded the EU maximum admissible concentration. This was not an
isolated phenomenon, but elevated levels were found throughout all the principal
unconfined aquifers in the UK. The areas affected were so large that, clearly, only
a diffuse source could be to blame, rather than point sources. However, it was not
until the mid-1970s that the widespread rise in nitrate concentration in groundwa-
ter was linked to the major changes in agricultural practices that had occurred in
Britain since World War II. The major practice implicated at that time was regu-
lar cereal cropping which has to be sustained by the increasing usage of inorganic
fertilizer (Section 11.1.3). Trace or micro-organic compounds are another major
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pollutant in groundwaters. Owing to the small volumes of contaminant involved, once
dispersed within the aquifer, it may persist for decades. Many of these compounds
originate from spillages or leaking storage tanks. A leak of 1,1,1-trichloroethane
(also used as a thinner for typing correction fluids) from an underground storage
tank at a factory manufacturing microchips for computers in San Jose, California,
in the USA caused extensive groundwater contamination resulting in serious birth
defects, as well as miscarriages and stillbirths, in the community receiving the con-
taminated drinking water. Agriculture is also a major source of organic chemicals.
Unlike spillages or leaks, which are point sources, agricultural-based contamination
is a diffuse source (Section 7.4). Many different pesticides are also being reported in
drinking water (Section 11.2.1). Other important sources of pollution include land-
fill and dump sites, impoundment lagoons including slurry pits, disposal of sewage
sludge onto land, run-off from roads and mining (Mather et al., 1998; Appelo and
Postma, 2006; Trefry, 2007; Chisala and Lerner, 2008).

Unlike confined aquifers, unconfined aquifers have both an unsaturated and a satu-
rated zone. The unsaturated zone is situated between the land surface and the water
table of the aquifer. While it can eliminate some pollutants, the unsaturated zone
has the major effect of retarding the movement of most pollutants thereby conceal-
ing their occurrence in groundwater supplies for long periods. This is particularly
important with major pollution incidents, where it may be many years before the
effects of a spillage, or leakage from a storage tank for example, will be detected in
the groundwater due to this prolonged migration period.

Most of the aquifers in Britain have relatively thick unsaturated zones. In chalk they vary
from 10 to 50m in thickness, which means that surface-derived pollutants can remain
in this zone for decades. An example of this is the recent appearance in some UK
groundwater supplies in south-east England of pesticides, such as dichloro-diphenyl-
trichloroethane (DDT), which were banned in the early 1970s. Another problem is
that the soils generally found above aquifer outcrops are thin and highly permeable,
and so allow rapid infiltration of water to the unsaturated zone taking the pollutants
with them. Soil bacteria and other soil processes therefore have little opportunity to
utilize or remove pollutants. This unsaturated zone is not dry; it does in fact hold large
volumes of water under tension in a process matrix, along with varying proportions of
air. But below the root zone layer, the movement of this water is predominantly down-
wards, albeit extremely slowly (Fig. 2.5).

It is in the saturated zone of unconfined aquifers that the water available for
abstraction is stored. The volume of water in unconfined aquifers is many times the
annual recharge from rainfall. It varies according to rock type and depth; for exam-
ple, in a thin Jurassic limestone the ratio may be up to 3, whereas in a thick porous
Triassic sandstone it may exceed 100. The saturated zone also contains a large vol-
ume of water which is immobile, locked up in the micro-porous matrices of the
rock, especially in chalk Jurassic limestone aquifers.
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Where aquifers have become fissured (cracked), the water movement is much more
rapid. However, the movement of pollutants through unfissured rock is by diffusion
through the largely immobile water which fills the pores, which takes considerably
longer. This, combined with the time lag in the unsaturated zone, results in only a
small percentage of the pollutants in natural circulation within the water-bearing rock
being discharged within a few years of their originally infiltrating through agricultural
soils. Typical residence times vary but will generally exceed 10-20 years. The deeper
the aquifer, the longer this period. Other factors, such as enhanced dilution effects,
where large volumes of water are stored, and the nature of the porous rock all affect
the retention time of pollutants. An excellent introduction to aquifers and groundwa-
ter has been prepared by Younger (2007). The management and assessment of the
risk of contamination in groundwaters is reviewed by Reichard et al. (1990), while
treatment and remediation technologies are dealt with by Simon ez al. (2002).

2.2.1 GROUNDWATER QUALITY
The quality of groundwater depends on a number of factors:

(a) The nature of the rainwater, which can vary considerably, especially in terms of
acidity due to pollution and the effects of wind-blown spray from the sea which
affects coastal areas in particular.

(b) The nature of the existing groundwater, which may be tens of thousands of
years old.

(c) The nature of the soil through which water must percolate.

(d) The nature of the rock comprising the aquifer.

In general terms groundwater is comprised of a number of major ions which form
compounds. These are calcium (Ca’"), magnesium (Mg>"), sodium (Na™), potas-
sium (K*), and to a lesser extent iron (Fe>") and manganese (Mn?*). These are
all cations (they have positive charges) which are found in water combined with an
anion (which have negative charges) to form compounds sometimes referred to
as salts. The major anions are carbonate (CO3"), bicarbonate (HCO3), sulphate
(SO%") and chloride (CI™).

Most aquifers in the British Isles have hard water. Total hardness is made up of
carbonate (or temporary) hardness caused by the presence of calcium bicarbonate
(CaHCO;) and magnesium bicarbonate (MgHCO3), while non-carbonate (or per-
manent) hardness is caused by other salts of calcium and magnesium (Section 3.4).
It is difficult to generalize, but limestone and chalk contain high concentrations of
calcium bicarbonate, while dolomite contains magnesium bicarbonate. Sandstones
are often rich in sodium chloride (NaCl), while granite has elevated iron concen-
trations. The total concentration of ions in groundwater, called the total dissolved
solids (TDS), is often an order of magnitude higher than surface waters. The TDS
also increases with depth due to less fresh recharge to dilute existing groundwater
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TaBLE 2.2

Mineralization of groundwater can be characterized by conductivity

Conductivity in 1S/cm, at 20°C Mineralization of water
=100 Very weak (granitic terrains)
100-200 Weak

200-400 Slight

400-600 Moderate (limestone terrains)
600-1000 High

=1000 Excessive

and the longer period for ions to be dissolved into the groundwater. In very old,
deep waters, the concentrations are so high that they are extremely salty. Such high
concentrations of salts may result in problems due to over-abstraction or in drought
conditions when old saline groundwaters may enter boreholes through upward
replacement, or due to saline intrusion into the aquifer from the sea. In Europe,
conductivity is used as a replacement for TDS measurement (Section 3.4), and is
used routinely to measure the degree of mineralization of groundwaters (Table 2.2).

In terms of volume of potable water supplied, confined aquifers are a less impor-
tant source of groundwater than unconfined aquifers. However, they do contribute
substantial volumes of water for supply purposes and, of course, can locally be the
major source of drinking water. Groundwater in confined aquifers is much older
and therefore is characterized by a low level of pollutants, especially nitrate and, of
course, micro-organics, including pesticides. Therefore, this source is currently of
great interest for use in diluting water from sources with high pollutant concentra-
tions, a process known as blending (Section 11.1).

Confined aquifers are generally not used if there is an alternative source of water
because of low yields from boreholes and quality problems, especially high salinity
(sodium and chloride concentrations) in some deep aquifers, excessive iron and/or
manganese, high fluoride and sulphate concentrations, problem gases, such as
hydrogen sulphide and carbon dioxide, and the absence of dissolved oxygen. These
problems can be overcome by water treatment, although this, combined with costs
for pumping, makes water from confined aquifers comparatively expensive.

An example of a major British aquifer is the Sherwood Sandstone aquifer in the
East Midlands, which is composed of thick red sandstone. It is exposed in the west-
ern part of Nottinghamshire which forms the unconfined aquifer, and dips uni-
formly to the east at a slope of approximately 1 in 50, and where it is overlain by
Mercia mudstone forming the confined aquifer (Fig. 2.7). Three groundwater zones
have been identified in this aquifer, each of increasing age. In zone 1 the groundwa-
ter is predominantly modern and does not exceed a few tens or hundreds of years
in age, while in zone 2 the groundwater ranges from 1000 to 10000 years old. But
in zone 3 the groundwater was recharged 10000-30000 years ago. In this aquifer
the average groundwater velocity is very slow, just 0.7m per year (Edmonds et al.,
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1982). The variations in chemical quality across these age zones are typical for
unconfined and confined aquifers. This is seen in the other major aquifers, espe-
cially the Lincolnshire limestone aquifer in eastern England where the high nitrate
concentrations in the youngest groundwater zone are due to the use of artificial
fertilizers in this intensively cultivated area. There are large groundwater resources
below some major cities; for example, in the UK these include London, Liverpool,
Manchester, Birmingham and Coventry. However, these resources are particularly
at risk from point sources of pollution from industry, especially solvents and other
organic chemicals, as well as more general contaminants from damaged sewers and
urban run-off. Such resources are potentially extremely important, although, due to
contamination, are often under-exploited (Section 11.1) (Lerner and Tellam, 1993).

The design and construction of boreholes and wells for groundwater abstraction is
very technical and requires the expertise of a groundwater hydrologist (Fig. 2.8).
The text by Misstear ef al. (2007) deals comprehensively with the location and instal-
lation of water supply boreholes as well as their maintenance and monitoring. A less
specialist overview is given by Brassington (1995).

2.3 WATER DEMAND

Pressure on water supplies is increasing in developed countries due to rising popu-
lations, new housing development and reducing household size. In England and
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Ficure 2.8
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Wales 52.7 million people use 15807 million litres of water each day (Mld™!) with
72% coming from surface waters and the remainder from groundwater (Table 2.3).
This is equivalent to total UK demand, including Northern Ireland, of 18837 Mld ™!
(2004-05). While the greatest demand occurs where the largest populations are
located, in south-east and north-west England, this does not correspond to the areas
where water resources are adequate, so shortages can and do occur. In Scotland
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Proportion of water supplies abstracted from groundwater
in England and Wales varies between regions, although the
dependence on groundwater can be very much higher locally
within these water company areas

Water supply region Supplies abstracted from
groundwater (%)
Southern 73
Wessex 50
Anglian 44
Thames 42
Severn Trent 37
North West 13
Yorkshire 13
South West 10
Northumbria 9
Welsh 4

Variation in the dependence of European countries on groundwater for drinking
water supplies

Country Percentage from Country Percentage from
groundwaler groundwaler
Denmark 98 Luxembourg 606
Austria 96 Finland 49
Portugal 94 Sweden 49
Italy 91 Greece 40
Germany 89 UK 25
Switzerland 75 Ireland 25
France 70 Spain 20
Belgium 67 Hungary 10

and Northern Ireland, 97% and 92% of water, respectively, is supplied from surface
resources (Table 2.4).

Not all of this treated water reaches the consumer due to leakage from damaged
and ageing pipework. So while leakage can account for >40% of all supplied water
in some areas, the average leakage rate in England and Wales is 24%, equivalent
to 3608 Mld™!. Losses are comprised of 17% from the distribution mains and 7%
from the supply pipes that connect properties to the water main. While it is rela-
tively easy initially to reduce leakage by 5% to 10% by employing dedicated leak
detection and repair teams, once the major leaks have been dealt with it becomes
increasingly more expensive and time consuming to locate and repair the smaller
leaks. So in practice it has not been practicable to reduce leakage in the UK below
approximately 24% for the past ten years in spite of increasing investment in detec-
tion and repair each year.
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TABLE 2.5

Breakdown of domestic water use in a typical household in
England and Wales. This does not include possible leaks

Use % Use %
Toilet 35 Washbasin 8
Kitchen sink 15 Outside use 6
Bath 15 Shower 5
Washing machine 12 Dishwasher 4

In the UK a household of two adults and two children consumes approximately 510
1 of water each day, although the average per capita consumption rate is between
150 and 1801d ™. Surprisingly, <5% of this water is used for either drinking or food
preparation, with the largest percentage used for flushing the toilet (Table 2.5).
Laundry washing machines can use an average of 100 litres each time they are used
while a dishwasher uses about half this volume of water per wash. Although a bath
can use on average 901 a shower can use as little as 51min~!, although power show-
ers use >17I1min~!. Outside the house, hosepipes can use considerable quantities of
water, with a garden sprinkler, for example, using on average 10001h~! (Table 2.6).
Only typical per capita consumption values include hospitals 300-5001patient 'd !,
offices 701employee ~'d !, and hotels 400-5001guest~'d .

The problem of dwindling water supplies and escalating demand is worldwide and
is exacerbated in many areas by climate change and increasing migration within
countries from rural areas to urban centres. The traditional engineering approach
has been to meet the demand by increasing water production by utilizing dwin-
dling water resources, often resulting in severe ecological damage. This approach
is clearly unsustainable and has led to greater public involvement by water compa-
nies in trying to reduce water usage as well as attempting to reduce leakage from
their distribution networks. Water demand management (WDM) is a more holistic
approach to managing water supplies and resources by moving away from expen-
sive and unrestrained infrastructural development associated with increasing water
demand by setting an upper limit on water availability. WDM uses a range of inte-
grated tools to manage water use including conservation measures, education,
metering, charging, building regulations that include water use minimization, and
the increased use of water-efficient appliances and fixtures (Brandes, 2006).

The single most effective measure to encourage water efficiency and reduce water use
is metering supplies which can reduce consumption by between 20% and 45% overall.
Metered charges comprise a fixed standing charge and a volumetric charge based on
the amount of water used. Some companies increase the volumetric charge as higher
thresholds are passed; others allow for a certain free volume and then charge for the
excess volume used at a much high rate. Flat rate charges or indirect funding of water
supplies do not promote the importance or value of water and do not encourage
water conservation. In the UK the current (2006-07) level of metering is 30.3%.
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TABLE 2.6  Average water use of various household appliances and activities

FiGure 2.9

The Water
Efficiency Labelling
and Standards
(WELS) scheme in
Australia ensures
that all household
appliances must
carry a water
efficiency label.

See Interactive

Sites for more
details.(Reproduced
with permission of
the Commonwealth
of Australia).

Water use Frequency of use Litres
Drinking, food preparation, sink and personal hygiene Per person per day 27
Bath One 90
Shower One 20
Toilet One 6
Automatic washing machine One 100
Dishwashing machine One 50
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Water conservation is a key element in managing water resources by ensuring water
is not used in a wasteful manner (Gray, 2008). Water conservation can be classed
as either behavioural, which involves a change in daily water use habits, or struc-
tural, which involves investment in water-efficient technology (Fig. 2.9), rainwater
harvesting and the reuse of water (Table 2.7). For example, reusing the grey water
collected from the shower, bath and washbasin to flush the toilet could save a third
of a household’s water demand, equivalent to approximately 18000 litres per house-
hold per year. However, it is important that hygiene and public health are not com-
promised by the introduction of water conservation measures.

The demand for water varies significantly between countries due to differences
in climate, economic wealth and culture (Smith and Ali, 2006). The UK has one
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Water fraction Content Potential use
Black Urine and faeces None
Brown Faeces only None unless dry composted over several years
Yellow Urine only Garden fertilizer
Grey Washing water Flushing toilets
White Surface run-off Unfiltered: toilet flushing
Filtered: laundry, hot water
Litres
600
I United States
550
500 I
IAustraIia
450
400 I
Italy
Japan
Mexico
350
l e
300 Norway
I France
250 Austria
l Denmark
200
Germany
Brazil
Peru
Philippines
United Kingdon
150
India
Water poverty
threshold
100
I China
50 Bangladesh, Kenya
Nigeria, Ghana, Niger
Burkina Faso, Angola
Cambodia, Ethiopia
Haiti, Rwanda, Uganda
0 Mozambique




REFERENCES

References ¢ 33

of the lowest per capita water usage rates in the developed world, with the USA
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INTERACTIVE SITES
US WATER RESOURCES

Interactive site from the US Geological Survey that gives catchment information, water qual-
ity and flow data for surface and groundwater catchments throughout the USA.

http://water.usgs.gov/

US GEOLOGICAL SURVEY - GROUNDWATER AND SURFACE
WATER INTERACTIONS

These pages examines in detail the interactions between groundwater and surface water
resources and has access to many important results. It also has many useful models and other
software.

http://water.usgs.gov/ogw/gwsw.html

UK GROUNDWATER FORUM

An extensive website dealing with all aspects of groundwater. Includes many useful down-
loads including a wide range of images.

http://www.groundwateruk.org/

WORLD HEALTH ORGANIZATION - WATER RESOURCES

This site deals with how resources can be managed to reduce the problem of water-related
diseases, especially those transmitted by insect vectors. It also looks at the health effects of
water pollution, dam construction, irrigation development and flood control, and the need to
integrate health-risk assessment and management into conservation projects.

http://www.who.int/water_sanitation_health/resources/en/
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INTERNATIONAL GROUNDWATER RESOURCES ASSESSMENT
CENTRE

This site is full of information on groundwater resources and quality. IGRAC promotes the
collation and dissemination of information on global groundwater resources. This excellent
site gives access to a huge range of reports, maps and data.

http://www.igrac.net/

WORLD WATER COUNCIL

A major platform for both the dissemination of information on the sustainable management
and efficient use of water and discussion of global water issues. Excellent information base
with access to World Water Forum Reports.

http://www.worldwatercouncil.org/

EARTH TRENDS

A unique database on water resources from the World Resources Institute full of detailed
tables of global water resources and usage by country and continent. Deals with a wide vari-
ety of environmental, social and economic trends.

http://earthtrends.wri.org/

WATER RESOURCES IN ENGLAND AND WALES

Defra and the Welsh Assembly Government have policy responsibility for water resources
in England and Wales, respectively. This site gives access to policy information on water
resources including water resources management plans, abstraction licensing and drought
management.

http://www.defra.gov.uk/Environment/water/resources/

NATIONAL GROUNDWATER ASSOCIATION

Professional organization for scientists and engineers involved with the management, devel-
opment and use of groundwater resources. Very extensive website dealing with all aspects of
the industry, including publications, education and equipment.

http://www.ngwa.org/

INTERNATIONAL ASSOCIATION OF HYDROLOGICAL SCIENCES

Originally formed in 1922 the IAHS is a worldwide organization that brings together scien-
tists and engineers interested in the physical, chemical and biological processes of the hydro-
logical cycle. It organizes conferences and training and publishes a range of books, reports
and scientific journals relating to hydrology and water resources. The website gives access to
a range of newsletters and other publications.

http://iahs.info/
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EUROPEAN WATER RESOURCES ASSOCIATION

EWRA aims to enhance research cooperation and the exchange of information in the field of
water resources. It includes scientists, engineers and management specialists. It publishes two
journals, European Water and Water Resources Management, as well as a wide range of confer-
ence and workshop proceedings.

http://www.ewra.net/

ENVIRONMENT AGENCY: FLOODING

An example of public interactive flood information giving detailed information about flood
prevention, action during flooding and risk assessment based on postcode or place name.

http://www.environment-agency.gov.uk/homeandleisure/floods/default.aspx

UNITED NATIONS DEVELOPMENT PROGRAMME - WATER
GOVERNANCE

UNDP’s response to the global water crisis has been to promote an integrated approach to
water resource management through effective water governance. This comprises a range of
political, social, economic and administrative systems to develop and manage water resources
and to supply water services to all members of society. Access to the concepts of water gov-
ernance is provided via the UNDP website and the UNDP Water Governance Facility at the
Stockholm International Water Institute.

http://www.undp.org/water/
http://www.watergovernance.org/aboutwatergovernance/index.html

PACIFIC INSTITUTE - WATER CONFLICTS

A major database of global water statistics including up-to-date information about water-
mediated conflicts.

http://www.worldwater.org/

WATERWISE

This is an independent NGO sponsored by the UK water industry to provide information and
facts on reducing water usage throughout the UK. It provides an enormous amount of useful
data on water use including a range of downloadable reports on all the key water-saving mecha-
nisms: metering, shower fittings, appliance water use and efficiency measures within homes.

http://www.waterwise.org.uk/reducing_water_wastage_in_the_uk/

WATER EFFICIENCY LABELLING AND STANDARDS (WELS)
SCHEME

Australia is facing severe water shortages and as part of a long-term plan to secure its water
supply it has introduced a scheme to replace all existing household water appliances including
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plumbing equipment with highly efficient water-saving products. The programme aims to
save 610000 megalitres per year by 2021. It provides a unique database on products as well as
details for better design of houses and other water conservation measures.

http://www.waterrating.gov.au/

POLIS PROJECT — WATER SUSTAINABILITY

This pioneering research group has developed the concept of ecological governance, which
is the practice of embedding the environment in all levels of decision making and action,
from the personal to the global. The site provides useful links to publications and case studies
of this unique group which have helped to create the process of water demand management.

http://www.polisproject.org/researchareas/watersustainability
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Distribution of Animals
and Plants in Freshwaters

INTRODUCTION

Many factors affect the presence or absence of organisms and plants in freshwaters.
These can be categorized as:

(a) natural dispersion;
(b) abiotic factors;
(c) biotic factors.

The biotic factors can be significant locally in determining whether a species occurs
or not. Species may be precluded by predation, competition, or lack of suitable food
resources or habitat. These factors are considered in Chapter 4. In this chapter the
importance of natural dispersion and the abiotic factors are discussed.

3.1 NATURAL DISPERSION

3.1.1 EXPECTED SPECIES

When carrying out biological surveys of surface waters it is always important to ask
the question of whether the expected species naturally occur at the site. This is not
only a problem if using an American textbook when working in Europe, but signifi-
cant variations occur within Europe itself. This is perhaps seen most clearly when
comparing extreme northern climates with extreme southern climates. However,
it is most profound when the British Isles are compared to mainland Europe. The
wave of recolonization of animals from Europe after the last ice age had only reached
Scotland before the land bridge to Ireland separated. While this is the primary cause
for the lack of snakes in Ireland, it is also true for freshwater fish. Probably only those
migratory species, such as salmon (Salmo salar), sea trout (S. trutta) and eels (Anguilla
anguilla), that spend part of their lifecycle in the sea have colonized the British Isles
naturally. Humans have undoubtedly introduced other species. The diversity of fresh-
water fish in Ireland still remains lower than in Britain, which in turn is less than on
the European continent with the number of species increasing towards the equator.

39
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At present there are only 35 species of freshwater fish in the UK compared to 11 in
Ireland. The species found in Ireland are often of significance in terms of biodiversity
due to genetic distinctiveness, a feature found on many islands both large and small.
For example, the only European populations of the pollan (Coregonus autumnalis)
are found in Lough Neagh and Lower Lough Erne, with smaller populations in
Lough Ree and Lough Derg on the Shannon River. This whitefish is thought to have
been the first fish species to recolonize freshwater in Ireland after the last ice age and
has remained genetically unaltered since that time. Since the sea has become more
saline and warmer, these fish have become restricted to these inland lakes. A land-
locked population similar to that in Ireland occurs in Lake Baikal, otherwise they are
restricted to the cold arctic waters around Alaska, Northern Canada and across to
eastern Siberia.

3.1.2 ALIEN OR EXOTIC SPECIES

Exotic species, also known as alien, invasive or non-native species, are organisms
that have been introduced into an ecosystem other than the one in which they have
evolved. This is a global problem that is potentially threatening biodiversity and natu-
ral community structure of all freshwaters. They affect the natural ecology of lakes
and rivers through the introduction of new diseases and parasites, disruption of food
webs, alteration of the environment, predation and competition with native species
and the hybridization with resident fish causing possible reduced viability and fecun-
dity of stocks. Non-indigenous species enter new ecosystems either by being inten-
tionally or accidentally transported and released by humans; or by extending their
geographical range following natural or artificial changes in the environment (e.g. the
construction of canals, water transfer between catchments or climate change increas-
ing minimum water temperatures). The majority of alien species have been acciden-
tally introduced, often as escapees from aquaculture.

An example of an introduced species is the roach (Rutilus rutilus) which was intro-
duced into Ireland by an angler in 1889, who used it as live bait on the River
Blackwater, where it rapidly spread throughout the catchment. During the 1930s
it was introduced separately into the Foyle catchment from where it was spread by
anglers who wanted to improve coarse fishing or accidentally when it was being used
as live bait. It is a hardy fish that likes eutrophication. This gave it an advantage over
other species during the 1960s and 1970s when Irish rivers became increasingly nutri-
ent enriched, so by 1980 it was widespread throughout the midlands of the country
including the Shannon and Boyne systems. Within a decade of its introduction into
Lough Neagh, a large shallow lake in Northern Ireland (32 X 16km?), it had become
so common that it was seriously affecting the commercial eel fishery.

The Chinese mitten crab (Eriocheir sinensis) has managed to invade many British
rivers, such as the Thames and Humber. Probably brought over accidentally in the
ballast tanks of ships, it excavates deep burrows along riverbanks causing them
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to collapse. They can also cross dry land to invade other river systems where they
cause damage to the freshwater community. In the UK, for example, they prey on
the native crayfish, Austropotamobius pallipes, which is already under threat from
other non-native crayfish. Its European distribution now reaches from Finland to
southern France, although it has not yet reached Ireland. The red-eared terrapin
was once sold in thousands as pets throughout Europe. It grows into an aggressive
reptile over 200mm in diameter. It is a voracious carnivore that is wiping out other
pond and river animals, such as newts and frogs. The pumpkinseed is an ornamental
fish from the USA, which is now common in rivers throughout southern England. It
is believed to eat the eggs of native fish species. Two monsters have also been intro-
duced by anglers and commercial fisheries. The Wels catfish can grow up to 300kg
and has been introduced throughout the English Midlands with 28kg the current
UK record. It is so large and aggressive that it quickly eliminates native fish. It also
feeds on crayfish and molluscs with larger fish catching waterfowl and small mam-
mals. It takes five years to reach maturity and can live for 30 years. Beluga sturgeon
have also been introduced into commercial fisheries where they are highly prized
by anglers. However, these fish, which can grow up to 1.25 tonnes, have escaped
and are now to be found in a number of English rivers. This introduction of species
has gone on for centuries. For example, the rainbow trout, originally from the USA,
is common in rivers throughout Europe, and in the UK has managed to exclude
the native brown trout from many southern rivers. Although now widespread there
are in fact very few self-sustaining populations in the UK. Few introduced fish spe-
cies have succeeded in establishing self-sustaining populations, the exceptions being
the zander (Sander lucioperca), pumpkinseed (Lepomis gibbosus), topmouth gudg-
eon (Pseudorasbora parva) and the sunbleak (Lucaspius delineatus) (Copp et al.,
2006). Other native species are currently under severe threat with many close to
extinction such as the burbot, a miniature catfish once common in eastern rivers,
or the vendace which was once common throughout Britain but is now restricted to
Bassenthwaite and Derwentwater in the Lake District. This latter species is under
threat from the roffe, a small perch-like fish, which feeds on its eggs (Fig. 3.1).

The white-clawed crayfish (Austropotamobius pallipes) is the only native crayfish in
the British Isles. However, in England it is being threatened with extinction by an
alien species from the north-western USA which has escaped from aquaculture units
and is now found in all waters in the south-east and in many areas throughout the
rest of England, Wales and increasingly in rivers in Scotland. The North American
signal crayfish (Pacifastacus leniusculus) like other non-native crayfish is highly
aggressive and can easily exclude the native species. It breeds more successively,
grows faster and has a wider diet than the native species, which can significantly alter
the food web (Fig. 3.1). As populations increase they severely deplete other animals
and macrophytes in colonized areas, destabilizing the community structure. It also
carries a fungal disease, Aphanomyces astaici, known widely as crayfish plague, which
although it does not significantly affect the alien crayfish is fatal to the native species.
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Ficure 3.1
Typical invasive
species.

(a) American
signal crayfish
(Pacifastacus
leniusculus);

(b) zebra mussel
(Dreissena
polymorpha);

(¢) Chinese mitten
crab (Eriocheir
sinensis);

(d) floating
pennywort
(Hydrocotyle
ranunculoides).
(Reproduced with
permission of the
Non Native Species
Secretariat, York).
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Other non-native crayfish have also been found throughout Europe (Table 3.1)
although the red swamp crayfish (Procambrius clarkia) is increasingly becoming prob-
lematic in England. Like the North American signal crayfish it thrives in the tem-
perate conditions found in the UK and also causes significant damage by burrowing
and undermining river and lakeside banks. Control of non-native crayfish is primarily
by controlling their importation, storage and release. However, once released they
can only be controlled by licensed trapping, with the captured crayfish sold to restau-
rants. The native white-clawed crayfish is now almost extinct due to competition with
the non-native species and the effects of the plague. However, this once widespread
European species is still relatively common in alkaline waters in central Ireland as
non-native species have not yet become established. However, crayfish plague has
been recorded in Irish rivers causing widespread mortalities.

There are many other examples of alien species that have been deliberately or acci-
dentally introduced. These include macrophytes, bankside vegetation, invertebrates
as well as fish (Table 3.1). For example, originally from North America the floating
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TaBLE 3.1 Examples of alien species causing problems in freshwater systems

Generic name

Common name

Areas of serious invasion

Macrophytes
Alternanthera philoxeroides
Crassula helmsii
Eichhornia crassipes
Hydrocotyle ranunculoides
Lythrum salicaria

Pistia stratiotes

Salvinia molesta

Bankside vegetation
Fallopia japonica
Heracleum mantegazzianum
Impatiens glandulifera
Invertebrates

Astacus astacus

Astacus leptodactylus
Dreissena polymorpha
Mysis relicta

Orconectes limosus
Pacifastacus leniusculus
Procambarus clarkii

Alligator weed
Swamp stonecrop
Water hyacinth
Floating pennywort
Purple loosestrife
Water lettuce

Water fern

Japanese knotweed
Giant hogweed
Himalayan balsam

Noble crayfish
Turkish crayfish
Z.ebra mussel
Opossum shrimp
Striped crayfish
Signal crayfish

Red swamp crayfish

USA

Europe

Tropics, Australia
Europe

USA

Tropics, Africa
Tropics, Africa

Almost worldwide
Europe

Europe

Europe
Europe
USA, Europe
Europe
Europe
Europe
Europe

pennywort (Hydrocotyle ranunculoides) is an ornamental pond escapee that is now
common in streams throughout Europe (Fig. 3.1). It can grow up to 300mm a day
forming large floating mats that cause widespread deoxygenation as well as causing
localized flooding by blocking drainage ditches. France has the most recorded
number of introduced freshwater species in Europe at 43 with UK and Ireland with
33 and 21, respectively (EEA, 2003). This number increases westwards towards
mainland Europe and also increases from north and south. One of the best known
invertebrate invaders is the zebra mussel (Dreissena polymorpha) (Fig. 3.1). This
small bivalve is originally from the Black Sea but has spread throughout the world.
Distributed originally in the ballast water of ships it was first recorded in the Great
Lakes in North America in 1985, reaching peak densities of over 300000m? in some
places within just 3 years. Such high densities have had a serious impact on the
lake ecology with the mussels representing up to 70% of the invertebrate biomass
in some areas (Nalepa et al., 2000). Apart from altering community structure and
causing deoxygenation due to such high biomasses they also block water supply and
irrigation intake screens and pipe work, and are widely reported colonizing water
distribution mains. The species has also been implicated in summer blooms of the
toxic blue—green alga Microcystis (Section 6.4.1). The problem of alien species is
especially acute in mainland Europe. In France alien species now make up 1.2%
of the macro-invertebrate diversity. For example, 24.4% of crustacean species are
exotics (i.e. 21 out of 86), with 9.1% of gastropod molluscs and 18.2% of bivalve
mollusc species aliens. Exotic macro-invertebrates make up 23% of the species
in the Moselle River, a tributary of River Rhine, and 88% of the total abundance
(Devin et al., 2005). This problem appears to be accelerating with new species
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reported each year. For example, the bloody-red shrimp (Hemimysis anomala) is the
latest aquatic alien species reported in Ireland from Lough Derg and Lough Rea. It
is a small shrimp-like crustacean (order Mysidacea) native to the low-salinity mar-
gins of the Black Sea, the Azov Sea and the eastern Caspian Sea. It is suspected that
it was brought into Ireland via boats.

It is extremely difficult to control the spread of alien species once in a catchment
apart from very active capture and removal campaigns, although this is successful
with only the largest species. Prevention of future accidental or deliberate introduc-
tions is more effective. This is primarily achieved through controlling the transfer
of exotic animals and plants and by restricting introductions for aquaculture and
angling. This requires comprehensive legislation. Article 22(b) of the Habitats
Directive (92/43/EEC) states that ‘Member States shall ensure that the deliberate
introduction into the wild of any species which is not native to their territory is reg-
ulated so as not to prejudice natural habitats within their natural range or the wild
native fauna and flora, and if they consider necessary, prohibit such introductions’.
This is underpinned by a number of international conventions aimed specifically at
controlling the spread of alien species. Like most European countries the UK, for
example, has specific legislation that controls keeping or releasing non-native fish
and shellfish species. These are (i) Import of Live Fish Act (1980) which prohibits
the importation, keeping or release of eggs, gametes or live fish of non-native spe-
cies; (ii) Wildlife and Countryside Act (1981) which prohibits the release or allow-
ing the escape of five named non-native species; and (iii) Prohibition of Keeping or
Release of Live Fish Act (2003) which lists 48 non-native species.

3.2 CATCHMENT WATER QUALITY

The catchment has a profound effect on water quality with variation seen between sub-
catchments due to different rock geology and soil types. Water arising from hard water
catchments has elevated concentrations of calcium, magnesium and carbonate. Some
surface waters close to the coast can be affected by wind-blown sea spray resulting in
elevated concentrations of sodium, sulphate and chloride. As precipitation falls on the
catchment the water dissolves trace amounts of anything it comes into contact with as it
flows over plants, soil and through the rock to finally enter the river system. The longer
this contact time the more will be taken into solution. In this way all surface and ground
waters have a unique chemistry, reflecting primarily the nature of the geology and soils
of the catchment. Table 3.2 compares the quality of a number of different waters. Table
3.3 shows the origin of a number of common elements in a small catchment in the USA.
It shows that apart from nitrogen, which is utilized by soil micro-organisms, a significant
portion of the elements in water is derived from weathered parent rock.

The discharge rate in rivers is governed by many factors. For example, trees can
have a significant effect on stream flow due to high water demand from growth and
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Comparison of the water quality in mgl~! from a number of different catchments in the
UK with seawater

Ennerdale, Cambridge tap water  Braintree, Essex  Seawater

Cumbria (pre-treatment)
Sodium 5.8 1.8 34.3 10720
Potassium 7.5 380
Magnesium 0.72 26.5 15 1320
Calcium 0.8 517 17.5 420
Chloride 5.7 18 407b 19320
Sulphate 4.6 16 96 2700
Carbonate 1.2 123 218 70

Soft water Hard water catchment

“Water containing CaCOs passes through Na* soil (Thanet old maritime sands).

Ca™* replaced by Na* so the Ca* level is reduced.

PUsually due to spray from sea, wind-blown sand or pollution.

Reproduced from Open University (1974) with permission of the Open University Press,
Milton Keynes.

Origin of certain elements in a small stream

Precipitation input Stream output Net difference”
(kgha ! year™) (kgha™year™) (kgha™"year™)
Silicon Very low 16.4 +16.4
Calcium 2.6 11.7 +9.1
Sulphur 12.7 16.2 3.5
Sodium 1.5 6.8 +5.3
Magnesium 0.7 2.8 +2.1
Potassium 1.1 1.7 +0.6
Nitrogen 5.8 2.3 -3.5

*The net difference is from weathered parent rock.
Reproduced from Open University (1974) with permission of the Open University Press,
Milton Keynes.

water loss via evapotranspiration. So when trees are either planted or cut down
stream flow may be reduced or increased, respectively. Tree planting can also cause
acidification by the trees capturing more precipitation especially in coastal areas
(Section 6.6). Harvesting of trees also results in increased run-off carrying organic
and inorganic material into the water.

In practice, water found in the natural environment is never pure; it always contains
some impurities. The chemistry of water is constantly changing. In the atmosphere
water present as vapour has an extremely high surface area ensuring maximum uptake
of gases, both natural and artificial. This process of dissolving chemicals continues as
it makes its way through or over the soil into the surface and underground resources.
As aquatic organisms use these impurities for metabolism and reproduction, a certain
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level of contamination of the water is vital to sustain life. The question of how much
contamination by these chemicals is acceptable before the water is no longer suitable
for these organisms is the basis of pollution chemistry.

There are three important factors affecting community structure in freshwater
systems and in lotic environments in particular. These are the substrate, dissolved
mineral concentration and dissolved oxygen which is closely linked with the tem-
perature of the water.

3.3 RIVER FLOW AND SUBSTRATE

TABLE 3.4

Rivers are one-way flow systems generated by gravity, and downstream there is a
trend towards:

(a) decreasing river slope;
(b) increasing depth;

(c) increasing water volume;
(d) increasing discharge rate;
(e) decreasing turbulence.

The most important component governing plant and animal habitats, and so the
basic community structure of streams and rivers, is the flow rate. This in turn con-
trols the nature of the riverbed. There is much confusion between discharge rate
(m3s™!) and current velocity (ms™!) partially because current velocity has been
used to explain the nature of substrate comprising the bed of rivers and streams.
This is outlined in Table 3.4. The theory is based on the observation that in the
upper reaches of the river the current velocity is greatest and here the bed is
eroded with fine material being washed downstream, with only the coarse material
being deposited. The coarse material is occasionally rolled further downstream caus-
ing further erosion and disturbance of fine material that is also carried in suspen-
sion downstream. As the lower reaches of the river are approached the current
velocity falls and so the suspended material is finally deposited. This has resulted
in the general classification of rivers by current velocity. Rivers with current

Relationship of current velocity and the nature of the river bed

Current velocity (ms™") Nature of bed Type of habitat
>1.21 Rock Torrential

>0.91 Heavy shingle Torrential

>(0.60 Light shingle Non-silted
>(0.30 Gravel Partially silted
>0.20 Sand Partially silted
>0.12 Silt Silted

<0.12 Mud Pond-like
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velocities >0.3ms™! are classed as erosive, while rivers with velocities <0.3ms™!
are classed as depositing.

In reality, the current velocity has little to do with the nature of the substrate, which
is controlled by local forces. The confusion is caused by early freshwater ecologists
determining current velocity by measuring surface velocity using floats or by a single
measurement using a current meter. In practice, current is not uniform in a stream
or river, so a single measurement can give an erroneous estimate of velocity of the
water as a whole. The float is in essence measuring the velocity of the float, not the
water. In addition, settlement rates and the erosive capabilities of a river are related
to other factors that are largely independent of current velocity. The rate of flow (or
discharge rate) equals the cross-sectional area of a stream or pipe multiplied by the
mean velocity of the water through it:

0= AVmis! (3.1)

where Q is the volume of water to flow past a given point per unit time (m3s™1), 4 is
the cross-sectional area of the stream, pipe or conduit (m?) and V is the velocity of
fluid travel in terms of distance per unit time (ms~!) (Section 9.2.4).

Mean current velocity (V) is influenced by the slope (s), mean flow depth (d), and
the resistance to flow offered by the riverbed and its banks (f). Using Equation (3.2)
below to describe mean current velocity, where g is the gravity constant, it can be
seen that mean flow velocity increases where the slope (s) is steeper, flow depth (d)
is greater and where the resistance to flow (f) is less:

8gsd
V= /_ 3.2
7 (32)

Slope is greatest in the headwaters and declines downstream, and if slope was the
only determinant of flow then current velocity would decrease with distance from
source, which is the original concept. However, as flow depth increases downstream
due to tributaries, and the resistance to flow decreases because of depth increas-
ing and the substrate being composed of finer material, both decreasing the fric-
tional resistance, the mean current velocity may increase downstream. So how can
the substrate type be explained? There is great variation in the velocity of a river in
cross-section, often reaching maximum velocity at the centre and minimum velocity
at the banks if macrophytes are present (Fig. 3.2). In fact, the velocity of the water
tends to decrease in a logarithmic way from the water surface (Fig. 3.3). So in prac-
tice, the mean velocity of a lotic system is measured at 60% of its depth, which is
important if quantitative samples of drift, planktonic or nektonic (swimming) organ-
isms are being collected. However, the surface or mean velocity of the water is less
important to benthic animals or to the determination of the substrate, as these are
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controlled by local forces that act at the channel boundary, known as shear stress
(Pokrajac et al., 2006).

For an idealized channel, where the roughness of the riverbed can be ignored, the
shear stress (#) can be determined as:

u = Jgds ms™! (3.3)
where g is the gravity constant (9.81), d is the flow depth (m) and s is the slope.

Slope (s) can be calculated as:

FEu — Ed
S:—

- (3.4)

where Eu is the elevation (m) at the uppermost sampling point of the river section,
Ed is the elevation (m) at the end of the section and L is the total distance between
these two points (m).

In practice, the flow depth and slope vary in opposite manner downstream. As the
slope declines far more rapidly than depth increases (100 X decrease in slope and
10 X increase in depth is usual), so the shear stress declines downstream (Townsend,
1980).

ExampLe 3.1 Calculate the shear stress (#) in an ideal channel where: (a)
upstream conditions are simulated with a water depth of 0.5m and a slope of 0.1;
(b) downstream conditions have a water depth of 5m and the slope 0.001.

Using Equation (3.3):

(a) Upstream
u=+/9.81x05%0.1=07ms"
(b) Downstream

u=+9.81%x5x%0.001 =02ms !

The greater the shear stress exerted on the bed of the river the more likely it is for
organisms to be swept away, resulting in an erosional type habitat, and as the shear
stress decreases so the riverbed becomes more silted and characteristic of lowland
depositional rivers. This gradation of substrate types is not uniform, as slope, depth,
mean current velocity and shear stress all alter along the length of rivers. However,
unlike slope, shear stress is not constant.

The easiest assessment of shear stress in rivers is the determination of the Froude
number (Fr). This essentially is the ratio of inertial to gravitational forces, which is
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a good indicator of hydraulic stress on benthic organisms. It should not be confused
with Reynolds number, which is used to determine whether a flow will be laminar or
turbulent.

Fr=—— (3.5)

where 1 is mean flow velocity (ms™'), d depth (m) and g the gravitational constant
(9.81ms™).

As Fr increases the river becomes increasingly erosional. Like shear stress Fr is not a
constant as both I and d vary with rainfall causing both " and d to increase. In prac-
tice Fr falls due to d increasing more relative to V, protecting the biota from being
scoured away under normal flow variation.

EXAMPLE 3.2 Compare river site (a) mean velocity 0.1ms™! and depth 0.9m
with site (b) mean velocity 0.6ms™! and depth 0.2m.

River (a)
Fr = 0.1/2.97 = 0.034(depositional)

River (b)
Fr = 0.6/1.40 = 0.429 (erosional)

The effects of turbulence in rivers are considered in more detail in Section 5.3.

3.4 DiSSOLVED SoLIDS

Water passes over and through a variety of rocks and soils, and dissolves salts,
although rarely in high concentrations in British waters. The nature of the water
therefore primarily depends on geology, although other sources such as atmospheric
deposition and activities of people (agriculture, drainage, urban run-off, waste dis-
posal, etc.) are also important. These dissolved minerals determine the chemical
properties of water such as conductivity, acidity and hardness, which in turn affect
the physical properties of water such as colour, taste and odour (Detay, 1997), as
well as the capacity of the water to support life.

Conductivity is a measure of water’s ability to conduct an electric current. This is
linked to the concentration of mineral salts in solution. In fact, conductivity is con-
trolled by the degree to which these salts dissociate into ions, the electrical charge
on each ion, their mobility and, of course, the temperature. Conductivity is meas-
ured using a specific electrode and is expressed in micro-siemens per centimetre
(uScm™1). The total dissolved solids (mgl™!) can be calculated by multiplying the
conductance by a specific factor (usually between 0.55 and 0.75). This factor has to
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be determined for specific water bodies, but once calculated it remains very stable.
Conductivity is widely used for pollution monitoring. Natural rivers and lakes have
conductivities between 10 and 1000puScm ™. Levels in excess of this certainly indi-
cate pollution, or in groundwater indicate mineralization or salinity problems (Table
2.2). It is possible to approximate water salinity (ppm) from conductivity (uScm 1)
using the relationship:

1ppm = 1.56pScm ™! (3.6)

The term pH is derived from the French for strength of hydrogen (puissance
d’hydrogene) and is a measure of the acid balance of a solution defined as the nega-
tive of the logarithm to the base 10 of the hydrogen ion concentration. So the acidity
of water is determined by the abundance or, more correctly, the activity of H" ions.
In pure water, dissociation is limited with only 10~’mol1~! of H" ions present (i.e.
pH7). Higher concentrations of H ions make water more acidic while lower con-
centrations make it more alkaline. For example, at pH 5 water contains 10 >mol 17!
of H* ions which is 100 times more acidic than at pH7 and vice versa in alkaline
waters. Other chemicals can release or lock up H" ions so that the pH is altered as
they are dissolved. Most surface waters have a pH of between 6 and 9, although acid
lakes may be between 5 and 6. Adits draining mines can be extremely acidic (pH 2-3)
due to contamination by acid mine drainage (Section 6.6.2). Changes in pH can
alter the solubility or form of many compounds including phosphorus, ammonia,
iron and other trace elements.

At a given temperature, pH (or hydrogen ion concentration) gives an indication of
the acidic or alkaline nature of the water. It is controlled by the dissolved chemi-
cal compounds and the biochemical processes in the water. In unpolluted waters
pH is primarily controlled by the balance between carbon dioxide, carbonate and
bicarbonate ions, as well as natural compounds such as humic and fulvic acids
(Fig. 3.4). The pH is normally measured in the field using a meter and an electrode
with temperature compensation, as pH is temperature dependent. The pH is also
closely linked with corrosion (Section 11.4.1).

Carbon dioxide dissolves readily in water and is closely linked with the chemical
processes that determine the acidity and alkalinity of water.

Carbon dioxide is highly soluble, more so at lower temperatures and at higher pres-
sures. It is 40 times more soluble than oxygen (Table 3.5). Although the atmosphere
only contains 0.04% CO, compared to 21% O,, CO, readily dissolves into cloud
vapour due to its high surface area to volume ratio. This forms a weak acid, carbonic
acid (pH 5.6), making all rain weakly acidic.

CO, + H,0 — H,CO, (3.7)
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Ficure 3.4
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Maximum solubilities of common gases in water

Gas Solubility (mgl~)
Carbon dioxide (CO») 2318

Hydrogen (Hy) 1.6

Hydrogen sulphide (H,S) 5112

Methane (CHy) 32.4

Nitrogen (Ny) 23.3

Oxygen (09) 54.3

Carbonic acid readily dissociates to produce free hydrogen ions (H*) and bicarbo-
nate ions (HCOg3'):

H,CO; — H" + HCO; (3.8)
Bicarbonate ions (HCO5') can further dissociate into H and CO%:
HCO; — H' + CO3~ (3.9)

Both of these reactions are reversible and primarily control the pH of the water. The
removal of CO, by photosynthesis or the addition of CO, from the atmosphere should
in theory alter the pH. In practice, any potential shift in pH is buffered by the reser-
voir of HCO3 and COj3™ ions present, maintaining the pH between 6 and 9. Both
HCOj5 and COj; can further react with water to produce a hydroxide ion (OH ™).

HCO; + H,0 — H,CO; + OH™ (3.10)



3.4 Dissolved Solids ¢ 53

CO?™ + H,0 — HCO; + OH™ (3.11)

All three of these ions contribute to the alkalinity of water.

Aquatic plants can use CO, or HCOj3 . During the day uptake of CO, may become
exhausted so that HCO; or COj3 can be utilized. Hydroxide ions are secreted
replacing the HCOj3'. Some of the freed CO, will be precipitated as CaCO; (marl)
in hard waters and is then permanently lost (Section 20.5.1). This often results in
vegetation and debris becoming coated with CaCO; occasionally resulting in drains
and small culverts becoming blocked by the precipitated material. The overall result
is an elevated pH (9-10) in water containing actively photosynthesizing macro-
phytes or algal blooms. At night CO, is released and the process is reversed so that
the pH returns to normal. In clean water pH is controlled by the balance between
CO,, HCO3 and CO3~ as well as organic acids. So CO3~, HCO3; and H,COj are all
inorganic forms of CO,, and their relative contribution to the total CO, concentra-
tion controls the pH.

Acidity and alkalinity are the base and acid neutralizing capacities of water. If the
water has no buffering capacity then these are inter-related with pH. Most natu-
ral waters will contain weak acids and bases, so acidity and alkalinity should also
be tested with pH. Acidity in water is controlled by the presence of strong mineral
acids, weak acids (e.g. carbonic, humic, fulvic) and the hydrolysing salts of metals
(e.g. iron and aluminium). It is determined by titration with a strong base up to pH4
(free acidity) or to pH 8.3 (total acidity). Alkalinity is controlled by the sum of titrat-
able bases (principally carbonate, bicarbonate and hydroxides). Waters of low alka-
linity (e.g. <24mgl~! as CaCOj3) have a low buffering capacity making them very
susceptible to pH alteration due to atmospheric fallout, acid rain, eutrophication
(photosynthesis) and acidic pollutants. Alkalinity is determined by titration using a
strong acid to lower the pH to 8.3 for free alkalinity or to pH4 for total alkalinity.

The hardness of water varies from place to place, reflecting the nature of the geol-
ogy with which the water has been in contact. In general, surface waters are softer
than groundwaters, although there are many extremely soft groundwaters. Hardness
is caused by divalent metal cations that can react with certain anions present to
form a precipitate. Only divalent cations cause hardness, so Na® (monovalent) is
not important. Hardness is expressed in mg CaCOs1~!. The principal cations (and
major anions associated with them) are: Ca’>" and (HCOj3); Mg?>* and (SO3");
Sr?* and (Cl17); Fe?* and (NOZ") and finally Mn?>* and (SiO%"). Strontium, ferrous
iron and manganese are usually found in trace amounts in water and so are usually
ignored in the calculation of hardness, so that total hardness is taken to be the con-
centration of calcium and magnesium only. Aluminium and ferric iron could affect
hardness but solubility is limited at the pH of natural water so that ionic concentra-
tions are negligible (Fig. 6.3). In hard water Ca**, Mg?>*, SO}~, CO; and HCOj3
ions are more abundant. The separation of water into soft and hard relies on the use
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TaBLE 3.6  Examples of the arbitrary scales of hardness in use

mgl™ ! as CaCO; Degree of hardness mgl™ ! as CaCO; Degree of hardness
0-75 Soft <50 Soft
75-150 Moderately hard 50-100 Moderately soft
150-300 Hard 100-150 Slightly hard
300+ Very hard 150-250 Moderately hard
250-350 Hard
>350 Excessively hard

of an arbitrary scale (Table 3.6). There are a number of different forms of hardness,
apart from total hardness, which are used here, that only measure one component
of hardness as defined above. These include calcium hardness, carbonate hardness,
magnesium hardness, temporary and permanent hardness (Flanagan, 1988).

Water analysis may not show hardness as a parameter but simply give concentra-
tions for individual ions. It is possible to convert concentrations for the individual
ions into a total hardness value expressed as calcium carbonate equivalent by using
the equation:

Equivalent weight of CaCO;

Hardness(mgCaCO;17") = Ton(mgl™") X (3.12)

Equivalent weight of ion

EXamPLE 3.3 For a water sample containing 12mgl~! of Mg?* and 84mgl~! of
Ca’" , where the equivalent weights of CaCOs, Mg?* and Ca?" are 50, 12.16 and
20.04, respectively, the hardness is calculated as:

Hardness =

12 X i] + \84 X i} = 259 mg CaCO,4 17!
12.16 20.04

The hardness of surface waters varies considerably between catchments, although
the hardness generally increases downstream, with high values often due to human
activity (Table 3.7). The hardness of water has profound effects on the animals
present. For example, the osmotic regulatory problems faced by organisms in very
soft water make them more susceptible to pollution. The presence of Ca>* and
Mg?" ions affects the rate of respiration, increasing the rate at lower temperatures
and reducing the rate at higher temperatures. Some species require Ca>* for shell
construction, and many species of snails, flatworms and leeches are restricted to
hard waters where Ca?* ion concentration is above certain concentrations. Thus
many insects, which are indifferent to water hardness, are found in greater abun-
dance in soft waters due to reduced competition. Crustaceans, snails, larvae of cad-
dis and chironomids, and most worms are most abundant in very hard waters.
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TaBLE 3.7 Examples of the hardness of some Irish rivers

River mgl~ ! as CaCOy
R. Ward (N. Dublin) 320415
R. Tolka (W. Dublin) 290-390
R. Suir (Thurles) 155-350°
R. Liffey (S. Dublin) Headwater 40-75

R. Liffey (S. Dublin) Lucan 104-332°
R. Woodford (Cavan) 74-87

R. Dodder (S. Dublin) 30-210¢
R. Blackwater (Mallow) 30-140
R. Sullane (Macroom) 20-44

R. Owenmore (Cavan) 20-26

R. Owenduff (Blackpool) 12-48

“These rivers indicate systems showing a marked increase
in their hardness with stream length.

As a general rule, rivers with hard waters differ from soft waters due to Ca®* and
pH, and as they usually rise as springs and may have springs in the bed, they retain
constant clarity, flow and temperature throughout the year. In contrast, soft water
rivers are usually raised as surface run-off from mountains and are therefore usually
flashy (i.e. rapid variation in discharge rate) resulting in sudden floods and droughts.
Such rivers are usually highly turbid with high suspended solid concentrations dur-
ing high flows. Soft rivers often have an impoverished fauna with a low productivity,
and the water has a high concentration of humic material giving it a characteristic
brown colour. The different physical parameters encourage a different fauna, as do
the chemical factors.

3.5 DissorvED OXYGEN AND TEMPERATURE

Plants and animals are all vital to the cleanliness of rivers, and all aquatic organ-
isms require oxygen. However, water at normal temperatures holds very little oxy-
gen compared to the air. Gas molecules in the atmosphere diffuse or move from an
area of high concentration to an area of low concentration. In the same way, oxygen
molecules diffuse through the air—water interface into the water where they become
dissolved. At the same time oxygen is diffusing in the opposite direction, but when
the volume of oxygen diffusing in either direction is equal, the water is said to be in
equilibrium and is therefore saturated with oxygen.

The solubility of oxygen depends on three factors, the temperature, pressure and
the concentration of dissolved minerals in the water. Freshwater at 1 atmosphere
pressure at 20°C contains 9.08mg of O, 1! and as the temperature increases the
saturation concentration (i.e. the amount of oxygen that can dissolve in water)
decreases (Table 3.8). An increase in the concentration of dissolved salts lessens
the saturation concentration of oxygen, which is why seawater has lower saturation



56

Chapter 3 / Factors Determining the Distribution of Animals and Plants in Freshwaters

TaBLE 3.8  Variation in the dissolved oxygen saturation concentration

of freshwater with temperature at 1 atmosphere pressure

Temperature (°C) Dissolved oxygen (mgl™")
0 14.6
1 14.2
2 13.8
4 131
5 12.8
6 12.4
7 12.1
8 11.8
9 11.6

10 11.3

11 11.1

12 10.8

13 10.5

14 10.3

15 10.1

16 9.9

17 9.7

18 9.5

19 9.3

20 9.1

21 8.9

22 8.7

23 8.6

24 8.4

25 8.2

26 8.1

27 8.0

28 7.8

29 7.7

30 7.5

concentrations than freshwater at the same temperature and pressure. A decrease
in atmospheric pressure causes a decrease in oxygen saturation. Therefore, streams
at high altitudes have less oxygen at a certain temperature than lowland streams
(Table 3.9). In the British Isles this is of little practical significance, although in res-
piration experiments, where small changes in the oxygen concentration are being
measured, changes in pressure can be highly significant.

It is very important to know how quickly oxygen dissolves into water, and this
depends to a large extent on the level of oxygen in relation to saturation concen-
tration of the water, which is known as the oxygen deficit. For example, water con-
taining 10g O, m ™3 but with a saturation concentration of 12g O, m 3 has an oxygen
deficit of 2gO,m™3. Since the rate of diffusion is directly proportional to the oxy-
gen deficit, if the same water now contains only 4gO, m ™ the oxygen deficit will be
8g0,m 3, causing the oxygen to diffuse four times faster.
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TaBLE 3.9 Correction factor for changes in oxygen concentration due to pressure

Altitude Pressure Factor Altitude Pressure Factor
(m) (mm) (m) (mm)

0 760 1.00 1300 647 1.17
100 750 1.01 1400 639 1.19
200 741 1.03 1500 631 1.20
300 732 1.04 1600 623 1.22
400 723 1.05 1700 615 1.24
500 714 1.006 1800 608 1.25
600 705 1.08 1900 601 1.26
700 696 1.09 2000 594 1.28
300 087 1.11 2100 587 1.30
900 676 1.12 2200 580 1.31

1000 671 1.13 2300 573 1.33
1100 663 1.15 2400 566 1.34
1200 655 1.16 2500 560 1.36

Divide the saturation concentration (Table 3.8) by the correction factor to give the adjusted
saturation concentration at the specific elevation. For example, the saturation concentration
of freshwater at 12°C is 10.8 mgI~'. For an altitude of 600m this is divided by the

correction factor 1.08 to give the saturation concentration of water at 600m of 10.0mgl™ '

When water is saturated with oxygen and is equilibrated, it is said to be 100% satu-
rated regardless of the temperature. So for comparative purposes in water monitor-
ing the percentage saturation is normally used. The oxygen saturation of water (%)
at temperature A is calculated as:

Concentration of oxygen in water at temperature 4

: , X 100 (3.13)
Saturation concentration for oxygen at temperature A

In water bodies where there is little mixing, the oxygen must diffuse from the air-
water interface into the water setting up an oxygen gradient. This is often the case
in lentic systems (Section 3.8). Turbulence causes quicker mixing within the water,
breaking down the oxygen gradient and ensuring a maximum oxygen deficit, and so
increasing the transfer rate. Turbulence is directly related to river gradient and bed
roughness. Overall amounts of oxygen transferred depend on the surface area to
volume ratio of the water body so that the ratio is larger in a shallow wide river than
a narrow deep one. This means that although the oxygen deficit is the same, the
shallow wider river will reoxygenate faster (Section 5.3).

Oxygen concentration in rivers can become supersaturated, up to 200% under con-
ditions of agitation below waterfalls and weirs (Fig. 3.5), and also in bright sunlight
where algae are abundant due to photosynthesis. In practice, the elevated oxygen
concentration will quickly return to equilibrium by diffusion and excess oxygen
will be lost to the atmosphere. The diurnal variation caused by excessive algal
growth (Fig. 3.6) in water bodies is considered in detail in Section 6.3. Biologically
animals and plants are always using oxygen and so are always increasing the oxygen
deficit. Some inorganic substances, such as sulphite (SO%~), sulphide (S*7) and iron
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Ficure 3.5

Weirs. (a) Small
weirs or bars are
used to create areas
of deeper water
and to reduce shear
stress creating new
habitats for the biota
and encouraging
vegetation.

(b) Large weirs are
used to reduce the
energy from the
water and control
water levels.

(Fe?"), take part in chemical reactions which also consume oxygen, thereby increas-
ing the deficit.

3.6 SUSPENDED SOLIDS

The type and concentration of suspended solids control the turbidity and transpar-
ency of water. Suspended solids are insoluble particles or soluble particles too large to
dissolve quickly, which are too small to settle out of suspension under the prevailing
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turbulence and temperature. Suspended solids consist of silt, clay, fine particles
of inorganic and organic matter, soluble organic compounds, plankton and other
micro-organisms. These particles vary in size from 10nm to 0.1mm in diameter.
In practice, suspended solids are measured as the fraction of these solids retained
on a filter paper with a pore size of 0.45um. Particles less than 1pum can remain in
suspension indefinitely and are known as colloidal solids (Section 20.2). These fine
solids impart a cloudy appearance to water known as turbidity. Turbidity is caused
by the scattering and absorption of the incident light by the particles present. This
affects the transparency or visibility within the water. Turbidity can be caused natu-
rally by surface run-off due to heavy rain, or by seasonal biological activity. Turbidity
is also caused by pollution and as such can be used to monitor effluents being dis-
charged to sewers or surface waters, and can be closely correlated with other param-
eters. Turbidity is measured using nephelometry, which is the measurement of light
scattering by the suspended solids. Results are expressed in nephelometric turbidity
units (NTU). Owing to problems of flocculation and settlement of particles, as well
as precipitation if the pH alters during storage, turbidity should be measured in the
field whenever possible.
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Ficure 3.7
Velocity curves
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(Reproduced from
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Ficure 3.8
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(Reproduced from
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Erosion, transportation and deposition of particulate matter are a function of a
number of factors including current velocity, turbulence, particle size and den-
sity (Fig. 3.7). Under extreme flow conditions large material can be mobilized.
Very large material either rolls or bounces (saltation) downstream. In an ideal-
ized channel the vertical profile through the water would show that at high flows
the smallest particles are at the top and the largest particles are near the bottom
of the water column (e.g. clay, silt, sand). The concentration of suspended solids
varies with the discharge rate in the river (Fig. 3.8). Sediment is mobilized by an
increase in discharge rate, although it quickly becomes exhausted as it is scoured
away. Subsequent storms may result in much lower suspended solid concentrations
if insufficient time has passed to allow the sediment to be replenished. The peak
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Ficure 3.9

Flow diagram
showing interactions
of abiotic factors
affecting benthic
macro-invertebrate
community
structure.
(Reproduced from
Hawkes (1970) with
permission of John
Wiley and Sons Ltd,
Chichester.)

3.7 River Zonation ¢ 061

Turbidity Insolation

Suspended solids

* k k k %k % %k
Canalization
|
Ccurrent | X"~

velocity

Y .
\ \ 5

BENTHIC - & £
Substratum COMMUNITY — \ _ %

* %
[T unnatural determinant

* % * % %

Toxicants

—— Direct effects ] Water quality criteria
------- » |nteraction D Non-water quality criteria  — Indirect effects

suspended solid concentration generally occurs before the peak in discharge rate
occurs, a process known as ‘advance’.

The role of suspended solids is often ignored in aquatic studies although it can be
a key driver in productivity having profound effects on the community structure
(Fig. 3.9). However, the suspended solids fraction largely controls the transport of
water pollutants in surface waters as well as sedimentation rates. It also determines
water clarity and the depth of transparency which directly affects both primary and
secondary production. Suspended solids are closely linked to bacterio-plankton
production and biomass, which determine the rate of mineralization, oxygen con-
sumption rate and therefore the oxygen concentrations in water. Stable sediments in
lakes and estuaries provide a historical archieve of both pollutants and productivity.

3.7 RIVER ZONATION

River zones are classified according to the fish present, and this longitudinal pattern
of fish distribution is a reflection of oxygen availability along the length of the river
(Table 3.10) (Hawkes, 1975). There is a strong correlation between dissolved oxy-
gen concentration and zonation in rivers, with the trout zone at the headwaters and
the bream zone at the lowland end. In practice, some zones may be repeated along
the length of the river, while other zones may be missing. Alternatively a river may
comprise a single zone along its entire length. For example, some short mountain-
ous rivers that quickly discharge into the sea may be entirely trout zone.

The community structure of a water body is dependent on a wide variety of phys-
ical and chemical factors. Some of these effects are more influential than others,
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TaBLE 3.10  River zones classified by fish presence

Trout zone

Characteristic species Trout, bullhead

Oxygen requirements Fish require much oxygen. Likely to be excluded if
concentration falls below saturation. Minimum DO
concentration is 7-8mg ™!

Minnow zone

Characteristic species Perch, minnow

Oxygen requirements Fish do not require 100% saturation. Can live for periods
of weeks at 6-7 mgr1 DO. Need more oxygen for active
life

Chub zone

Characteristic species Roach, pike, chub

Oxygen requirements Fish require only 60-80% saturation for active life. Can

tolerate very low DO, and live at 3mgl™ ! for long periods
Bream zone
Characteristic species Carp, tench, bream
Oxygen requirements Fish survive very low DO concentrations, 30-40% for
long periods, down to <1.0mgl™! for short periods

DO: dissolved oxygen.

some are direct while others indirect, affecting organisms by influencing other fac-
tors (Fig. 3.9). For example, if the depth of a stream is increased this will reduce
light penetration, which will suppress both plant growth and photosynthesis, which
in turn reduces habitat diversity and primary productivity leading to a reduction in
species diversity and species abundance (Section 4.2). Artificial factors (e.g. pollu-
tion) can have a profound effect on community structure (Chapter 6).

3.8 LENTIC SYSTEMS

Flowing (lotic) and standing (lentic) waters are different in numerous ways. In deep
ponds and lakes many of the ecologically important physico-chemical parameters,
such as temperature, light intensity and dissolved oxygen, vary in intensity or con-
centration in vertical directions as distinct depth profiles — while in rivers horizontal
or longitudinal patterns of these parameters develop.

Lentic bodies are not only lakes and ponds, but any hollow or depression that will
hold water, even temporarily, can be classified as a lentic system. Among the more
unusual lentic systems are puddles and water collected in discarded rubbish bins
or hollows in trees. Each of these temporary systems has a unique fauna and flora
(Williams, 1987). Lakes can be classified according to their mode of formation:

(a) rock basins are formed by a depression of the landscape due to glacial, tectonic or
volcanic activity, dissolution of the bedrock and even the impact of meteorites;



3.8 Lentic Systems ¢ 63

(b) barrier basins are formed when an open channel is blocked by a landslide, larva
flow, glacial ice or moraine, for example ox-bow lakes;
(c) organic basins are those created by humans, animals (e.g. beavers) or vegetation.

The substrate in lakes is generally similar to the sediment found in a very depo-
sitional lowland river, being composed of fine material although rarely as rich
organic matter. Sediment arises from a number of different sources in lakes. The
main sources are riverine inputs; shoreline erosion; erosion of the lake bed which
depends on the strength of local erosional forces; airborne inputs of fine inorganic
and organic particulate matter (e.g. pollen); and particles generated within the lake
(autochtonous material) which can be either organic (e.g. algae and faecal pellets)
or inorganic (e.g. chemical precipitates).

The euphotic zone is that surface layer of the lake that is well illuminated and per-
mits photosynthesis to take place. Transparency in lakes is measured by lowering a
Secchi disc, a circular disc 300mm in diameter and marked in black and white sec-
tors, into the water. The depth at which the disc disappears and just reappears is
known as the depth of transparency and is used to measure the euphotic depth in
lakes. The lowest limit of light penetration is the compensation point, below which
is the profundal zone. Heat penetration is closely linked to light intensity, which
leads to thermal stratification (Fig. 2.2).

Trophic status is widely used to classify lakes using the concentration of phosphorus, the
limiting nutrient for algal growth in lentic systems, and determinations of the biomass
using chlorophyll concentrations (Table 3.11). Lakes with a low productivity, low bio-
mass and low nutrient concentration (nitrogen and phosphorus) are classed as oligo-
trophic. These lakes tend to be saturated with oxygen throughout their depth and are
dominated by trout and whitefish. Lakes with a high concentration of nutrients and a
resultant high biomass production and poor transparency are known as eutrophic.
Oxygen concentrations are subject to diurnal fluctuations in the epilimion and may be
below 1mgl~! in the hypolimnion during summer stratification (Figs 2.2 and 3.10). Fish
species are restricted to those able to tolerate low dissolved oxygen concentrations, such
as perch, roach and bream. Mesotrophic lakes are a transition between the two condi-
tions due to nutrient enrichment. Lake trout are usually eliminated with whitefish and
perch dominating, and there will be some depression of oxygen levels in the hypolim-
nion during summer stratification. Two extreme lake classifications are also used, ultra-
oligotrophic and hypereutrophic. The former are usually newly formed lakes or isolated
lakes with few input routes for nutrients. The latter are those with extreme nutrient con-
centrations which are devoid of oxygen in the hypolimnion during summer stratification.
In lentic systems the process of eutrophication is the internal generation of organic mat-
ter (autotrophy). However, external inputs of organic matter from the catchment (allo-
trophy) are also important and can result in lakes rich in humic material (dystrophic
lakes). The physical parameters that significantly affect water quality in lakes are reten-
tion time, nature of inflow, temperature changes and wind-induced mixing.
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TaBLE 3.11  Categorization of lakes using nutrient levels, biomass and productivity

Trophic category  Mean total ~ Annual mean  Chlorophyll® Annual mean  Secchi disc ~ Minima Dominant fish

phosphorus  chlorophyll®  maxima Secchi disc transparency oxygen (%

(mgm™3) (mgm™3) (mgm™?) transparency:  minima saturation)*

(m) (m)

Ultra-oligotrophic  <4.0 <1.0 <25 >12.0 >6.0 <90 Trout, whitefish
Oligotrophic <10.0 <25 <8.0 >06.0 >3.0 <80 Trout. whitefish
Mesotrophic 10-35 2.5-8 8-25 6-3 3-1.5 40-89 Whitefish, perch
Eutrophic 35-100 8-25 25-75 3-1.5 1.5-0.7 40-0 Perch, roach
Hypereutrophic >100.0 >25.0 >75.0 1.5 <0.7 10-0 Roach, bream

“Percentage saturation in bottom waters depending on mean depth.

Reproduced from Chapman (1996) with permission of UNESCO, Paris.
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INTERACTIVE SITES

AQUATIC INVASIONS

Aquatic Invasions is an open access online journal published on behalf of the International
Association of Theoretical and Applied Limnology (SIL) Working Group on Aquatic
Invasive Species (WGAIS). It focuses on biological invasions in inland and coastal waters of
Europe, North America and other regions.

http://www.aquaticinvasions.ru/index.html

INVASIVE SPECIES IRELAND

An extensive site giving details of all invasive species in Ireland, including their distribution,
effects, images and useful detailed identification sheets for each species. Also included are
details of action and management plans and other reports and links.

http://www.invasivespeciesireland.com/

GB NON-NATIVE SPECIES SECRETARIAT

UK invasive species website full of details of all alien species in the country; includes gallery,
species identification sheets and details, risk assessment, policy and strategy information,
loads of management advice and much more.

http://www.nonnativespecies.org/

REAL TIME WATER QUALITY

This site provided by the US Geological Survey provides real time data on a wide range of
water quality parameters including temperature, dissolved oxygen concentration, turbidity
and conductivity. Discharge data are also given for over 1300 sites nationwide. There is also
access to related links on water quality including USGS technical reports.

http://water.usgs.gov/waterwatch/wqwatch/#
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INTRODUCTION

Aquatic ecosystems are made up of a wide variety of species including bacteria,
plants (algae as well as floating and rooted aquatic plants), zooplankton, annelids
(worms and leeches), molluscs (mussels and snails), arthropods (crustaceans and
insects), fish, birds and mammals, all interacting to form a community. While they
can be studied at ecosystem, community, population, species and even at the genetic
level, freshwater monitoring is normally done at the community level by examining
the organisms present at individual sites and comparing this in terms of diversity
and abundance to other sites within a catchment.

Identification of species is based on a systematic approach. Freshwater macro-
invertebrates, which are normally used for water quality assessment, are only found
in four phyla: the Annelida, Mollusca, Platyhelminthes and the Arthropoda. Each
phylum is further broken down into classes then orders, families, genera and then
individual species. For example, the common pollution-tolerant mayfly Baetis rhodani
is classified as:

Phylum: Arthropoda
Class: Insecta

Order: Ephemeroptera
Family: Baetidae
Genus: Baetis

Species: Baetis rhodani

You will notice that both genera and species names are always shown in italics.
Table 4.1 shows the taxonomic groupings of all the commonly encountered freshwa-
ter macro-invertebrates.

4.1 COMMUNITY STRUCTURE

Energy is required to sustain all living systems. On land solar energy is converted to
organic molecules by photosynthesis. In aquatic ecosystems the energy comes from
two separate sources. As on land some energy is produced by primary producers by
photosynthesis (autochthonous input), while the remainder comes from organic and

67
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TaBLE 4.1 A simplified taxonomic classification of common freshwater macro-invertebrates

Phylum Subphylum Class Subclass/Order
Annelida segmented Clitellata Oligochaeta® aquatic worms
worms and leeches Hirudinea leeches
Mollusca snails, limpets Gastropoda snails and Prosobranchia”
and mussels limpets Pulmonata®

Bivalvia mussels
Platyhelminthes flatworms Turbellaria’ Tricladida flatworms
Arthropoda® crustaceans, Crustacea Branchiopoda fairy Anostraca fairy shrimps

insects, spiders

crayfish, shrimps
and relatives

Hexapoda

insects

shrimps and water fleas
Copepoda water {leas
Malacostraca shrimps,
crayfish and prawns

Insecta flies, beetles,
moths and true bugs

Notostraca tadpole shrimps
Conchostraca clam shrimps
Cladocera water fleas
Amphipoda shrimps

Isopoda water slaters

Decapoda crayfish

Collembola springtails
Ephemeroptera mayflies
Odonata dragonflies and damselflies
Plecoptera stoneflies

Hemiptera bugs

Megaloptera alderflies
Neuroptera spongellies
Trichoptera caddisflies
Lepidoptera moths and butterflies
Diptera two-winged or true flies
Coleoptera beetles

Hymenoptera wasps

“Numerous families including Aeolosomatidae, Naididae, Tubificidae, Lumbriculidae, Enchytraeidae and Lumbricidae.

PKey European snail families include Neritidae, Viviparidae, Valvatidae and Hydrobiidae.

“Key European snail families include Lymnaeidae, Physidae, Ancylidae (limpets) and Planorbidae.

‘lPhyhun largely composed of parasitic worms of the classes Trematoda and Cestoda.

“The phylum Arthropoda is now considered too large to be considered a single phylum and is broken down into
separate phyla. Arthropod phyla represented in freshwaters are Crustacea (water {leas, shrimps, crayfish), Uniramia
(insects), Chelicerata (spiders and mites) and Tardigrada (water bears).

inorganic material swept into the water from land (allochthonous input). In rivers

the secondary production (i.e. biomass of invertebrates and fish) is more dependent

on the primary production of the surrounding terrestrial zone than the primary pro-

duction of the river itself.

The basic food cycle in a river is shown in Fig. 4.1. From this, different groups of

organisms can be seen, each with a specific feeding regime, forming a food chain

comprising a number of different trophic levels. A balance develops between total

productivity of living organisms, and the amount of death and decomposition over

a period of time and over a large area of clean river. A clean river becomes neither

choked nor devoid of living organisms, with the amount of photosynthesis balanced
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by the amount of respiration. This stability is known as ‘ecological equilibrium’.
Built into this system is the self-purification capacity of rivers. This is the ability of
the system to increase activity at various trophic levels to deal with an increase of
organic matter or other energy source into the system. The increase in nutrients or
organic matter will therefore produce an increase in the number of organisms in the
food chain resulting in the breakdown of equilibrium, the rapid expansion of certain
groups and the elimination of others. In practice, unless the pollution input is con-
stant over a long time, only the micro-consumers will be able to respond to increased
allochthonous inputs. Nutrients will result in excess algal development (eutrophi-
cation) (Section 6.4), while extra soluble organic carbon may cause sewage fungus
(Section 6.3). The organisms comprising the various consumer groups have long life-
cycles, compared to the bacteria, fungi and algae comprising the micro-consumers,
and so are unable in the short term to control their development through increased
feeding. Owing to the increased demand for oxygen exerted by the micro-organisms
and the algae, the higher trophic levels may even become eliminated due to reduced
oxygen concentrations in the water. Sewage treatment utilizes this natural ability of
micro-organisms and algae to respond quickly to increases in organic matter and
nutrients, and to oxidize them to safe end products (Chapter 15). In practice, the
more complex an aquatic ecosystem, the more stable it is. Simplifying the food web
of an ecosystem decreases the probability of maintaining ecological equilibrium.
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Ficure 4.3

Surface development
of heterotrophic
bacteria
(periphyton) on
river substrate.
Normally the
bacteria do not
produce visible
growths unless
macro-invertebrate
grazing is inhibited
as in this case due to
acidity.

There are five major communities in aquatic systems: phototrophic (autotrophic),
heterotrophic, detritivore, herbivore and predator.

Phototrophic-autotrophic (producers)

Primary producers from either the micro-algal or macrophyte communities both
produce plant material as the energy base for the rest of the system. Micro-algae are
present either as a biofilm that grows over the surfaces of solid substrates (periphy-
ton) (Figs 4.2 and 4.3) or as free-living cells suspended in the water (phytoplankton).
It is an important food source not only for many macro-invertebrates, but also for

Ficure 4.2 A highly magnified schematic cross-section through periphyton (i.e.
aufwuchs or biological film) growing in a stable substrate in a river. Periphyton is
made up of diatoms, and unicellular and filamentous green and blue-green algae.
(Reproduced from Uhlmann (1979) with permission of John Wiley and Sons, London.)
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fish. Macrophytes are large aquatic plants, although their distribution is dependent
on shear stress, substrate type and depth. In upstream areas, the rocky substrate is
unsuitable for root development. The high shear stress and possible low light inten-
sity due to shading restrict macrophyte development to mosses and liverworts. In the
middle reaches the stony and silty substrates provide an excellent rooting medium,
and combined with a comparatively low shear stress and high light intensity, results
in this section of the river being dominated by filamentous algae and macrophytes.
As the depth increases in the lower reaches the variability in the water level may
restrict macrophytes to banks, while an increase in turbidity will reduce submerged
growth of plants with phytoplankton dominating. Periphyton is found growing on all
submerged surfaces so long as there is sufficient light.

Heterotrophic (decomposers)

Bacteria, fungi and protozoa all break down organic matter. They may form a bio-
film on submerged surfaces (periphyton) and use dissolved organic matter. They
can also grow on organic matter which they decompose, often relying on the water
column for nutrients. Periphyton is a major source of food for detritivores, as is the
partially degraded organic matter.

Detritivores (consumers)

These feed on particulate detritus present in the water as either discrete particles
or periphyton. Detritivores can be either micro- or macroscopic, but are divided
into functional feeding groups based on their mode of food selection and ingestion
(Section 4.3). Collectors aggregate fine particulate organic matter (FPOM), shred-
ders consume large or coarse particulate organic matter (CPOM), while scrapers
(grazers) feed off the thin accumulation of periphyton from solid surfaces.

Herbivores (consumers)

There are relatively few animals that eat living plant material in aquatic ecosys-
tems. Those that do are specialized as either piercers or shredders. Some macro-
invertebrates, such as the hydroptilid caddis fly larvae, pierce algal cells and ingest
the contents, while many more species, such as Lepidoptera larvae and some adult
beetles, eat macrophyte tissue (shredders). Some shredders and scrapers eat both
living algal and macrophyte material, and so must be considered both herbivorous
and detritivorous.

Predators (consumers)

Predators can be micro- and macro-invertebrates, fish and even higher vertebrates,
such as amphibians, birds and mammals. Generally detritivores are eaten, as are
small fish. There may be several predator levels within the food web (e.g. detriti-
vore (chironomid) — predator (Stenopoda) — predator (trout) — predator (grey
heron)). An example of a food chain is given in Fig. 4.4. Here the organisms are
separated into producers, consumers and decomposers.
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4.2 ALLOCHTHONOUS AND AUTOCHTHONOUS INPUTS

Ficure 4.5
Variation in the
allochthonous and
autochtonous inputs
leIl{_, a section

of river showing
how this affem%

the associated
macro-invertebrates
and ratios of
production (P) to
respiration (R).
(Reproduced from
Chapman (1996)
with permission of

UNESCO, Paris.)

The contribution of energy from allochthonous and autochthonous inputs (Section 4.1)
will vary along the length of a river, and will also vary seasonally. This can be illustrated
by examining a theoretical river basin (Fig. 4.5) (Vannote et al., 1980).

Upland (shaded) region

The main input of organic matter is plant litter from overhanging trees and bank veg-
etation (riparian). This input will be seasonal, and must be microbially broken down
(i.e. conditioned) prior to being consumed by detritivores, mainly shredders. Some
organic matter will be washed downstream, although this will be limited. This is a het-
erotrophic system with the energy coming largely from outside the stream. It is a net
importer of material and energy. This region can be classified as having a low produc-
tion (P):respiration (R) ratio (P/R < 1) or a low phototrophic:heterotrophic ratio.

Midland (unshaded) region

In this section the river is wider and less shaded resulting in a higher light penetra-
tion. This gives a high growth of microalgae on submerged objects, including epi-
phytes on larger plants and macrophytes. The primary production is controlled by
depth and water clarity, being greater if the water is shallow and clear. This is a
phototrophic system supported primarily by organic matter fixed in situ by photo-
synthesis. The area may also be a net exporter of organic matter. This is an area

1 ’/_ CPOM Grazers
Trout 80 PR<1 Predators Collectors
2 -
Bullhead )
Periphyton Vascular
3 /////// hydrophytes Shredders
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dominated by grazers, collectors and herbivores. It has a high P/R ratio (>1) and a
high phototrophic:heterotrophic ratio.

Lowland (unshaded) area

Further downstream the continuing increase in depth and a higher turbidity reduces
photosynthesis. The source of energy is mostly from upstream FPOM. Once again
there is a low P/R ratio (<1) and a low phototrophic:heterotrophic ratio.

Rivers are primarily heterotrophic systems with an average of 60% of the biotic
energy allochthonous in origin. Lakes in contrast are primarily phototrophic systems
with an average of 80% of the biotic energy autochthonous in origin. So, where the
P/R ratio is used in characterizing a community three scenarios are possible:

(i) P =R or PR = 1.0 In a pristine river or lake the same amount of oxygen and
organic matter is produced as consumed regardless of the level of productivity.

(ii) P> R or PR > 1.0 Where more biomass is formed than decomposed this
leads to eutrophication. While rivers become net exporters of organic material,
dead biomass accumulates in lake sediment.

(iif) P <R or P:R < 1.0 Where decomposition exceeds the production of biomass.
This is normally due to allochthonous inputs (e.g. a river loaded with organic
matter which results in dissolved oxygen being rapidly used by the biota).
Rivers and lakes are both net importers of material and energy.

4.3 FunctioNAL FEEDING GRoOUPS

One of the most effective ways to study community structure in freshwaters is to
look at the nutritional resources available. Macro-invertebrates have evolved spe-
cialized physical and behavioural feeding mechanisms permitting them to be classi-
fied into five functional feeding groups (FFGs) or guilds each utilizing the different
food resources available. Shredders eat coarse particulate organic matter (CPOM)
which is organic material >1mm in size including leaf litter, large woody debris,
macrophytes and other plant material. Collectors utilize fine particulate organic
matter (FPOM) that comprises organic material <lmm in size including living
and dead material including material from the breakdown of CPOM by shredders.
Collectors gather FPOM by either filtering or gathering material. Scrapers feed on
the growths of diatoms, algae and bacteria that cover submerged surfaces; while
predators feed on a wide range of prey (Section 4.1). Species can be further classi-
fied as being obligate or facultative in terms of their FFG, with most aquatic insects
in their early instar stages facultative gathering collectors. Classification of inverte-
brates into functional feeding groups can be done with reference to Fig. 4.6.

Food resources alter both spatially and over time with a corresponding change in the
ratio of animals adapted to eat them (Fig. 4.5). The ratio of the various functional



Ficure 4.6

A simplified key to
macro-invertebrate
riverine functional
feeding groups.
(Reproduced

from Merritt and
Cummins (2007)
with permission of
Elsevier, London.)
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feeding groups can provide great insight to the ecological attributes of the site
from which they are collected. For example, the Autotrophy/Heterotrophy Index (P:R
Ratio) is a measure of the degree to which a stream is either autotrophic or hetero-
trophic and is calculated by:

Scrapers
Shredders + Total Collectors

KEY TO FUNCTIONAL FEEDING GROUPS

k=t — |ndicates size or range of sizes

1. ANIMALS IN HARD SHELL (Phylum Mollusca)
a.LIMPETS (Class Gastropoda)

LI saans |

SCRAPERS

b. SNAILS (Class Gastropoda)

SCRAPERS
Snails are generalized (facultative) feeders
and can also function as Shredders.
c. CLAMS OR MUSSELS (Class Pelecypoda)

FILTERING COLLECTORS
2. SHRIMPLIKE ANIMALS (Class Crustacea)

Decapoda sopoda  SHREDDERS Amphipoda

Can also function as facultative Gathering Collectors.
3. LARVAE IN PORTABLE CASE OR “HOUSE” Goto KEY 2

4. LARVAE IN FIXED RETREAT WITH CAPTURE NET Go to KEY 3
Note: Care must be taken when collecting to observe nets.

5. WITHOUT CASE OR FIXED RETREAT
a. WORMLIKE LARVE, WITHOUT JOINTED LEGS Goto KEY 4
b. NYMPHS OR ADULTS WITH JOINTED LEGS Goto KEY 5
6. DOES NOT FIT KEY 5 EXACTLY Goto KEY 6 or KEY 7
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KEY 2

FIRST LEVEL OF RESOLUTION

LARVAE IN PORTABLE CASE
Caddisflies (Order Trichoptera)

CASES ORGANIC CASES MINERAL
Leaf, stick, needle, bark Sand, fine gravel

Families Limnephilidae (in part) Families Glossosomatidae,

Lepidostomatidate (in part), Limnephilidae (in part),
Phyrganeidae, Leptoceridae (in part) Helicopsychidae
SHREDDERS SCRAPERS

SECOND LEVEL OF RESOLUTION considers a few fairly common caddisflies that would be
misclassified above on the basis of case composition alone.

r CASES ORGANIC j CASES MINERAL

Cases square in cross section Cases long, slender, and Cases long, slender, and tapered
and tapered, with no bark or flat leaf ~ tapered, made of plant material  (mostly find sand) or cases avoid
pieces included. Front attached to and very flat in cross section

substrate. Larvae extend legs and
filter the current

Foreleg with
filtering hairs

Family Brachycentridae (in part) Family Leptoceridae (in part) Family Leptoceridae (in part)

FIGURE 4.6
(Continued) FILTERING COLLECTORS GATHERING COLLECTORS GATHERING COLLECTORS

where a ratio >0.75 indicates autotrophic conditions. The Shredder-Riparian Index
(CPOM:FPOM Ratio) gives an idea of the input of material from the riparian zone
and is calculated as:

Shredders
Total Collectors
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KEY 3

FIRST LEVEL OF RESOLUTION

LARVAE WITH FIXED RETREAT AND CAPTURE NET
Note: Care must be taken when collecting to observe nets.

Caddisflies (Order Trichoptera) True Flies (Order Diptera)
COARSE NET IN FLATTENED SOCKLIKE OR
“SCAFFOLDING” TRUMPET-SHAPED NET OF FINE
f“ MESH TUBE WITH SILK STRANDS STRUNG

BETWEEN TERMINAL PRONGS

True Midges (Family Chironomidae)

",

Families Hydropsychidae, Philopotamidae, Polycentropodidae

! |

FILTERING COLLECTORS

SECOND LEVEL OF RESOLUTION separates from free-living larvae those net-spinning caddisflies that
may have been inadvertently collected without being associated with their nets.
NET-SPINNING CADDISFLIES FREE-LIVING CADDISFLIES
Frequently separated from their nets Non net-spinning

HEAD LONG, SMALL,
AND NARROWER THAN
THORAX

Rhyacophilidae (often

HEAD AS WIDE AS THORAX
Especially Philopotamidae (bright
yellow) and Hydropsychidae (bright

green or brown) bright green)
Ficure 4.6 1 : :
(Continued) FILTERING COLLECTORS PREDATORS

The normal shredder association linked to a functioning riparian system is esti-
mated as >0.25 in the spring and summer or >0.5 in the autumn and winter. The
Suspended Load Index (TFPOM:BFPOM Ratio) is a measure of the amount of
FPOM in suspension or being transported (TFPOM) relative to that stored in sedi-
ments. It is calculated as:

Filtering Collectors
Gathering Collectors
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KEY 4

FIRST LEVEL OF RESOLUTION
WORM-LIKE LARVAE WITHOUT JOINTED LEGS

LARGE SMALL
Larger than b——
l Smaller than }———| l
Head retractile and poorly developed. LONG AND SLENDER BOWLING PIN SHAPE

Caudal lobes with eyelike spiracles
v P Bulbous base usually fastened tightly

to substrate

Craneflies (Family Tipulidae (in part)

SHREDDERS

True Midges (Family Chironomidae)

Note: Subtract 10% of count for Predators

l Blackflies (Family imuIiidae)
GATHERING COLLECTORS l

FILTERING COLLECTORS
SECOND LEVEL OF RESOLUTION considers some wormlike Predators that would be misclassified in the above key

WORM-LIKE LARVAE WITHOUT
JOINTED LEGS

SMALL
LARGE | 1

O | Prolegs poorly developed
or absent; jaws well
osterior segment swollen. developed; very active

ead retractile | _ | | "...‘B...-;“ﬂ‘

Family Tipulidae (Dicranota type)

Prolegs along entire length.
Head visible

Family Tipulidae
(Eriocera type)

Family Athericidae

Ficure 4.6 PREDATORS
(Continued)

So FPOM in suspension exceeds that associated with the benthos (BFPOM) if
>0.50. The Substrate Stability Ratio gives an indication of the stability of the sub-
strate in the channel. It is calculated as:

Scrapers + Filtering Collectors
Shredders + Gathering Collectors




KEY 5

NYMPHS WITH JOINTED LEGS 1

3 (or 2) TAILS (FILAMENTS) AT BACK. 3 FLAT PADDLES OR POINTS AT BACK.
EXTENDIBLE LOWER LIP

r NO EXTENDIBLE LOWER LIP (LABIUM) 1 r 1

FIRST LEVEL OF RESOLUTION

3 (or 2) TAILS WITHOUT LATERAL 2 TAILS WITHOUT LATERAL 3 FLAT PADDLES AT BACK POINTS AT BACK
ABDOMINAL GILLS ABDOMINAL GILLS
Mayflies (Order Ephemeroptera) Stoneflies (Order Plecoptera)

Body shape ovoid. Body shape cylindrical. Bright colour pattern. Dull brown or black.
Flat in cross section Round in cross section Very active Sluggish

Damselflies Dragonflies
(Suborder Zygoplera)  (suborder Anisoptera)

PREDATORS PREDATORS

Families Heptageniidae,
Ephemerellidae (in part)

Filipalpian Stoneflies
Families Baetidae, Leptophleblidae, Setipalpian Stoneflies
Ephermerellidae (in part), Ephemeridae palp SHREDDERS

SCRAPER GATHERING PREDATORS
COLLECTIORS

Ficure 4.6
(Continued)

sdnou<) Surpea| [euonoun,y ¢y
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KEY 6

SECOND LEVEL OF RESOLUTION considers some fairly common insects that do not fit in the above key or would be misclassified on the basis of

body shape alone.
LARVE, NYMPHS, OR ADULTS WITH JOINTED LEGS.
WITHOUT CASE OR FIXED RETREAT

WITH LONG TAIL(S) OR WITHOUT LONG TAILS
r CAUDAL HOOKS 1 r Beetles (Order Coleoptera) 1
3 LONG CERCI With ventral suckers Adult beetle Larvae slender,
or disc shape. triangular in cross section
Head and legs totally ™,
CAUDAL HOOKS concealed beneath -

1TAIL (FILAMENT) Body shape cylindrical.
Long hairs on inside
of front legs

Body shape ovoid.
Rear end often erected
> scorpion-like when disturbed

Water ponnies Riffle beetles
) ) (Family Psephenidae) (Family EImidae)
Family Corydalidae
l SCRAPERS
i If larva has spines along
o (Order Diptera) lateral margins, it is a wood-
Family Sialidae Lobed body. eating Shredder

Ventral suckers

i ©
Ho
Family e
Family Ephemere_llidae (in part), Isonychiidae : Riffle beetles
Caenidae, Tricorythidae EILTERING (Family Elmidae)

PREDATORS C%Al_l"éisrl(')\lgs COLLECTORS Famlly Blepharlcerldae GATHERING
SCRAPERS COLLECTORS

FiGURE 4.6
(Continued)

swa)sAs0o7] onenby oiseq / § 19ydeyn
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KEY 7

SECOND LEVEL OF RESOLUTION considers some fairly common insects that do not fit
in the above key or would be misclassified on the basis of body shape alone.

NYMPHS AND ADULTS
I WITH BEAK AND HEMELYTRA l

Beak triangular, Sharp beak,
/ front legs smaller front legs large

Family Corixidae

SCRAPERS

FiGURE 4.6 ’
(Continued) Family Belostomatidae

A ratio >0.50 indicates plentiful stable substrates such as bedrock, boulders, cobbles
and large woody debris. A Predator:Prey Ratio can be used to measure the abundance
of predators to all other groups showing the importance of top-down (predator) con-
trol within the community. It is calculated as:

Predators
All Other Groups

A normal predator—prey balance would be 0.10-0.20. Finally, the Juvenile Salmonid
Food Index gives an idea of how suitable a community is to support a population
of juvenile salmonids. It estimates food availability by comparing the Predictable
Invertebrate Supply to the Unpredictable Invertebrate Supply with a threshold ratio
of 0.50. It is calculated as:

Filtering + Gathering Collectors
Scrapers + Shredders + Predators
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4.4 HABITAT Z.ONATION

Riverine habitats can be loosely classified as either erosional or depositional depend-
ing on the dominant substrate particle size (Table 4.2). This also influences the type
of organic matter (e.g. coarse or fine) and type of primary producers (i.e. vegetation
type) which then controls the relative abundance of the specific groups of inverte-
brates present (Cummins, 1975).

There are two main types of substrate in rivers, stony and silty. Each has its own flora
and fauna adapted to living under the prevailing conditions. The substrates are sepa-
rated by a sandy substrate, which is largely devoid of both plants and animals. Stony
substrates are found in erosional areas, where there is a high shear stress and rapid
turbulent flow (Figs 4.7 and 4.8). Most of the organisms are adapted to this environ-
ment. For example, limpets and leeches attach themselves to stones, while Simulium
and the caseless caddis (e.g. Hydropsyche) are anchored by silken webs. Most insect
larvae, mayflies, stoneflies and some caddis flies have strong prehensile claws in order
to cling to the substrate. Other adaptations are seen, for example the flattened bod-
ies of flatworms and the behaviour of Gammarus hiding under and between stones to
stop themselves from being washed away. Most members of this habitat require a high
dissolved oxygen concentration and many are tolerant of the low temperatures typical
of upland (torrential) streams. Stony (riffle) areas are up to 20 times more productive
than pool areas in similar stream sections. While CPOM accumulates in all sections,
FPOM can only accumulate in areas of low turbulence such as in pools and dead
zones (Figs 4.9 and 4.10). Stony areas have a much more diverse flora and fauna than
silty areas of the same river (Figs 4.11 and 4.12). Silty substrates are found in deposi-
tional zones where there is low shear stress and little turbulence. Unless macrophytes
are present to provide an alternative habitat, then only burrowing and surface dwell-
ing forms are found (Fig. 4.13). Burrowing forms include oligochaete worms, ertain
dipteran larvae (e.g. chironomids, Psychoda) and mussels. On the bottom surface the
detritivore Asellus dominates along with the predatory larvae of the alder fly (Sialis).
The dominant species of the community is probably determined by the organic con-
tent of the mud resulting in a reduced oxygen concentration. Those species not found
due to low dissolved oxygen concentration but due to a suitable substrate are often
found on submerged objects. To some extent artificial substrates allow comparisons to
be made between the water quality of stony and silty reaches (Section 9.2.6). The pres-
ence of macrophytes significantly increases animal diversity in silty areas, providing a
substrate for algae, Gammarus, some caddis, mayflies, Simulium and Nais worms, all
of which are unable to colonize the bottom silt but are able to flourish on plants.

The layer of substrate below the immediate surface layer of stones or silt is known as
the hyporheic zone or hyporheous (Fig. 4.9). Here the interstitial water occupying the
spaces between the substrate particles provides a habitat for a wide range for micro-,
meio- and macrofauna as well as bacteria and fungi. In fact the majority of the biomass
in many river stretches can be found in this layer rather than in the few centimetres of
the substrate or associated with macrophytes. This is a very important zone as many



TaBLE 4.2 Characterization of running water habitats on the basis of functional feeding groups based on North American species

Habitat Dominant Primary producer Macro-invertebrates Collectors Predators Fish predators

sub-system  detritus (scrapers)

(particle size) Grazers Shredders

(large particle (fine particle
detritivores) detritivores)

Erosional Coarse (>16mm): Diatoms, mosses Mollusca (Ancylidae)  Plecoptera Ephemeroptera  Plecoptera Cottidae
logs, branches, Ephemeroptera (Nemouridae, (Heptageniidae,  (Perlidae) (sculpins)
bark, leaves (Heptageniidae) Pteronarcidae, Baetidae, Megaloptera Salmonidae

Trichoptera Peltoperlidae, Siphlonuridae) (Corydalidae) (trouts and
(Glossosomatidae) Tipulidae) Trichoptera chars)
Coleoptera (Hydropsychidae)
(Psephenidae, Diptera
Elmidae) (Simuliidae,

Chironomidae-

orthocladiinae)

Intermediate  Medium (<16mm, Green algae, Mollusca (Sphaeridae, Trichoptera Ephemeroptera Odonata Etheostominae
>1mm): leaf, vascular Pleuroceridae, (Limnephilidae, (Ephemera) (Corduligasteridae, (darters)
bark, twig hydrophytes (e.g. Planorbiidae) e.g. Pycnopsyche) Petalaridae) Cyprinidae
fragments Heteranthera, Plecoptera (Rhinichthys,

narrow-leaved (Perlidae) Potamogeton)
Megaloptera
(Sialidae)

Depositional  Fine (<1mm): Vascular Molusca (Physidae, Trichoptera Oligochaeta Odonata Cyprinidae
small terrestrial hydrophytes (e.g. Unionidae) (Limnephilidae, Ephemeroptera (Gomphidae, (Notropis)
plant fragments,  Elodea) Trichoptera e.g. Platycentropus) (Hexagenia, Agrionidae) Catostomidae
faeces (Phryganeidae) Caenidae) (Catastomus)

Diptera

(Chironomidae:
Chironominae)

Reproduced from Cummins (1975) with permission of Blackwell Science Ltd, Oxford.
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Ficure 4.7

Highly erosional
streams found in the
headwaters of rivers
have a very reduced
biota due to the lack
of niches for animals
to colonize with the
substrate comprised
of large boulders
due to the high
shear stress.

Ficure 4.8

Also classified as
erosional, this river
section is comprised
of gravel substrates
comprising riffles,
glides and pools,
with macrophytes
present during the
summer. The wide
variety of niches
ensures a high
diversity of macro-
invertebrates which
in turn supports

a diverse fish
population.

physico-chemical process involved with pollutant attenuation and breakdown, nutri-
ent cycling and the removal of organic matter all occur in this layer (Section 5.3.1).
In catchments overlying permeable geology (e.g. chalk, limestone, sandstone) either
water enters the river from the aquifer or the groundwater is recharged from the river,
with the hyporheous removing potential contaminants (Smith, 2005).

Many attempts have been made to bring together the abiotic and biotic factors that
characterize areas of rivers under a single descriptive system. Fish zones are one,
while the term rhithron and potamon is the system most preferred by limnologists.
The key characteristics of each are given in Table 4.3, while each term can be fur-
ther broken down into subclasses (Table 4.4).



Ficure 4.10
Depositional zones
are comprised of
fine sediment where
fine and coarse
particulate organic
matter accumulates.
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Riparian )
vegetation 3k

Woody debris Dead zone

Detritus " Hyporheos

Pool Riffle Glide

Ficure 4.9 There are many microhabitats with a single section of a stream. CPOM is
found in the riffle areas while FPOM is restricted to where the turbulence is low such as
in pools and in the lee of boulders. (Reproduced from Giller and Malmqvist (2006) with
permission of Oxford University Press, Oxford.)

Fish are usually used to characterize zones within river systems, with specific species
indicative of water quality (Section 3.7). Preferred habitats for fish depend on suit-
able breeding sites (e.g. a gravel substrate, dense macrophyte growth, rapid flow),
minimum oxygen concentration and appropriate food supply. These factors are typ-
ical of particular river zones; therefore habitat and community zonation are closely
linked. For example, trout feed by sight on invertebrates and so require clear water.
They have streamlined powerful bodies adapted to the rapid turbulent water found
in upland zones. In contrast, bream have adapted mouths to suck up the silt and
have flattened bodies, and are able to withstand the low dissolved oxygen conditions
typical of lowland reaches. A summary is given in Table 4.5.



86 o

Ficure 4.11
Macro-invertebrate
species associated
with depositional
substrates.

The Biological
Monitoring Working
Party (BMWP)
score (Section 9.3)
is given for each
species in brackets.
(Reproduced from
Hellawell (1986)
with permission of
Kluwer Academic
Publishers,
Dordrecht, The
Netherlands.)
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Sialis (4)

|- (3) o
0

Physa (3) &

HeIobeIIa )

Sphaerium (3)

Erpobdella (3)  Simulium (5)

Ephemera (10)

L : \ é Nais (1)
Chironomus (2) Eristalis (1)
£ 5
A
© (O
Tubifex (1) Valvata (3) @
Bithynia (3)

Ischnura (8)

4.5 LEnTIC ECcoLoGy

Lakes can be split up into a number of physical zones, the unique character of which is
reflected by different flora and fauna. The bottom substrate of a lake, from high water
to the bottom of the euphotic zone, is the littoral zone and receives sufficient light for
photosynthesis. This is the area of macrophytes, emergent plant species at the edge,
floating plants in shallow water and submerged species in deeper water (Fig. 4.14).
The substrate in the profundal zone is almost in complete darkness and is known as
the sublittoral zone. As the depth increases, the macrophytes are excluded, leaving an
area of open water known as the pelagic zone. These terms are used to describe the
type of community structure (e.g. littoral community). More precise terms are also
used to describe organisms that live in special habitats in lakes. These include:

(a) Nekton: free-swimming organisms that move easily between zones (e.g. fish).
(b) Plankton: free-swimming organisms whose movement is largely controlled
by the overall water movement in the lake — these are further categorized as



Ficure 4.12
Macro-invertebrate
species associated
with erosional
substrates.

The Biological
Monitoring Working
Party (BMWP)
score (Section 9.3)
is given for each
species in brackets.
(Reproduced from
Hellawell (1986)
with permission of
Kluwer Academic
Publishers,
Dordrecht, The
Netherlands.)
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’ Perla (10) ;

Rhyacophila (7)

Baetis (4)

zooplankton (animals such as protozoa, rotifers, cladocera) or phytoplankton
(algae).

(c) Seston: general term to include all small material both living (plankton) and dead.

(d) Benthos: animals living on the bottom substrate.

(e) Interstitial: microscopic organisms that live within the water-filled pores within
the sediment.

(f) Neuston: animals living at the surface, epineuston on top and hyponeuston
immediately below the surface.

(g) Pleuston: single-layered plant community floating on the surface.
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Ficure 4.13  Emergent vegetation provides useful habitats for both macro-
invertebrates and fish. Bacteria grow on the submerged stems removing organic matter
and providing a substrate for nitrifying bacteria. Dead plant material provides useful
food for detritivores, while the vegetation also regulates water movement, helping to
prevent flooding downstream.

As in lotic systems, the organisms have adapted to the different lentic habitats. For
example, low oxygen conditions at depth can be overcome by having haemoglobin to
maximize oxygen uptake (e.g. Chrionomus midge larvae), large modified external gills
(e.g. Zygoptera damselfly larvae); many beetles trap an air bubble under wing cases or
in body hair, while other invertebrates have long breathing tubes to reach the surface
air (e.g. Nepa cinera the water scorpion). The problem of staying in the euphotic zones,
rather than sinking into the dark profundal zone, is easily overcome by active swimmers,
which include the zooplankton which perform a diurnal vertical migration from the sur-
face. Other species have gas vacuoles (e.g. Chaoboridae phantom midge larvae), which
they can use to adjust their buoyancy so that they can hang motionless in open water.
The phantom midge larvae are almost transparent to protect them from predators and
hence their common name. While phytoplankton rely mainly on currents and turbu-
lence to keep them in the euphotic zone, many colonial forms have elaborate structures
to reduce settlement. Many invertebrates have been able to exploit the surface by hav-
ing very long legs to displace their weight (e.g. Hydrmetridae water measurers).

The community structure within lakes is complicated due to depth, with benthos
species often less important than the plankton and nekton species in the pelagic
zone. The main food chain is normally phytoplankton — zooplankton — fish, which
is considered in more detail in Section 18.1.3. While phytoplankton species vary
between lakes of different trophic status (Table 6.7) they also commonly display
a seasonal succession due to variation in water temperature, daylight length and
light intensity, concentration of both nitrogen and phosphorus, and finally grazing by
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TABLE 4.4
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Comparison of the characteristics of the rhithron and potamon in rivers

Rhithron

Mean monthly temperature rise <20°C

Dissolved oxygen concentration always high

High shear stress

High turbulence

Substrate is stony

River contained within channel — rarely flooded

Primary allochthonous sy
significant (i.e. mosses, filamentous algae, diatoms)

Major erosional zone

stem although autochthonous input may be

Potamon

Mean monthly temperature rise >20°C

Dissolved oxygen concentration deficit may occur

Flow less or non-turbulent

Low shear stress

Substrate sand—silt

Flood plain present

Macrophytes present

Primary autochthonous system although organic debris from upstream can
be significant

Major depositional zone

Classification of rivers

1 Eucrenon

I Hypocrenon

1 Epirhithron Rhithron

AY Metarhithron

Vv Hyporhithron

VI Epipotamon

VII Metapotamon

Vil Hypopotamon® Potamon
Downstream

*Extends into estuary.

zooplankton. The dominant groups by season are: early spring (March) — diatoms;
late spring (May) — green algae; summer (July/August) — blue-green algae and/or
dinoflagellates (red tides); autumn (October) — diatoms (Section 6.4.1).

Over time lakes gradually fill up by the deposition of material washed into them by
inflowing streams, from surface run-off or overhanging vegetation. Thus, the dis-
tribution of habitats within lakes is gradually changing, with the littoral zone very
slowly encroaching towards the centre. With time the entire surface of the lake will
become covered by macrophytes, eventually being taken over by emergent species
and becoming a wetland. Such a transformation can, however, take a very long time.
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TABLE 4.5

Ficure 4.14
Ecological
classification of
aquatic macrophytes
based on position
and growth form
during the summer.
(Reproduced

from Jeffries and
Mills (1993) with
permission of John
Wiley and Sons Litd,
Chichester.)

REFERENCES

General characteristics of the faunal zones as defined by river zones

Fish zone Trout Minnow Chub Bream
Gradient Very steep Steep Gentle Very gentle
Turbulence +++ ++ + _
Substrate

Coarse +4++ ++ + _

Fine — + —++ + 4+ 4+
Plants

Mosses + - _ _
Macrophytes — + 4+ 4+
Invertebrates

Surface of substrate +++ +4+ + _
Plant living + ++ 4+ +
Burrowing — + 4+ 4+
Dissolved oxygen +++ +++ ++ +

+: low; ++: medium; +++: high; —: not found.

Woody scrub (e.g. willow

spp.) and herbs Emergents. Note, some emergents have
of increasingly dry land substantial submerged structures and
remain in part immersed (e.g. bogbean).
Wetland plants, not Others may be inundated for part of the
generally requiring to year but are subsequently largely exposed
grow in an emergent (e.g. many sedges). There is a gradation
form (e.g. many of adaptations

grasses and sedges)

Floating leaved, g nmerged, floating

not attached (e.g. bladderworts,
-g. duckweed) \yater soldier)

Water table

Floating leaved,

rooted (e.g. lilies) Submerged, rooted
(e.g. milfoils, pond-
weeds, charophytes)
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INTERACTIVE SITES
FRESHWATER ECOLOGY DATABASES

This powerful site provides the ecological information on more than 12000 European macro-
invertebrate, fish, diatom and macrophyte freshwater species. It is unique in providing all the
information needed regarding species including distribution, saprobity, stream zonation pref-
erence, substrate or microhabitat preference, feeding type, etc.

http://www freshwaterecology.info

FISHERIES

A remarkable database on all fish species with details of lifecycle, identification, distribution
and much more.

http://www fishbase.org’/home.htm



92

Chapter 4 / Basic Aquatic Ecosystems

The Central Fisheries Board is a statutory body with responsibility for inland fisheries in
Ireland, including its management and promotion.

http://www.ctb.ie/

CONTROL OF ALIEN FISH SPECIES

Dealing with the movement of fish in and out of the UK, this government website deals with
the movement and control of non-native fish and crayfish species.

http://www.efishbusiness.co.uk/

US ENVIRONMENTAL PROTECTION AGENCY

The key site of the US EPA dealing with freshwater ecosystems and all aspects of river and
lake ecology. Interesting section of at-risk species including freshwater mussels, crayfish and
stoneflies. Access to a range of specialist pages.

http://www.epa.gov/bioiweb1/aquatic/freshwater.html

THE PHYCOLOGICAL SOCIETY OF AMERICA

The website for all those interested in or researching freshwater algae (periphyton), with
numerous links, including by taxa and country, and much more.

http://www.psaalgae.org/

CENTRE FOR AQUATIC AND INVASIVE PLANTS, UNIVERSITY
OF FLORIDA

Site dealing with the impacts and management of invasive plants, including images, databases
and guides for the USA.
http://plants.ifas.ufl.edu/

THE AQUATIC PLANT MANAGEMENT SOCIETY

The APMS is dedicated to the development of biological, mechanical and chemical manage-
ment of aquatic plant species. Includes access to automated manual dealing with all major
US invasive species with excellent images.

http://www.apms.org/
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INTRODUCTION

Micro-organisms have a number of vital functions in pollution control. It is the
microbial component of aquatic ecosystems that provides the self-purification
capacity of natural waters in which micro-organisms respond to organic pollution
by increased growth and metabolism. It is essential that the same processes which
occur in natural waters are utilized in biological treatment systems to treat waste-
water (Section 15.1). Apart from containing food and growth nutrients, wastewater
also contains the micro-organisms themselves, and by providing a controlled envi-
ronment for optimum microbial activity in a treatment unit or reactor, nearly all the
organic matter present can be degraded. Micro-organisms utilize the organic matter
for the production of energy by cellular respiration and for the synthesis of protein
and other cellular components in the manufacture of new cells. This overall reac-
tion of wastewater treatment can be summarized as:

Biomass + Organic matter + O, + NH2" 4+ P—New cells + CO, + H,0 (5.1)

Similar mixed cultures of micro-organisms are used in the assessment of waste-
water and effluent strength by the biochemical oxygen demand (BOD) standard
5-day test (BOD:s), in which the oxygen demand exerted by an inoculum of micro-
organisms growing in the liquid sample is measured over 5 days in the dark at 20°C to
give an estimate of the microbially oxidizible fraction in the wastewater (Section 5.4).
Many diseases are caused by waterborne micro-organisms, a number of which are
pathogenic to humans. The danger of these diseases being transmitted via wastewa-
ter is a constant threat to public health (Chapter 12). Therefore the use of micro-
organisms, such as Escherichia coli, as indicator organisms to assess the microbial
quality of water for drinking, recreation and industrial purposes, as well as in the
assessment of wastewater treatment efficiency, is an essential tool in pollution
control.
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5.1 NUTRITIONAL CLASSIFICATION

In freshwaters and in wastewater treatment it is the bacteria that are primarily
responsible for the oxidation of organic matter. However, fungi, algae, protozoa
(collectively known as the protista) and higher organisms all have important second-
ary roles in the transformation of soluble and colloidal organic matter into biomass
(Fig. 4.1). In order to function properly the micro-organisms require a source of
energy and carbon for the synthesis of new cells as well as other nutrients and trace
elements. The micro-organisms are classified as either heterotrophic or autotrophic
according to their source of nutrients. Heterotrophs require organic matter both
for energy and as a carbon source for the synthesis of new micro-organisms, while
autotrophs do not utilize organic matter but oxidize inorganic compounds for
energy and use carbon dioxide as a carbon source.

Heterotrophic bacteria, which are also referred to as saprophytes in older litera-
ture, utilize organic matter as a source of energy and carbon for the synthesis of
new cells, respiration and mobility. A small amount of energy is also lost as heat
during energy transfer reactions. The heterotrophs are subdivided into three groups
according to their dependence on free dissolved oxygen, namely aerobic, anaerobic
and facultative bacteria.

1. Aerobes require free dissolved oxygen in order to decompose organic material:

aerobic micro-organisms

Organics + O,

Aerobic micro-organisms +
CO, + H,0 + Energy (5.2)

Like all microbial reactions it is autocatalytic, that is, the micro-organisms
that are required to carry out the reaction are also produced. Aerobic bacteria
predominate in natural watercourses and are largely responsible for the self-
purification process (Section 4.1). They are also dominant in the major biological
wastewater treatment processes, such as fixed film systems and activated sludge
(Chapters 16 and 17). Aerobic processes are biochemically efficient and rapid in
comparison with other types of reactions, producing by-products that are usually
chemically simple and highly oxidized, such as carbon dioxide and water.

2. Anaerobes oxidize organic matter in the complete absence of dissolved oxygen
by utilizing the oxygen bound in other compounds, such as nitrate:

Organics + NQ, —2nacroblc micro-organisms_, A paerobic micro-organisms +
CO, + N, + Energy (5.3)

or sulphate:

Organics + SQ?~ —2nacrobic micro-organisms - A g erobic micro-organisms +
CO, + H,S + Energy (5.4)
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Anaerobic bacterial activity is found in freshwater and estuarine muds rich in
organic matter and at the treatment plant in the digestion of sludge. Anaerobic
processes are normally biochemically inefficient and generally slow, giving rise
to chemically complex by-products that are frequently foul smelling (e.g. organic
acids and sulphur-containing compounds) (Table 13.4).

3. Facultative bacteria use free dissolved oxygen when available, but in the absence
of oxygen are able to gain energy anaerobically and so are known as facultative
aerobes or equally accurately as facultative anaerobes. An example of a facul-
tative bacterium is Escherchia coli, a common and important coliform; this and
other such bacteria are common in both aerobic and anaerobic environments
and treatment systems. Often the term obligate is used as a prefix to these cat-
egories of heterotrophic bacteria to indicate that they can only grow in the pres-
ence (obligate aerobe) or absence (obligate anaerobe) of oxygen.

Autotrophic bacteria cannot utilize organic matter, instead they oxidize inorganic
compounds for energy and use carbon dioxide or carbonate as a carbon source.
There are a number of autotrophs in the aquatic ecosystem; however, only the nitri-
fying, sulphur and iron bacteria are particularly important. The nitrifying bacteria
oxidize ammonia nitrogen in a two-step reaction, initially to nitrite and finally to
nitrate (Equations (15.4) and (15.5)).

Hydrogen sulphide is given off by sulphate-reducing bacteria if the sediment, water
or wastewater becomes anaerobic. If this occurs in sewers then the slightly acidic gas
is absorbed into condensation water, which collects on the top or crown of the sewer
or on the side walls. Here, sulphur bacteria, which are able to tolerate pH levels of
1.0, oxidize the hydrogen sulphide to strong sulphuric acid using atmospheric oxygen:

st + Oxygen Thiobacillus thio-oxidans HZSO4 + Energy (5 5)

The sulphuric acid reacts with the lime in the concrete to form calcium sulphate,
which lacks structural strength. Gradually, the concrete pipe can be weakened so
much that it eventually collapses. Crown corrosion is particularly a problem in sew-
ers that are constructed on flat gradients, in warm climates, in sewers receiving
heated effluents, with wastewaters with a high sulphur content or in sewers which
are inadequately vented. Corrosion-resistant pipe material, such as vitrified clay
or polyvinyl chloride (PVC) plastic, prevents corrosion in medium-size sewers, but
in larger diameter sewers where concrete is the only possible material, corrosion
is reduced by ventilation which expels the hydrogen sulphide and reduces conden-
sation. In exceptional circumstances the wastewater is chlorinated to prevent sul-
phate-reducing bacteria forming hydrogen sulphide or the sewer is lined with a
synthetic corrosion-resistant coating.

These reactions can be described in terms of hydrogen or electron donors, which
refer to the substrate, or as hydrogen or electron acceptors, normally oxygen. During
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TaBLE 5.1

the microbial breakdown of organic matter the bacterial reaction with the highest
energy yield is preferentially selected, although this depends on the availability of the
electron acceptors (Table 5.1), with electron acceptors used in the general descending
order of dissolved oxygen, nitrate, sulphate and oxidized organic compounds. These
reactions occur within specific redox potential ranges.

The preferential selection of electron acceptors during the microbial oxidation of
organic matter (AHy). Under anaerobic conditions the oxidation of organic matter
is coupled with the reduction of B (an oxidized organic compound) to form BH,
(a reduced organic compound)

Aerobic A, + 0,—COy + HyO + energy

l All, + NO3™—N, + I1,0 + energy Decreasing
Facultative A, + S0,.27—H,8 + Hy0 + energy energy

l AHy + COy—CHy + HyO + energy yield
Anaerobic A, + B—BH, + A + energy

Not all species of iron bacteria are strictly autotrophic, however; those that are, can
oxidize inorganic ferrous (Fe?*) iron to the ferric (Fe®*) form as a source of energy.
The bacteria are filamentous and deposit oxidized iron (Fe(OH);) in their sheath.
Included in the group are those that are acidophilic (e.g. Thiobacillus ferro-oxidans)
and which are also capable of oxidizing sulphur. They mainly occur in iron-rich mine
wastewaters. Those that oxidize ferrous iron at a neutral pH include Sphaerotilus
natans and Leptothrix ochracea. These occur in natural waters with a neutral pH
and can also occur in biological wastewater treatment units. For example, they are
common in fixed-film reactors that treat domestic effluents receiving infiltration
water from coal mining areas that are rich in iron. If the domestic water supply con-
tains dissolved iron, the bacteria can also become established in water pipes, form-
ing yellow or reddish-brown slimes and tainting the water as the mature bacteria
die (Section 11.1). Iron bacteria can also be problematic in abstraction boreholes,
blocking pumps and causing quality reduction (Section 2.2).

In natural surface waters the presence of iron bacteria can be seen as a red slime
coating the substrate, as floating oily films or as a red or black coating on sediments.
They can live on the surface, in the water phase or in the sediments. The group
occur in clean as well as polluted rivers, and are also associated with groundwater
discharges that are anaerobic and bring Fe and Mn into the main stream.

Surface films are formed by Leptothrix discophora which are often mistaken for
hydrocarbon films. However, when an oily film is disturbed with a stick it reforms
while an iron bacterial film once disturbed does not rejoin. Leptothrix spp. are only
found in water where organic matter is available and unlike other sheathed bacteria
can oxidize both Fe?* and Mn?*. Sphaerotilus natans, for example, only oxidizes iron.
Flocs are formed in the water phase by Leptothrix orchracea and can vary in colour
but are normally red. Surface films or slimes on the substrate occur at redox bound-
aries where groundwater rises to form surface streams or enters exiting streams.
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These can form quite thick red coatings on the substrate and are normally caused
by Gallionella ferrugina. In slow-moving water feathery growths can be formed simi-
lar to sewage fungus. Iron bacteria have very characteristic growth shapes when
examined microscopically, for example L. discophora looks like red doughnuts,
Siderocystis conferratum corncobs and L. orchracea empty drinking straws.

5.2 OXYGEN REQUIREMENT OF BACTERIA

Free dissolved oxygen is essential for the aerobic processes of hetero- and
autotrophic bacteria. When aerobic organisms utilize organic nutrients they con-
sume dissolved oxygen at the same time. Each molecule of glucose, which is the
basic building block of all carbohydrates, requires six molecules of oxygen for com-
plete conversion to carbon dioxide and water by aerobic bacteria:

C4H,,0; + 60, —22_,6CO, + 6H,0 (5.6)

There is also a considerable oxygen demand during the nitrification of nitrogenous
compounds by autotrophic nitrifying bacteria (Section 15.1).

If the dissolved oxygen is not replaced then aerobic growth will eventually stop when
the oxygen is exhausted, allowing only the slow anaerobic processes to continue.
Microbial activity is not only oxygen-limited in the case of aerobic micro-organisms,
it is also restricted by the availability of adequate supplies of carbon, nutrients such
as nitrogen and phosphorus, trace elements and growth factors. It is the actual com-
position of micro-organisms which controls the nutrient requirements of organisms,
but as proteins are composed mainly of carbon, nitrogen and smaller amounts of
phosphorus it is these three elements which are essential for microbial growth. The
requirements of carbon, nitrogen and phosphorus by microbial cultures in wastewater
treatment processes are expressed as a ratio (C:N:P) and if the waste is deficient in
any one of these basic components, complete utilization of the wastewater cannot be
achieved. The optimum C:N:P ratio for biological oxidation is 100:5:1 (Section 13.1).

Autotrophs derive energy either from sunlight (photosynthetic) or from inorganic
oxidation-reduction reactions (chemosynthetic). Chemoautotrophs do not require
external sources of energy but utilize the energy from chemical oxidation, while
phototrophs require sunlight as an external energy source:

6C02 + 12H20 + nght photosynthetic micro-organisms C6H1206 + 602 + 6H20
(5.7)

Many inorganic ions, mainly metals, are required to ensure that bacterial enzymatic
reactions can occur so trace amounts of calcium, magnesium, sodium, potassium,
iron, manganese, cobalt, copper, molybdenum and many other elements are required.
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These are found in adequate amounts in sewage, as are micronutrients and growth
factors such as vitamins. However, if any of these materials are deficient or absent,
then microbial activity will be restricted or may even stop (Burgess ef al., 1999).

The mixed microbial cultures found in biological wastewater treatment units
degrade and subsequently remove colloidal and dissolved organic substances from
solution by enzymatic reactions. The enzymes are highly specific, catalysing only a
particular reaction, and are sensitive to environmental factors, such as temperature,
pH and metallic ions. The major types of enzyme-catalysed reactions in wastewater
biochemistry are:

(a) oxidation (the addition of oxygen or the removal of hydrogen);

(b) reduction (the addition of hydrogen or the removal of oxygen);

(c) hydrolysis (the addition of water to large molecules which results in their break-
down into smaller molecules);

(d) deamination (the removal of an NH, group from an amino acid or amine);

(e) decarboxylation (the removal of carbon dioxide).

5.3 MICROBIAL OXYGEN DEMAND

It is important to know how much oxygen will be required by micro-organisms as
they degrade organic matter present in wastewater for two reasons:

1. To ensure that sufficient oxygen is supplied during wastewater treatment so that
oxidation is complete.

2. To ensure receiving waters do not become deoxygenated due to the oxygen
demand of these micro-organisms, resulting in the death of the natural fauna
and flora.

The amount of organic matter that a stream can assimilate is limited by the avail-
ability of dissolved oxygen, which is largely determined by the rate at which oxygen
is utilized by microbial oxidation and the rate at which it can be replaced by reaera-
tion and other processes.

5.3.1 SELF-PURIFICATION

The term self-purification is defined as the restoration, by natural processes, of a
river’s natural clean state following the introduction of a discharge of polluting mat-
ter. In natural river systems, organic matter is assimilated by a number of processes
which include sedimentation, which is enhanced by mechanical and biological floccu-
lation, chemical oxidation, and the death of enteric and pathogenic micro-organisms
by exposure to sunlight. Of course, the assimilative capacity of rivers, that is, the
extent to which the river can receive waste without significant deterioration of
some quality criteria, usually the dissolved oxygen concentration, varies according
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to each river due to available dilution, existing quality and self-purification capabil-
ity. The most important process in self-purification is biochemical oxidation, that
is, the aerobic breakdown of organic material by micro-organisms, although oxida-
tion of nitrogen compounds also occurs. Biodegradable organic matter is gradually
eliminated in rivers due mainly to bacterial action, by methods very similar to those
occurring in wastewater treatment. Complex organic molecules are broken down
into simple inorganic molecules in a process requiring oxygen. In this process of
self-purification it is the attached micro-organisms, collectively known as periphy-
ton, which are normally responsible for the greatest removal, while the suspended
micro-organisms, which are mainly supplied with the discharge, are less important
in the removal of organic material. However, while the decomposition of organic
waste by micro-organisms is advantageous, the process does remove oxygen from
solution and in order to prevent the destruction of the natural fauna and flora, aer-
obic conditions must be maintained.

Water in lotic systems not only flows over the surface of the stones and finer material
that make up the riverbed, but also through it (i.e. the hyporheic zone) (Fig. 4.6).
This substrate is coated with a mixture of periphyton becoming dominated by bacte-
ria, rather than algae, and other microbiota as the depth increases. As the river flows
over the substrate, water is pulled into and down through the material with solu-
ble and colloidal organic matter oxidized by the bacteria, as is ammonia (Fig. 5.1).
The action of the substrate is similar to a fixed-film reactor used in wastewater
treatment (Chapter 16) and like percolating filters is rich in macro-invertebrates
feeding on the developed biofilm. The micro- and macrograzers control the biofilm
development ensuring air and water can freely pass through the interstices of the
substrate. The water is continuously cycled through the substrate as it travels down-
stream constantly improving in quality (Section 4.4). Depending on the nature and
depth of the substrate this can be a major mechanism in the self-purification proc-
ess. Similar effects are seen as water flows through deposited material or wetlands

Ficure 5.1
Water is pulled
through the

riverbed as it

flows downstream

with significant
improvement in

(High DO,
low nutrients,
low algal mass,
high BOD)

Downwelling Upwglling
stream water hyporheic water
(Low DO,

high nutrients
in reduced form,
high algal mass,
low BOD)

quality. This action
increases as the river
flow rate increases.
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FiGuRre 5.2

Gravels and other
deposited material
all act as substrate
for periphyton
development and

in situ the treatment
of river water.
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between meanders in lowland rivers (Fig. 5.2) or through bankside (riparian) veg-
etation. Periphyton develops on the submerged parts of the vegetation and bacteria
develop in close association with the roots of emergent vegetation (Section 18.2.2).

5.3.2 OXYGEN BALANCE

While the dissolved oxygen concentration is affected by factors such as tempera-
ture, BOD;s and salinity, oxygen depletion is prevented primarily by reaeration,
although other sources of oxygen, such as photosynthesis, may also be important
under certain conditions. It is important to know how quickly oxygen dissolves into
water and, as discussed in Section 3.5, this depends to a large extent on the concen-
tration of oxygen already in solution in relation to the saturation concentration, that
is, the oxygen deficit. In general terms, the greater the organic load to the river the
greater the response in terms of microbial activity, resulting in a larger demand for
the available dissolved oxygen.

5.3.3 REAERATION

Oxygen diffuses continuously over the air—-water interface in both directions. In the
water, the concentration of oxygen will eventually become uniform due to mixing
or, in the absence of mixing, by molecular diffusion. The rate of diffusion is propor-
tional to the concentration gradient, which has been described by Flick’s law as:

Wy 4

= (5.8)

where M is the mass transfer in time ¢ (mass-transfer rate), Ky the diffusion coef-
ficient, A the cross-sectional area across which transfer occurs and C the concentra-
tion, and x the distance of transfer (concentration gradient).

If a uniform concentration gradient is assumed, then:

W GG

= . (5.9)

where C is the concentration at saturation (Cs) and after time ¢ (C,).
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The equation can be solved as:

C, = C, — 0811(C, — Cp)le Ko +|L]e % + [21—5]6_25Kd 4o (5.10)
where C is the concentration after time 0 and,
K, m’t
Ky =4 5.11
d 4x2 ( )

2.1

The diffusion coefficient K can be expressed in mm?s~! or cm?s™!. The K for oxy-

gen in water at 20°C is 1.86 X 10 3mm?s~ !,

Aeration in time or distance can be expressed as:

a6 _

L= K(C - €) (5.12)
integrating with limit C, = Cyatt = 0:
¢ dc, t
ch ol Kzfto dr (5.13)
i.e.
C —C
log, | =*——"| = —Kyt 5.14
e [Cs - CO] 2 ( )

If D, and D, are the dissolved oxygen deficit at times ¢ and 0, respectively, and K is
the reaeration constant, then:

D
log, [F;] = —K,t (5.15)
thus,

D, = Dye ™ (5.16)

A more useful parameter than the reaeration constant (K,) is the exchange coet-
ficient f. The exchange coefficient, also known as the entry or exit coefficient, is the
mass of oxygen transferred across unit area of interface in unit time per unit con-
centration deficit:

f= & (5.17)
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dMm
e JAC, — C) (5.18)

and if a finite volume of water (1) is assumed, then:

S e ¢ 5.19
dr dt v V(S ) (5.19)

that is,
ﬁ = K,(C, — C)) (5.20)
dr
where
A
K, = f; (5.21)

where I is the volume of water below interface, 4 is the area of the air—water inter-
face and % is the mean water depth.

The exchange coefficient f is expressed in units of velocity (mmh~') and at 20°C in
British rivers it can be estimated by the formula:

f=1782x10*U" g% (5.23)

where U is the water velocity (ms™!) and H the mean depth (mm). Typical values
for f range from 20 for a sluggish polluted lowland river to over 1000 for a turbulent
unpolluted upland stream. Values for the exchange coefficient for various aeration
systems expressed in cmh ™! are summarized in Table 5.2.

In the USA, Kja (the oxygen transfer rate) is used instead of K. In Europe, K, is
used primarily for river reaeration while K a is used in modelling oxygen transfer in
wastewater operations (Section 17.3).

A rise in temperature can increase the rate of reaeration and vice versa. The reaera-
tion rate constant (K,) can be related to temperature (7)) by:

KZ(T) :K2(20)1.047(T_20) (524)

In general terms, an increase in temperature of 1°C will result in an increase in the
exchange coefficient f of about 2%.

A number of physical factors affect reaeration. The transfer of oxygen at the air—
water interface results in the surface layer of water becoming saturated with oxygen.
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Typical values for the exchange coefficient f

Aeration system f(emh™")

Stagnant water 0.4-0.6

Water flowing at 0.4mmin~!
Water polluted by sewage
Clean water

Water flowing at 0.6m min~!in a channel

Polluted water in dock and tidal basin

in a small channel

(SIS

Sluggish polluted river
Sluggish clean water about 51 mm deep

w

Thames estuary under average conditions
Water flowing at 10.06m min~!
The open sea

Water flowing at 14.94m min~!in a channel 30
Turbulent lakeland beck 30-200
Water flowing down a 30° slope 70-300

\lLlpl;[\z»l—\»—co
w

w

in a small channel

—_
oo

If the water is turbulent, as is the case in upland streams, the saturated surface layer
will be broken up and mixing will ensure that reaeration is rapid. When no mixing
occurs, as in a small pond to take an extreme example, then oxygen has to diffuse
throughout the body of the water. In some cases the diffusion rate may be too slow
to satisfy the microbial oxygen demand so that anaerobic conditions may occur at
depth. In rivers, velocity, depth, slope, channel irregularity and temperature will
all affect the rate of reaeration. To increase the rate of aeration and speed up the
self-purification process, weirs can be built below discharges. More recently, float-
ing aerators have been employed on rivers during periods of high temperature when
the dissolved oxygen concentration has fallen dangerously low. More sensitive rivers,
containing salmonid fish, have been protected by pumping pure oxygen from barges
into the river at times of particular stress. This technique has been developed specifi-
cally to control deoxygenation caused by accidental discharges of pollutants. The use
of a compressor with a perforated rubber hose has also been successfully employed.
In emergencies, for example where a deoxygenated plug of water is moving down-
stream, the local fire brigade has been able to prevent total deoxygenation by using
the powerful pumps on their tenders to recirculate as much water as possible, with
the water returned to the river via high-pressure hoses. The main advantage of this
method is that the fire crews can make their way slowly downstream, keeping abreast
of the toxic plug until it is dispersed or sufficiently diluted. Hydrogen peroxide is also
used in emergencies for rapid reaeration in larger rivers.

5.3.4 THE OXYGEN-SAG CURVE

When an organic effluent is discharged into a stream it exerts a biochemical oxygen
demand with the processes of oxygen consumption and atmospheric reaeration pro-
ceeding simultaneously. While other processes, such as photosynthesis, sedimentation
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FIGURE 5.3
Dissolved oxygen-
sag curve.

Outfall (BOD of stream is Lg)
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and oxidation of the bottom deposits, can also affect oxygen concentration, oxygen
consumption and reaeration are the primary processes affecting oxygen status.

In many cases the oxygen demand will initially exceed the reaeration rate, so the
dissolved oxygen concentration will fall downstream of the outfall (discharge point).
As the rate of diffusion across the air-water interface is directly proportional to the
oxygen deficit, if the rate of consumption lowers the oxygen concentration, the oxy-
gen mass-transfer rate will increase. At some point downstream the rates of reaera-
tion and consumption become equal and the oxygen concentration stops declining.
This is the critical point of the curve where the oxygen deficit is greatest (D.) and
the dissolved oxygen concentration is lowest (Fig. 5.3). Thereafter reaeration pre-
dominates and the dissolved oxygen concentration rises to approach saturation.
The characteristic curve, which results from plotting dissolved oxygen against time
or distance downstream, is known as the oxygen-sag curve. The long tail associated
with the recovery phase of the curve is due to the rate of mass transfer of oxygen.
As the river’s dissolved oxygen concentration recovers, the oxygen deficit is reduced
and, as the rate of mass transfer is proportional to the oxygen deficit, the rate of
reaeration slows, thus extending the curve.

The shape of the curve remains more or less the same except that the critical point
will vary according to the strength of the organic input. It is possible for the dis-
solved oxygen concentration to be reduced to zero and an anaerobic or septic zone
to be formed. Deoxygenation is generally a slow process, so the critical point may
occur some considerable distance downstream of the outfall. The degree of deoxy-
genation depends not only on the strength of the discharge, but also on dilution,
BOD of the receiving water, nature of the organic material in terms of availability
and biodegradability, temperature, reaeration rate, dissolved oxygen concentration
of the receiving water and the nature of the microbial community of the river.

The oxygen-sag curve can be expressed mathematically for idealized conditions in
terms of the initial oxygen demand, the initial dissolved oxygen concentration in
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the river and the rate constants for oxygen consumption (K;) and reaeration (K,).
These mathematical formulations were derived by Streeter and Phelps when work-
ing on the Ohio River (Streeter and Phelps, 1925). This large river had long uniform
stretches between pollution discharges, and relatively little photosynthesis, so the
only major factors affecting the oxygen status were oxygen consumption and reaera-
tion. They considered that the rate of biochemical oxidation of the organic matter
was proportional to the remaining concentration of unoxidized organic material,
typified by the first-order reaction curve (Fig. 5.4). Assuming first-order kinetics, the
oxygen demand with no aeration can be represented as:

dL

—t =-K,|L 5.25
=KL, (525)
L, =1L,—D,-d(L, — D,) = —dD, (5.26)
Thus,
db,
— =—-K|L 5.27
=KL, (527)
Reaeration with no oxygen demand:
dC,
o= Ka(G - C) (5.28)
t
Therefore,
dc, — ¢
4G =G _ g p (5.29)

dr
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So,
t
—L =-K,D, 5.30
D - k., (530)

It is possible to express both demand and aeration in terms of change in the oxygen
deficit (dD,)/dt. So for simultaneous oxygen demand and reaeration:

=t =KL, - K,D, (5.31)

where D is the dissolved oxygen deficit at time ¢ (D;), L is the ultimate BOD at time
t (L) or initially (L), K; the BOD reaction rate constant and K is the reaeration
rate constant.

Providing oxygen is not a limiting factor, the oxygen demand is not dependent on
the oxygen deficit. So, by substituting L, according to the equation:

L, = Lye X! (5.32)

% = K,Le&" — K, D, (5.33)

When this equation is integrated with limit D, = Dy when ¢ = 0:

KLy

b =1—"k
2 1

€™ —e ™) + Dpe (5.34)

which is the well-known Streeter and Phelps equation.
By changing to base 10 (K = 0.4343 k):

KLy

Dt:K—K
2 1

(105" — 1075 + Dy107 % (5.35)

The minimum dissolved oxygen concentration (the critical point), which occurs at
maximum oxygen deficit D, when dD,/d, = 0, is given by:

1 K,
L
2 1 1

(K; — KDy
KLy

1_

] (5.36)

where the critical (maximum) deficit (D,) occurs at time ¢,.

Both K; and K, in the model are assumed to be constant; however, while K; is meas-
ured by running a BOD determination in the laboratory (Section 5.4), it may vary with
time. The K, value will vary from reach to reach within the river and must be either
measured in the field, or assessed using Table 5.3. Both these constants are temper-
ature functions and so temperature effects must also be taken into consideration.
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TasLE 5.3 Typical deoxygenation (Ky) and reaeration (K,) constants

Type of water K, (to base e) day ™" Type of water K, (at 20°C) day~!
Untreated wastewater 0.35-0.70 Small ponds, backwaters 0.10-0.23
Treated wastewater 0.10-0.25 Sluggish streams, large lakes 0.23-0.35
Polluted river water 0.10-0.25 Low-velocity rivers 0.35-0.46
Average-velocity rivers 0.46-0.69
Fast rivers 0.69-1.15
Rapid rivers >1.15

For domestic sewage, K; approximates to 0.1 at 20°C while K5, which is mainly a func-
tion of turbulence, can be assessed using the equation:

(5.37)

where K, is the reaeration coefficient (base e) per hour, K, the diffusion coefficient
of oxygen into water, U the velocity of flow and H the depth. Only approximate val-
ues can be obtained. Low values represent deep, slow-moving rivers and high val-
ues shallow fast-flowing upland streams. In reality, K, is at best a crude estimate,
and often an assumed value can have severe effects on the predictive estimate. The
measurement of K; is even more critical.

The oxygen-sag curve can be more accurately assessed by providing a third point.
This is provided by the point of inflexion, where the net rate of recovery is at a max-
imum when (d?D,/df?) = 0:

2
V=g o [i—]
2 1 1

(K, — K1)Dy
KL

1- (5.38)

where the inflexion deficit (D;) occurs at time ;.

So, it is now possible to construct the oxygen-sag curve and to predict the minimum
oxygen concentration downstream of a point discharge of organic waste, such as
sewage (Fig. 5.3).

While the Streeter and Phelps model provides an extremely useful basis for the
study of the sequence of events that occur in an organically polluted river, it must be
applied with care. This is especially so in rivers where conditions change frequently,
there is appreciable photosynthesis, deposition of debris and sediment or discharges
of inhibitory or toxic substances. The model is only valid for a single pollution dis-
charge and where there is no dilution from tributaries. Where these occur the river
must be split up into discrete sections according to changes in flow or discharge, so
that each section can be treated as an individual case and the model applied. The
output data from one section provide the input data for the next, and in this way
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the entire river system can be covered to provide an overall calculation. This type of
model is the basis of predictive water quality models with many other variables, such
as benthic and nitrogenous oxygen demand, salinity and temperature, also included.

A final word of caution on the use of the Streeter and Phelps model. The model
assumes that the flow does not vary over time, that the organic matter is distributed
uniformly across the stream’s cross-section and that there is no longitudinal mixing,
with the effects of algae and bottom sediments unimportant and so neglected in the
equation. In reality, however, the dissolved oxygen-sag curve can be affected by other
factors apart from microbial oxygen demand and reaeration rate. Among those wor-
thy of further consideration are photosynthesis, with the addition of oxygen during the
day and the uptake of oxygen by plant respiration at night; benthic oxygen demand,
the removal of oxygen by gases released from the sediments and the release of soluble
organic material from the sediments which have an oxygen demand; and finally, the
input of oxidizable material from surface water. These inputs and the dissolved oxy-
gen are constantly being redistributed within the water column by longitudinal mix-
ing. Some of these factors can be easily predicted and so built into the existing model,
whereas other factors are less quantifiable. River quality is now readily simulated by
a wide range of available computer models that employ an ever increasing range of
parameters. The use of water quality models is discussed further in Section 9.4.2.

ExamPLE 5.1 A treated sewage effluent discharged to a river with a mean flow
velocity (U) of 0.1ms™! raises the BOD immediately below the mixing zone from
2.6 to 4.5mgl~!. The upstream dissolved oxygen concentration is 9.5mgl ! at a
water temperature of 12°C. The constants are derived from Table 5.3 where the
deoxygenation constant (K;) for treated wastewater is taken as 0.15day ! and the
reaeration constant (K,) for an average velocity river is taken as 0.5day~!. Calculate
the time (#.) when the minimum dissolved oxygen concentration will occur, the dis-
tance downstream (x.) where this will occur, and finally the minimum dissolved oxy-
gen concentration.

(a) Calculate initial oxygen deficit (Dy):

D, = Saturation oxygen concentration at 12°C —
Actual oxygen concentration (5.39)

10.8 — 9.5 = 1.3 mgl™
(b) Calculate ultimate oxygen demand (L):

_ BOD;
Ly = [— o ki (5.40)

B 4.5 45 1
Ly = [ 0% =058 8.52 mgl
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(c) Calculate time before minimum dissolved oxygen concentration occurs (Z.)

using Equation (5.36):
[ = 1 I 0.5 {1 _ 1.3(0.5— ().15)]
0.5—-0.15 0.15 0.15 x 8.52
t, = 2.18days.

(d) Calculate distance downstream for minimum dissolved oxygen concentration to

occur (x.). Remember to multiply by 86400 to convert flow to mday ~! and then
by 1023 to convert m to km (i.e. 86.4).
x, = Ut,
x, = 0.1 X218 X 86.4 = 18.8 km (5.41)
(e) Calculate the maximum oxygen deficit (D,):
_K —Kit,
D, = ELOe (5.42)
D, = % X 8.52 x e M = 1 84 mg !

(f) Calculate the minimum dissolved oxygen concentration (Dy,;,) where the satu-
ration concentration at 12°C (Dg,) is 10.8 mgl ™

Dyin = Dyt — D, =10.8 —1.84 = 896 mg 1"

5.4 Tue BOD TEst

There are two widely used measures of oxygen demand:

(i) The biochemical oxygen demand (BOD) test measures only the biodegradable
fraction of the wastewaters by monitoring the assimilation of organic material
by aerobic micro-organisms over a set period under strictly controlled condi-
tions, usually 5 days at 20°C in the dark.

(ii) The chemical oxygen demand (COD) measures the organic content in terms
of both biodegradable and non-biodegradable compounds by oxidizing them
using a strong oxidizing agent (e.g. potassium dichromate — K,Cr,0O;) under
acidic conditions.

The BOD is a time-consuming test requiring a 5-day incubation period compared to
the simpler COD test which is completed within the same day. Unlike the BOD, the
COD test is unaffected by the presence of toxic substances, resulting in better preci-
sion and reliability. So while the COD is now widely used, the test is both expensive
and produces toxic waste products that can be difficult to dispose of sustainably.
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For these reasons there is growing interest in replacing the COD with another test,
total organic carbon (TOC). This has been made possible due to new, rapid, auto-
mated processes such high-temperature catalytic oxidation. The sample is injected onto
a platinum catalyst at 680°C in an oxygen-rich atmosphere and the TOC measured as
the CO, generated during combustion using a non-dispersive infrared detector.

The COD will always be higher than the BOD as the former includes substances
that are chemically oxidized as well as biologically oxidized. The ratio of COD:BOD
provides a useful guide to the proportion of organic material present in wastewaters
that is biodegradable, although some polysaccharides, such as cellulose, can only
be degraded anaerobically and so will not be included in the BOD estimation. The
COD:BOD relationship varies from 1.25 to 2.50 for organic wastewaters depending
on the waste being analysed. The ratio increases with each stage of biological treat-
ment as biodegradable matter is consumed but non-biodegradable organics remain
that are oxidized in the COD test. After biological treatment the COD:BOD of
sewage can be >12:1. The relationship remains fairly constant for specific wastes,
although the correlation is much poorer when the COD values are <100mgO,17!.

The COD of domestic wastewater can be approximated by (Aziz and Tebbutt, 1980):

COD = 1.64 x BOD — 11.36 (543)

Not all the substrate within the BOD bottle will be oxidized to CO,; some will be
converted to new cells. So, if a simple organic source like glucose is oxidized both
chemically and biologically, there will be a discrepancy. For example, the COD test
will predict an oxygen consumption of 192gO,mol ! of glucose compared with only
150gO,mol ! using the BOD test. So the BOD test does not give a measure of the
total oxidizable matter present in wastewaters, because of the presence of considerable
quantities of carbonaceous matter resistant to biological oxidation. However, it does
indicate the potential possessed by a wastewater for deoxygenating a river or stream.

Complete breakdown of even the most biodegradable wastes can take several
weeks, so during the 5-day test only a proportion of the organic material will be
broken down. Some organic materials, such as cellulose, can remain virtually unaf-
fected by aerobic micro-organisms, only being broken down anaerobically. When
the organic fraction has been aerobically broken down as completely as possible,
the oxygen consumed is termed the ultimate BOD or ultimate oxygen demand.

The test can incorporate two distinct stages forming the characteristic BOD curve
(Fig. 5.5). Stage 1 is the basic curve and represents the carbonaceous material which
can take up to 3 weeks to be fully degraded at 20°C, while in stage II the nitrog-
enous material is oxidized. The oxygen demand from nitrification is only important
in wastewaters. In raw wastewaters, nitrification only becomes a significant source
of oxygen demand after 8-10 days, while in partially treated effluents nitrification
can dominate the oxygen demand after just a few days (Fig. 5.6).
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The BODs measures only the readily assimilable organic material (carbonaceous)
with the low molecular weight carbohydrates in particular being primarily utilized.
The BODj gives a far more reliable estimation of the possible oxygen demand
that a waste will have on a river than the COD test, which also measures the more
refractory (non-biodegradable) compounds. Owing to the similarity between the
self-purification and wastewater treatment process, the BOD test continues to be
widely used as a measure of organic strength of river water and effluents.

With domestic wastewaters, only 60-70% of the total carbonaceous BOD is meas-
ured within 5 days at 20°C (BODjs), with only the most biodegradable fraction uti-
lized. For most materials, an incubation period of about 20 days (BOD,) is required
for complete breakdown, even though some more recalcitrant organic compounds,
such as certain polysaccharides, will not have been degraded even then. The test is
essentially the oxidation of carbonaceous matter:

C,H,0, — CO, + H,0 (5.44)
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However, while this first stage may be the only component of the BOD curve, often
a second stage is present, nitrification. Where necessary this second stage can be
suppressed by the addition of allythiourea (ATU) to the sample. The addition of
0.5mgl™! ATU prevents the onset of nitrification for a period of up to 9 days with
no effect on carbonaceous oxidation. Theoretically, 3.4g of oxygen is required by
Nitrosomonas to oxidize 1g of ammonia to nitrite and a further 1.14 g of oxygen by
Nitrobacter to oxidize 1g of nitrite to nitrate. The extent of nitrification in the BOD
test can be easily measured by incubating a parallel set of samples, one with and
one without nitrification suppressed, the difference being the nitrogenous oxygen
demand. The ultimate oxygen demand (L) can be estimated from the BODs with
ATU (BODsaty)) value as:

L = (1.5 X BODsaqy, + (4.6 X NH; — N) (5.45)

Glucose (CgH,04) is used as a reference for the BOD test and is also useful for
examining the stoichiometry of the test. Glucose is completely oxidized as:

C6H12O() + 602 — 6C02 + 6H20 (546)

For complete oxidation a glucose solution of 300mgl~! concentration will require
320mgl~! of oxygen at 20°C. However, using the standard 5-day BODj test only
224 mg of oxygen is utilized, with complete oxidation taking longer than 5 days. So the
BOD; only measures part of the total oxygen demand of any waste, and in this case:

BODs _ 224 _ 24g,
BOD,, 300

The BOD has been traditionally modelled as a continuous first-order reaction, so
that the rate of breakdown of carbonaceous material is proportional to the amount
of material remaining. In this type of reaction the rate of breakdown is at first rapid
when the organic content is high, but gets progressively slower as the organic material
is utilized. This can be expressed as:

d
— =—-K|L 5.47
=K (547)

where K is the BOD reaction rate constant and L the ultimate BOD (carbonaceous
only).

This integrates to:

L = Lye ™ (5.48)

where the initial BOD (L) is L, after time ¢. The amount of oxygen consumed dur-
ing the BOD test period (Y) is:

Y=1,-1L, (5.49)
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So,
Y = Ly(1 —e %) (5.50)
or using base 10:
Y = Ly1 — 1075 (5.51)

Thus, for a test where 65% of the carbonaceous material is broken down within the
5 days, K; will equal 0.223day ! and the removal rate is approximately 20% per
day. Therefore, 95% removal will take 13 days and 99% removal 21 days, although
adherence to the relationship between K; at base e and base 10 is:

K, = 2.303K,, (5.52)

It is convention to quote K; to base 10. The rate constant K; varies according to the
quantity and nature of the organic matter present, the temperature and the type
of micro-organisms in the wastewater. This can be best illustrated by considering
the way in which micro-organisms utilize the available organic material present.
Essentially two reactions take place within a BOD bottle, a rapid synthesis reac-
tion in which there is a rapid consumption of oxygen due to the high concentration
of available organics, which is characteristic of raw wastewaters or effluents high in
low molecular weight carbohydrates, followed by a slower endogenous metabolism
(Fig. 5.7). In treated effluents most of the organics originally present in the waste-
water have been removed, so oxygen is consumed at the lower endogenous rate.
Therefore, the greater the rate of reaction due to the concentration of assimilable
organic material, the larger the K, value. The average BOD rate constant at 20°C
ranges from 0.04 to 0.08 for rivers with low pollution, 0.06 to 0.10 for biologically
treated effluents, 0.12 to 0.22 for partially treated effluents and those using high-
rate systems, and 0.15 to 0.28 for untreated wastewaters (Table 5.3). It is possible
for samples with different reaction rates to have the same BODjs (Fig. 5.8).

The rate constant K; and the ultimate BOD (L) are traditionally calculated using
the Thomas graphical method. The procedure is based on the function:

2/3
Kl

sk ! (39

t 1/3
[—] =Q3K,L)"+
y

where y is the BOD exerted in time #, K; the reaction rate constant (base 10) and L
the ultimate BOD. This equation forms a straight line with (¢/y)" plotted as a func-
tion of time ¢. The slope K;%%/3.43L'" and the intercept (2.3K,L)~* of the line of
best fit of the data are used to calculate K; and L.
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Using the form Z =a + bt for the straight line where Z= (¢y)'* and
b = K%3/3.43L'3:

K, = 2.61[9] (5.54)
a
= ;
23K,a’ (5.55)

EXxAaMPLE 5.2  Over a 10-day period the BOD was measured every second day.
From these data (t/y)' can be calculated:

¢ (day™") 2 4 6 8 10
¥ (mgl™h 14 22 27 30 32
(/)13 0.523 0.567 0.606 0.044 0.679
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The graph of (¢/y)"? is plotted against ¢ (Fig. 5.9) and from this the intercept can be
measured (¢ = 0.481) and slope b calculated:

Slope b = % = 0.021

From these values the rate reaction rate K; and the ultimate BOD (L) can be
estimated:

K, = 2.61[9]
a
= 2.61[%] =0.114
0.481
L= 1 3
23K a
1 -1

5 = 343mgl
2.3(0.114)(0.481)

BOD is now most commonly measured using simple 250 ml mini-repirometers (e.g.
WTW OxiTop®). Micro-organisms in the sample consume oxygen as they utilize the
organic matter present, producing CO, which is adsorbed by NaOH within the bot-
tle. This creates a vacuum which is converted to mgO, consumed (i.e. the BOD)
(Gray, 2004).
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the American Public Health Association, the American Water Works Association and the
Water Environment Federation. It is the most widely used reference work for all chemical,
physical, microbiological and biological analyses. This site gives you an overview of current
methods, although a subscription is required for access to detailed methods.

http://www.standardmethods.org/

INTERNATIONAL ORGANIZATION FOR STANDARDIZATION

The ISO is a network of national standards institutes of 159 countries that produces standard
methods. The site gives details of the most up-to-date methods for all water and wastewa-
ter analyses, although full methods are only downloadable via a subscription or payment per
method.

http://www.iso.org/iso/home.htm
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INTRODUCTION

Even the most well-treated effluent from a sewage treatment plant is not as clean as
river water and will contain a wide variety of substances including partially oxidized
organic and inorganic material. Whenever an effluent enters a receiving water there
will always be some change in water quality and a resultant change in the commu-
nity structure.

The effect of pollutants on river communities depends on:

(a) the type of pollutant;
(b) its concentration in the water;
(c) the length of exposure to the community.

These effects can be summarized according to their physico-chemical or biological
nature as:

(a) the addition of toxic substances;

(b) the addition of suspended solids;

(c) deoxygenation;

(d) the addition of non-toxic salts;

(e) heating the water;

(f) the effect on the buffering system;

(g) the addition of human, animal and plant pathogens.

These effects rarely occur singly and often occur all together (e.g. sewage).
Therefore, most discharges to water are classed as multi-factor pollutants. Each of
these major effects is considered below except for faecal contamination or contami-
nation by other pathogens (g) which is examined in Chapter 12. The introduction of
alien plant and animal species can also be considered as pollution (Section 3.1.2).
The effects of climate change are explored in Section 23.2.

The concentration of a pollutant reaching a particular organism or site is dependent
on a number of factors. Holdgate (1979) summarized these in Fig. 6.1 which shows
that three rate processes are involved: (i) the rate of emission of the pollutant from

117
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Ficure 6.1  Holdgate’s generalized pollutant pathway. (Reproduced from Holdgate (1979) with permission of
Cambridge University Press.)

its source — this may be intermittent or continuous and will be variable in concen-
tration or constant; (ii) the rate of transport through the system which depends on
the dispersion characteristics of both the pollutant (e.g. density, solubility, diffusion
coefficient, etc.) and the medium (e.g. current direction, rate of flow, rate of mix-
ing, adsorption properties, etc.); and (iii) the rate of removal, which depends on the
dilution, sedimentation, and both chemical and biological transformations. Removal
may or may not be permanent. For example, filter feeders may remove pollutants
from the water and break them down or alternatively bioaccumulate them as long-
lasting residues. However, accumulation is essentially a closed loop from which
material will eventually re-enter the environment when the accumulator dies or sedi-
ment is remobilized. The pathway, as can be seen in Fig. 6.1, is essentially linear with
the amount reaching the target organism or site a function of the amount emitted.

6.1 Toxic SUBSTANCES

Toxic substances, which include heavy metals and trace organics, decrease in con-
centration downstream after discharge due to dilution and removal by precipitation
and adsorption. Metals are lost from solution by precipitation as the pH changes.
Most metals are highly soluble in circumneutral waters (Fig. 6.2) with the excep-
tion of iron and aluminium which are least soluble between pH6.5 and 7.5 (Fig. 6.3).
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Aluminium is particularly toxic to freshwater organisms which become increasingly vul-
nerable as the metal is solubilized due to either acidity (Section 6.6) or eutrophication
causing extreme alkaline conditions (Section 6.4). Many organic poisons are degraded,
while some harmless organics are broken down to produce toxic substances, such as
ammonia and sulphides, resulting in an increase in toxicity and a reduction in dissolved
oxygen further downstream. Other toxic material is adsorbed onto suspended and other
particulate matter, and eventually settles out of suspension. The toxicity of heavy metals
can be listed in order of decreasing toxicity as Hg > Cd > Cu > Zn > Ni > Pb > Cr >
Al > Co, although this is only approximate as the vulnerability of species to individual
metals varies (see Interactive Sites: ECOTOX Database, below). Toxicity also varies
according to environmental conditions that control the chemical speciation of the metals
(Campbell and Stokes, 1985; Tessier and Turner, 1995).

Adsorption is primarily controlled by the surface area of particles; therefore,
adsorption capacity is inversely proportional to particle size. In practice, the finest
sediments are the richest in trace elements. Pollutants and nutrients associated with
particulate matter can be partitioned into different phases or forms (speciation).
The major forms in which pollutants and nutrients occur in particulate matter are,
in terms of the most to least reactive:

(a) adsorbed (electrostatically or specifically) onto mineral particles;

(b) bound to the organic matter (e.g. organic debris and humic substances);

(c) bound to carbonates;

(d) bound to sulphides;

(e) occluded in Fe and Mn oxides which occur commonly as coatings on particles;

(f) within a mineral lattice (e.g. calcium phosphate for P, copper oxide or sulphide
for Cu);

(g) insilicates and other non-alterable minerals.

Under non-polluted conditions the majority of inorganic compounds, for example
trace elements and phosphorus, are found in categories (e), (f) and (g). Under pol-
luted conditions discharged compounds are mainly adsorbed onto mineral particles
(a) and/or bound to organic matter (b). The majority of synthetic organic com-
pounds are found in the adsorbed fractions. Particulate organic matter has a very
high surface area and so a very high adsorption capacity. Therefore, the concentra-
tion of pollutants in sediments is often proportional to the amount of organic mat-
ter present or to the amount of carbon adsorbed onto mineral surfaces.

Toxicity of metals is reduced in waters rich in humic acids (humic and fulvic acids)
as they become bound to the organic compounds, a process known as chelation.
While these organic compounds remain in solution the metals are essentially una-
vailable biologically. Metals can also react with organic compounds to form toxic
organo-metal complexes (e.g. methyl-mercury and butyl-tin). Hardness also plays an
important part in metal toxicity, which varies depending on the concentration of cal-
cium in the water. For example, the higher the concentration of Ca®*, the lower the
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The permissible concentration (I) of Zn and the recommended concentration
(G) of Cu in rivers of different hardness in order to sustain fish life

Hardness of water mg CaCO3l™"

10 50 100 200
Total zinc (mgl™")
Salmonid waters 0.03 0.2 0.3 0.5
Cyprinid waters 0.3 0.7 1.0 2.0

Total copper (mgl™1)
Salmonid waters 0.005% 0.022 0.04 0.112

Cyprinid waters

aThe presence of fish in waters containing higher concentrations of copper at this
hardness may indicate a predominance of dissolved organo-cupric complexes.
Adapted from the EU Freshwater Fish Directive (78/659/EEC), reproduced with

permission of the European Commission, Luxembourg.

toxicity of Hg, Pb, Cu and Zn. This is reflected in the EU Freshwater Fish Directive
(Table 6.1).

Toxic compounds are rarely present on their own so that the response of organisms
to individual pollutants is often different when other pollutants or compounds are
present. Normally the combined effects of two or more toxic compounds is additive,
for example Zn + Cd, but they can also increase (synergism) or decrease (antago-
nism) the toxic effects of the compounds when acting independently. For example,
Cu is synergistic when present with Zn, Cd or Hg, while Ca is antagonistic with Pb,
Zn and Al (Table 6.1). This is shown in Fig. 6.4 where the response of 1 unit of pol-
lutant A in the absence of pollutant B is 1.0 (i.e. its lethal concentration 50 (LCs))
and the response of 1 unit of B is also 1.0 in the absence of A. If the combined
response of A + B falls on the diagonal line, for example 0.2A + 0.8B, the effect
is additive. If, however, the response falls below the diagonal line, for example
0.3A + 0.5B, the effect is synergistic showing that A + B increases the combined
toxicity effect. If the response is above the line, for example 0.6A + 0.8B, then it
is antagonistic with A + B decreasing the combined toxicity effect. Detergents act
synergistically with all pollutants as they reduce the surface tension on the gill mem-
branes in freshwater organisms, especially fish, which increases the permeability of
metals and other toxic compounds.

Toxicity is generally classified as either acute (i.e. a large dose over a short duration
resulting in a rapid critical response that is often lethal) or chronic (i.e. a low dose
over a long duration which is normally non-lethal but may eventually cause perma-
nent debilitating effects). These effects may be behavioural as well as physiological.
Toxicity can also be cumulative with effects brought about by successive exposures.

There are a wide variety of methods for assessing toxicity. These usually involve the
exposure of test organisms, such as zooplankton, macro-invertebrates or fish, to a
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range of polluting concentrations or mixtures of pollutants over prolonged time
periods. The most widely adopted toxicity assessment procedure is the measure-
ment of lethal concentration (LC) where toxicity of a pollutant is expressed as the
percentage of organisms killed at a particular concentration over a set time period
(Blaise and Férard, 2005). So the 96h LCs is the concentration of pollutant that
results in 50% mortality of the test organism over a test period of 96h. The effec-
tive concentration (EC) is used as an alternative to LC when death is not used as
the end point of the test, but another effect is used such as loss of movement or
developmental abnormalities. The LCs, varies between organisms due to sensitivity,
which in turn is affected by factors such as sex, age or acclimation (i.e. acquired tol-
erance). For example, the common macro-invertebrate indicators Gammarus pulex,
Asellus aquaticus and Chironomus riparius show difference sensitivities to common
pollutants. The reported 96h LCs test values for Cd are 0.03, 0.60, 200mg1~%; phe-
nol 69, 180 and 240 mgl~!; ammonia 2.05, 2.30 and 1.65mg !, respectively.

The US EPA has listed 129 priority compounds that pose a serious risk to aquatic
habitats. Similarly, the EU has placed toxic compounds into two priority lists under
the Dangerous Substances Directive (76/464/EEC). List I, the black list, includes
those compounds that must not be discharged to aquatic habitats. The criteria for
inclusion into List I is based on compound toxicity, persistence and bioaccumula-
tion potential. List II, the grey list, compounds are less dangerous but can result in
chronic toxicity (Table 8.14). In 2013 the control of such compounds in Europe will
come under the control of the EU Water Framework Directive (2000/60/EC) which
includes a list of toxic compounds known as priority hazardous substances (PHS)
(Table 8.15) (Sections 7.3.8 and 8.3). In the UK it is estimated that sewage contains
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traces of up to 60000 different chemicals. The effects of toxic compounds on the
treatment of wastewaters are examined in Section 15.3.

Pollutants, especially metals and pesticides, are readily accumulated in organisms.
Biomagnification is where pollutants increase in concentration through the food
chain with maximum concentrations found in the top carnivores (e.g. mercury and
organochlorine pesticides). For example, the concentration of polychlorinated biphe-
nyls (PCB) in the Firth of Clyde in Scotland during October 1989 was 0.01pgl™ !,
yet the concentration in shellfish was 200-800 g1~ a concentration factor of up to
80000. During the same period concentration factors of up to 300000 were recorded
for dieldrin and dichloro-diphenyl-trichloroethane (DDT). Bioaccumulation is
independent of trophic level with uptake normally directly from the water (e.g.
Cd and Zn). While metal concentrations in many algae and bacteria are directly
related to metal concentration in the water, this is not usually the case with
macro-invertebrates or fish. Pollutants can be taken up via food or water, and this
varies according to the pollutant and the organism. Burrowing macro-invertebrates
tend to obtain Cd and Zn from ingested food, while surface dwellers such as
Asellus and Gammarus generally take up these metals directly from the water.
Bioaccumulation and biomagnification of metals can affect the whole food chain
resulting in high concentrations in shellfish or fish that could be eaten by humans.
The most well-known example biomagnification is the poisoning of the inhabitants
of Minamata, a small town on the west coast of Kyushu Island (Japan), by methyl
mercury that had accumulated in the fish used as the staple diet of the islanders
(Laws, 1993). The mercury originated from wastewater containing mercuric sul-
phate, which was used as a catalyst in the production of polyvinyl chloride (PVC)
at a local factory. While 43 deaths were recorded between 1953 and 1956, the dis-
charge continued until 1988 with serious mercury pollution still present. To date,
18000 people are thought to have been affected by mercuric poisoning from the
factory. Mercury is usually discharged in its inorganic form (Hg?") and is converted
to the highly toxic methyl mercury (Hg(CHj;),) by microbial action. It is the methyl
form that is more readily absorbed by tissues and dissolves in fat, with biomagnifica-
tion reported as high as 3.6 X 10° in fish from Minamata Bay.

While it is difficult to generalize, the overall effect of toxic compounds on the biota
is a rapid reduction of both species diversity and abundance leading to complete
elimination of all species if toxic concentrations are sufficient. Recovery is generally
slow with tolerant species returning first, often at elevated population densities due
to a lack of competition (Fig. 6.5). Each species shows a different tolerance to dif-
ferent toxic compounds, while indirect effects can also be significant. For example,
if a sensitive plant species is eliminated then tolerant macro-invertebrate species
dependent on it will also be excluded. Other pollutants included in this category
are pharmaceutical and personal care products (PPCPs) and endocrine-disrupting
compounds, both natural and synthetic, both of which are common in wastewater
effluents. These are considered in detail in Section 13.1.
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6.2 SUSPENDED SOLIDS

Solids discharged to water settle out downstream, the rate depending on the size
of the particles and the turbulence (Figs 6.6 and 6.7). Settlement especially occurs
where the turbulence is lowest (e.g. behind weirs and in pools). Suspended and set-
tleable solids are produced by a wide range of industries (Table 6.2), and can be
classed as either inert or oxidizable (degradable).

6.2.1 INERT SOLIDS

Inert solids come from mining activity, coal washing, construction sites, particularly
road and bridge construction, river channelling and dredging. The solids accumulate
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Examples of typical suspended solids concentrations in rivers and effluents

Source Suspended solids concentrations (mgl™')
Industrial

China clay 500-100000
Paper manufacture 200-3000
Tannery 2000-5000
Meat packing 1000-3000
Cannery 200-2500
Sugar beet 800-5000
Sewer

Storm water overflow 500-3000
Raw sewage 300-300
Treated sewage

Primary sewage treatment only 200-350
Secondary sewage 30

on the riverbed and gradually extend further downstream. Floods may extend such
solids even further. The primary (direct) effects are as follows:

1. The inert particles clog the feeding mechanisms of filter feeders and the gills of
aquatic animals, which are both eliminated if the effect is prolonged.

2. Stony erosional substrates become coated with the solids, smothering the fauna
and replacing them with silty dwelling species (Section 4.4).

3. With the increased turbidity light penetration is reduced, depressing photosyn-
thesis and reducing primary productivity. This affects the whole food web.
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There are also numerous secondary (indirect) effects. These include:

(a) the elimination of predators that feed on eliminated organisms (i.e. a food
shortage);

(b) the possible loss of macrophytes will result in a loss of shelter, reduction in
habitat diversity and an increased loss of animals due to greater predation and
scouring.

The general effect is a suppression of both species diversity and abundance, as the
diversity of habitats is reduced. There is a selective increase in a few species that
are adapted to survive the stress imposed by the solids (Fig. 6.8). However, due
to the lack of organic matter in the sediment, abundance of burrowing organisms
will be low. Fines from washing gravel and road chippings can extend silt deltas in
rivers. While this can have a positive effect in some rivers by encouraging reed
development including alder/willow, the effects are generally undesirable.

6.2.2 OXIDIZABLE SOLIDS

These settle out in the same way as inert solids but once deposited they decompose.
Gradually a balance results between the rate of settlement and decomposition,
and so the effect decreases downstream. However, as the rate of decomposition is
very slow, the area affected can be quite large. The solids blanket the substrate and
undergo anaerobic decomposition releasing methane, sulphide, ammonia and other
toxic compounds (Fig. 19.1). Irregular areas of deposition can occur further down-
stream at dams, weirs and pools, resulting in localized areas of high oxygen demand,
even though at this point the rest of the river is unaffected. Sensitive benthic organ-
isms are rapidly eliminated and, due to the increased organic matter, are replaced
by high population densities of a few species tolerant of low oxygen silty conditions
(Fig. 6.9).
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6.3 DEOXYGENATION

Oxygen is not very soluble in water and the concentration available to the biota is
a function between oxygen demand, the water temperature and the rate of diffu-
sion. This is explained in detail in Section 3.5. The survival of the biota is dependent
on the extent to which their oxygen demand can be matched by the availability of
oxygen from the environment. Oxygen is an important limiting factor for all fresh-
water organisms, and for fish in particular (Table 3.10). Inputs of readily oxidizable
organic matter cause the dissolved oxygen concentration to fall downstream due to
a gradual increase in bacterial activity (Fig. 6.10). As the oxygen deficit increases,
the rate of transfer increases; however, when the rate of oxygen consumption by the
bacteria is greater than that diffusing from the atmosphere, the dissolved oxygen
concentration falls and may reach anaerobic conditions. Recovery occurs once this
is reversed, but as the oxygen deficit decreases so will the rate of oxygen transfer.
This slows the rate of recovery resulting in the typical shape of the oxygen-sag curve
(Fig. 6.10). While deoxygenation is generally due to bacterial decomposition it can also
be caused by autotrophic bacterial action. This is examined in detail in Section 5.3.
Foam from non-biodegradable detergents or the presence of oil on the surface
of water can significantly reduce the oxygen transfer rate. A thick film of oil can
eliminate oxygen transfer altogether. Once anaerobic conditions prevail the oxygen
demand falls off, but reduced substances that are produced and that build up fur-
ther downstream cause a further oxygen demand.

The effect on the biota depends on the oxygen demand (Table 6.3) and the subse-
quent reduction in dissolved oxygen concentration in the water. The first response
to the increase in soluble organic matter is rapid bacterial growth. This, and the
development of sewage fungus, which is a massive development of the periphyton
(mainly filamentous bacteria, fungus and protozoa) that smothers the riverbed as
a thick wool-like growth, is responsible for the high oxygen demand (Fig. 6.11)
(Gray, 1985).
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Ficure 6.10
The oxygen-sag
curve.

TABLE 6.3

100% saturation

Maximum (critical)
oxygen deficit

Dissolved oxygen (DO) concentration

Minimum DO
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‘ P/R ratio decreasing P/R ratio increasing

Critical distance

Typical BOD concentration ranges expected in rivers and effluents

Source BOD (mgl™)
Natural background levels expected

Upland streams 0.5-2.0
Lowland streams 2.0-5.0
Large lowland rivers 3.0-7.0
Sewage

Raw/crude sewage 200-800
Treated effluent 3-50
Agricultural

Pig slurry 25000-35000
Poultry 24 000-70000
Silage 60000
Processing

Abattoir 650-2500
Meat processing 2000-3000
Sugar beet 3500-5000
Dairy

Milk manufacture 300-2000
Cheese manufacture 1500-2000
Breweries 500-1300

The presence of sewage fungus is the most obvious visual sign of organic pollution
in lotic systems, and in contrast to its name it can be caused by any source of organic
enrichment and is usually comprised of filamentous bacteria. The main sewage fun-
gus forming organisms are given in Table 6.4, while its impact on lotic ecosystems is
summarized in Fig. 6.12.
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The occurrence of the commonest slime-forming organisms expressed as a percentage
of the total sites examined in the UK (Curtis and Harrington, 1971) and Ireland

UK

Ireland

Dominant  Secondary Total

Dominant Secondary Total

Bacteria

Beggiatoa alba 6.3
Flavobacterium spp. 3.1
Sphaerotilus natans  52.1

Zoogloea spp. 58.5

Fungi

Fusarium 1.9
aquaeductuum

Geotrichium 4.4
candidum

Leptomitus lacteus 3.1

Protozoa

Carchesium 6.3
polypinum

Algae

Stigeoclonium tenue 3.1

21.4
371
371
34.0

3.1

0.6

10.1

7.6

277
40.2
89.2
92.5

1.9

7.5

3.7

16.4

10.7

5.5 23.3 28.8
0 0 0
52.8 23.3 76.1
111 43.3 54.4
5.5 0 5.5
0 0 0
22.2 3.3 25.5
2.8 0 2.8
0 3.3 3.3

Reproduced from Gray (1985) with permission of Cambridge Philosophical Society,

Cambridge.
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Summary of the major pathways and subsequent effects of sewage fungus in lotic ecosystems.

If a severe deficiency occurs most of the normal clean water will be eliminated
and replaced by large population densities of tolerant species. The response of the
biota in lotic systems to organic pollution is summarized in Fig. 6.13. The affected
river can be broken down into various zones describing the impact and recovery,
although the length of each zone depends on the amount of organic matter in
the effluent and the rate of reaeration (Table 6.5). Therefore, a fast-flowing tur-
bulent river recovers over a shorter distance than a slower non-turbulent river.
Downstream of the outfall the biochemical oxygen demand (BOD) concentration
decreases (Section 5.4), the oxygen concentration increases so that the least sensi-
tive organisms reappear first (i.e. Tubificidae — Chironomus — Asellus). Often if less
tolerant predators or competitors are absent then exceptionally abundant popula-
tion levels occur where it first appears.

6.4 ADDITION OF NON-TOXIC SALTS

The effect of non-toxic salts can be split into two categories. Salinization results in
an increase in conductivity and salinity due to anions such as Cl~ and SO3~ and
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TABLE 6.5
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Summary of effects of an organic discharge on a lotic (river) system showing various
pollutional zones as seen in Fig. 6.9

Organic pollution

Zone Clean water Gross pollution Lesser pollution Recovery  Clean water

Dissolved High Very low Low Moderate High

oxygen

BOD Low Very high to high Moderate Moderate Low

Species High Very low Low Moderate High

diversity

Key Clean water  Free bacteria Sewage fungus Filamentous Clean water

Organism Fauna/flora  Tubificidae Ciliates Algae Fauna/flora
Chironomus Asellus

cations such as K* and Na*. Eutrophication is due to increases in the nutrients P
and N that promote plant biomass.

The main sources of mineral salts associated with salanization are:

(a) mining wastewaters;

(b) industrial wastewaters;

(c) increased evaporation or evapotranspiration in the catchment, although this is
mainly a phenomenon of sub-arid regions only.
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Among the expected salts that occur as major point sources are Cl~, K* and Na™
from potash and salt mines; SO~ from iron and coal mines; specific ions from
industrial and mining sources with Na™ and CO3 common industrial wastes. Other
minor point and dispersed sources (principally Na®, Cl-, Ca?*, SO7") that may be
locally important include domestic wastewater, atmospheric pollution, de-icing salts
and fertilizer run-off. Conductivity is used to monitor such wastes. Non-essential
ions are not removed by sewage treatment or water treatment. Therefore, any salts
discharged to sewers are discharged with the final effluent after treatment. Urine
contains 1% NaCl and this builds up in surface water when it is recycled as drinking
water. This is why some recycled waters have a dull flat taste that is characteristic of
waters with a high CI™ concentration before they begin to taste salty. The concen-
tration of these salts can only be reduced by dilution and assimilation downstream.

Nutrients that cause eutrophication are principally N and P. These come from ferti-
lizer use, waste tip leachate and as the breakdown products of sewage (NOj3, SO?~,
POy ). The major source of phosphate in wastewaters is from the widespread use
of linear alkylate sulphonate (LAS) detergents that employ sodium tripolyphos-
phate builders (Section 13.1). Other components of detergent formulations are
toxic, such as boron from perborate additives (Table 13.3), and can adversely affect
crops when contaminated surface water is used for irrigation. The ratio of N:P in
water can identify which nutrient is most likely to be limiting to eutrophication. If
the N:P ratio is >16:1 then P is most likely to be the nutrient limiting algal develop-
ment, while at ratios <16:1, N is probably limiting. These nutrients cause increased
algal growth leading to eutrophication and a possible fall in dissolved oxygen.
Eutrophication in lakes is readily modelled (Golterman, 1991). Vollenweider (1975)
proposed a simple input-output model (Equation (6.1)) assuming steady-state con-
ditions with nutrient loading and flushing rates remaining constant with time and
with uniform mixing:

L -3
p=_= ,
z2(r, — 1) s (1)

where P is the total phosphorus concentration (gm ) measured at time of com-
plete mixing just prior to stratification in spring, L is the annual loading of phos-
phorus per unit area (gm ™2 year™!), z is the mean depth (m), 7, is the sedimentation
rate coefficient (i.e. the fraction of phosphorus lost per annum to the sediment) and
r¢ is the hydraulic flushing rate (i.e. the number of times the entire lake water vol-
ume is replaced annually). Using this model permissible loadings for nutrients can
be calculated.

Unless nutrients are discharged directly to lotic systems (e.g. agricultural run-off)
the algal (eutrophication) zone normally occurs some distance downstream of an
organic waste discharge for two reasons. First, organic matter has to be broken down
to release nutrients and second, reduced light penetration due to a high turbidity
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caused by bacteria. In England, over 70% of nitrates and 40% of phosphates in
rivers originate from agricultural land, with 29% of rivers in 2002 having a nitrate
concentration >30mgl~!. These nutrient-rich catchments are associated with areas
of intensive arable farming (Fig. 8.2). River nitrate concentrations show definite
seasonal trends being low in summer and high in winter, especially during times of
high surface run-off. The worse scenario for nitrate pollution is heavy rainfall after
a dry summer when nitrogen has been able to accumulate in the soil. While nitrate
concentrations in rivers appear to be levelling off, it will be many decades before
any reversal in nitrate concentration is seen in aquifers with long retention times.
Remediation is discussed in Sections 8.4 and 11.1.3.

The effect of eutrophication in lotic systems depends on flow velocity and stream
order. For example, in small streams and rivers eutrophication promotes mac-
rophyte growth or periphyton including the development of filamentous algae. In
medium-sized rivers periphyton is promoted by increased nutrients and, to a lesser
extent, macrophyte growth. In large rivers phytoplankton dominates rather than
macrophytes due to greater turbidity and depth. Moderate increases in primary pro-
ductivity as plant growth will increase the abundance of herbivorous and detritivo-
rous animals. This results in an increase in overall productivity, including fish, in the
system as well as increasing overall species diversity (Section 4.2). The main effects
of eutrophication can be summarized as:

(a) blanketing of substrata resulting in a reduction in habitat diversity;

(b) reduction of oxygen concentration and light penetration in water;

(c) species diversity is often reduced with different dominant species;

(d) salmonids are eliminated;

(e) agal blooms can result in the production of algal toxins which are harmful to
the biota and animals drinking the water (Section 6.4.1);

(f) algal blooms cause discoloration of the water and production of offensive tastes
and odours (Section 11.1);

(g) as the plant material decays it causes organic pollution with increased oxygen
demands;

(h) increased macrophyte and filamentous algae will impede water flow, act as a
physical barrier for fish migration and reduce the recreational value of rivers.
Reducing the flow rate raises the water level leading to a higher water table in
adjacent fields. Macrophytes also cause increased sedimentation within the veg-
etation as well as scouring the riverbed both upstream and downstream of the
macrophyte growth (Fig. 6.14).

The importance of these effects varies between lotic and lentic systems, with strati-
fication a major factor in eutrophication in lentic systems, which is explored in
Sections 2.1.1 and 3.8. Lakes gradually increase their nutrient levels over time with
the nutrients entering from diffuse surface run-off or from point sources of pollution.
These nutrients are constantly recycled within the lake (Fig. 6.15). Phytoplankton



134

Chapter 6 / Water Pollution

Ficure 6.14 Macrophyte and filamentous algal growth in rivers results in a number
of physical effects including (A) raising the water level by enhancing settlement of
solids and (B) causing hy draulic scour ing upstream and downstream of the growth.
(Reproduced from Uhlmann (1979) with permission of John Wiley and QOns Litd,
Chichester.)

Nutrient levels/phytoplankton abundance

Spring Summer Autumn Winter Spring Summer Autumn Winter

Figure 6.15 Seasonal cycles of nutrients and phytoplankton on the surface layer

of lakes. Nutrient concentrations (dotted line) decline as the phytoplankton develops
(solid line) Stratification leads to nutrient depletion in the surface layer resulting in

a decline in phytoplankton density with senescent cells falling into the hy pohmmon
where they decay releasing nutrients. With the breakdown of stratification in winter
these nutrients are redistributed allowing a new cycle to begin. (Reproduced from Abel
(1989) with permission of Addison Wesley Longman Ltd, Harlow.)

growth is restricted to the epilimnion (Fig. 2.2). During winter low temperatures and
low light intensity restrict phytoplankton development, but with the increasing tem-
perature and light intensity in the spring the phytoplankton growth increases rapidly.
The development of algae is limited by nutrient concentrations in the water, which
is gradually depleted by algal growth. This leads to a levelling off of the density of
plant cells in the water. There is a continuous cycle of death and decay of the phy-
toplankton, which sink slowly through the hypolimnion to the bottom of the lake
where they decompose. This process accelerates as the temperature and light inten-
sity fall with the onset of winter. Inorganic nutrients released during their decom-
position remain locked in the hypolimnion due to stratification. In winter, however,
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stratification fails due to the epilimnion cooling and becoming denser than the lower
hypolimnion resulting in the lake becoming completely mixed, redistributing nutri-
ents ready for the following spring.

Construction of reservoirs and locks may reduce flow velocities in a river, resulting
in severe eutrophication where nutrient assimilation is enhanced by longer reten-
tion times. Eutrophication leads to daily (diel) variations in both oxygen concentra-
tion and pH. During the night photosynthesis is less than respiration (P < R), so
both the oxygen concentration and pH fall. During the day photosynthesis exceeds
respiration (P > R), so that the oxygen concentration and pH both rise (Fig. 6.16).
If the river is also organically polluted total deoxygenation may occur during the
night period. In practice, the lowest oxygen concentrations occur several hours
after sunrise (6am-9am), while the highest oxygen concentrations occur mid to
late evening (8pm-12am). The pH shift is due to all the CO, being stripped from
the water and other effects on the bicarbonate—carbonate buffering system of water
(Section 3.4). Another important effect of the rise in pH is the increased toxicity of
ammonia as it changes from the ionized to the reactive unionized form (Table 9.25
and Fig. 6.17). The biological assessment of eutrophication has been reviewed by
Kelly and Whitton (1998).

6.4.1 ALGAL TOXINS

The algal species characteristic of oligotrophic and eutrophic lakes are given in
Table 6.6. Blue-green algae are unique micro-organisms having some of the proper-
ties of both algae and bacteria. They are capable of photosynthesis and some spe-
cies can fix nitrogen, but despite their name they belong to a group of true bacteria
known as cyanobacteria with over 1000 known species. In lentic systems planktonic
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FiGure 6.17
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Characteristic algal associations of oligotrophic and eutrophic lakes

Algal group Example

Oligotrophic lakes  Picoplankton Synechococcus
(often small cyanobacteria)
Desmid plankton Staurdesmus, Staurastrum
Chrysophycean plankton Dinobryon

Mesotrophic lakes ~ Diatom plankton Cyclotella, Tabellaria
Dinoflagellate plankton Peridinium, Ceratium
Chlorococcal plankton Oocystis, Ludorina

Eutrophic lakes Diatom plankton Asterionella, Fragilaria

Stephanodiscus, Melosira

Dinoflagellate plankton Peridinium, Glenodinium
Chlorococcal plankton Scenedesmus
Cyanobacterial plankton Aphanizomenon., Anabaena, Microcystis

Reproduced from Mason (1996) with permission of Addison Wesley Longman Ltd, Harlow.

forms of blue-green algae can increase to very high densities often forming a sur-
face scum downwind of the bloom due to the presence of air-filled sacks making
up as much as 20% of the cell, making them very buoyant. These algae can pro-
duce chemicals that are toxic to all mammals including humans (NRA, 1990). They
are found mainly in eutrophic or hypertrophic lakes where they can form blooms
at water temperatures (>20°C) where there is a high P concentration; although
growth is limited at low temperatures (<10°C) and low phosphate concentrations
(<0.4pgl™1). Typical distribution of blue-green algae is related to light, mixing and
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the availability of phosphorus as shown in Fig. 6.18. Here, the ratio of the depth
of the fully mixed zone of the lake (k) to the photosynthetic depth (k,) is plotted
against the phosphorus concentration so that genera characteristic of oligotrophic
lakes appear at the base of the figure. Different species of Oscillatoria predominate
at extremes, while other types of planktonic algae such as Microcystis compete with
other groups in the more favourable environment (NRA, 1990).

Cyanobacterial poisoning is caused by contact with water containing blue-green algae,
consumption of fish taken from contaminated waters or drinking water with cyano-
bacterial toxins (Hunter, 1991). The toxins can kill fish and other biota, farm ani-
mals and waterfowl. The effects on humans are very serious causing a wide range of
symptoms, normally liver damage, although mortalities are rare (Codd et al., 1989;
Falconer, 1999). The toxins produced by blue-green algae are varied but include:

(a) neurotoxins (mainly alkaloids) produced by species of the genera of Anabaena,
Aphanizomenon and Oscillatoria, which cause paralysis of the skeletal and res-
piratory muscles resulting in death in as little as 5 min;

(b) hepatotoxins (microcystin — peptides) produced by species of the genera of
Microcystis, Oscillatoria, Anabaena and Nodularia, which mainly cause severe
and often fatal liver damage.

All algal toxins are highly toxic and difficult to control. In practice, water with
blue-green algal blooms is not used for supply purposes, although algal toxins can
be removed from drinking water by granular activated carbon (Section 20.6). The
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WHO (2004) has set a guideline value of 0.001mgl~! for microcystin-LR in drink-
ing water. Not all blooms of cyanobacteria result in the release of toxins. However,
algal toxins are difficult to monitor and detect, making prevention very difficult
(Lawton and Codd, 1991).

6.> HEATING OF THE WATER

FiGure 6.19

Effect of dilution
and effluent
temperature on

the downstream
temperature of

a river with a
temperature of
15°C, where n is the
dilution factor.

Thermal pollution is heating surface waters above natural background tempera-
tures. Effluents may be warmer or cooler than the receiving water; however, the
main problem is waste heat from cooling towers or power generation. Heat added
to rivers is quickly dissipated downstream. Heat loss depends on turbulence, dilu-
tion, water velocity and temperature difference (Fig. 6.19). In the USA, river tem-
peratures >30°C are not uncommon, whereas in the British Isles river temperatures
above 24°C are rare. So the problem of dissipating heat from discharges varies sig-
nificantly from place to place.

Animals can be classified as either endotherms or ecotherms. Endotherms (i.e.
birds and mammals) are characterized by the physiological maintenance of a rel-
atively constant internal (body) temperature regardless of the environmental
(external) temperature. In contrast the body temperature of ecotherms (i.e. all inver-
tebrates and vertebrates excluding birds and mammals) is controlled directly by the
environmental temperature. So both body temperature and the rate of metabo-
lism of aquatic invertebrates and fish will increase as water temperature rises. The
higher the metabolic rate the greater the need for oxygen although the saturation
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concentration will be decreasing as temperature rises (Table 3.8). Elevation of water
temperature causes a number of direct responses:

(a) heat stress or death of sensitive species;
(b) enhanced micro-organism respiration;

(c) synergistic effect with pollutants;

(d) the attraction-repulsion of mobile species.

Thermal pollution is known to have a number of key metabolic effects on the biota.
These are (i) acceleration of enzyme reactions that can make enzymes inactive; (ii)
coagulation of cell proteins; (iii) reduction in the permeability of cell membranes;
and finally (iv) production of toxic products. Fish have particularly narrow tem-
perature ranges at which they are able to reproduce, with the incubation of eggs
and embryonic development very temperature sensitive. For that reason whenever
possible fish seek out the temperature best suited for survival. While some species
are able to acclimatize to small changes in temperatures if they occur gradually, fish
mortality is a common outcome of thermal pollution.

The increased temperature also lowers dissolved gas solubility. In terms of oxy-
gen availability sensitive species will be excluded, especially if the BOD is elevated
due to the higher micro-organism respiration rate. Nitrogen is also a problem,
coming out of solution as the temperature rises causing gas bubble disease in fish
and macro-invertebrates, which is normally fatal. The abstraction and disposal of
cooling water can cause other problems. For example, the abstraction of cooling
water causes a local increase in water velocity that can attract and damage species.
As another example, anti-fouling biocides are used to control the development of
biofilms within the cooling systems. Chlorine is generally used, although the pes-
ticides are also employed. Not only do these kill any organisms passing through
the system, they can also be discharged, resulting in a toxic effect on the receiving
water biota. Thermal pollution is not only caused by heated effluents and cooling
water from power stations. Water from other water resources such as groundwater,
reservoirs and lakes used for flow compensation in rivers may also be either warmer
or colder than the receiving water causing a significant temperature change.
Warmer water may not readily mix with colder denser water and so forms a sur-
face plume. This will reduce oxygen transfer to the colder water beneath, although
the benthic organisms are protected from any sudden changes in temperature
(Abel, 1989).

Overall the effects can be summarized as the loss of temperature-sensitive
species, especially salmonids, an increase in the rate of metabolic activity and, there-
fore, an increase in BOD, and finally a lower oxygen saturation concentration in
the water. Climate change due to global warming is causing both a slow but steady
rise in the mean temperature of European rivers and lakes, and concern as it is
resulting in significant changes in the composition of the biota of surface waters
(Section 23.2).
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6.6 THe EFFECT ON THE BUFFERING SYSTEM

The buffering system of freshwaters has already been described in Section 3.4.
There are two major causes of acidification of freshwater systems, acid rain and acid
mine drainage.

6.6.1 ACID RAIN

When sulphur dioxide (SO,) and the oxides of nitrogen (NO,), mainly from motor
exhausts and the combustion of fossil fuel, reach the atmosphere they react with
water vapour being oxidized to form sulphuric and nitric acids. This is then carried
to earth as rain or snow (wet deposition) or in particulate form (dry deposition).
Uncontaminated rainwater in the atmosphere is in equilibrium with CO, and has a
pH of 5.6 (Section 3.4). However, most rainfall in Europe has a pH less than 4.5 due
to acid formation, with an average 70% of the acidity due to sulphuric acid. Acid
rain lowers the pH of surface waters by falling into surface waters, as surface run-
off within the catchment or by the generation of acidity within the soils of the catch-
ment. The impact on surface waters is linked closely to catchment geology and the
acid neutralizing capability (ANC) of the water. Soft waters are more at risk from
acidification due to their poor acid neutralizing capacity (i.e. alkalinity <24mgl™!
as CaCQO3). The buffering capacity of lakes can be calculated as:

ANC = 3 base cations — 3 strong acid anions (weq1™") (6.2)
= (Ca*" + Mg*" + Na™ + K") — (SO;™ + NOj + Q) (6.3)

This scale can be used to classify lakes as to their sensitivity to acidification:

ANC(peql™) Sensitivity

0 Acidified
<1-40 Very sensitive
>40-200 Sensitive
>200 Insensitive

Soil acidification is a major factor in water acidification. In the soil the acids in pre-
cipitation dissociate into their respective ions (H*, SO}~, NO3). As the dissociated
H™ ions increase, cation exchange in the soil increases with Na®, K* and Mg>"
displaced from exchange sites on soil particles and transported into surface waters
with SO7~, effectively transferring acidity from the soil to surface water. The acid
precipitation also mobilizes metals, including aluminium ions (AI**), where the pH
is <<4.5. Trees, in particular conifers, are very effective at scavenging dry deposition
and pollution held in mist and fog (occult deposition) causing increased acidity in
the precipitation falling under the vegetation. In coastal areas oceanic aerosols are



Ficure 6.20
Classification of
acidification of
lakes using the
ratio of sulphate to
bicarbonate ions.
(Reproduced from
Mason (2002)
with permission of
Prentice Hall Ltd,

London.)

6.6 The Effect on the Buffering System o 141

also effectively captured by the vegetation resulting in increased sulphate deposi-
tion and release of H ions. The effect of acidification by acid rain is best seen in
lakes. The effect on pH is dependent on the concentration of bicarbonate ions in
the water. Initially the bicarbonate buffers the input of acids according to:

H' + HCO! — H,0 + CO, (6.4)

If the pH remains above 6 the flora and fauna is unaffected. Lakes where there is
enough bicarbonate buffer to neutralize the acidity are classed as bicarbonate lakes
(Fig. 6.20). Where the bicarbonate is exhausted the pH may collapse resulting in fish
kills. If this is a seasonal or occasional event then the lake will recover (transitional
lake). If the loss of alkalinity is complete then the water will retain a low but stable
pH of <5, although metal levels including aluminium (Fig. 20.2) will be elevated
(acid lake). The general biological effect is the rapid elimination of sensitive spe-
cies as the pH falls and metal contamination rises, in particular aluminium, with fish
particularly sensitive. Most waters sensitive to acidity are already classified as soft
which naturally have a low species diversity of macro-invertebrates. Few species can
tolerate such conditions, especially in a low calcium environment. Ephemeroptera
are particularly sensitive to acidification.

6.6.2 ACID MINE DRAINAGE

Acid mine drainage occurs whenever mineral ores are mined. It is caused by the
oxidation of a sulphide ore, usually pyrite (FeS,). The most commonly associated
minerals are pyritic sulphur, copper, zinc, silver, gold, lead and uranium. The most
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frequently mined sulphides are pyrite (FeS,), chalcopyrite (CuFeS,), sphalerite
(ZnS) and galena (PbS). However, in Europe the commonest source of acid mine
drainage is coal mining and storage.

The oxidation of pyrite is a chemical process although chemoautotrophic bacteria
are also closely involved. Pyrite is oxidized in the presence of air and water to fer-
rous sulphate and sulphuric acid:

2F682 + 2H20 + 702 — FCSO4 + HzSO4 (65)

The ferrous sulphate is further oxidized to ferric sulphate. This step is catalysed by
iron-oxidizing bacteria, such as Thiobacillus ferro-oxidans:

4FeSO, + O, + 2H,80, — 2Fe,(S0O,); + 2H,0 (6.6)

The ferric sulphate then reacts with water to produce ferric hydroxide and more
acid:

Fe2(SO4)3 + 6H20 — 2FC(OH)3 + 3H2SO4 (67)

In practice, the chemical reactions are very slow. The presence of bacteria, such as
T. ferro-oxidans (iron oxidizing) and T thio-oxidans (sulphur oxidizing), greatly acce-
lerates the process due to enzymatic activity. These bacteria grow at a very low pH,
do not require organic matter and so rapidly dominate the flora. They utilize pyrite
as an energy source, so their enzymes can accelerate the rate of oxidation by up
to 1 million times. The bacteria are collectively known as acidophilic (acid loving)
chemoautotrophs.

The oxidation of pyrite is in fact a four-step reaction:

1) FeS, + %0, + H,0 — Fe?* + 2803~ 4+ 2H* (6.8)
(2 Fe’" + 1,0, + H" — Fe*™ + 4H,0 (6.9)
3) Fe’* + 3H,0 — Fe(OH); + 3H" (6.10)
4) FeS, + 14Fe*" + 8H,0 — 15Fe®" + SO; ™ + 16H" (6.11)

Step (2) is the rate-limiting reaction, the oxidation of ferrous iron (iron II) to ferric
iron (iron III). There is a propagation cycle between steps (2) and (4) where Fe®*,
one of the products of step (2), acts as an oxidant of pyrite in step (4), and the Fe?*
produced by this reaction can be used as a reductant in step (2). Step (2), the oxida-
tion of ferrous sulphate to ferric sulphate, is normally catalysed by iron-oxidizing
bacteria. These bacteria keep the ratio of Fe3* to Fe?* in the Fe3* oxidizing step (4)
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high. In this way the bacteria are ensuring that more pyrite is oxidized to produce
more Fe?* to drive step (2).

Pyrite is only broken down in the presence of water and oxygen. Pyrite can remain
in its reduced form in an undisturbed state so long as it is anaerobic. Only a few
cases of naturally occurring acid streams have been recorded, most occur as a result
of mining activity. The major factor is the surface area available for oxidation of
pyrite, as this determines the overall rate of reaction.

Acid mine drainage is a multi-factor pollutant. The low pH adversely affects the
biota and takes into solution heavy metals which are toxic. Iron is toxic in its own
right at elevated concentrations. As the drainage water is diluted the pH rises and
ferric hydroxide flocs are formed. These not only cause turbidity but settle out of
suspension forming a layer of precipitate (ochre) (Fig. 6.21). There are four main

pollutional effects: acidity, heavy metals, suspended solids (i.e. ferric hydroxide
precipitate) and salinization (i.e. sulphate) (Kelly, 1989). The ecological effects are
summarized by Gray (1997) (Fig. 6.22).
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Ficure 6.22
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6.7 GROUNDWATER POLLUTION

Pollution of groundwater primarily affects water abstracted for drinking but can also
affect surface water quality and the biota when it feeds streams and lakes, although
this rarely causes significant impacts. Groundwater pollution can be loosely catego-
rized by source location with different problems associated with urban and indus-
trialized areas (e.g. aromatic hydrocarbons, chlorinated organic solvents, metals
and pathogens) compared to agricultural or rural areas (e.g. pesticides, nitrates and
pathogens) (Table 6.7). These problems are discussed in Chapters 11 and 12.

A particular problem for groundwaters has been contamination by leachate from
landfill sites. Although now highly regulated this source of contamination still per-
sists especially from illegal dump sites. Modern landfills are lined with a waterproof
layer of bentonite clay or a high-density polyethylene (HDPE) liner or a combina-
tion of the two. This ensures that the leachate can be collected enabling it to be
treated either on or off site. However, leakage can occur as the liners are suscep-
tible to being punctured as the waste is being compacted or may simply fail in the
long term. The selection of an appropriate site is very important to minimize poten-
tial groundwater pollution and the EU Landfill Directive (1999/31/EC) requires a
natural barrier of natural rock below the site to protect the aquifer and stipulates
a minimum thickness of material of specified maximum permeability. The leachate
is generated by the breakdown of the biodegradable fraction of the waste. Initially
there is a short aerobic phase when the material heats up to >60°C. This may only
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TaBLE 6.7  Examples of source-specific pollutants of groundwater. Trace organics are classed as
herbicides, pesticides and non-aqueous phase liquids (NAPLs). LNAPLs (light) are aromatic
hydrocarbons and DNAPLs (dense) are chlorinated organic solvents

Source

Key pollutants

Agriculture

Airports (active/abandoned)
Domestic heating oil storage
Horticulture/gardens

Landfill

Large industries

Car manufacturing
Chemical

Oil

Pharmaceutical

Mining (active/abandoned)
Railroads

Insecticides, herbicides, pathogens, organic matter
LNAPLs, DNAPLs, urea, ethylene glycol

LNAPLs

Insecticides, herbicides

Organic acids, ammonia, metals, DNAPLs

LNAPLs, DNAPLs
DNAPLs, metals

LNAPLs

DNAPLs

Metals

Herbicides, LNAPLs, PAH

Road run-off
Sewer (damaged)

LNAPLs, PAH, metals, herbicides, salt, ethylene glycol
Pathogens, DNAPLs, ammonia, metals, organic matter

Small industries

Car repairs LNAPLs
Dry cleaners DNAPLs
Petrol stations LNAPLs

Septic tank
Timber treatment

Pathogens, DNAPLs, organic matter
Insecticides, metals

last for a few weeks until all the trapped oxygen is utilized. At this point the waste
becomes devoid of oxygen and is broken down anaerobically (Chapter 19). There
are two key anaerobic phases: (i) the acid phase results in leachate with a low pH,
a high BOD (>18000mgl™'), high concentration of fatty acids (>10000mgl™1)
and ammonia (>100mgl~!). Under these acidic conditions metals and other com-
pounds are also solubilized making this leachate highly polluting. This period will
last for as long as the landfill is in operation and for several years after closure.
(ii) The final phase is methane production and can last for up to 20 years after
closure although the rate of gas production does fall after approximately 5 years.
Leachate is still produced but is far less polluting having a neutral to alkaline pH, a
low BOD (<200mgl~!) and low concentrations of all the other compounds except
ammonia which may still be high.

6.8 CONCLUSION

Discharges can make rivers more silty, more acid or alkaline, less oxygenated,
warmer, harder, saltier and richer in nutrients, but still a natural river so long as
these parameters remain within the bounds of normal variability. All rivers and
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INTERACTIVE SITES
ACIDIFICATION IN EUROPE

A site looking at the effects of surface water acidification in Europe due to acid rain, main-
tained by the Air Pollution and Climate Secretariat based in Sweden. Contains sources of acid-
ity, affected areas and evolution of acidification with a section on control and remediation.

http://www.airclim.org/acidEutrophications/sub3_1.php# Areas

CAUSAL ANALYSIS/DIAGNOSIS DECISION
INFORMATION SYSTEM

CADDIS is an EPA supported online system to determine the most likely causes of water
pollution and to select the most appropriate remedial action.

http://cfpub.epa.gov/caddis/
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ECOTOX DATABASE

An up-to-date inventory of chemical toxicity information for aquatic organisms. Published
toxicity data can be identified by species, chemical or effect.

http://cfpub.epa.gov/ecotox/

INTEGRATED TAXONOMIC INFORMATION SYSTEM

A detailed taxonomic tool that gives accurate information on species names and their hierar-
chical classification. The database includes all species (plants, animals, fungi and microbes)
for the world.

http://www.itis.gov/

RIVER FLOWS IN IRELAND

The Environmental Protection Agency (EPA) coordinates and publishes online hydrometric
data for Ireland’s rivers using a range of monitoring techniques. The site looks at all aspects
of monitoring and reporting hydrometric data. Includes links to other water resources in
Ireland.

http://www.epa.ie/whatwedo/monitoring/water/hydrometrics/

STORMWATER MANAGER’S RESOURCE CENTER

A very detail resource for the selection, construction and operation of stormwater treatment
systems to protect surface and groundwaters.

http://www.stormwatercenter.net/
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INTRODUCTION

Prior to the introduction of the European Union (EU) Water Framework Directive
(WFD) (Section 7.2), water resources were managed on an individual basis, with
little coherent policy in terms of how water bodies interacted with each other, or
how land-based activities affected them. The concept of catchment management
emerged in the 1970s and led to the formation of catchment-based water authori-
ties in the UK. This allowed improved management of water resources, especially
the regulation of flow in major rivers. River Catchment Management Plans were
developed in Ireland in the early 1980s and were used to set water quality stand-
ards based on use criteria. However, other water bodies such as lakes, groundwaters
and coastal waters were largely ignored within such plans leading to these resources
being largely unmanaged and unmonitored. The WFD provides a unique manage-
ment structure that deals with the whole water cycle and isolates the water cycle
from contamination by hazardous substances by eliminating them at source. Using
an updated and streamlined group of Directives, water resources in Europe are
effectively protected from all land-based sources of pollution for the first time, pre-
venting hazardous substances from being lost into the marine environment. Setting
emission limits through the Urban Wastewater Treatment and Integrated Pollution
Prevention Control Directives controls point sources of pollution; while diffuse pol-
lution is controlled by the Nitrates Directive and the application, through the WFD,
of best environmental practices (Section 7.4). The development of catchment man-
agement is examined in Sections 7.1 and 7.2.

7.1 Basic MANAGEMENT PROGRAMME FOR RIVERS

The objective of river management is to balance the interests of users with the devel-
opment of the resource, while at the same time improving and preserving environ-
mental quality. The ideal situation is the optimal utilization of resources without
deterioration of their natural quality. Uses can be classified as either consumptive (e.g.
irrigation, water supply, waste disposal, fishery production, etc.) or non-consumptive
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TaBLE 7.1

(e.g. aesthetic, ecological, scientific, etc.). It is the former uses that reduce the qual-
ity or availability of water for the non-consumptive functions, requiring conserva-
tion action to be taken. The fundamental problem of water management is to find
an acceptable balance between the use and conservation of resources. Owing to the
growth in population, climate change effects and the increasing demand for water,
many of the impacts from anthropogenic activities affecting freshwater systems are
increasing (Table 7.1).

Water quality is very hard to define and to a great extent extremely subjective. It is
not simply a case of the cleaner or purer the better. For example, distilled water is
extremely pure chemically and so its quality can be considered as being high as it con-
tains no toxicants or pollutants, yet it is unsuitable for potable use and it lacks the
trace elements necessary for freshwater biota. Water quality can only be defined in
relation to some potential use for which the limiting concentrations of various param-
eters can be identified. This approach makes particular sense as concern for quality is
normally related to some practical need (e.g. drinking, fishing, agriculture, etc.).

There are a variety of uses for water each requiring their own set of specific quality
requirements (criteria). These can be categorized into simple groups, such as:

(I) those requiring water of highest quality and free of pathogens; uses include:
drinking water supply, salmonid fishery, swimming and certain industrial proc-
esses such as food processing;

Major anthropogenic activities affecting river systems

Supra-catchment effects
Acid deposition
Inter-basin transfers

Catchment land use change
Afforestation and deforestation
Urbanization

Agricultural development
Land drainage/flood protection

g S - ;. o
Corridor engineering
Removal of riparian vegetation
Flow regulation (dams, channelization, weirs, etc.)
Dredging and mining

Instream impacts

Organic and inorganic pollution
Thermal pollution

Abstraction

Navigation

Exploitation of native species
Introduction of alien species

Reproduced form Boon et al. (1992) with permission of John Wiley and Sons Ltd, Chichester.
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(IT) those requiring water of lesser quality but still free from toxins and a high
level of pathogens; uses include: coarse fishery, amenity and recreation such
as boating, also agricultural irrigation and certain industries;

(IIT) where quality is unimportant, just quantity; uses include: cooling water and
navigation.

This classification system was originally proposed by the World Health Organization
(IHD-WHO, 1978) but is now seen as being rather crude for modern management
purposes. However, most countries have developed their own classifications link-
ing water quality to potential uses (Table 9.20). The EU has also produced a wide
range of usage-based Directives on water quality (e.g. Surface Water Directive,
Freshwater Fish Directive, etc.) and these are considered in detail in Chapter 8. The
main criteria for use are freedom from pathogens, non-toxicity, and consistency of
both quality and quantity of water (Table 7.2). Group (I) uses are those most often
protected through EU legislation.

No European rivers are designated as mere effluent carriers and with the introduc-
tion of the WFD, all water bodies, including rivers, must now be maintained to at
least Good Quality Status (Section 7.3.6). Where rivers are so severely damaged
that improvement would require a very large investment, then the current quality
status must not be allowed to deteriorate further, with the long-term objective to
bring them up to the minimum Good Quality Status.

In water management, decisions are based on the comparison of water quality data
with criteria and standards. Criteria are scientific requirements on which a decision
or judgement may be based concerning the suitability of water quality to support a

Four main requirements of water in relation to use

Use Freedom from Non-toxic Consistency
pathogens
Quality Quantity

Domestic X X X X
Industrial

process - - X X

cooling - - X
Agricultural - X X X
Navigation - - - X
Fisheries - X X -
Waste disposal - - - X
Sport

swimming X X - X

boating X - - X

skiing X X - X
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designated use; that is, the determination of the basic water quality requirements
for a particular use. Sets of criteria exist for five categories of specific water use:

Raw water sources for drinking, supply.
Public recreational waters, aesthetics.
Agricultural supply.

Industrial supply.

A

Preservation of freshwater, estuarine and marine ecosystems.

Research is adding to our knowledge of water quality, especially through epidemiologi-
cal and toxicological studies, so that water quality criteria are constantly being revised.
Objectives are the levels of parameters to be attained within a water quality manage-
ment programme, often referred to as water quality goals or guidelines. Standards are
legally prescribed limits for discharges adopted by governments or other legal authori-
ties. These have been based on technical feasibility and cost-benefit and risk—benefit
analyses. Standards are used to achieve objectives which in turn are based on the critical
assessment of national priorities, such as cost, population trends, present and projected
water usage, industrialization and economic resources (IHD-WHO, 1978). Water qual-
ity standards have been set by various organizations including the WHO, the EU and
the US Environmental Protection Agency (USEPA). The Directives currently affecting
water quality in Europe are summarized in Table 8.1.

Water pollution legislation allows consents (or discharge licences) to be set for discharg-
ers to both receiving waters and sewers. Consents can include details on the nature and
composition of an effluent, its temperature, volume or rate of discharge, or any factor
deemed important (e.g. times of discharge in tidal areas). These consents are legally
enforceable and can lead to prosecution under the relevant legislation. In deciding a
consent condition a discharge must not make any appreciable change in quality. This is
calculated using mass balance, waste assimilative capacity and, increasingly, water qual-
ity models (Sections 5.3.4 and 9.4.2). Consents are based on low flow conditions when
any resultant pollution will be at a maximum. Ammonia is an exception, as it is not oxi-
dized so quickly in winter so conditions may be based on winter conditions. Of course
there will also be a safety margin built in. Like any other planning decision, discharg-
ers can normally appeal against a consent or licence. They are renewed usually every
5 years, sometimes annually or when a factory expands or its discharge significantly
changes due to work practices. Once consents are agreed then a routine sampling pro-
gramme must be initiated to monitor both the discharge and the receiving water quality.
The monitoring may be chemical, biological or both (Section 9.2).

Complex river systems have led to an ever-increasing use of systems modelling.
Using baseline data, extensive models have been constructed to estimate assimilative
capacities and use demands (Section 7.2). The increasing complexity of coordinating
discharge licences and protecting water quality to attain the environmental quality
objectives (EQO) has led to the development of water quality (catchment or basin)
management plans.
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7.2 WATER QuUALITY AND CATCHMENT MANAGEMENT PLANS
7.2.1 WATER QUALITY MANAGEMENT PLANS

Water quality management plans (WQMP) provide a legal framework which defines
management objectives and sets water quality objectives and standards. They have
a draft stage to allow for public comment or if necessary an inquiry before adop-
tion. The primary aim of a WQMP is to ensure that water quality is maintained in a
satisfactory condition and where necessary improved, thereby: safeguarding public
health; catering for the abstraction of increasing quantities of water for domestic,
industrial and agricultural purposes; catering for the needs of commercial, game
and coarse fish (as appropriate); and catering for the relevant water-based ameni-
ties and recreational requirements. Such plans normally cover a period of 20 years
and are reviewed and, where necessary, revised at least every 5 years.

There are seven major stages in the development of a WQMP for a river catchment:

1. To decide on the uses of a particular river (i.e. group designation).

2. To establish hydrological, chemical and biological status of the catchment.

3. To decide on the water quality conditions necessary in the river to support the
uses decided at stage 1 (i.e. water quality criteria).

4. To assess the effect of existing discharges on a river and to attempt a forecast of
future effluents.

5. To decide upon the standards that are required for each effluent discharge in
order to leave a river with the necessary quality (i.e. water quality objectives).

6. To produce consent (discharge) conditions which will include the standards
decided under stage 5.

7. To initiate a sampling programme which will both ensure that discharges comply
with the above standards and also indicate from the river water quality whether
revised effluent standards are necessary.

These steps are expanded into a full methodology in Table 7.3 (Fig. 7.1). The major
factor affecting long-term water quality is the initial setting of standards that are
dependent on the designated uses identified and their water quality criteria. In
Ireland, before the introduction of the WFD, all rivers for which a WQMP were
formulated were classified as salmonid. Therefore, the standards adopted were
the same (Table 7.4). Those catchments that had also been designated as salmonid
under the EU Freshwater Fish Directive used the EQO in Table 8.12.

7.2.2 CATCHMENT MANAGEMENT

The management of water resources cannot be isolated from the use of the land
within the catchment. Therefore, the WQMP approach outlined above is being
replaced with a more integrated approach to river management where land use is
more closely controlled in order to minimize the impact of diffuse pollution, especially
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TaBLE 7.3 The major steps in the production of a WQMP for a river (visualized in a flow diagram
in Fig. 7.1)

1. Identify beneficial water uses (existing and future) to be protected
2. Compile all available data on water quality
3. Examine the data in (2) and determine the characteristic elements which mainly
determine water quality at selected control sections along main channel and major
tributaries (including hydrological, chemical and biological status)
4. Select water quality standards according to (1). Due reference to EU Directives and
other standards
5. Compute assimilative capacities at key locations
6. Compute population projections for catchment (20 years)
7. Compute generated waste loads and loads discharged in catchment
8. Compute projections of generated loads over projected period
9. Identify existing and future abstractions
10. Estimate water quality at key locations as a result of (a) existing and (b) future waste
loads. Identify the level of waste-load reduction required
11. Review all possible options in relation to the treatment of existing and projected
wastewater loads prior to discharge and determine the reserve capacity of the river at
key sections in relation to these options
12. Select the appropriate treatment options for existing wastewater discharges (public and
private) so that receiving water standards can be met and a suitable reserve capacity for
future developments maintained
13. Determine the main priorities for capital investment in both public and private
wastewater treatment facilities
14. Outline the general procedures that should be adopted for the laying down of effluent
emission standards for future wastewater discharges

from agriculture and forestry. This is reflected by the introduction of new legisla-
tion, such as the Nitrates Directive (91/676/EEC), resulting in new codes of prac-
tices for agriculture and the designation of nitrate-sensitive areas (Sections 8.4
and 11.1.3) (Table 7.5). Other important considerations include the effect of small
treatment plants (e.g. septic tanks) (Chapter 22) causing localized nutrient, trace
organic and pathogen pollution of surface waters either directly or via groundwater,
and the problems caused by urban and rural run-off on water quality (Section 7.4).
More attention is also paid to other water uses, such as conservation and recreation.
Geographical information systems (GIS) are now widely used to manage and model
catchments. Their primary function is to analyse and present information quickly
and effectively allowing management decisions to be made much faster than with
traditional mapping technology. The use of GIS in conjunction with satellite-based
land use maps, such as CORINE land cover maps, allows potential risk areas within
the catchment to be identified. One effect is to isolate diffuse sources from indi-
vidual farms or other land-based activities and turn them into point sources so that
they can be treated. There are now many sources of digitized information available
that can be used in conjunction with GIS, including planning information, agricul-
tural use, forestry activity and much more.
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River channelization for flood prevention is widespread and involves the straighten-
ing of river bends and the removal of natural obstructions. This results in a straight
river channel devoid of bankside trees and other large vegetation, a uniform sub-
strate with a very low habitat diversity. The presence of riparian vegetation, espe-
cially mature trees, shades the river and suppresses macrophyte growth. However,
engineered rivers require regular maintenance to control macrophyte develop-
ment using either machinery, which is very damaging to the riparian zone, or by the
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TABLE 7.4

TABLE 7.5

Water quality standards used in Irish WQMP for salmonid
rivers (percentile values based on 95th percentile flow)

Dissolved oxygen

=4mgl™! for 99.9% of the time
=6mgl™! for 95% of the time
=9mgl~! for 50% of the time

Biochemical oxygen demand
=5mgl~! for 95% of the time
=3mgl™" for 50% of the time

Ammonia
=0.02mgl™" for 95% of the time (unionized)
=0.05mgl™" for 95% of the time (total ammonia)

Oxidized nitrogen
=11 mg]_I for 95% of the time

Orthophosphate
=0.2 mgl” for 95% of the time
=0.1mgl™ ! for 50% of the time

Key actions of a Code of Practice to control nitrate leaching from agricultural soils

Reduction in leaching during the wet seasons Crop rotations, soil winter cover, catch
crops

Nutrient management plans Balancing application with soil supply
and crop needs, frequent manure and
soil analysi
for both mineral and organic nitrogen

, general limitations per crop

application rates

Appropriate application Sufficient manure storage, application
only when the crop needs nutrients, good
spreading practices

Buffer zones Use of non-fertilized grass strips and
hedges along watercourses and ditches to
remove nitrates

Appropriate land use Avoidance of steeply sloping land, highly
permeable soils and land bordering
vulnerable aquifers and surface waters

application of herbicides. Channelization results in a large reduction in species
diversity and abundance, especially of vertebrate species, such as fish, otters and
water voles. In the UK, the Environment Agency has introduced an integrated man-
agement approach to prevent such damage to wildlife. This involves carrying out
river corridor surveys using a standard methodology to evaluate the conservation
value of each section of a river (500m) and to identify the best engineering solution
to any problems with minimal disturbance (NRA, 1993) (Section 9.5). An example
of how riverbeds can be rehabilitated or improved by simple engineering techniques
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Schematic
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| Up to ~300 m

Fine spawning gravel (~50 mm diameter) at exit
of pool retained by rock groyne

~BREPEAT

1 m deep excavated holding pool
including 1 m3 stones to create scour

Rock groynes constructed from 1 m3

blocks traversing full width of river Nursery beds undulating at mean bed
(may be straight, diagonal or concave) gradient (comprised of gravel over
substrate and includes 50% coverage
of 100-500 mm rounded stones)

is illustrated in Fig. 7.2 (Ferguson et al., 1998). The loss of flood plains and marginal
wetlands due to land drainage and channelization of rivers is a major factor in the
reduction of fish stocks in lowland rivers. Major restoration projects have been car-
ried out on a number of such rivers (Brookes and Shields, 1996). In Denmark, a
25km stretch of the River Brede, and a further 3km of tributaries, which had been
channelled 40-50 years previously, were re-meandered to improve flood control and
the ecological quality of the river (Fig. 7.3). Small lakes, ponds and wetlands were
created by raising the level of the substrate in the re-meandered sections of the river
increasing the hydraulic contact between the river and the surrounding meadows.
Gravel was introduced to create spawning grounds and shallow backwaters, often
referred to as fry ponds, to allow more young fish to mature (Neilsen, 2002). These
are also being constructed on lowland rivers throughout the east and south-east of
England and have been particularly successful in providing cover to allow fish to feed
and hide during development. The restoration project on the River Brede has sig-
nificantly improved water storage in the lower catchment by re-creating flood plains
thereby reducing downstream flooding. With the rise in sea level due to climate
change, such actions are increasingly important in helping to minimize the effect of
flood incidents (Section 7.4).

The Environment Agency introduced catchment management planning in the early
1990s and defines the process as follows:

A catchment management plan treats a river, together with the land, tributaries
and the underground water connected with it, as a complete unit, or catchment.
The plan sets out a common vision for the river catchment, reached after con-
sultation with all interested parties. It identifies objectives and lists actions for
conservation, recreation and amenity, as well as including all of the other func-
tions of the Agency. Catchment management plans are the primary method by
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Ficure 7.3

River restoration
on the River

Brede, Denmark.
(Reproduced from
Neilsen (2002)
with permission

of the Chartered
Institution of Water
and Environmental
Management,

London.)
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which the Agency are able to fully understand and plan any changes that are
envisaged to a particular river. By using these plans, all sites along a river can
be seen within a much larger context, ensuring that any changes elsewhere are
neither harmful nor impact on existing recreational usage or on the general
environment. (NRA, 1994)

The fundamental aim in catchment planning is to conserve, enhance and, where
appropriate, restore the total river environment through effective land and resource
planning across the total catchment area. This is the basis of sustainability, and
those rivers that are currently under greatest stress are those where development
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and land use within the catchment have ignored their potential impact on the river
system. The introduction of the WFD has taken the concepts of catchment man-
agement and created an integrated structure for the management, conservation and
improvement of all water resources within river basins which includes all stakehold-
ers in the design process and in the subsequent management of the river basin. This
pioneering legislation will ensure sustainable use of water, preserve ecological qual-
ity and eliminate the transfer of hazardous pollutants from land-based activities into
the marine environment through the hydrological cycle.

7.3 THE WATER FRAMEWORK DIRECTIVE
7.3.1 INTRODUCTION

The European Community (EC) Water Framework Directive (2000/60/EC) (WFD)
provides an integrated approach to the protection, improvement and sustainable
use of Europe’s rivers, lakes, estuaries, coastal waters and groundwater. The main
aims of the Directive are to prevent further deterioration, protect and enhance
the status of aquatic ecosystems and associated wetlands; to promote the sustain-
able consumption of water; to reduce pollution of waters from priority substances;
to prevent the deterioration in the status, and to progressively reduce pollution, of
groundwater; and to reduce the effects of floods and droughts. The WFD is unique
as it deals with all water resources, including both surface and ground waters, fresh
and saline. Estuaries and coastal waters are included as the volume of freshwater
flowing into them generally affects their equilibrium. Wetlands are highlighted in
the Directive as, apart from being a threatened habitat, they play a vital role in the
protection of water resources. The overall objectives of the WFD are to provide a
sufficient supply of good quality surface and groundwaters to provide for sustain-
able, balanced and equitable water use throughout the Member States; also to sig-
nificantly reduce pollution in both ground and surface waters that have continued
to show an overall reduction in quality over the past decades even though legisla-
tion has been in place to protect them; finally, to protect the marine environment
by reducing the concentration of pollutants to near background values for naturally
occurring substances and to zero for synthetic substances.

The Directive makes this bold statement at the outset:

Water is not a commercial product like any other but, rather, a heritage which must
be protected, defended and treated as such.

The Directive was published in its final form on 22 December 2000 and harmo-
nizes and updates existing EU water legislation, replacing many existing Directives
(Fig. 7.4; Table 8.2). While it provides quality standards for water quality, it is unu-
sual in that it also deals with water policy and management. The Directive does this
through provisions dealing with organizational and procedural aspects of water
management and by formalizing the concept of integrated river basin management.



162 ¢ Chapter 7 / Water Basin Management

Ficure 7.4
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point and diffuse
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drinking water.
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Although catchment management has been used for several decades, the WFD uses
a holistic approach to managing the water cycle for the first time, integrating all
aspects of management and control. The concept of river basin planning, by elimi-
nating both regional and national boundaries, is expected to have a significant effect
on water quality, especially within the expanded EU by the control of transbound-
ary problems.

EU countries introduced the Directive into domestic legislation during 2003, with
draft River Basin Management Plans (RBMPs) published in 2008 and, after public
consultation, finalized and published in 2009. These plans must be fully operational
by 2012 with the overall requirement to achieve good ecological and good chemical
status in all waters by 2015, unless there are significant grounds for derogation (e.g.
it is currently either not technically feasible or not possible due to excessive cost to
eliminate a causative pollutional source). There is also a general no deterioration
provision in the Directive to prevent the deterioration in status of any water body
within the EU. The Directive also requires the reduction and ultimate elimination
of priority hazardous substances (PHSs) (Table 8.15) and the reduction of priority
substances to below set quality standards by this date (Section 8.3). A timetable for
its full implementation is given in Table 7.6 with subsequent reviews of RBMPs car-
ried out every 6 years. Implementation of the WFD is complex and has required
new developments in both monitoring and management techniques. While overall
standards and timescale for implementation are strictly fixed, there is a large degree
of flexibility on how Member States deliver individual RBMPs. The main steps are
summarized in Fig. 7.5. In the UK, the Environment Agency has been appointed
as the competent authority to carry out the implementation of the Directive. Like
other Member States it has established a Water Framework Directive Programme to
deliver all the scientific, technical and managerial requirements to enable RBMPs
to be produced.

The WFD is designed to allow further integration of the protection and sustainable
use of water into other areas of community policy dealing with energy, transport,
agriculture, fisheries, regional policy and tourism.
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Timetable for the implementation of the WFD

Year Requirement

2003 Transpose Directive into domestic law (Article 24)
Identify RBDs and the competent authorities (Article 3) that will be empowered
to implement the Directive

2004 Complete first characterization (Article 5) and assessment of impacts on RBDs.
Complete first economic analysis of water use
Establish a register of protected areas in each RBD (Articles 6 and 7)

2005 Identify significant upward trends in groundwater and establish trend reversal
(Article 17)

2000 Establish environmental monitoring programmes (Article 8)
Publish a work programme for producing the first RBMPs (Article 14)
Establish environmental quality standards for priority substances and controls
on principal sources (Article 16)

2007 Publish an interim overview of the significant water management issues in each
RBD for general consultation (Article 14)

2008 Publish draft RBMPs for consultation (Article 14)

2009 Finalize and publish first RBMPs (Article 13)
Finalize programme of measures to meet objectives (Article 11)

2010 Ensure water pricing policies are in place (Article 9)

2012 Ensure all measures are fully operational (Article 11)
Publish timetable and work programme for second RBMPs
Report progress in implementing measures (Article 15)

2013 Review characterization and impact assessment for RBDs
Review economic analysis of water use
Publish an interim overview of the significant water management issues

o1

2014 Publish second draft RBMPs for consultation

2015 Achieve environmental objectives specified in first RBMPs (Article 4)
Finalize and publish second RBMP with revised Programme of Measures

2021 Achieve environmental objectives specified in second RBMPs
Publish third RBMPs

2027 Achieve environmental objectives specified in third RBMPs

Publish fourth RBMPs

7.3.2 RIVER BASIN DISTRICTS

The WFD requires the identification of River Basin Districts (RBDs). These dis-
tricts are areas of land and sea, made up of one or more river basins together with

their associated groundwaters and coastal waters. RBDs are determined using

existing hydrological river basin (catchment) boundaries. Small river basins may be

joined with larger river basins, or joined with neighbouring small basins to create an

RBD. Groundwaters often do not follow a particular river basin and so are assigned

to the nearest or most appropriate RBD.
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FiGure 7.5
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Environmental objectives, established by the Directive, are coordinated for the
whole of the RBD, and reported to the European Commission as such. Coastal
waters, out to 1 nautical mile from the shoreline, are assigned to the nearest or most
appropriate RBD.

There are nine RBDs identified in England and Wales, and an additional two cross-
border RBDs with Scotland (Northumbria RBD and the Solway Tweed RBD).
In Ireland, there are a total of eight RBDs of which seven are in the Republic of
Ireland and four are in Northern Ireland, three of which are international or trans-
boundary RBDs (Table 7.7; Fig. 1.3).

7.3.3 RIVER BASIN CHARACTERIZATION

Under the Directive, RBDs can comprise a single or number of individual catch-
ment areas. These were identified by June 2004 with a preliminary characteriza-
tion of both surface and groundwaters completed by December 2004. This included
an analysis of the hydrological, physico-chemical and biological characteristics of
all aquatic systems, a review of the impact of human activity on the status of the
water bodies, an economic analysis of water use and a register of protected areas
in each RBD (Table 8.3). From this characterization, appropriate environmen-
tal standards were set with monitoring effort targeted towards those water bod-
ies at the greatest risk of failing to meet their stated objectives, and a programme
of measures established to ensure that water bodies reached the environmental
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List of Irish River Basin Districts (RBD) and International
RBDs (IRBD) and their website URLs

River basin district Web address

Neagh Bann IRBD http://www.nbirbd.com/
Shannon IRBD http://www.shannonrbd.com/
North Western IRBD http://www.nwirbd.com/
North Eastern IRBD http://www.nerbd.com/
South Eastern RBD http://www.serbd.com/
South Western RBD http://www.swrhd.ie/

Eastern RBD http://www.erbd.ie/

Western RBD http://www.wrbd.ie/

objectives. Characterization of RBDs continued up to 2009 when the first RBMPs
were published.

Characterization is outlined in Annex II of the Directive and requires detailed mor-
phological analysis. This must be done using GIS with the individual river basin
making up each RBD clearly defined. Basic descriptions for surface waters are
listed in Table 7.8. An RBMP should include the following:

1. A general description of the characterization of the RBD (Article 5; Annex II).

2. A summary of the significant pressures and impact of human activity on the sta-
tus of surface and ground waters.

3. Identification and mapping of protected areas (Article 6; Annex IV).

4. A map of the monitoring stations and the results of the monitoring pro-
grammes, in map form, for all surface waters (ecological and chemical), ground-
waters (chemical and quantitative) and protected areas (Article 8; Annex V).

5. Alist of environmental objectives for all water bodies (Article 4).

6. A summary of the economic analysis of water use (Article 5; Annex III).

7. A summary of programme of measures/actions to be taken in order to achieve
the objectives listed in (5) above (Article 11).

8. A register of more detailed programmes and management plans for specified
areas or issues within RBD.

9. A summary of the public information and consultation measures taken, and the
effect this had on the RBMP as a result.

10. A list of competent authorities.
11. Contact points and procedures for obtaining background documentation and
information (Article 14).

7.3.4 IMPLEMENTATION OF THE WATER FRAMEWORK
DIRECTIVE IN THE UK

The Environment Agency is the sole competent authority charged with the
Directive’s implementation in England and Wales. In Scotland and Northern
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TaBLE 7.8 Main descriptors used to characterize rivers in the preparation of RBMPs

Rivers Lakes

Obligatory factors

Altitude Altitude

Latitude Latitude

Longitude Longitude

Geology Geology

Size Size

Optional factors

Distance from source Mean water depth

Energy of flow (function of flow and gradient) Lake shape

Mean water width Residence time

Mean water depth Mean air temperature

Mean water slope Air temperature range

Form and shape of main riverbed Mixing characteristics (e.g. monomictic,
dimictic, polymictic)

River discharge category Acid neutralizing capacity

Valley shape Background nutrient status

Transport of solids Mean substratum composition

Acid neutralizing capacity Water level fluctuation

Mean substratum composition

Chloride

Air temperature range
Mean air temperature
Precipitation

Note: Annex II of the WFD lists the prescribed physical and chemical factors needed
to characterize water bodies in RBDs. This table is for rivers and lakes, but specific
characterization factors are listed in the annex for all water bodies.

Ireland the Scottish Environment Protection Agency and the Environment and
Heritage Service are the competent authorities, respectively.

The UK Technical Advisory Group (UK TAG) has been established to provide tech-
nical advice and solutions on issues that are relevant to all parts of the UK, includ-
ing the Republic of Ireland. UK TAG consists of members from the Environment
Agency (England and Wales’s representatives), Environment and Heritage Services
(Northern Ireland), Scottish Environment Protection Agency (SEPA), English
Nature (EN), Scottish Natural Heritage (SNH), Environmental Protection Agency
(Republic of Ireland), Countryside Council for Wales (CCW), and Scottish and
Northern Ireland Forum for Environmental Research (SNIFFER). The Technical
Advisory Group is made up of a number of subgroups covering groundwater, riv-
ers, lakes or transitional waters (estuaries and coastal waters). Each one of these
categories of water resources is very different requiring specialist expertise in order
to develop appropriate and consistent assessment and classification methods. Apart
from providing technical advice to the UK authorities, UK TAG is also coordinating
the UK input into the development of European guidance and methods, the com-
mon implementation strategy (CIS).
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While the implementation of the Directive is the responsibility of individual
European Member States, it was recognized that there was a need to establish a
CIS to ensure that the implementation was both coherent and harmonious across
the EU. The aim of the CIS is to achieve a common understanding of the techni-
cal and scientific implications of the Directive. It is divided into four key activity
modules:

1. Information sharing.

2. Developing guidance on technical issues.
3. Information and data management.

4. Application, testing and validation.

Almost 20 Expert Advisory Panels have so far been established, which produce
guidance documents, recommendations for operational methods and other support-
ing information. The documents produced are informal in character and not legally
binding, but minimize any risks associated with the application of the Directive and
ensure rapid implementation. The EU Water Information System provides a hub
where all RBD data can be viewed for the whole of Europe (see Interactive Sites:
WISE, below).

7.3.5 RIVER BASIN PLANNING

The WFD encourages the prudent and rational use of water through a policy of
protection and sustainable use. The precautionary principle is stressed in the man-
agement of RBDs, with preventive action paramount and, where necessary, reme-
dial action taken at source ensuring that the polluter pays. A key element in river
basin planning is that decisions should be taken as close as possible to the locations
where water is affected or used.

The main output of the WFD is the river basin management plan (RBMP) (Table
7.7). These are similar to County Development or Management Plans produced by
planning authorities and will be the basis for the integrated management of water.
Many of the basic principles used by planning authorities will also apply to the devel-
opment of RBMPs and it will require the co-operation of a much greater number of
organizations and bodies outside the immediate area of water management (e.g. land
use planning) to deliver the objectives set out in the Directive. The involvement of
stakeholders in both the development and public consultation of RBMPs is seen as
vital to the successful implementation of the objectives of the WFD.

Public involvement is one of the core principles of the WFD. In Ireland the local
authorities within each RBD are required to set up a River Basin District Advisory
Council (RBDAC) to act as a permanent forum for dialogue between interested
parties and the relevant public authorities. Participants (or stakeholders) prima-
rily comprise those involved in industry, agriculture, conservation and angling, as
well as those involved in the supply and disposal of water and other agencies, but
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any person with an interest can make submissions. Throughout the development of
RBMPs consultation reports and newsletters were published and made available to
all interested parties, with some RBDs producing DVDs on their work. Feedback
was sought and responses were given to comments and queries within specified time
periods.

The process of River Basin Planning is not only to facilitate the production of
RBMPs, but also to integrate and manage all those stakeholders involved in some
way in the water cycle as it affects the operation of the RBMP. This involves the
collection and analysis of river basin data and producing management solutions in
order to achieve the objectives of the WFD within the appropriate timescale. The
planning process is followed by implementation of the management solutions that
together are referred to as river basin management, which is the practical operation
of the WFD at river basin level. So the RBMP is the final output of the river basin
management process, which is itself a continuous process, with new plans produced
every 6 years (Table 7.8). Thus the RBMP is the main reporting mechanism to both
the Commission and the public, being the official record of the current status of
water bodies within the RBD, with a summary of what measures are planned to
meet objectives.

There is no procedural information in the Directive on how Member States should
carry out either river basin planning or management, although the CIS has pub-
lished a guidance document Best Practices in River Basin Planning. This identifies
nine discrete components in the river basin planning process:

1. Assessment of current status and preliminary gap analysis (i.e. identification of
areas where improvement is required and the assessment of the necessary man-
agement solutions).

Setting environmental objectives.

Establishing monitoring programmes.

Gap analysis.

Setting up programmes of measures.

Development of RBMPs.

Implementation of programmes of measures.

Evaluation.

R e A O i

Public information and consultation.

Component 9 reflects the importance the EU places on transparency and the active
involvement of interested parties. A key aspect to the development of RBMPs is
how they will interact with other regulatory drivers such as the Directive on Public
Access to Information (2003/4/EC), the Strategic Environmental Assessment
Directive (2001/42/EC), the Groundwater Daughter Directive (2006/118/EC) and
the Environmental Liability Directive (2004/35/EC), which may all have important
ramifications for river basin management.
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7.3.6 ENVIRONMENTAL MONITORING

The WFD required the development of new monitoring and classification systems
for both surface and ground waters. Although the Environment Agency has been
preparing new quality assessment procedures for England and Wales for many
years (Section 9.5), the final methodologies have yet to be fully agreed. To assist
in this task the Environment Agency has set up the Environmental Monitoring
Classification and Assessment Reporting Project (EMCAR) to develop monitoring,
classification, assessment and reporting protocols. These will include techniques to
monitor all the biological, hazardous chemical and other pollutants, hydrological,
morphological and physico-chemical elements identified in the Directive; specific
monitoring systems for wetlands and protected areas; appropriate classification and
assessment methods including surveillance, operational and investigative monitor-
ing; and mechanisms to collate all monitoring data generated by the monitoring
networks established. All the adopted procedures are required to be scientifically
robust and risk based.

The Directive identifies three types of monitoring. Surveillance is carried out in
order to validate the risk assessments, detect long-term trends, assess impacts and
design the monitoring strategy. Operational monitoring is used to classify those water
bodies that are at risk of failing good status. Finally, investigative monitoring enables
the cause and effects of a failure to be ascertained when it is not clear. All waters
will be assigned to a new ecological classification system.

The quality elements required for the classification of ecological and chemical quality
status are listed in Annex V of the WFD for surface and groundwaters (Table 7.9).

7.3.7 ECOLOGICAL CLASSIFICATION SYSTEM FOR SURFACE
AND GROUND WATERS

A new approach to water quality classification has been adopted for aquatic sys-
tems. Surface waters (i.e. rivers, lakes, estuaries and coastal waters) are assessed
using biological (plankton and phytobenthos, macrophytes, invertebrates and fish)
elements, hydromorphology, physio-chemical (including pollutants) elements and
PHSs and other pollutants. There are five quality classes: High, Good, Moderate,
Poor and Bad Status (see Table 7.10). The overall status is determined by the worst
element for a particular site. Only two classifications, Good or Bad Status, are used
in groundwater assessment, which is based on both chemistry and quantity of water.
Protection of water status will provide economic benefits at the RBD level by safe-
guarding and developing the potential uses of water; for example, the protection of
both inland and coastal fish populations.

While chemical and ecological quality status are used as defining terms of water
quality, often only ecological status is used as it describes the quality of the
structure and functioning of aquatic ecosystems, which is, of course, dependent on
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TaBLE 7.9 Quality elements used to characterize surface and ground waters in the preparation of RBMPs

Rivers Lakes
Biological elements Composition and abundance of aquatic Composition, abundance and biomass of
flora phytoplankton
Composition and abundance of benthic Composition and abundance of other aquatic
invertebrate fauna flora
Composition, abundance and age Composition and abundance of benthic
structure of fish fauna invertebrate fauna

Hydromorphological
elements supporting
the biological elements

Chemical and physico-
chemical elements
supporting the
biological elements

Specific pollutants

Composition, abundance and age structure of
fish fauna

Hydrological regime Hydrological regime
Quantity and dynamic of water flow Quantity and dynamic of water flow
Connection to groundwater bodies Residence time
River continuity Connection to groundwater bodies
Morphological conditions Morphological conditions
River depth and width variation Lake depth variation
Structure and substrate of the river bed Quantity, structure and substrate of lake bed
Structure of the riparian zone Structure of lake shore
General General
Thermal conditions Transparency
Oxygenation conditions Thermal conditions
Salinity Oxygenation conditions
Acidification status Salinity
Nutrient conditions Acidification status

Nutrient conditions

Pollution by all priority substances Pollution by all priority substances identified
identified as being discharged into the as being discharged into the body of water
body of water

Pollution by other substances identified as  Pollution by other substances identified as
being discharged in significant quantities  being discharged in significant quantities
into the body of water into the body of water

chemical water status, and is the ultimate objective. However, drinking water qual-
ity may in some cases require higher than the minimum Good Ecological Status
required for all water bodies under the Directive. The general definition of status
is given in Table 7.11 for all surface waters, while specific criteria are outlined for
each specific water body in Annex V of the Directive, for example coastal waters
(Table 7.12).

7.3.8 PRIORITY AND OTHER SPECIFIC POLLUTING
SUBSTANCES

For nearly 30 years the Dangerous Substances Directive (76/464/EEC) has been the
primary regulatory legislation in Europe controlling the discharge of a wide range
of chemical pollutants to surface and groundwaters. The WFD will eventually take
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High status

Good status

Moderate status

Poor status

Bad status

There are no, or only very
minor, anthropogenic
alterations to the values of
the physico-chemical and
hydromorphological quality
elements for the surface
water body type from those
normally associated with
that type under undisturbed
conditions.

The values of the biological
quality elements for the
surface water body reflect
those normally associated
with that type under
undisturbed conditions, and
show no, or only very minor,
evidence of distortion.

These are the type-specific
conditions and communities.

The values of the
biological quality elements
for the surface water

body type show low levels
of distortion resulting
from human activity,

but deviate only slightly
from those normally
associated with the surface
water body type under
undisturbed conditions.

The values of the biological
quality elements for the
surface water body type
deviate moderately from those
normally associated with

the surface water body type
under undisturbed conditions.
The values show moderate
signs of distortion resulting
from human activity and are
significantly more disturbed
than under conditions of good
status.

Waters achieving a status

below moderate shall be
classified as poor or bad.

Waters showing evidence

of major alterations to the
values of the biological
quality elements for the
surface water body type
and in which the relevant
biological communities
deviate substantially from
those normally associated
with the surface water body
type under undisturbed
conditions, shall be classified
as bad.

Waters showing evidence
of severe alterations to the
ralues of the biological
quality elements for

the surface water body
type and in which large
portions of the relevant
biological communities
normally associated with
the surface water body
type under undisturbed
conditions are absent,
shall be classified as bad.
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hydromorphological quality elements for all surface waters (refer to Table 7.10 for general definition of ecological quality)

Element

High status

Good status

Moderate status

Biological quality elements

Phytoplankton

Macrophytes and
phytobenthos

Benthic
invertebrate fauna

The taxonomic composition of
phytoplankton corresponds totally or
nearly totally to undisturbed conditions.

The average phytoplankton abundance
is wholly consistent with the type-
specific physico-chemical conditions and
is not such as to significantly alter the
type-specific transparency conditions.
Planktonic blooms occur at a frequency
and intensity which is consistent with
the type-specitic physico-chemical
conditions.

The taxonomic composition corresponds
totally or nearly totally to undisturbed
conditions.

There are no detectable changes in the
average macrophytic and the average
phytobenthic abundance.

The taxonomic composition and
abundance correspond totally or nearly
totally to undisturbed conditions.

The ratio of disturbance-sensitive taxa
to insensitive taxa shows no signs of
alteration from undisturbed levels.

The level of diversity of invertebrate
taxa shows no sign of alteration from
undisturbed levels.

There are slight changes in the composition
and abundance of planktonic taxa compared
to the type-specific communities. Such changes
do not indicate any accelerated growth of algae
resulting in undesirable disturbances to the
balance of organisms present in the water body
or to the physico-chemical quality of the water
or sediment.

A slight increase in the {requency and intensity
of the type-specific planktonic blooms may
occur.

There are slight changes in the composition
and abundance of macrophytic and
phytobenthic taxa compared to the type-
specific communities. Such changes do

not indicate any accelerated growth of
phytobenthos or higher forms of plant life
resulting in undesirable disturbances to the
balance of organisms present in the water body
or to the physico-chemical quality of the water
or sediment.

The phytobenthic community is not adversely
alfected by bacterial tufts and coats present
due to anthropogenic activity.

There are slight changes in the composition
and abundance of invertebrate taxa from the
l,ype—speciﬁc communities.

The ratio of disturbance-sensitive taxa to
insensitive taxa shows slight alteration from
type-specific levels.

The level of diversity of invertebrate taxa
shows slight signs of alteration from type-
specific levels.

The composition of planktonic taxa
differs moderately from the type-
specific communities.

Abundance is moderately disturbed
and may be such as to produce a
significant undesirable disturbance
in the values of other biological and
physico-chemical quality elements.
A moderate increase in the frequency
and intensity of planktonic blooms
may occur. Persistent blooms may
occur during summer months.

The composition of macrophytic and
pyhtobenthic taxa differs moderately
from the type-specific community and
is significantly more distorted that at
good status.

Moderate changes in the average
macrophytic and the average
phytobenthic abundance are evident.
The phytobenthic community may
be interfered with and in some areas,
displaced by bacterial tufts and coats
present as a result of anthropogenic
activities.

The composition and abundance of
invertebrate taxa differ moderately
from the type-specific communities.

Major taxonomic groups of the type
specific community are absent.

The ratio of disturbance-sensitive taxa
to insensitive taxa, and the level of
diversity, are substantially lower than
the type-specific level and significantly
lower than for good status.



Fish fauna Species composition and abundance
correspond totally or nearly totally to
undisturbed conditions.

All the type-specific disturbance-
sensitive species are present.

The age structures of fish communities
show little sign of anthropogenic
disturbance and are not indicative

of a failure in the reproduction or
development of any particular species.

Hydromorphological quality elements
Hydrological The quantity and dynamics of flow,
and the resultant connection to
groundwaters, reflect totally, or nearly
totally, undisturbed conditions.

regime

River continuity The continuity of the river is not
disturbed by anthropogenic activities
and allows undisturbed migration

of aquatic organisms and sediment

transport.
Morphological Channel patterns, width and depth
conditions variations, flow velocities, substrate

conditions and both the structure
and condition of the riparian zones
correspond totally or nearly totally to
undisturbed conditions.

There are slight changes in species composition
and abundance from the type-specific
communities attributable to anthropogenic
impacts on physico-chemical and
hydromorphological quality elements.

The age structures of the fish communities
show signs of disturbance attributable to
anthropogenic impacts on physico-chemical or
hydromorphological quality elements, and, in a
few instances, are indicative of a failure in the
reproduction or development of a particular
species, to the extent that some age classes
may be missing.

Conditions consistent with the achievement of
the values specified above for the biological
quality elements.

Conditions consistent with the achievement of
the values specified above for the biological
quality elements.

Conditions consistent with the achievement of
the values specified above for the biological
quality elements.

The composition and abundance of
fish species differ moderately from the
type-specific communities attributable
to anthropogenic impacts on physico-
chemical or hydromorphological
quality elements.

The age structure of the fish
communities shows major signs of
anthropogenic disturbance, to the
extent that a moderate proportion of
the type specific species are absent or
of very low abundance.

Conditions consistent with the
achievement of the values specified
above for the biological quality
elements.

Conditions consistent with the
achievement of the values specified
above for the biological quality
elements.

Conditions consistent with the
achievement of the values specified
above for the biological quality
elements.

(Continued)
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(Continued)

Element

High status

Good status

Moderate status

Physico-chemical quality elements”

General conditions

Specific synthetic
pollutants

Specific non-
synthetic pollutants

The values of the physico-chemical
elements correspond totally or nearly
totally to undisturbed conditions.

Nutrient concentrations remain within
the range normally associated with
undisturbed conditions.

Levels of salinity, pH, oxygen

balance, acid neutralizing capacity
and temperature do not show signs of
anthropogenic disturbance and remain
within the range normally associated
with undisturbed conditions.

Concentrations close to zero and at
least below the limits of detection of the
most advanced analytical techniques in
general use.

Concentrations remain within the range
normally associated with undisturbed
conditions (bgl).

Temperature, oxygen balance, pH, acid
neutralizing capacity and salinity do not reach
levels outside the range established so as to
ensure the functioning of the type specific
ecosystem and the achievement of the values
specified above for the biological quality
elements.

Nutrient concentrations do not exceed

the levels established so as to ensure the
functioning of the ecosystem and the
achievement of the values specified above for
the biological quality elements.

Concentrations not in excess of the standards
set in accordance with the procedure detailed
in Section 1.2.6 of the WFD without prejudice
to Directive 91/414/EC and Directive 98/8/
EC. (<EQS)

Concentrations not in excess of the standards
set in accordance with the procedure detailed
in Section 1.2.6" of the WFD without prejudice
to Directive 91/414/EC and Directive 98/8/
EC. (<EQS)

Conditions consistent with the
achievement of the values specified
above for the biological quality
elements.

Conditions consistent with the
achievement of the values specified
above for the biological quality
elements.

Conditions consistent with the
achievement of the values specified
above for the biological quality
elements.

bgl: background level; EQS: environmental quality standard.

“Application of the standards derived under this protocol shall not require reduction of pollutant concentrations below background levels: (EQS > bgl).
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and hydromorphological quality elements for coastal waters (refer to Table 7.10 for general definition of ecological quality)

Element

High status

Good status

Moderate status

Biological quality elements

Phytoplankton

Macroalgae and
angiosperms

Benthic invertebrate
fauna

The composition and abundance of
phytoplanktonic taxa are consistent
with undisturbed conditions.

The average phytoplankton biomass
is consistent with the type-specific
physico-chemical conditions and is
not such as to significantly alter the
type-specific transparency conditions.
Planktonic blooms occur at a
frequency and intensity which is
consistent with the type-specific
physico-chemical conditions.

All disturbance-sensitive macroalgal
and angiosperm taxa associated with
undisturbed conditions are present.
The levels of macroalgal cover and
angiosperm abundance are consistent
with undisturbed conditions.

The level of diversity and abundance
of invertebrate taxa is within the
range normally associated with
undisturbed conditions.

All the disturbance-sensitive

taxa associated with undisturbed
conditions are present.

The composition and abundance of
phytoplanktonic taxa show slight signs of
disturbance.

There are slight changes in biomass
compared to type-specific conditions.

Such changes do not indicate any accelerated
growth of algae resulting in undesirable
disturbance to the balance of organisms
present in the water body or to the quality of
the water.

Most disturbance-sensitive macroalgal and
angiosperm taxa associated with undisturbed
conditions are present.

The level of macroalgal cover and
angiosperm abundance show slight signs of
disturbance.

The level of diversity and abundance of
invertebrate taxa is slightly outside the range
associated with the type-specific conditions.

Most of the sensitive taxa of the type-specific
communities are present.

The composition and abundance of
planktonic taxa show signs of moderate
disturbance.

Algal biomass is substantially outside

the range associated with type-specific
conditions, and is such as to impact upon
other biological quality elements.

A moderate increase in the frequency and
intensity of planktonic blooms may occur.
Persistent blooms may occur during
summer months.

A moderate number of the disturbance-
sensitive macroalgal and angiosperm taxa
associated with undisturbed conditions
are absent.

Macroalgal cover and angiosperm
abundance is moderately disturbed and
may be such as to result in an undesirable
disturbance to the balance of organisms
present in the water body.

The level of diversity and abundance of
invertebrate taxa is moderately outside
the range associated with the type-specific
conditions.

Taxa indicative of pollution are present.

Many of the sensitive taxa of the type-
specific communities are absent.

(Continued)
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(Continued)

Element

High status

Good status

Moderate status

Hydromorphological quality elements

Tidal regime

Morphological
conditions

The freshwater flow regime and the
direction and speed of dominant
currents correspond totally or nearly
totally to undisturbed conditions.

The depth variation, structure and
substrate of the coastal bed, and both
the structure and condition of the
inter-tidal zones correspond totally
or nearly totally to the undisturbed
conditions.

Physico-chemical quality elements®

General conditions

Specific synthetic
pollutants

Specific non-
synthetic pollutants

The physico-chemical elements
correspond totally or nearly totally to
undisturbed conditions.

Nutrient concentrations remain
within the range normally associated
with undisturbed conditions.

Temperature, oxygen balance and
transparency do not show signs
of anthropogenic disturbance and
remain within the range normally
associated with undisturbed
conditions.

Concentrations close to zero and at
least below the limits of detection
of the most advanced analytical
techniques in general use.

Concentrations remain within the
range normally associated with
undisturbed conditions (bgl).

Conditions consistent with the achievement
of the values specified above for the
biological quality elements.

Conditions consistent with the achievement
of the values specified above for the
biological quality elements.

Temperature, oxygenation conditions and
transparency do not reach levels outside
the ranges established so as to ensure

the functioning of the ecosystem and the

achievement of the values specified above for

the biological quality elements.

Nutrient concentrations do not exceed
the levels established so as to ensure the
functioning of the ecosystem and the

achievement of the values specified above for

the biological quality elements.

Concentrations not in excess of the standards
set in accordance with the procedure detailed

in Section 1.2.6 (WFD) without prejudice to

Directive 91/414/EC and Directive 98/8/EC.

(<EQS)

Concentrations not in excess of the standards
set in accordance with the procedure detailed
in Section 1.2.6* (WFD) without prejudice to
Directive 91/414/EC and Directive 98/8/EC.

(<EQS)

Conditions consistent with the
achievement of the values specified above
for the biological quality elements.

Conditions consistent with the
achievement of the values specified above
for the biological quality elements.

Conditions consistent with the
achievement of the values specified above
for the biological quality elements.

Conditions consistent with the
achievement of the values specified above
for the biological quality elements.

Conditions consistent with the
achievement of the values specified above
for the biological quality elements.

bel: background level; EQS: environmental quality standard.

*Application of the standards derived under this protocol shall not require reduction of pollutant concentrations below background levels: (EQS > bel).
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TasLE 7.13 List of Annex VIII substances that are considered to be the main
pollutants in water

1. Organohalogen compounds and substances which may form such compounds in the
aquatic environment

rganophosphorous compounds
Organophospl I 1

rganotin compounds
Organot pound
Substances and preparations, or the breakdown products of such, which have been
Subst 1 preparations, or the breakd products of such, which | b
proved to possess carcinogenic or mutagenic properties or properties which may affect
steroidogenic, thyroid, reproduction or other endocrine-related functions in or via the

aquatic environment
5. Persistent hydrocarbons and persistent and bioaccumulable organic toxic substances
6. Cyanides
7. Metals and their compounds
8. Arsenic and its compounds
9. Biocides and plant protection products
10. Materials in suspension
11. Substances which contribute to eutrophication (in particular, nitrates and phosphates)
12. Substances which have an unfavourable influence on the oxygen balance (and can be
measured using parameters such as BOD, COD, etc.)

over the provisions of this Directive, which will be repealed (Section 8.3). A list of
chemical polluting substances is given in Annex X of the WFD, some of which are
identified as being PHSs (Table 8.15). The WFD aims to eliminate PHSs at source
by preventing inputs via discharges, emissions and other losses, including accidents.
The Directive requires that management plans to deal with accidental pollution and
incidents are in place.

The environmental objectives in RBMPs include chemical status for both surface
and groundwaters, which are based on achievement of environmental quality stand-
ards. Chemical status includes priority substances and other pollutants (i.e. any sub-
stance liable to cause pollution including those listed in Annexes VIII and X) (Table
7.13). Environmental quality standards for priority substances and, where possible,
controls on their principal sources have been established for each RBD. Member
States have set up National Expert Working groups to assist with developing lists
of dangerous substances. For example, in Ireland their Expert Group has put for-
ward 161 candidate substances and named 33 priority substances that have definite
relevance in the context of the implementation of the Dangerous Substances and
WEFDs. These candidate substances will be subjected to a screening process, devel-
oped by the Expert Group, to assess their relevance in the Irish aquatic environ-
ment, in order to achieve a progressive reduction in hazardous substances in water.

7.3.9 CONCLUSION

Throughout Europe water resources are coming under increasing pressure from
the continuous growth in demand for sufficient quantities of good quality water for
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all purposes. The WFD is the EU response to protect Community waters in both
qualitative and quantitative terms. It is the most far-reaching piece of environmen-
tal legislation ever introduced by the EU and will change the way in which water
is perceived and managed in Europe forever. Water is not an isolated entity and
it is continuously being modified. So, in order to protect it all discharges that may
eventually find their way into the water cycle need to be controlled and regulated.
The WFD along with its associated Directives puts into place the management and
legislative structure to achieve this.

7.4 Froop CoONTROL AND DIFFUSE POLLUTION

FIiGure 7.6

Water pollution
sources.
(Reproduced from
British Ecological
Society (1990) with
permission of the
British Ecological
Society, London.)

The most difficult pollution inputs to control are not those discharged at a single
location (point sources) but those that enter surface waters over a wide area (diffuse
or non-point sources) (Fig. 7.6). Diffuse pollution can be caused by atmospheric
deposition or contaminated sediments, but more commonly is caused from run-off
from paved areas and roads, or through land use activities resulting in widespread
run-off or infiltration (e.g. agriculture, forestry and large-scale construction) (Table
7.14). Agriculture is the major cause of diffuse pollution in Europe resulting in the
run-off of nutrients (mainly as nitrogen), pesticides and suspended solids causing
turbidity (Section 11.1). The nature of diffuse pollution determines the potential
of options for its control (D’Arcy et al., 1998). There are a wide variety of reme-
dial actions that can be taken to reduce the effects of diffuse pollution. Structural
remedies range from fencing off riverbanks to complex engineering works (Table
7.15), while managerial solutions include good management practices in terms of
land management, better urban planning and maintenance of surface water control
infrastructure (Table 7.16).

Point sources

Sewage treatment works Urban storm-water discharges
Fish farms Accidental pollution incidents
Mine drainage Farmyard discharges
Industrial effluents Open cast mining
» —
S
8 Urban @
2 run-off 3
= =
s . ©
O Agricultural =
run-off
Acidification
Afforestation

Diffuse sources
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TaBLE 7.14  Major diffuse sources of pollution in the UK and the problems they cause

Pollutant

Example sources

Environmental problem

Oil and other
hydrocarbons

Pesticides

Sediment

Organic wastes

Faecal pathogens
2

Nitrogen

Phosphorus

Trace metals
Iron

Solvents

Car maintenance. Disposal of waste oils.
Spills from storage and handling. Road run-off.
Industrial run-off

Municipal application to control roadside weeds.
Agriculture. Private properties?

Run-off from aerable land. Upland erosion.
Forestry. Urban run-off. Construction industry

Agricultural wastes (slurry, silage, liquor, surplus
crops). Sewage sludge. Industrial wastes for land
application

Failures of conventional sewage systems (wrong
connections in separate sewer systems). Dog faeces
in towns and cities. Application of organic wastes to
farmland

Agricultural fertilizers. Atmospheric deposition

Soil erosion. Agricultural fertilizers.

Contamination of urban run-off (detergents, organic
material)

Urban run-off. Industrial and sewage sludges
applied to land. Contaminated groundwater

Water table rebound following mining (especially
coal)

Cleaning plant on industrial yards, wrong
connections of trade effluent to surface water

Toxicity. Contamination of urban stream
sediments. Groundwater contamination.
Nuisance (surface waters). Taste (potable
supplies)

Toxicity. Contamination of potable
supplies

Destruction of gravel riffles.
Sedimentation of atural pools and ponds.
Costs to abstractors (e.g. fish farms,
potable supplies)

Oxygen demand. Nutrient enrichment

Health risks. Non-compliance with
recreational water standards

Eutrophication (especially coastal waters).
Contamination of potable supplies (rivers
and groundwaters). Acidification

Eutrophication of freshwaters: ecological
degradation; blue-green algae; increased
filtration costs for potable reservoirs/rivers

Toxicity

Toxicity. Aesthetic nuisance

Toxicity. Contamination of potable
supplies (rivers and groundwaters)

Reproduced from D’Arcy et al. (1998) with permission of Elsevier Science Ltd, Oxford.

Floods are natural phenomena that cannot always be predicted or prevented. Human
activities have certainly increased the incidence and severity of flooding due to
increased settlement and inappropriate development in flood plains, the decrease in
natural retention of water by land use, and the resultant increase in intensity of rain-
fall due to climate change. The floods that occurred during the summer of 2007 in
England and parts of Wales were the worst since records began in 1766, and flooded
49000 households and 7000 businesses, with transport, power, water supplies and
other infrastructural seriously disrupted. Normally flooding occurs where extreme
rainfall occurs due to surface run-off as the water makes its way to the nearest water-
course, swelling normally small streams and creating large amounts of destructive
energy. The effects may be quite localized but as run-off accumulates in rivers the
effects are extended into floodplains where the effects will become more widespread.
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TaBLE 7.15 Structural solutions to diffused pollution prevention

Practice

Definition

Management objective

% Reduction of nutrient loads

Terraces,
diversions

Sediment basins,
detention ponds

Animal waste
management
systems

Fencing

Streambank
stabilization

Rock-reed water
treatment filters

Wetland
rehabilitation
and development

Earthen ridge or channel
across slope

Artificial depression which
may drain or release
water to land and may be
vegetated

Any system which collects
and stores animal wastes:
lagoons, storage tanks,
composters

Barricade to exclude
livestock from sensitive
areas

Structural repair to
streambanks, usual
to combine wetland
vegetation measures

Long shallow microbial
filter system of reed beds
in rock

Enhance natural capacity
of wetlands to trap, store
and process pollutants

Intercept run-off; decrease
run-off velocity; minimize
soil erosion

Collect and store run-

off: detain sediments and
nutrients; increase uptake of
nutrients; recycle water

Biological treatment
(lagoons); separates clean
and soiled waters; reduce
volume and odour of
waste (composter); delay
land spreading (tanks and

ponds)

Minimize erosion; protect
habitats; protect water
quality and public health

Minimize bank erosion;
control stream tempera-
ture, sediment and flows

Remove heavy metals/toxins
from run-off; reduce BOD of
effluents

Increase nutrient uptake;
immobilize P; detain and
treat run-off; minimize
sediment transport

Terraces, 90% adsorbed and 30%
dissolved nutrients.

Diversions, 20-45% adsorbed
nutrients

Sediment basins, 40% total P;
30% adsorbed N; detention ponds,
140% total P; higher if vegetated

Combined, 21% total P, 62% total
N individual practices, range of
10-69% dissolved P, 32-91%
total N

Depends on type of fence and if
vegetated; range of 50-90%
total P

Combined wetland riparian
buffers, 50-70% total P;

combined wetland grass filter
strips, 30-90% total P

Depends on vegetation

10-70% P; 40-80% N, depending
on location in hydrological unit;
80-90% sediment removal

Reproduced with permission of Carolina State University.

Careful planning can significantly reduce both the risk and consequences of flood-
ing. In England and Wales, the Department of Environment, Food and Rural Affairs
(Defra) has overall responsibility for flood control policy. This includes the provision of
flood defences, providing flood forecasting and warning systems, and land management
changes including discouraging inappropriate development in flood plains and areas at
risk from flooding. These policies are implemented via the Environment Agency, which
is the main agency for providing flood risk protection and flood warnings for the main
rivers, local authorities who are responsible for smaller watercourses, drains, culverts
and sewerage systems, and Drainage Boards by funding and grant aid from Defra.

Part of Defra’s flood management policy is a new strategy called Making Space
for Water (Defra, 2007). As part of this strategy they are carrying out a number of
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Practice

Definition

Management objective

% Reduction of nutrient loads

Managerial

Filter strips

Field borders

Riparian buffer zones

Range and pasture
management

Nutrient
management
planning

CI'O/)IDIIlg /)I'(ZC/,[CE?S

Conservation tillage

Crop rotation

Cover crops

Contour ploughing,
strip-cropping

Closely growing vegetation

between agricultural land
and watercourse

Perennial vegetation at
edge of fields, regardless
of proximity to water

Maintain vegetation zone
along watercourse as
ecosystem

Grazing rotation, seeding,
brush management,
reduce stocking rates

Based on limiting nutrient
concept, plan for precise
nutrient application rates

Soil only tilled to prepare
seedbed. must leave 30%
minimum of soil surface
with crop residue after
planting

Change crops grown on

a field

Close-growing crops that
cover soil during critical
erosion period

Ploughing and crop rows
follow field contours

across slope; alternate row

and close- growi crops

Remove sediment from
run-off; increase nutrient

uptake by plants

Control erosion; reduce
velocity of overland flow

Filter sediments with
low vegetation; increase
nutrient uptake with
high vegetation

Minimize soil losses;
protect vegetation cover

Limit nutrient in run-
off; reduce fertilizer
consumption; control
animal wastes usage

Minimize soil erosion
and loss; minimize
pesticides and nutrient
levels in run-off

Minimize soil erosion
and loss; improve soil
structure; minimize
insecticide use by
disruption of insect
lifecycles

Replacement of
commercial fertilizers
with legumes for N;
minimize soil erosion
and loss

Minimize soil erosion
and loss

Most effective at removal of
sediment and sediment bound N;
5-50% total P and ortho-P; may
be ineffective at P removal during
growing season

Perennial grasses most effective for
N removal; mainly for sediment
removal

50-75% total P; 80-90% total N;

30-90% sediment removal

Up to 80% N, P and sediment

20-90% total N and P mainly for
soluble types of nutrients

35-85% total P; 50-80% total N

Approximately 30% total P;
approximately 50% total N

30-50% total P; certain crops
annual reduction: 30% total P,

50% total N

Strip-cropping: up to 50% total P
and 75% sediment

Reproduced with permission of Carolina State University.
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TaBLE 7.17  Key aims and objectives of the EU Flood Directive (2007/60/EC) as a timescale

Completion by Action required

December 2011 Preliminary Flood Risk Assessment to identify potential
significant flood risk

December 2013 Flood Hazard Maps to show the likelihood and flow of potential
flooding; Flood Risk Maps showing the impact of flooding.
The importance of these maps is to (i) raise public awareness;
(ii) develop polices and strategies including Flood Risk
Management Plans and Emergency Plans; (iii) prioritize actions
including investment

December 2015 Flood Risk Management Plans completed showing measures to
reduce the likelihood and impact of flooding

December 2021 Flood Risk Management Plan is updated taking into account
effect of climate change. This to be done every six years

integrated urban drainage studies (i) to understand the causes of flooding in urban
areas and to investigate the best ways of managing urban drainage to reduce flooding;
(i) to examine the effectiveness of existing management systems, especially interac-
tions between various drainage authorities and how these can be improved to find
solutions to flooding; and (iii) to test the effectiveness of new approaches to urban
flood risk management including the use of hydraulic models, surface water man-
agement plans, sustainable drainage systems (SUDS) and how to manage flows that
exceed existing drainage capacities (Gill, 2008). The strategy aims to ensure that
when flood prevention measures are implemented to make an area safer they should
not increase the risk of flooding elsewhere, but should reduce the overall risk.

The risk of flooding in the British Isles, from both rivers and the sea, is set to
increase significantly over the next two decades and could be as much as 20 times
greater by 2080 with the number of people at serious risk of flooding rising from 1.5
to 3.5 million people over the same period. This increased risk of flooding is seen
throughout Europe and led to the implementation in November 2007 of the EU
Flood Directive (2007/60/EC) which aims to reduce and manage the risk of flooding
to human health, the environment, infrastructure and property, and applies to both
inland and coastal flooding (Table 7.17).

7.4.1 SUSTAINABLE URBAN DRAINAGE SYSTEMS

Integrated urban drainage management (IUDM) is a more holistic and integrated
approach in dealing with the problems of urban drainage to reduce the flood risk
in built-up areas but also to help deliver the necessary improvements in water qual-
ity required by the WFD in relation to diffuse pollutants. Like the WFD, ITUDM
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TaBLE 7.18  Classification of the main types of flooding

Type of flooding  Details

Pluvial Localized flooding caused by: (i) local heavy intensity rainfall
(>30mmh~") which exceeds the carrying capacity of the drainage
system; (ii) prolonged periods of low intensity rainfall where land is
saturated, (iii) reduced permeability due to ground being frozen, for
example, (iv) surface run-off cannot enter drainage system at required
rate due to blockage, (v) drainage systems back up due to high water
levels in swollen rivers preventing adequate discharge.

Fluvial Widespread flooding caused by prolonged or intense rainfall events
generating high surface water run-off that exceeds the capacity of
rivers to carry the water downstream within existing banks. When
flood defences are breached this results in sudden and extensive
flooding that is both damaging and life threatening. Frequency and
extent of flooding can be increased downstream when urbanization is
permitted in flood plains in upland river zones reducing water storage
capacity and increasing run-off rate.

Sewer Caused by combined sewers becoming overwhelmed by storm water
which is exacerbated by (i) volumetric capacity of sewer being too
small due to new development, (ii) failure of pumps, (iii) sewer
becoming blocked by grease, rags, collapse, tree root growth or misuse.

Groundwater Long periods of sustained rainfall can result in springs appearing in
unusual places as the groundwater table rises above normal maximum
levels. This causes very localized flooding where this water cannot
enter a drainage system but can be significant in terms of duration and
volume. Also in low-lying areas the water table may well rise towards
ground level flooding cellars and excavations first and then the low-
lying areas. This type of flooding can last for weeks or even months
and can be very difficult to deal with.

Coastal Caused by high sea levels exceeding normal tidal ranges as a result of
(i) wave action caused by wind, (ii) storm or tidal surges, or (iii) high
tides that coincide at full or new moon phases.

encourages co-operation between all the stakeholders in the flood management and
drainage sectors. The main categories of flooding are summarized in Table 7.18.

Sustainable urban drainage systems (SUDS) are alternatives to conventional drain-
age. Rather than simply focusing on the prevention of flooding, SUDS are also able
to capture contaminants in surface run-off thereby protecting surface and ground-
waters from pollution. They are designed to mimic natural drainage and at the
same time enhance the landscape and amenity values of areas while providing natu-
ral habitats increasing local biodiversity. They are often referred to as best manage-
ment practices (BMPs). Structural BMPs include permeable surfaces, filter strips,
filter and infiltration trenches, swales, detention and retention basins, underground
storage, wetlands and ponds. Managerial BMPs include the development of codes
of best practice, mitigation of accidents that may result in pollution incidents, reduc-
tion in polluting activities, reduction in the use and transport of polluting materials,
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bunding of oil tanks and water harvesting. SUDS are used in both agriculture and
forestry using similar structural and managerial facilities and techniques (Tables
7.15 and 7.16).

The idea behind SUDS is to deal with surface water as near to the point of genera-
tion as possible. In natural non-urban areas such as farmland, forests or grasslands
rainfall quickly percolates into the soil or is lost by evapotranspiration. In contrast,
in urban and other paved areas, as much of 75-100% of the precipitation ends up as
surface run-off that has to be taken away by drainage. SUDS re-create the natural
system allowing surface run-off to quickly percolate into the soil or be lost by eva-
potranspiration. The management of SUDs is based on a simple hierarchy:

(i) Prevention: Preventing the generation of surface run-off by efficient design,
reducing paved area of development, etc.

(ii) Source control: This involves dealing with the run-off at or very near the point
of generation using green roofs, rainwater harvesting, percolation areas,
underground storage, etc.

(iii) Site control: Dealing with larger areas using infiltration trenches, retention and
detention basins, etc.

(iv) Regional control: Typically this includes roads and large paved areas where site
or source control is not possible or adequate. Solutions include swales, infil-
tration trenches, detention ponds, wetlands, end of pipe treatment, etc.

Wetlands are discussed in Section 18.2.2 while some of the more common systems
are described below.

Green roofs are increasingly being used in modern urban building design and are
made up of a number of protective layers to protect the supporting structure under-
neath and to make it waterproof, and then covered with a simple drainage layer
on which a lightweight growing medium is spread and then planted. They are able
to retain between 25% and 40% of the rainfall in the winter and up to 90% in the
summer, with the water then released back to the atmosphere by evapotranspira-
tion, although this is dependent on the growth medium and planting. Apart from
reducing the volume of water being discharged from the roof it also slows the rate
of run-off, thereby not adding to peak flows created during storms. Green roofs also
filter and to some extent treat the rainwater, allowing it to be collected and reused.
The greater insulation properties provided by green roofs also save on heating costs
for the building, making them carbon positive.

Permeable surfaces are increasingly being used and consist of a layer of permeable
load-bearing material overlying a thick layer of crushed stone which acts as both
a reservoir to store the water and an infiltration layer to allow the water to per-
colate into the aquifer below. Permeable surfaces generate almost no surface run-
off, although are unable to fully deal with very intense rainfall. Materials include
porous asphalt and concrete, both with 10-20% void space, and paving stones with



7.4 Flood Control and Diffuse Pollution ¢ 185

either sand or grass and soil joints. They cannot be used where slopes are >5% and
need to be vacuumed regularly to remove sediment that may cause blockages.
Permeable pavements offer a degree of contaminant capture and breakdown: for
example, 60-95% removal of suspended solids, 70-90% hydrocarbons, 50-80%
total P, 65-80% total N and 60-90% removal of heavy metals.

Detention/retention ponds are constructed ponds which temporarily collect and
store storm water, delaying it entering watercourses and also allowing it to perco-
late into groundwater. Detention or dry ponds are grass lined and designed so that
any water retained will be allowed to fully percolate to groundwater. Retention or
wet ponds also store water, allowing its controlled released with the upper banks
porous, allowing some percolation to ground. However, the lower part of these
ponds is lined in order to retain a permanent quantity of water (Table 7.19).

Swales, wide grassed drainage ditches, are employed throughout the world to inter-
cept surface run-off from urban areas, especially highways and agricultural land.
They have a maximum depth of 0.3m with gently sloping sides (1:3) to allow for
easy maintenance (Fig. 7.7). The run-off is retained in the swale encouraging per-
colation as well as treatment through settlement and adsorption. Water is also lost
through evapotranspiration. To be effective the active soil layer must have a mini-
mum permeability of 1073ms~! to ensure infiltration is complete within 3h after
the end of a storm. So the swale offers only short-term storage of storm water while
the infiltration trench beneath it offers longer-term storage. The depth of water in the
gravel infiltration trench can be controlled if necessary by opening the control throt-
tle of the drainage pipe. A simple overflow device in the manhole ensures that the
water level never exceeds the top level of the infiltration trench (Fig. 7.8) (Sieker,
1998). Contaminants are captured and sometimes degraded within the soil layer
with 65% and 50% of total P and N, respectively, with 80-90% of both suspended
solids and heavy metals removed. Constructed wetlands are also used in combina-
tion with swales to intercept and treat urban and highway run-off before discharge
to surface waters, resulting in significant reductions of suspended solids, nutrients,
trace organic compounds and heavy metals (IAWQ, 1997; Shutes et al., 1997). Filter

TaBLE 7.19 Comparative ability of retention/detention pond designs to retain surface run-off and the capture
and treatment of pollutants. The key treatment processes are: A — adsorption; EE — evaporation; F — filtration;
N — nutrient uptake; S — settlement; T — evapotranspiration

Pond type Water retention Contaminant treatment Treatment processes
capability capability

Detention basin +++ + AFS

Extended detention basin ++++ ++ AFS

Retention basin ++ +++ AENST

Extended retention pond +++ +++ AENST

Wetland + ++++ AEFNST
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Ficure 7.7
Cross-section
through a swale
infiltration trench
system (Mulden—
Rigolen System®).
(Reproduced from
Sieker (1998)

with permission of
Elsevier Science Litd,

Oxford.)

Ficure 7.8
Longitudinal section
through a swale
infiltration trench
system (Mulden—
Rigolen System®).
(Reproduced from
Sieker (1998)

with permission of
Elsevier Science Litd,

Oxford.)

Chapter 7 / Water Basin Management

Surface run-off Surface
> 7
Swale
Active soil layer
Trench
Geotextile
Draining pipe
Percolation
Swale overflow
Surface
Trench | Active soil layer i J.
overflow \ Y \

I [
Percolation

Manhole  Throttled Draining Geotextile
with throttle  sewer pipe

strips are simple swales. They are uniformly graded vegetated areas adjacent to
impervious areas where the flow velocity of run-off can be reduced, allowing some
infiltration as well as the removal of sediments and pollutants by the vegetation.
These are very cheap and low-maintenance solutions and can be more effective than
swales for smaller applications as they rely on sheet flow rather than channelized
flow. Improved management practices on farms and of the riparian zones can also
bring about significant water quality improvement (Table 7.16).

SUDS are a key mechanism in controlling increased surface run-off resulting from
urbanization by significantly reducing peak flows during rainfall events to discharge
points, as well as reducing the volume of water reaching watercourses thereby
reducing the potential impact of flooding downstream. They have a significant role
to play in the control of diffuse pollution by capturing contaminants and allowing
natural breakdown of organic contaminants in soil layers and sediments. Other
advantages include creating new wildlife habitats, improving amenity spaces as well
as protecting water supplies by encouraging water harvesting and reuse and recharg-
ing aquifers.
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7.4.2 AGRICULTURE AND WATER QUALITY PROTECTION

The management of the riparian (bankside) zones is the most important factor in
surface water conservation, especially of rivers, and reflects the shift in attitude from
just the river channel to overall consideration of the catchment as a whole. Specific
attention is now given to the aquatic—terrestrial interface, which in most rivers is
not only the primary source of its productivity, but also the source of detrimental
inputs such as nutrients and toxicants (Boon et al., 1992). Bankside vegetation pro-
vides habitat diversity and allochthonous organic matter (Section 4.2), and helps to
regulate water temperature, light, surface run-off and interflow from the adjoining
land, erosion of banks and nutrient transfer and, most importantly, helps to control
flooding downstream. Planting conifers and poor forestry practice exert significant
chemical and physical influences on surface waters causing acidification in base-poor
catchments, and increase nutrients (especially phosphorus) and sediment (especially
during deforestation) (Section 7.4.3). The use of riparian strips of broadleaves and
grassland to protect streams has been highly effective in counteracting the effects
of afforestation on freshwaters. However, the degree to which macro-invertebrates
benefit from riparian management in streams is restricted by low pH. The manage-
ment of riparian zones is generally significant at a local level but is unable to buffer
the effects of acidification, which can only be tackled at a supra-catchment level.
The management of riparian zones is, however, the first step within a wider man-
agement plan. Riparian buffer zones are highly effective in nutrient and sediment
removal and are increasingly used to protect all types of water resources. Improved
management practices on farms and of the riparian zones can also bring about sig-
nificant water quality improvement (Table 7.16). The protection of water resources
in relation to agriculture is considered further in Section 11.1 where various codes
of practices covering the use of manure and pesticides are considered.

7.4.3 AFFORESTATION AND WATER QUALITY PROTECTION

Approximately 40% of water supplies in the UK come from upland catchment areas
where the water quality is becoming increasingly vulnerable due to changing land
use pressures, such as forestry, grazing and recreation. Of these, forestry has the
greatest potential impact. Up to the early 1980s forestry development included little
consideration for its impact on water quality. Potential problems include changes
in water yield and flow rates, increased turbidity, colour and sedimentation, con-
tamination from chemicals and oil, nutrient enrichment and acidification. Forestry
development can affect streams, lakes and reservoirs.

Soil and stream erosion, sedimentation and pollution can result in an increase in the
cost of drinking water treatment, as well as causing damage to fisheries, wildlife and
even roads. Poor management practices identified by Stretton (1998) include:

(a) ploughing at right angles to contours;
(b) ploughing through natural watercourses;
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(c) site roads fording natural watercourses;

(d) inadequate use of culvert and bridge structures;
(e) very steep sides to road drainage;

(f) no reseeding of disturbed ground;

(g) use of unstable material as road dressing;

(h) poor design of interception ditches.

Environmental impact studies are now a normal requirement for new forestry devel-
opments and a Code of Practice (HMSO, 1993) has been adopted to help managers
and operators to protect water quality. The key elements of good management are
as follows.

Catchment assessment

Trees are very effective scavengers of aerial pollutants causing acidification. Critical
load maps are available to identify areas where the natural buffering capacity of
soils is inadequate and where afforestation may lead to acidification. Sensitive areas
in the UK include parts of central and south-west Scotland, Cumbria, the Pennines,
and central and north Wales. Any new forestry development will need to have catch-
ment-based assessments made to measure the vulnerability of surface waters.

Ground preparation

Cultivation and drainage should be designed to ensure minimum run-off from land.
This includes ploughing along contours, avoiding natural watercourses and installing
cross-drains to prevent cultivation channels carrying large quantities of water from
higher ground. Silt traps are also required at the ends of drains where there is a
risk of erosion. Natural watercourses must never be diverted into channels or drains
or be diverted into another catchment. Drain maintenance or ground preparation
should be done at a time to avoid spawning or when salmonid eggs and alevins are
living in the gravel of adjacent watercourses.

Protection of watercourses by buffer areas

Areas of undisturbed land are left between the planted area and the watercourse.
This filters out sediment and also helps to reduce nutrients entering the water.
Buffer strips are more effective if they have vigorous vegetative growth, and are gen-
tly sloping and wide. Exact details of design are given in the Code of Practice, but
the width of the buffer area depends largely on stream size. For example, if channel
width is 1, 2 or >2m then the buffer area should be 5, 10 or 20m wide on either
side of the stream. Where the site is in a sensitive area with easily eroded soils then
these buffer areas should be doubled. This may make certain upland areas with sig-
nificant lengths of watercourse commercially unviable for forestry.
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Riparian vegetation management

The riparian zone, the land immediately adjoining the aquatic zone, is particularly
important in downstream sections of watercourses. Open or partially shaded condi-
tions are necessary to maintain the bankside vegetation that is so important for wild-
life, as well preventing erosion of the banks. Half the length of the watercourse should
be exposed to direct sunlight while the remainder can be under partially shaded con-
ditions from trees and shrubs. Trees such as conifers, beech and oak cause too much
shading and should only be used occasionally. Trees such as willow, birch, rowan, ash
and hazel all have lighter foliage and are ideal for creating partial shade. While alder
is particularly successful on riverbanks it can cause considerable shade and may con-
tribute to acidification, so it should be used only sparingly. Grazing animals must be
excluded to prevent bank erosion or damage to bankside vegetation.

Road construction and maintenance

The construction of forest roads can be a major cause of damage to watercourses and
to fish in particular. For that reason all major road works should be restricted to the
period May to September. All roads should be well clear of riparian or buffer zones.
Any watercourse intercepted by a road must be culverted or bridged. Roadside drains
should not be used to intercept watercourses or to transport large volumes of water
from higher ground. Sediment traps should be used to remove solids and these must
be maintained. Embankments must be reseeded to prevent erosion. Roads must be
inspected regularly, especially after heavy rain. Metalliferous or sulphide-rich material
should not be used for road construction due to leaching and acidification.

Felling

Harvesting trees, especially clear felling, causes a considerable threat to water-
courses. Large increases in sedimentation occur which can smother aquatic habi-
tats, damage spawning ground, prevent fish movement and physically block streams.
Bark and other woody debris can also enter the river causing both sedimentation
and deoxygenation problems. Soil disturbance must be kept to a minimum, espe-
cially from dragging timber, and if necessary brash mats must be used to protect
sensitive soils from vehicle damage. New channels and sediment traps to intercept
surface run-off may also be required.

Pesticides and fertilizers

There are separate Codes of Practice covering the use of pesticides (HMSO, 1989)
and in the UK consultation with the Water Regulatory Authority is legally required
before any application of pesticide is made near water or from the air. In sensitive
areas, where there are standing waters, fertilizer should be applied by hand and not
by aerial application to prevent the risk of eutrophication.
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Chemicals and oils

Careful storage and use of these materials is vital, and contingency plans should be
drawn up to deal with spillages.

7.4.4 CONCLUSION

The adoption of the best management practices (BMP) outlined in Tables 7.15 and
7.16 for the control of diffuse pollution is the most cost-effective way to tackle dif-
fuse pollution. The use of grass swales, buffer zones and strips, infiltration systems,
wet ponds and storm water wetlands can significantly improve the appearance of the
landscape by providing attractive natural solutions for the collection and treatment
of run-off, as well as achieving substantial water quality protection and improve-
ment. The adoption of BMP for diffuse pollution control is now widespread in the
USA, Australia, Japan and many European countries.
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INTERACTIVE SITES

WATER FRAMEWORK DETECTIVE
The official EU site giving full background and details of the WFD with links to countries
and all River Basin Districts. Part of the Water Information System for Europe (WISE).

http://ec.europa.eu/environment/water/water-framework/index_en.html

WISE

The EU Water Information System for Europe is the hub for all water data in European
Member States which can be accessed via zoomable maps on a wide range of data. It also pro-
vides valuable links to European and national sites for a wide range of water-related themes.

http://water.europa.eu/en/welcome

EUROPEAN WFD SITES

This site provides a direct link to all WFD sites in European Member States.

http://ec.europa.eu/environment/water/water-framework/links/index_en.htm

RIVER RESTORATION ORGANIZATION

USA-based company specializing in river restoration. The site has a useful selection of case
studies.

http://www.riverrestoration.org/

THE RIVER RESTORATION CENTRE

A professional body that collates and disseminates information and practical experience on river
restoration. The site includes a wide range of support material including case studies and reports.

http://www.therrc.co.uk/index.php

CIRCA - SUDS

The Construction Industry Research and Information Association (CIRCA), a leading
research group, has produce a number of key reports and manuals on the application of sus-
tainable drainage technologies. Includes a number of case studies.

http://www.ciria.com/suds/index.html

BRITISH GEOLOGICAL SURVEY - FLOODS

Flood home page dealing with risk assessment and many geological aspects of floods including
detailed analysis of the July 2007 and more recent flood events including remarkable images.
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http://www.bgs.ac.uk/science/landUse AndDevelopment/shallow_geohazards/floods_home.
html

DEFRA - FLOOD MANAGEMENT

Home page for the UK government site on flooding. Has access to a wide range of research,
reports, vulnerability maps and much more, including the Making Space for Water strategy.

http://www.defra.gov.uk/environment/flooding/index.htm

ENVIRONMENT AGENCY - SUDS

Home page of the EA SUDS initiative dealing with techniques, research, policy and
guidance.

http://www.environment-agency.gov.uk/business/sectors/36998.aspx
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INTRODUCTION

Environmental legislation relating to water quality is based largely on quality stand-
ards relating to suitability for a specific use, the protection of receiving waters or emis-
sion limits on discharges. Standards are usually mandatory with maximum permissible
concentrations based on health criteria or environmental quality standards (EQSs)
(Section 7.1). Table 8.1 lists the Directives concerning the aquatic environment that
govern legislation in countries (Member States) comprising the European Union.
However, European legislation relating to water policy has significantly changed since
the introduction of the Water Framework Directive (WFD) (2000/60/EC). Many of
the earlier Directives, on which surface water and groundwater management has
been based, are gradually being integrated into the new Directive giving one coher-
ent policy document controlling and protecting water resources on a catchment
basis (Table 8.2). Acting as the pivotal legislation, the WFD is supported by the new
Groundwater Directive (2006/118/EC), the Flood Directive ( 2007/60/EC), the revised
Bathing Water Directive (2006/7/EC), and the existing Nitrates (91/676/EEC), Urban
Wastewater Treatment (91/271/EEC) and Drinking Water (98/83/EC) Directives
(Fig. 7.4; Section 7.3.1). The Sewage Sludge Disposal (86/278/EEC) and the
Integrated Pollution Prevention and Control (IPPC) Directive (96/61/EEC), along
with a number of associated Directives, remain relevant to water quality but are out-
side those concerned directly with water policy. The Directive controlling sewage
sludge disposal to agricultural land (86/278/EEC) is discussed in Chapter 21.

In most Directives, guide (G) and imperative or mandatory (I) values are given.
The G-values are those which Member States should be working towards in the
long term. In most cases nationally adopted limit values are the I-values, although
occasionally more stringent values are set.

8.1 PoraBLE WATERS

Water used for the abstraction of drinking water is now covered by the WFD
(Article 7), replacing the Surface Water Directive, which was repealed in 2007
(Table 8.2). Under the WFD water bodies used for the abstraction of water intended

194



8.1 Potable Waters ¢ 195

TaBLE 8.1  Previous EU environmental policy with regard to inland waters by year of introduction
leading to the introduction of the Water Framework Directive in 2000. Current
legislation is discussed within the text

1973

Council Directive on the approximation of the laws of the Member States relating to
detergents (73/404/EEC)

Council Directive on the control of biodegradability of anionic surfactants (73/405/EEC)

1975
Council Directive concerning the quality required of surface water intended for the
abstraction of drinking water in the Member States (75/440/EEC)

1976

Council Directive concerning the quality of bathing waters (76/160/EEC)

Council Directive on pollution caused by certain dangerous substances discharged into the
aquatic environment (76/464/EEC)

1977

Council decision establishing a common procedure for the exchange of information on the
2 I g

quality of surface in the Community (77/795/EEC)

1978
Council Directive on titanium oxide waste (78/178/EEC)
Council Directive on quality of freshwaters needing protection or improvement in order to

support fish life (78/659/EEC)
1979

Council Directive concerning the methods of measurement and frequencies of sampling and
analysis of surface water intended for the abstraction of drinking water in the Member States
(79/869/EEC)

Council Directive on the quality required for shellfish waters (79/923/EEC)

1950

Council Directive on the protection of groundwater against pollution caused by certain
dangerous substances (80/68/EEC)

Council Directive on the approximation of the laws of the Member States relating to the
exploitation and marketing of natural mineral waters (80/777/EEC)

Council Directive relating to the quality of water intended for human consumption

(80/778/EEC)
19852

Council Directive on limit values and quality objectives for mercury discharges by the chlor-
alkali electrolysis industry (82/176/EEC)

Council Directive on the testing of the biodegradability of non-ionic surfactants
(82/242/FEC)

Council Directive on the monitoring of waste from the titanium oxide industry
(82/883/EEC)

1983

Council Directive on limit values and quality objectives for cadmium discharges (83/513/EEC)
1954

Council Directive on limit values and quality objectives for discharges by sectors other than
the chlor-alkali electrolysis industry (84/156/EEC)

Council Directive on limit values and quality objectives for discharges of
hexachlorocyclohexane (84/491/EEC)

(Continued)
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(Continued)

1985
Council Directive on the assessment of the effects of certain public and private projects on
the environment (85/337/EEC)

1986
Council Directive on the limit values and quality objectives for discharge of certain
dangerous substances included in List I of the Annex to Directive 76/464/EEC

(86/280/EEC)
1987

Council Directive on the prevention and reduction of environmental pollution by asbestos

(87/217/EEC)
1985

Council Directive amending Annex II to the Directive 86/280/EEC on limit values and
quality objectives for discharges of certain dangerous substances included in List I of the
Annex to Directive 76/464/EEC (88/347/EEC)

1990
Council Directive amending Annex Il to the Directive 86/280/EEC on limit values and
quality objectives for discharges of certain dangerous substances included in List I of the

Annex to Directive 76/464/FEC (90/415/EEC)

1991

Council Directive concerning urban wastewater treatment (91/271/EEC)

Council Directive concerning the protection of waters against pollution caused by nitrates
from agricultural sources (91/676/EEC)

1992

Council Directive on pollution by waste from the titanium oxide industry (92/112/EEC)
1996

Council Directive on IPPC (96/61/EEC)

Council Directive amending Directive 80/777/EEC on the approximation of the laws of the
Member States relating to the exploitation and marketing of natural mineral waters

1998
Council Directive on the quality of water intended for human consumption (98/83/EEC)
2000

Council Directive establishing a framework for community action in the field of Water Policy
(00/60/EEC)

for human consumption, and either providing >10m*d~! or serving more than
50 people, are designated under Article 6 as protected areas. Likewise, those water
bodies intended for abstraction in the future are also classified as protected areas
(Table 8.3). The Directive requires that these waters receive sufficient treatment to
ensure that the water supplied conforms to the Drinking Water Directive (98/83/
EC). Member States are required to protect these waters to avoid any deterioration
in their quality in order to minimize the degree of treatment required. This includes
establishing, where necessary, protection zones around water bodies to safeguard
quality.



TABLE 8.2

TaBLE 8.3

8.1 Potable Waters ¢ 197

Existing EU legislation that has or will be repealed by the WFD. The transitional
period for this legislation varies between 7 and 13 years after publication of the WFD
on 22 December 2000

Repealed with effect from the year 2007

75/440/EEC Directive concerning the quality required of surface water intended for the
abstraction of drinking water in Member States

77/795/EEC Council Decision establishing a common procedure for the exchange of
information on the quality of surface freshwater in the Community

79/869/EEC Directive concerning the methods of measurement and frequencies of sampling
and analysis of surface water intended for the abstraction of drinking waters in the Member
States

To be repealed with effect from the year 2013

76/464/EEC Directive on pollution caused by certain dangerous substances discharged into
the aquatic environment

78/659/EEC Directive on the quality of freshwaters needing protection in order to support
fish life

79/923/EEC Directive on the quality required by shellfish waters

80/68/EEC Directive on the protection of groundwater against pollution caused by certain
dangerous substances

Areas within River Basin Districts (RBDs) requiring special protection under the WFD

Protected areas include the following:

e Areas designated for the abstraction of water intended for human consumption

¢ Areas that may be designated in the future for the abstraction of water intended for
human consumption

® Areas designated for the protection of economically significant aquatic species

* Bodies of water designated as recreational waters, including area designated as bathing
waters under Directive (76/160/EEC; 2006/7/EC)

® Nutrient-sensitive areas including areas designated as vulnerable zones under Directive
91/676/EEC and areas designated as sensitive areas under Directive 91/271/EEC

® Areas designated for the protection of habitats of species where the maintenance or
improvement of the status of the water is an important factor in their protection,
including relevant Natura 2000 sites designated under Directives 92/43/EEC (last
amended 97/62/EC) and 79/409/EEC (last amended 97/49/EC)

Up to 2007, surface waters intended for supply purposes had to be classified under
EU Directive (75/440/EEC). There are three categories (A, A, or Az) based on raw
water quality using 46 parameters (Table 8.4). For each category there is a manda-
tory minimum degree of treatment required. These are:

A, simple physical treatment and disinfection (e.g. rapid filtration and chlorination);

A, normal physical treatment, chemical treatment and disinfection (e.g. pre-
chlorination, coagulation, flocculation, decantation, filtration and final
chlorination);

A; intensive physical and chemical treatment, extended treatment and disinfection
(e.g. chlorination to break point, coagulation, flocculation, decantation, filtra-
tion, adsorption (activated carbon) and disinfection (ozone or final chlorination))
(Section 10.1).
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TaBLE 8.4 Standards for potable water abstractions set by the EC Surface Water Directive (75/440/EEC).
This has been repealed and replaced with new provisions within the Water Framework Directive. However, this
legislation will remain in force until 2013

Treatment type Ay Ay As

Parameter (mg/l Guide Mandatory  Guide Mandatory  Guide Mandatory
except where noted) limit limit limit limit limit limit
pH units 6.5-8.5 5.5-9.0 5.5-9.0

Colour units 10 20 50 100 50 200
Suspended solids 25

Temperature (°C) 22 25 22 25 22 25
Conductivity (uSem™1) 1000 1000 1000

Odour (DN") 3 10 20

Nitrate (as NO;) 25 50 50 50
Fluoride 0.7-1.0 1.5 0.7-1.7 0.7-1.7

Iron (soluble) 0.1 0.3 1.0 2.0 1.0

Manganese 0.05 0.1 1.0

Copper 0.02 0.05 0.05 1.0

Zinc 0.5 3.0 1.0 5.0 1.0 5.0
Boron 1.0 1.0 1.0

Arsenic 0.01 0.05 0.05 0.05 0.1
Cadmium 0.001 0.005 0.001 0.005 0.001 0.005
Chromium (total) 0.05 0.05 0.05
Lead 0.05 0.05 0.05
Selenium 0.01 0.01 0.01
Mercury 0.0005 0.001 0.0005 0.001 0.0005  0.001
Barium 0.1 1.0 1.0
Cyanide 0.05 0.05 0.05
Sulphate 150 250 150 250 150 250
Chloride 200 200 200

MBAS 0.2 0.2 0.5

Phosphate (as P,O3) 0.4 0.7 0.7

Phenol 0.001 0.001 0.005 0.01 0.1
Hydrocarbons (ether soluble) 0.05 0.2 0.5 1.0
PAH 0.0002 0.0002 0.001
Pesticides 0.001 0.0025 0.005
COD 30

BOD (with ATU) <3 <5 <7

DO! per cent saturation >70 >50 >30

Nitrogen (Kjeldahl) 1 2 3

Ammonia (as NHy) 0.05 1 1.5 2 4
Total coliforms/100ml 50 5000 50000

Faecal coliforms/100 ml 20 2000 20000

Faecal streptococci/100ml 20 1000 10000

Salmonella

absent in 5 |

absentin 11

Mandatory levels 95% compliance, 5% not complying should not exceed 150% of mandatory level.

ADN: dilution number.

bPAH: polycyclic aromatic hydrocarbons.

“ATU: allythiourea.

IDO: dissolved oxygen.

Reproduced with permission of the European Commission, Luxembourg.
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The methods and sampling frequency for this Directive were not published until
1979 (79/869/EEC), with sampling taking place at designated sites where water is
abstracted. Surface water that falls outside the mandatory limits for A; waters is
normally excluded for use, although it can be blended with better quality water
prior to treatment. Although repealed and replaced by the DWD, the Surface Water
Directive will continue in force until the end of 2012 when all measures in the first
River Basin Management Plans (RBMPs) become fully operational.

Only one Directive deals with drinking water quality, the EU Directive relating
to the quality of water intended for human consumption (98/83/EC), approved
3 November 1998. It also covers water used in food production or in processing
or marketing products intended for human consumption. This replaces the earlier
Drinking Water Directive (80/778/EEC) which had been originally proposed in
1975 and was both scientifically and technically out of date. The publication of the
revised World Health Organization (WHO) drinking water guidelines in 1993 led
to the revision of the European standards. The new Directive has been significantly
altered focusing on parameters that reflect current health and environmental con-
cerns. This involves reducing the number of listed parameters from 66 to 48, 50 for
bottled water, of which 15 are new parameters (Tables 8.5 and 8.6). It also intro-
duces a more modern management approach to potable water quality control and
assessment. The Directive has been incorporated into law in Britain and Ireland
through the Water Supply (Water Quality) Regulations 2000 and the European
Communities (Drinking Water) Regulations 2000, respectively. Natural mineral
waters are excluded and are covered by their own Directive (Natural Mineral
Waters Directive 2009/54/EC), while bottled water not legally classified as natural
mineral water is required to conform to the Drinking Water Directive.

The WHO guidelines for drinking water are used universally and are the basis for
both EU and US legislation (WHO, 1993, 2004). The guidelines are revised when
required to reflect the most recent toxicological and scientific evidence. The lat-
est guidelines published on 21 September 2004 include microbiological (Table 8.7),
physico-chemical (Table 8.8) and radiological parameters (Table 8.9). While health-
based guidance levels for almost 200 individual radionuclides in drinking water
have been published in the 2004 WHO guidelines, the process of identifying and
quantifying individual radioactive species requires sophisticated and expensive anal-
ysis. For this reason, drinking water is screened using gross alpha and beta activ-
ity with further action only required if these activity levels are exceeded. Table 8.10
lists those chemicals that are not harmful to health at the concentrations normally
encountered in drinking water. Some may, however, result in consumer complaints.

The key changes in water quality standards introduced by the revised Drinking
Water Directive are:

(a) Faecal coliforms are replaced by Escherichia coli, and Pseudomonas aeruginosa
is to be measured in bottled water.
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TABLE 8.5

The quality parameters listed in the new EC Drinking Water Directive

(98/83/EEC)

Parameter

Parametric value

Part A: Microbiological parameters

Escherichia coli
Enterococci

In water offered for sale in bottles or containers

E. coli

Enterococci
Pseudomonas aeruginosa
Colony count at 22°Ci
Colony count at 37°C

Part B: Chemical parameters
Acrylamide

Antimony

Arsenic

Benzene

Benzo(a)pyrene

Boron

Bromate

Cadmium

Chromium

Copper

Cyanide

1,2-Dichloroethane
Epichlorohydrin

Fluoride
Lead
Mercury
Nickel
Nitrate
Nitrite
Pesticides
Pesticides (total)®

ab

Polycyclic aromatic hydrocarbons®

Selenium

Tetrachloroethene plus trichloroethane

Trihalomethanes (total)®
Vinyl chloride

0/100ml
0/100ml

0/250ml
0/250ml
0/250 ml
100/ml
20/ml

0.1pgl™!
5.0pgl™!
10pgl™!
1.0pg|_1
0.01 uglfl
1.0mgl™!
10pgl™!
5.0pgl™!
50pgl™!
2.0mgl™!
50pgl™!
3.0pgl™!
0.1pgl™!
1.5mgl™!
10pgl™!
1.0pg|_1
20pgl™!
50mgl™!
0.5mgl™!
0.1pgl™!
0.5pngl™!
0.1 pgl_l
10pgl™!
10gl™!
100pgl™!
0.5pgl™!

“Relates to specified compounds in Directive 98/83/EEC.

PFor aldrin, dieldrin, heptachlor and heptachlor epoxide the parametric value is

0.03pgl .

Reproduced with permission of the European Commission, Luxembourg.

(b) Antimony is reduced from 10 to Smgl .

(c) Lead is reduced from 50 to 10mgl~!. A 15-year transition period is allowed for

the replacement of lead distribution pipes.

(d) Nickel (a precursor for eczema) is reduced from 50 to 20mgl 1.
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TaBLE 8.6  The indicator parameters (Part C) in the new EC Drinking Water Directive (98/83/EC)

used for check monitoring

Parameter Parametric Notes
value

Physico-chemical

Aluminium 200pgl™!

Ammonium 0.5mgl™ !

Chloride 250 mgr' Water should not be aggressive

Clostridium perfringens  0/100ml From, or affected by, surface water only

Colour Acceptable to consumers and no abnormal
change

Conductivity 2500pScm ™! Water should not be aggressive

Hydrogen ion pH > 0.5, <9.5 Water should not be aggressive. Minimum

concentration values for bottled waters not <pH4.5

Iron 200pgl™!

Manganese 50pgl™!

Odour Acceptable to consumers and no abnormal
change

Oxidizability 5.0mgOy 17! Not required if TOC used

Sulphate 250 mgr' Water should not be aggressive

Sodium 200mgl™!

Taste Acceptable to consumers and no abnormal
change

Colony count at 22°C 0/100 ml

Coliform bacteria 0/100ml For bottled waters 0/250 ml

TOC No abnormal change. Only for
flows >10000m? day™!

Turbidity Acceptable to consumers and no abnormal

change. Normally <1.0 NTU

Radioactivity
Tritium 100Bql™ !
Total indicative dose 0.1mSv ycarf1

TOC: total organic carbon; NTU: nephelometric turbidity unit.

Reproduced with permission of the European Commission, Luxembourg.

(e) Disinfection by products and certain flocculants is also included (e.g. trihalom-
ethanes, trichloroethene and tetracholoroethene, bromate, acrylamide, etc.).

(f) Copper is reduced from 3 to 2mgl 1.

(g) Maximum permissible concentrations for individual and total pesticides are
retained at 0.1 mgl~! and 0.5mgl ™!, respectively, with more stringent standards
introduced for certain pesticides (i.e. 0.03mgl™1).

The Directive entered into force on 25 December 1998 with Member States required
to transpose the Directive into national legislation within 2 years and full compli-
ance by 25 December 2003. Exceptions were made for bromate, trihalomethanes and
lead, for which full compliance was required by 25 December 2008 for the first two
parameters and 25 December 2013 for lead. Interim values of 25, 150 and 25ugl ™!,



202

Chapter 8 / Water Quality and Regulation

TaBLE 8.8

TaBLE 8.7  WHO drinking water guide values for microbial quality®

Organisms Guideline value

All water directly intended for drinking

E. coli or thermotolerant coliform bacteria
Treated water entering the distribution system

E. coli or thermotolerant coliform bacteria®  Must not be detectable in any 100ml sample
Treated water in the distribution system

E. coli or thermotolerant coliform bacteria®  Must not be detectable in any 100 ml sample

b Must not be detectable in any 100 ml sample

*Immediate investigative action must be taken if . coli is detected.

P Although E. coli is the more precise indicator of faecal pollution, the count of
thermotolerant coliform bacteria is an acceptable alternative. If necessary, proper
confirmatory tests must be carried out. Total coliform bacteria are not acceptable indicators
of the sanitary quality of water supplies, particularly in tropical areas, where many bacteria
of no sanitary significance occur in almost all untreated supplies.

“It is recognized that in the great majority of rural water supplies, especially in developing
countries, faecal contamination is widespread. Especially under these conditions, medium-
term targets for the progressive improvement of water supplies should be set.

Reproduced from WHO (2004) with permission of the World Health Organization, Geneva.

WHO drinking water guide values for chemicals of significance to health

Chemical Guideline Remarks
value® (mgl™")

Acrylamide 0.0005"
Alachlor 0.02>
Aldicarb 0.01 Applies to aldicarb sulphoxide and
aldicarb sulphone
Aldrin and dieldrin 0.00003 For combined aldrin plus dieldrin
Antimony 0.02
Arsenic 0.01 (P)
Atrazine 0.002
Barium 0.7
Benzene 0.01"
Benzo[a]pyrene 0.0007"
Boron 0.5 (T)
Bromate 0.01" (A, T)
Bromodichloromethane 0.06"
Bromoform 0.1
Cadmium 0.003
Carbofuran 0.007
Carbon tetrachloride 0.004
Chloral hydrate 0.01 (P)
(trichloroacetaldehyde)
Chlorate 0.7 (D)
Chlordane 0.0002
Chlorine 5 (C) For effective disinfection, there should be

a residual concentration of free chlorine
of >0.5 mgl*] after at least 30 min
contact time at ptl <8.0

(Continued)
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Chemical Guideline Remarks
value" (mgl™")

Chlorite 0.7 (D)

Chloroform 0.2

Chlorotoluron 0.03

Chlorpyrifos 0.03

Chromium 0.05 (P) For total chromium

Copper 2 Staining of laundry and sanitary ware
may occur below guideline value

Cyanazine 0.0006

Cyanide 0.07

Cyanogen chloride 0.07 For cyanide as total cyanogenic
compounds

2,4-D (2.4- 0.03 Applies to free acid

dichlorophenoxyacetic acid)

2,4-DB 0.09

DDT and metabolites 0.001

Di(2-ethylhexyl)phthalate 0.008

Dibromoacetonitrile 0.07

Dibromochloromethane 0.1

1,2-Dibromo-3-chloropropane  0.001 b

1,2-Dibromoethane 0.0004" (P)

Dichloroacetate 0.05 (T, D)

Dichloroacetonitrile 0.02 (P)

Dichlorobenzene, 1.2- 1(C)

Dichlorobenzene, 1.4- 0.3 (C)

Dichloroethane, 1,2- 0.03b

Dichloroethene, 1,1- 0.03

Dichloroethene, 1,2- 0.05

Dichloromethane 0.02

1,2-Dichloropropane (1,2-DCP) 0.04 (P)

1.,3-Dichloropropene 0.02>

Dichlorprop 0.1

Dimethoate 0.006

Edetic acid (EDTA) 0.6 Applies to the free acid

Endrin 0.00006

Epichlorohydrin 0.0004 (P)

Ethylbenzene 0.3 (C)

Fenoprop 0.009

Fluoride 1.5 Volume of water consumed and intake
from other sources should be considered
when setting national standards

Formaldehyde 0.9

Hexachlorobutadiene 0.00006

Isoproturon 0.009

Lead 0.01

Lindane 0.002

Manganese 0.4 (C)

MCPA 0.002

Mecoprop 0.01

Mercury 0.001 For total mercury (inorganic plus organic)

(Continued)
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TaBLE 8.8

(Continued)
Chemical Guideline Remarks
value" (mgl™")

Methoxychlor 0.02

Metolachlor 0.01

Microeystin-LR 0.001 (P) For total Microcystin-LR (free plus cell-
bound)

Molinate 0.0006

Molybdenum 0.07

Monochloramine 3

Monochloroacetate 0.02

Nickel 0.02 (P)

Nitrate (as NO3) 50 Short-term exposure

Nitrilotriacetic acid (NTA) 0.2

Nitrite (as NO3) 3 Short-term exposure

0.2 (P) Long-term exposure

Pendimethalin 0.02

Pentachlorophenol 0.009" (P)

Pyriproxyfen 0.3

Selenium 0.01

Simazine 0.002

Styrene 0.02 (C)

2.4.5-T 0.009

Terbuthylazine 0.007

Tetrachloroethene 0.04

Toluene 0.7 (C)

Trichloroacetate 0.2

Trichloroethene 0.07 (P)

Trichlorophenol, 2.4,6- 0.2" (C)

Trifluralin 0.02

Trihalomethanes The sum of the ratio of the concentration
of each to its respective guideline value
should not exceed 1

Uranium 0.015 (P, T) Only chemical aspects of uranium
addressed

Vinyl chloride 0.0003P

Xvylenes 0.5 (C)

*P: provisional guideline value, as there is evidence of a hazard, but the available
information on health effects is limited; T: provisional guideline value because calculated
guideline value is below the level that can be achieved through practical treatment methods,
source protection, etc.; A: provisional guideline value because calculated guideline value is
below the achievable quantification level; D: provisional guideline value because disinfection
is likely to result in the guideline value being exceeded; C: concentrations of the substance at
or below the health-based guideline value may affect the appearance, taste or odour of the
water, leading to consumer complaints.

"For substances that are considered to be carcinogenic, the guideline value is the
concentration in drinking water associated with an upper-bound excess lifetime cancer

risk of 107> (one additional cancer per 100000 of the population ingesting drinking water
containing the substance at the guideline value for 70 years). Concentrations associated with
upper-bound estimated excess lifetime cancer risks of 107 and 107° can be calculated by
multiplying and dividing, respectively, the guideline value by 10.

Reproduced from WHO (2004) with permission of the World Health Organization, Geneva.
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respectively, had to have been achieved by 25 December 2003 for these parameters.
The new parameters are listed under three parts: Part A. Microbiological; Part B.
Chemical (Table 8.5); Part C. Indicator parameters (Table 8.6).

Monitoring of compliance is done at two levels. Regular check monitoring using
the parameters listed in Part C (Table 8.6) ensures that the basic organoleptic and

WHO drinking water guide values for radioactive components
g g F

Screening value (Bql™") Remarks

If a screening value is exceeded, more detailed radionuclide
analysis is necessary. Higher values do not necessarily imply
that the water is unsuitable for human consumption

Gross a-activity 0.5
Gross 3-activity 1

Reproduced from WHO (2004) with permission of the World Health Organization, Geneva.

TaBLE 8.10 Health-related guide values have not been set by the WHO for a number of chemicals that are not
considered hazardous in concentrations normally found in drinking water. Some compounds may give rise to

consummer com p] aints

Chemicals excluded from guideline value derivation

Chemical Reason for exclusion
Amitraz Degrades rapidly in the environment and is not expected to occur at measurable

Beryllium
Chlorobenzilate
Chlorothalonil
Cypermethrin
Diazinon
Dinoseb
Ethylene thiourea
Fenamiphos
Formothion
Hexachlorocyclohexanes
(mixed isomers)
MCPB
Methamidophos
Methomyl
Mirex
Monocrotophos

Oxamyl

Phorate
Propoxur
Pyridate
Quintozene
Toxaphene
Triazophos
Tributyltin oxide
Trichlorfon

concentrations in drinking water supplies
Unlikely to occur in drinking water
Unlikely to occur in drinking water
Unlikely to occur in drinking water
Unlikely to occur in drinking water
Unlikely to occur in drinking water
Unlikely to occur in drinking water
Unlikely to occur in drinking water
Unlikely to occur in drinking water
Unlikely to occur in drinking water
Unlikely to occur in drinking water

Unlikely to occur in drinking water

Unlikely to occur in drinking water

Unlikely to occur in drinking water

Unlikely to occur in drinking water

Has been withdrawn from use in many countries and is unlikely to occur in drinking

water

Unlikely to occur in drinking water

Unlikely to occur in drinking water

Unlikely to occur in drinking water

Not persistent and only rarely found in drinking water
Unlikely to occur in drinking water

Unlikely to occur in drinking water

Unlikely to occur in drinking water

Unlikely to occur in drinking water

Unlikely to occur in drinking water

(Continued)
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Chemicals for which guideline values have not been established

Chemical

Reason for not establishing a guideline value

Aluminium

Ammonia
Asbestos
Bentazone

Bromochloroacetate
Bromochloroacetonitrile
Chloride

Chlorine dioxide

Chloroacetones

Chlorophenol, 2-
Chloropicrin

Dialkyltins

Dibromoacetate
Dichloramine
Dichlorobenzene, 1,3-
Dichloroethane, 1,1-
Dichlorophenol, 2.4-
Dichloropropane, 1,3-
Di(2-ethylhexyl)
adipate
Diquat

Endosulfan

Fenitrothion

Fluoranthene

Glyphosate and AMPA

Hardness

Heptachlor and
heptachlor epoxide

Hexachlorobenzene

Hydrogen sulphide

Inorganic tin

lodine

Owing to limitations in the animal data as a model for humans and the uncertainty
surrounding the human data, a health-based guideline value cannot be derived,;
however, practicable levels based on optimization of the coagulation process in drinking
water plants using aluminium-based coagulants are derived: 0.1 mgl*l or less in large
water treatment facilities, and 0.2mg1™! or less in small facilities

Occurs in drinking water at concentrations well below those at which toxic effects may occur

No consistent evidence that ingested asbestos is hazardous to health

Occurs in drinking water at concentrations well below those at which toxic effects may
oceur

Available data inadequate to permit derivation of health-based guideline value

Available data inadequate to permit derivation of health-based guideline value

Not of health concern at levels found in drinking water®

Guideline value not established because of the rapid breakdown of chlorine dioxide and
because the chlorite provisional guideline value is adequately protective for potential
toxicity from chlorine dioxide

Available data inadequate to permit derivation of health-based guideline values for any of
the chloroacetones

Available data inadequate to permit derivation of health-based guideline value

Available data inadequate to permit derivation of health-based guideline value

Available data inadequate to permit derivation of health-based guideline values for any of
the dialkyltins

Available data inadequate to permit derivation of health-based guideline value

Available data inadequate to permit derivation of health-based guideline value

Toxicological data are insufficient to permit derivation of health-based guideline value

Very limited database on toxicity and carcinogenicity

Available data inadequate to permit derivation of health-based guideline value

Data insufficient to permit derivation of health-based guideline value

Occurs in drinking water at concentrations well below those at which toxic effects may
oceur

Rarely found in drinking water, but may be used as an aquatic herbicide for the control
of free-floating and submerged aquatic weeds in ponds, lakes and irrigation ditches

Occurs in drinking water at concentrations well below those at which toxic effects may
oceur

Occurs in drinking water at concentrations well below those at which toxic effects may
oceur

Occurs in drinking water at concentrations well below those at which toxic effects may
oceur

Occurs in drinking water at concentrations well below those at which toxic effects may
oceur

Not of health concern at levels found in drinking water®

Occurs in drinking water at concentrations well below those at which toxic effects may
oceur

Occurs in drinking water at concentrations well below those at which toxic effects may
oceur

Not of health concern at levels found in drinking water®

Occurs in drinking water at concentrations well below those at which toxic effects may
oceur

Available data inadequate to permit derivation of health-based guideline value, and
lifetime exposure to iodine through water disinfection is unlikely

(Continued)
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Chemicals for which guideline values have not been established

Chemical Reason for not establishing a guideline value

Iron Not of health concern at concentrations normally observed in drinking water, and taste
and appearance of water are affected below the health-based value

Malathion Occurs in drinking water at concentrations well below those at which toxic effects may

Methyl parathion
Monobromoacetate
Monochlorobenzene

MX
Parathion
Permethrin

pH

Phenylphenol, 2- and
its sodium salt

Propanil

Silver

Sodium

Sulphate

TDS

Trichloramine
Trichloroacetonitrile

Trichlorobenzenes (total)

Trichloroethane, 1,1,1-

Zinc

oceur

Occurs in drinking water at concentrations well below those at which toxic effects may occur

Available data inadequate to permit derivation of health-based guideline value

Occurs in drinking water at concentrations well below those at which toxic effects
may occur, and health-based value would far exceed lowest reported taste and odour
threshold

Occurs in drinking water at concentrations well below those at which toxic effects may
oceur

Occurs in drinking water at concentrations well below those at which toxic effects may
oceur

Occurs in drinking water at concentrations well below those at which toxic effects may
oceur

Not of health concern at levels found in drinking water?

Occurs in drinking water at concentrations well below those at which toxic effects may
oceur

Readily transformed into metabolites that are more toxic; a guideline value for the parent
compound is considered inappropriate, and there are inadequate data to enable the
derivation of guideline values for the metabolites

Available data inadequate to permit derivation of health-based guideline value

Not of health concern at levels found in drinking water®

Not of health concern at levels found in drinking water®

Not of health concern at levels found in drinking water®

Available data inadequate to permit derivation of health-based guideline value

Available data inadequate to permit derivation of health-based guideline value

Occurs in drinking water at concentrations well below those at which toxic effects may
occur, and health-based value would exceed lowest reported odour threshold

Occurs in drinking water at concentrations well below those at which toxic effects may
occur

Not of health concern at concentrations normally observed in drinking water?®

*May alfect acceptability of drinking water (see Chapter 11).

bAn important operational water quality parameter.

microbial quality is maintained, while audit monitoring is done less frequently to
ensure compliance with the listed quality parameters in the Directive. Sampling is
now done exclusively at consumers’ taps and the water must be free from any micro-
organisms, parasite or substance which, in numbers or concentrations, constitutes a
potential danger to human health, as well as meeting the minimum quality stand-
ards listed. The Directive introduces some new management functions to ensure
better quality drinking water is supplied. All parametric values are to be regularly
reviewed and where necessary strengthening them in accordance with the latest
available scientific knowledge. Two principal sources of information will be the
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WHO Water Quality Guidelines and the Scientific Committee on Toxicology and
Ecotoxicology. The Directive also seeks to increase transparency and safety for
consumers. This is achieved by (i) ensuring that compliance is at the point of use;
(ii) obligation on suppliers to report on quality; and (iii) an obligation on suppliers to
inform the consumer on drinking water quality and measures that they can take to
comply with the requirements of the Directive when the non-compliance is because
of the domestic distribution system (e.g. internal pipes, plumbing) (Gray, 2008).

The Drinking Water Directive only covers public water supplies while private sup-
plies are excluded (e.g. springs, wells). The UK Water Industry Act 1991 defines a
private water supply as any supply of water not provided by a statutorily appointed
water undertaker. In England and Wales there are over 50000 private supplies sup-
plying about 350000 people for domestic purposes. Of these, approximately 30000
supplies serve a single dwelling. The actual number of people consuming private
water supplies at some time is very much greater due to their use at hotels, schools
and other isolated locations. The Private Water Supplies Regulations 1991 require
local authorities to monitor such supplies to protect public health and, where nec-
essary, demand improvements to be made. However, in practice, private supplies
within the EU fall outside the regulatory system.

Drinking water standards in the USA arise from the Safe Drinking Water Act 1974
and its subsequent amendments (Gray, 2008). Standards are split into two catego-
ries: primary and secondary. Primary drinking water standards are mandatory and
cover those parameters considered to be potentially harmful to health. They are
broken down into clarity, microbiological, organic contaminants, inorganic con-
taminants and radionuclides (Table 8.11). Secondary drinking water standards are
non-mandatory and cover parameters that are not harmful to health but that affect
the aesthetic quality of drinking water. These include colour, odour, chloride, cop-
per, foaming agents, iron, manganese, sulphate, zinc, conductivity, total dissolved
solids (TDS), pH, hardness, sodium, calcium, potassium, magnesium, boron and
nitrite.

The Office of Drinking Water at the US Environmental Protection Agency
(USEPA) uses two standards for primary parameters. The maximum contaminant
level (MCL) is the enforceable standard, while the MCL guide (MCLG) is a non-
enforceable standard set at a level at which no known or anticipated adverse health
effect occurs. For example, for all known carcinogens the USEPA sets the MCLG
at zero as a matter of policy, based on the theory that there exists some risk of can-
cer, albeit very small, at any exposure level. The MCL is set as close to the MCLG
as possible taking technological and cost factors into considerations. The primary
drinking water standards must be complied with by all States, although in practice
many States set more stringent values for certain parameters. The standards cover
public supplies only, which are defined as those serving 25 or more people or from
which at least 15 service connections are taken.
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Contaminants

Health effects

MCL (mgl™') Sources

Organic chemicals
Acrylamide
Alachlor

Aldicarb

Aldicarb sulphone
Altrazine
Benzene

Carbofuran
Carbon tetrachloride

Chlordane

2.4-D

Dibromochloropropane (DBCP)
Dichlorobenzene p-
Dichlorobenzene o-
Dichloroethane (1,2-)
Dichloroethylene (1,1-)

Dichloroethylene (cis-1,2-)
Dichloroethylene (trans-1,2-)
Dichloropropane (1,2-)

Endrin
Epichlorohydrin

Ethylbenzene
Ethylene dibromide (EDB)

Heptachlor
Heptachlor epoxide

Lindane

Methoxychlor

Probable cancer nervous system
Probable cancer
Nervous system

Nervous system
Reproductive and cardiac
Cancer

Nervous system and reproductive
system
Possible cancer

Probable cancer
Liver, kidney, nervous system

Probable cancer
Possible cancer

Nervous system lung, liver, kidney

Possible cancer
Liver/kidney effects

Nervous system, liver, circulatory

Nervous system liver, circulatory

Probable cancer, liver, lungs,
kidney

Nervous system/kidney effects

Probable cancer, liver, kidneys,
lungs

Kidney, liver, nervous system

Probable cancer

Probable cancer
Probable cancer

Nervous system, liver, kidney

Nervous system, liver, kidney
) ’ 9 )

TT}I
0.002
0.003

0.002
0.003
0.005

0.04

0.005

0.002

0.07
0.0002
0.075
0.6
0.005
0.7

0.07
0.01
0.005

0.0002
TTH

0.7
0.00005

0.0004
0.0002
0.0002

0.04

Flocculants in sewage/wastewater treatment

Herbicide on corn and soybeans; under review for cancellation

Insecticide on cotton, potatoes, restricted in many areas due to
groundwater contamination

Degraded from aldicarb by plants

Widely used herbicides on corn and on non-crop land

Fuel (leaking tanks); solvent commonly used in manufacture of
industrial chemicals, pharmaceuticals. pesticides, paints and
plastics

Soil fumigant/insecticide on corn/cotton; restricted in some areas

Commonly used in cleaning agents, industrial wastes from
manufacture of coolants

Soil insecticide for termite control on corn, potatoes; most uses
cancelled in 1980

Herbicide for wheat, corn, rangelands

Soil fumigant on soybeans cotton; cancelled 1977

Used in insecticides, mothballs, air deodorizers

Industrial solvent; chemical manufacturing

Used in manufacture of insecticides, gasoline

Used in manufacture of plastics, dyes, perfumes, paints, synthetic
organic chemicals (SOCs)

Industrial extraction solvent

Industrial extraction solvent

Soil fumigant, industrial solvent

Insecticides used on cotton, small grains, orchards (cancelled)
Epoxy resins and coatings, flocculants used in treatment

Present in gasoline and insecticides; chemical manufacturing

Gasoline additive; soil fumigant, solvent cancelled in 1984;
limited uses continue

Insecticide on corn; cancelled in 1983 for all but termite control

Soil and water organisms convert heptachlor to the epoxide

Insecticide for seed/lumber/livestock pest control; most uses
restricted in 1983

Insecticide on alfalfa, livestock

(Continued)
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Contaminants

Health effects

MCL (mgl™')  Sources

Monochlorobenzene

Pentachlorophenol

Polychlorinated biphenyls
(PCBs)

Styrene

Tetrachloroethylene

Toluene

Toxaphene

2-4-5-TP (Silvex)

Total trihalomethanes (TTMH)
(chloroform, bromoform,
bromodichloromethane,
dibromochloromethane)

Trichloroethane (1,1,1)

Trichloroethylene

Vinyl chloride

Xylenes

Inorganic chemicals
Arsenic

Asbestos
Barium

Cadmium
Chromium
Copper

Fluoride

Kidney, liver, nervous system
Probable cancer, liver, kidney
Probable cancer

Liver, nervous system
Probable cancer

Kidney, nervous system, lung
Probable cancer

Nervous system, liver, kidney

Cancer risk

Nervous system problems
Possible cancer

Cancer risk

Liver, kidney, nervous system

Dermal and nervous system
toxicity effects
Benign tumours

Jirculatory system

Kidney

Liver/kidney, skin and digestive

Syslem

Stomach and intestinal distress;

Wilson’s disease
Skeletal damage

0.1
0.001
0.005
0.1
0.005
1
0.003
0.05

0.1

0.2
0.005

0.002

10

0.01

7 MFL
2

0.005

0.1

TTa

Pesticide manufacturing; metal cleaner; industrial solvent
Wood preservative and herbicide; non-wood uses banned in 1987
Electrical transformers, plasticizers; banned in 1979

Plastic manufacturing; resins used in water treatment equipment
Dry-cleaning/industrial solvent

Chemical manufacturing; gasoline additive; industrial solvent
Insecticide/herbicide for cotton, soybeans; cancelled in 1982

Herbicide on rangelands, sugar cane, golf courses; cancelled in

1983
Primarily formed when surface water containing organic matter is
treated with chlorine

Used in manufacture of food wrappings, synthetic fibres

Waste from disposal of dry-cleaning materials and manufacturing
of pesticides, paints, waxes and varnishes, paint stripper, metal
degreaser

Polyvinyl chloride pipes and solvents used to joint them;
industrial waste from manufacture of plastics and synthetic
rubber

Paint/ink solvent; gasoline refining by-product, components of
detergent

Geological, pesticide residues, industrial waste and smelter
operations

Natural mineral deposits; also in asbestos/cement pipe

Natural mineral deposits; oil/gas drilling operations; paint and
other industrial uses

Natural mineral deposits; metal finishing; corrosion product
plumbing

Natural mineral deposits; metal finishing, textile, tanning and
leather industries

Corrosion of interior household and building pipes

Geological; additive to drinking water; toothpaste; foods processed
with fluorinated water

1]%4
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Lead

Mercury
Nitrate
Nitrite

Total (nitrate and nitrite)

Selenium

Uranium

Radionuclides

Beta particle and photon
activity

Gross alpha particle activity

Radium 226/228

Microbiological

Giardia lamblia

Legionella

Total coliforms

Turbidity

Viruses

Other substances
Sodium

Central and peripheral nervous
em damage; kidney: highly

toxic to infants and pregnant
women
Kidney, nervous system

Methaemoglobinaemia, ‘blue-baby
syndrome’

Methaemoglobinaemia, ‘blue-baby
syndrome’

Not applicable

Nervous system

Cancer

Cancer

Cancer
Bone cancer

Stomach cramps, intestinal distress
(Giardiasis)

Legionnaires’ disease
(pneumonia), Pontiac fever

Not necessarily disease-causing
themselves, coliforms can be
indicators of organisms that can
cause gastroenteric infections,
dysentery, hepatitis, typhoid
fever, cholera, and other.
Also coliforms interfere with
disinfection

Interferes with disinfection

Gastroenteritis (intestinal distress)

Possible increase in blood pressure
in susceptible individuals

TT

0.002

10

10
0.05
0.03

4mrem year™ 1

15 pCl1-!
5pCl!

TTa

T

0.5-1.0 NTUP
TT?

None (20mg] ™!
reporting

level)

Corrosion of lead solder and brass faucets and fixtures; corrosion
of lead service lines

Industrial/chemical manufacturing; fungicide; natural mineral
deposits

Fertilizers, feedlots, sewage, naturally in soil, mineral deposits

Unstable, rapidly converted to nitrate prohibited in working metal
fluids

Not applicable

Natural mineral deposits; by-product of copper mining/smelting

Radioactive waste, geolological/natural

Radioactive waste, uranium deposits, nuclear facilities

Radioactive waste, uranium deposits, geological/natural
Radioactive waste, geological/natural

Human and animal faecal matter
Water aerosols such as vegetable misters

Human and animal faecal matter

Erosion, run-off, discharges
Human and animal faecal matter

Geological, road salting

*Treatment technique requirement in effect.

PNTU: nephelometric turbidity unit.

Reproduced from USEPA (1995) with permission of the US Environmental Protection Agency, Washington, DC.
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8.2 SURFACE WATERS NoT USED PRIMARILY FOR SUPPLY

The ecological and chemical status of surface waters will in the future be protected
and managed by setting environmental quality and emission standards in RBMPs
under the WFD. Five ecological status classifications are used for water quality of
surface waters: high, good, moderate, poor and bad. Ecological status is based on a
wide range of biological, physico-chemical and hydromorphological elements (i.e.
parameters) with detailed descriptions of status classification for each surface water
type, that is lakes, rivers, transitional waters and coastal waters, given in Annex V
of the Directive. Guidance is given for each major quality element as to what com-
prises a particular status for each water type, although specific environmental qual-
ity and emission standards are set by Member States for each River Basin District
(RBD) for water, sediment and biota. In setting EQSs for polluting substances
(Section 8.3) acute and chronic toxicity test data should be obtained for each type of
water body. From this safety factors will be set to protect the biota from dangerous
substances. Guidance for toxicity assessment is given in the WFD (Annex V). Areas
designated as protected areas within RBDs have been identified as requiring special
protection, which in practice will mean more stringent or special standards may be
required. A register of protected areas is required for all water bodies within an
RBD (Table 8.3).

There is a transitional period until 2013 while RBMPs become fully operational
(Table 7.7). Existing legislation that is to be integrated into the WFD stays in force
until it is repealed and replaced by the provisions in RBMPs (Table 8.2).

The Freshwater Fish Directive (78/659/EEC) specifies 14 physico-chemical param-
eters in order to maintain water quality suitable for supporting and improving fish
life (Table 8.12). The Directive does not apply to all surface waters, with Member
States designating specific sections of rivers or standing waters as either salmonid
waters (suitable for salmon or trout) or cyprinid waters (suitable for roach, bream,
chub, etc.). It remains in force until 2013 when it is replaced by the provisions in
the WFD (Table 8.2). The mandatory (I) values are more stringent for salmonids
reflecting their need for cleaner water (Chapter 7). The toxicity of heavy met-
als, in this case copper and zinc, varies with water hardness resulting in a variable
standard. For example, in salmonid waters the I-value for zinc varies from 0.03 to
0.5mgl~ ! at water hardness of 10 and 500mgl~! as CaCOj3, respectively (Table 6.1).
In 1996 there were 2288 stretches of designated rivers in the UK, covering some
1221km (Environment Agency, 1998). The problem of eutrophication in sur-
face waters is now an issue dealt with under the WFD. However, both the Nitrate
Directive (Section 8.4) and the Urban Wastewater Treatment Directive (Section
8.3) contain provisions for the control of eutrophication.

The revised Bathing Water Directive (2006/7/EC) sets microbiological standards
for inland, transitional and coastal waters designated by Member States as bathing
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The standards specified for salmonid and cyprinid waters under the EC Freshwater
Fish Directive (78/659/EEC)

Parameter Salmonid Cyprinid
G 1 G 1
Temperature (°C) Temperature at edge of mixing zone must not exceed
(where there is an the unaffected temperature by more than:
thermal discharge) 1.5 3
The temperature must not exceed:
21.5 28
10 10
The 10°C limit applies to breeding periods when needed
Dissolved oxygen (mgl™! 0,) 50% >9  50% >9 50% >8  50% >7
100% >7 When <0, 100% >5 When < 4,
must must prove
prove not not harmful
harmful to fish
to fish population
population
pH 6-9 6-9
Suspended solids (mgl™1) <25 <25
BOD (mgl™1) <3 <0
Total phosphorus No G or I standards applicable
Nitrites (mg1™!" NO,) <0.01 <0.03
Phenolic compounds Must not adversely affect fish flavour
(mgl™! CgH50H)
Petroleum hydrocarbons Must not be present visibly, detectable by taste of
fish, harmful to fish
Non-ionized ammonia (mgl~' NHz) < 0.005 <0.025 <0.005 <0.025
Total ammonium (mgl~" NH,) <0.04 <1 <0.2 <1
Total residual chlorine (mgl~! HOCI) <0.005 <0.005
Total zinc (mg1™! Zn) At water hardness >100mg CaCO3 17!
<0.3 <1.0

There are also limit values for hardness between 10
and 500mg CaCO417"
Dissolved copper (mgl™! Cu) At water hardness >100mg CaCO317!
<0.04 <0.04

There are also limit values at hardness between 10

and 500mg CaCO3171

“Table 6.1.

Reproduced with permission of the European Commission, Luxembourg.
] o

areas (Table 8.13). The Directive provides improved health standards and more
efficient management, including the active involvement of the public, and provides
Member States greater flexibility in the way they implement the Directive. The pro-
posed Directive is also fully integrated with the WFD. Two microbial indicators,
intestinal enterococci (IE) and Escherichia coli (EC), are used which provide bet-
ter correlations between faecal pollution and health impacts in recreational waters
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TasLE 8.13  EU Bathing Water Directive (2006/7/EC) microbial quality standards based on percentile

evaluation

Parameter Excellent Good Sufficient Methods of analysis
quality quality quality

Inland (freshwater) bathing areas
Intestinal enterococci (cfu100ml™1) 200 400° 300" ISO 7899 — 1 or 2
Escherichia coli (cfu100mI™1) 500 1000 900" ISO 9308 - 3 or 1
Coastal and transitional (saline or brackish) bathing areas
Intestinal enterococci (cfu100m1™") 100 200 185" ISO 7899 — 1 or 2
Escherichia coli (cfu100m1™1) 250 500 500" ISO 9308 -3 or 1

“Upper 95th percentile evaluation.

by pper 90th percentile evaluation.

than previously used indicators. Based on epidemiological studies a dose-response
relationship has been established between contamination risk and the 95th and
90th percentile value of IE for contracting either gastroenteritis or upper respira-
tory illness by bathing in microbially contaminated water (Fig. 8.1). The percentile
value is calculated by taking the log;, value of all bacterial enumerations in the data
sequence for the bathing water, calculating the arithmetic mean of the log;, values
(n) and then calculating the standard deviation (o). The 95th and 90th percentile
values are calculated using the equations:

95th percentile = antilog(y + 1.650) (8.1)

90th percentile = antilog(; + 1.2820) (8.2)

A ratio of EC:IE of 2-3:1 can also be used to assess risk using this relationship.
From these studies legally binding standards have been created. Satisfactory quality
values for EC and EI, which are mandatory, and good and excellent quality values,
which are guide values only, have been set (Table 8.13). Those that fall below the
satisfactory standard are classed as poor. It can be seen in Fig. 8.1 that the standard
for good standard bathing waters gives rise to a risk of contracting either gastroen-
teritis or upper respiratory illness of 5% and 2.5%, respectively. These percentages
drop to 3% and 1%, respectively, when excellent quality standards apply. Although
these risk assessments are based on repetitive exposure to these levels of contami-
nation, children and those with suppressed immune systems are at the greatest risk.
One of the innovations of the Directive is that microbial data should be made more
widely available (i.e. via the Internet as well as at the site) and more quickly, allow-
ing bathers to make more objective decisions.

Another innovation of the Directive is that water quality at bathing sites will be
classified on the basis of a 3-year trend and not on the basis of 1 year’s results, as



Ficure 8.1

Risk of contracting
gastroenteritis (GI)
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respiratory
illnesses (RI) based
on bacteriological
quality as measured
by IE. (Reproduced
from the proposed
EU Bathing Water
quality standards
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Final) with
permission of

the European
Commission,
Luxembourg.)
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is currently the case. While this means that the classification will be less suscepti-
ble to bad weather conditions or one-off incidents, it also ensures a more accurate
assessment of microbial quality overall. Where the quality of water is consistently
good over a 3-year period the monitoring frequency may be reduced. Bathing water
profiles will also be required in order to identify potential sources of contamination
whether these originate from surface water or land. This is a basic management plan
for the bathing area and must be updated every 3 years for excellent quality waters,
every 2 years where quality is good and annually where the water is poor (i.e. fails).
Modelling techniques are to be employed where bathing sites have a history of poor
water quality, such as at times of unusually severe weather conditions, and preven-
tive measures should be taken to close the bathing site when such weather condi-
tions are predicted. The 17 physico-chemical parameters in the original Directive
have been removed from the new Directive, as the chemical status of waters will in
the future be carried out under the provisions of the WFD, which requires that good
standards should be achieved for all waters. Bathing waters are, however, required
to be free from phytoplankton blooms or excessive macroalgal development, oil,
tarry residues and floating litter. Freshwater bathing areas are also required to have
a neutral to alkaline pH (pH6-9). The use of RBMPs will provide an integrated
approach upstream that will improve the quality of downstream bathing areas.

Coastal and estuarine water quality is also controlled by the Shellfish Directive
(79/923/EEC), which specifies 12 physico-chemical and microbiological water qual-
ity parameters. Also, where areas are designated for the protection of habitats or
species the maintenance or improvement of the status of water may be an important
factor in their protection. This includes the relevant Natura 2000 sites designated
under the Habitats Directive (92/43/EEC) and the Birds Directive (79/409/EEC).
Such areas are classified as protected areas in RBMPs under the WFD, requiring
specific monitoring and control measures.
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8.3 WASTEWATERS

TaBLE 8.14

The Dangerous Substances Directive (76/464/EEC) requires licensing, monitoring
and control of a wide range of listed substances discharged to the aquatic environ-
ment. List I (black list) substances have been selected mainly on the basis of their
toxicity, persistence and potential for bioaccumulation. Those that are rapidly con-
verted into substances that are biologically harmless are excluded. List II (grey list)
substances are considered to be less toxic, or the effects of which are confined to a
limited area which is dependent on the characteristics and location of the water into
which they are discharged (Table 8.14).

Under Article 16 of the WFD a new list of priority substances has been drawn up which
has become Annex X of the Directive. This list will eventually replace the existing

List I and List II substances covered by the EC Dangerous Substances Directive
(76/464/EEC). This will be replaced by new provisions in the Water Framework
Directive by 2013

List I (black list)
Organohalogen compounds and substances which may form such compounds in the aquatic
environment

Organophosphorus compounds
Organotin compounds

Substances, the carcinogenic activity of which is exhibited in or by the aquatic environment
(substances in List I which are carcinogenic are included here)

Mercury and its compounds

Cadmium and its compounds

Persistent mineral oils and hydrocarbons of petroleum
Persistent synthetic substances

List II (grey list)

The following metalloids/metals and their compounds:

Zinc, copper, nickel, chromium, lead, selenium, arsenic, antimony, molybdenum, titanium,
tin, barium, beryllium, boron, uranium, vanadium, cobalt, thalium, tellurium, silver

Biocides and their derivatives not appearing in List |

Substances which have a deleterious effect on the taste and/or smell of products for human
consumption derived from the aquatic environment and compounds liable to give rise to
such substances in water

Toxic or persistent organic compounds of silicon and substances which may give rise to
such compounds in water, excluding those which are biologically harmless or are rapidly
converted in water to harmless substances

Inorganic compounds of phosphorus and elemental phosphorus

Non-persistent mineral oils and hydrocarbons of petroleum origin

Cyanides, fluorides

Certain substances which may have an adverse effect on the oxygen balance, particularly
ammonia and nitrites

Reproduced with permission of the European Commission, Luxembourg.
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Dangerous Substances Directive and aims to protect surface water from the chemi-
cal pollutants that represent the most dangerous and damaging substances threat-
ening European waters. The substances in the list include selected chemicals, plant
protection products, biocides, metals and other groups such as polycyclic aromatic
hydrocarbons (PAH) that are mainly by-products of incineration, and polybromi-
nated biphenylethers (PBDE), which are used as flame retardants (Table 8.15). The
list, which was adopted in November 2003 (Decision No. 2455/2001/EC), contains 33
individual or groups of substances of which 11 have been identified as priority hazard-
ous substances. All priority hazardous substances must be removed from all discharges
or emissions within a reasonable time that must not exceed the year 2023. Fourteen
further listed substances are subject to review for inclusion into the priority hazardous
substances category (Table 8.15).

There is a transitional period during which Annex X of the WFD will replace the
Dangerous Substances Directive with the old Directive repealed in 2013. Article 16
of the WFD lays down new procedures for the identification of substances and new
control measures at a river basin level. As part of these procedures community-wide
emission controls and quality standards for all priority substances are being pre-
pared to ensure good chemical surface water status by 2015.

Member States have established EQSs for surface and groundwaters. These have
been used during the production of RBMPs as maximum permissible concentrations
in waters receiving discharges containing such compounds (Table 8.16). Emission
limit values (ELVs) and quality objectives for a number of substances were set in
amendments to the Directive (76/464/EEC) and unless changed in the RBMPs they
remain in force. These include the Mercury Discharges Directive (82/176/EEC),
Cadmium Discharges Directive (83/513/EEC), the Mercury Directive (84/156/EEC),
Hexachlorocyclohexane Directive (84/491/EEC) and the Dangerous Substances
Discharges Directive (86/280/EEC).

The Urban Wastewater Treatment Directive (91/271/EEC) makes secondary treat-
ment mandatory for sewered domestic wastewaters and also biodegradable indus-
trial (e.g. food processing) wastewaters. Minimum effluent standards have been set
at biochemical oxygen demand (BOD) 25mgl~!, chemical oxygen demand (COD)
125mgl~! and suspended solids 35mg~'. Those receiving waters that are consid-
ered to be at risk from eutrophication are classified as sensitive so that discharges
require more stringent treatment to bring nutrient concentrations of effluents down
to a maximum total phosphorus concentration of 2mgl~! as phosphorus and a total
nitrogen concentration of 10-15mgl~! as nitrogen (Table 14.3). Owing to the cost
of nutrient removal, the designation of receiving waters as sensitive has signifi-
cant cost implications for Member States. Strict completion dates were set by the
Commission for the provision of minimum treatment for wastewaters entering fresh-
water, estuaries and coastal waters. For example, full secondary treatment including
nutrient removal for all discharges to sensitive waters with a population equivalent
(pe) >10000 must have been completed by the end of 1998. By 31 December 2005



TaBLE 8.15  Priority substances listed in Annex X of the Water Framework Directive

CAS number EU number Name of priority substance Identified as priority
hazardous substance

(1) 15972-60-8 240-110-8 Alachlor

(2) 120-12-7 204-371-1 Anthracene (Possible)®

(3) 1912-24-9 217-617-8 Atrazine (Possible)®

(4) 71-43-2 200-753-7 Benzene

(5) n.a. n.a. Brominated diphenylethers” s

(6) 7440-43-9 231-152-8 Cadmium and its compounds Yes

(7) 85535-84-8 287-476-5 C19-13-chloroalkanes” Yes

(8) 470-90-6 207-432-0 Chlorfenvinphos

(9) 2921-88-2 220-864-4 Chlorpyrifos (Possible)®

(10) 107-06-2 203-458-1 1.2-Dichloroethane

(11) 75-09-2 200-838-9 Dichloromethane

(12) 117-81-7 204-211-0 Di(2-ethylhexyl)phthalate (Possible)®

(13) 330-54-1 2006-354-4 Diuron (Possible)®

(14) 115-29-7 204-079-4 Endosulfan (Possible)®
959-98-8 n.a. (alpha-endosulfan)

(15) 200-44-0 205-912-4 Fluoranthene®

(16) 118-74-1 204-273-9 Hexachlorobenzene Yes

(17) 87-68-3 201-765-5 Hexachlorobutadiene Yes

(18) 608-73-1 210-158-9 Hexachlorocyclohexane Yes
58-89-9 200-401-2 (gamma-isomer, Lindane)

(19) 34123-59-6 251-835-4 Isoproturon (Possible)®

(20) 7439-92-1 231-100-4 Lead and its compounds (Possible)*

(21) 7439-97-6 231-106-7 Mercury and its compounds Yes

(22) 91-20-3 202-049-5 Naphthalene (Possible)®

(23) 7440-02-0 231-111-4 Nickel and its compounds

(24) 25154-52-3 246-672-0 Nonylphenols Yes
104-40-5 203-199-4 (4-(para)-nonylphenol)

(25) 1806-26-4 217-302-5 Octylphenols (Possible)©
140-66-9 n.a. (para-tert-octylphenol)

(20) 608-93-5 210-172-5 Pentachlorobenzene Yes

(27) 87-86-5 201-778-6 Pentachlorophenol (Possible)®

(28) n.a. n.a. PAHs Yes
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50-32-8 200-028-5 (Benzo(a)pyrene),
205-99-2 205-911-9 (Benzo(b)fluoroanthene),
191-24-2 205-883-8 (Benzo(g.h.i)perylene),
207-08-9 205-916-6 (Benzo(k)fluoroanthene),
193-39-5 205-893-2 (Indeno(1,2.3-cd)pyrene)
(29) 122-34-9 204-535-2 Simazine (Possible)*
(30) 688-73-3 211-704-4 Tributyltin compounds Yes
300643-28-4 n.a. (Tributyltin-cation)
(31) 12002-48-1 234-413-4 Trichlorobenzenes (Possible)®
120-82-1 204-428-0 (1.2,4-Trichlorobenzene)
(32) 67-66-3 200-663-8 Trichloromethane (Chloroform)
(33) 1582-09-8 216-428-8 Trifluralin (Possible)®

*Where groups of substances have been selected, typical individual representatives are listed as indicative parameters (in brackets and without number).
The establishment of controls will be targeted to these individual substances, without prejudicing the inclusion of other individual representatives, where
appropriate.

bThese groups of substances normally include a considerable number of individual compounds. At present, appropriate indicative parameters cannot be
given.

“This priority substance is subject to a review for identification as possible “priority hazardous substance’. The Commission will make a proposal to the
European Parliament and Council for its final classification not later than 12 months after adoption of this list. The timetable laid down in Article 16 of
Directive 2000/60/EC for the Commission’s proposals of controls is not affected by this review.

40nly pentabromobiphenylether (CAS number 32534-81-9).

“Fluoranthene is on the list as an indicator of other, more dangerous PAHs.
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TaBLE 8.16  British EQSs for List I and List II substances

List I substances Statutory Number of  List 1l Operational ~ Measured
EQS® (ugl™")  discharges  substances EQS® (ugl™)  as
Mercury and compounds 1 752 Lead 10 AD
Chromium 20 AD
Cadmium and 5 2196 Zinc 75 AT
compounds
Copper 10 AD
Hexachlorocyclohexane 0.1 123 Nickel 150 AD
(all isomers) Arsenic® 50 AD
DDT (all isomers) 0.025 15 Boron 2000 AD
DDT (pp isomers) 0.01 1 Iron 1000 AT
Pentachlorophenol 2 33 pH 6.0-9.0 AD
Carbon tetrachloride 12 51 Vanadium 0 AT
Aldrin 0.01 35 Tributylin® 0.02 MT
Dieldrin 0.01 58 Triphenyltin® 0.02 MT
Endrin 0.005 37 PCSD 0.05 PT
Isodrin 0.005 7 Cyfluthrin 0.001 PT
Hexachlorobenzene 0.03 20 Sulcofuron 25 PT
Hexachlorobutadiene 0.1 14 Flucofuron 1 PT
Chloroform 12 73 Permethrin 0.01 PT
Trichloroethylene 10 48 Atrazine and simazine®© 2 A
Tetrachloroethylene 10 51 Azinphos-methyl© 0.01 A
Trichlorobenzene 0.4 31 Dichlorvos 0.001 A
1.2-dichloroethane 10 87 Endosulphan® 0.003 A
Fenitrothion 0.01 A
Malathion® 0.01 A
Trifluralin© 0.1 A
Diazinon 0.01 A
Propetamphos 0.01 A
Cypermethrin 0.0001 A
[soproturon 2.0 A

A: annual average; P: 95% of samples; D: dissolved; T: total; M: maximum.

4Standards are all annual mean concentrations.

bStandards quoted for metals are for the protection of sensitive aquatic life at hardness 100-150 mgl~! CaCO3,

alternative standards may be found in DoE circular 7/89.

“Standards for these substances are from the Surface Waters (Dangerous Substances) (Classification) Regulations

1997, SI 2560, in which case these are now statutory.

Reproduced from Environment Agency (1998) with permission of the Environment Agency, London.

all wastewaters from population centres <2000pe discharged to freshwaters,

and <10000pe to coastal waters, must have sufficient treatment to allow receiving
waters to meet EQSs, while population centres larger than these require secondary
treatment (Fig. 14.1). The Directive also requires significant changes in the disposal

of sewage sludge including:

(a) that sludge arising from wastewater treatment shall be reused whenever possi-

ble and that disposal routes shall minimize adverse effects on the environment;
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(b) that competent authorities shall ensure that before 31 December 1998 the dis-
posal of sludge from wastewater treatment plants is subject to general rules (i.e.
codes of practice) or legislation;

(c) that the disposal of sludge to surface waters by dumping from ships or discharge
from pipelines or other means shall be phased out by 31 December 1998;

(d) that the total amount of toxic, persistent or bioaccumable material in sewage
sludge is progressively reduced.

This wide scoping legislation is considered in more detail in Chapters 14 and 21.
The disposal option for sewage sludge is further limited if it contains metals or listed
substances, which may categorize it as a hazardous waste under the EU Directive on
Hazardous Waste (91/689/EEC; 2008/98/EC).

3.4 GROUNDWATERS

In principle both surface and groundwaters are both renewable natural resources,
but due to the natural time lag in its formation and renewal, groundwater is more
complex to manage. As the impact of human activity, for example nitrates, pesti-
cides and industrial organic compounds, can last for relatively long periods in
groundwater, it is imperative that pollutants should be prevented from entering
aquifers in the first place. In order to achieve protective and remedial goals for
groundwaters, long-term planning and extended timetables for specific achieve-
ments in quality are needed.

The original Groundwater Directive (80/68/EEC) protects groundwater against
direct or indirect pollution caused by certain substances listed in the Dangerous
Substances Directive (76/464/EEC) through management controls. List I substances
must be prevented from entering groundwaters, while pollution by List II sub-
stances must be carefully controlled. The Directive requires strict hydrological and
environmental impact assessments to be carried out before listed substances can be
licensed for disposal where they may enter an aquifer. However, the Directive does
not set any clear quality objectives, nor does it require comprehensive monitoring.

The WFD requires all waters in the EU, including groundwaters, to be of good sta-
tus, and requires specific measures to be taken to prevent and control groundwater
pollution and achieve good groundwater chemical status. These measures have to
include criteria and methods for assessing the chemical status of groundwater and
for identifying trends in pollution of groundwater bodies. To achieve these objec-
tives a new Groundwater Directive (2006/118/EC) has been introduced to protect
groundwater from pollution and deterioration. This introduces, for the first time,
quality objectives, obliging Member States to monitor and assess groundwater qual-
ity on the basis of common criteria and to identify and reverse trends in groundwa-
ter pollution. The new Directive also ensures that groundwater quality is monitored
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and evaluated across Europe in a harmonized way. There is also a serious lack of
understanding of how groundwater becomes polluted and about overall chemical
quality of European aquifers. This new Directive will address these deficiencies so
that European groundwaters can be safeguarded from pollution in the future and
improved where necessary, and allow aquifers to be used sustainably. There will be
a transitional period for its implementation with the original Groundwater Directive
(80/68/EEC) repealed by 22 December 2013.

Compliance with good chemical status will be based on a comparison of the moni-
toring data collected for each aquifer within RBDs with quality standards. Quality
standards covering nitrates, plant protection and biocidal products are already
prescribed in existing EU legislation. This sets threshold values (i.e. maximum
permissible concentrations) in groundwater for a number of pollutants. For pollut-
ing substances not covered by existing EU legislation, the new Directive requires
Member States to have established threshold values by December 2008. This has
posed a major technical problem, as groundwater characteristics are so variable
across the EU, requiring threshold values to be defined at national, river basin
or groundwater body level. This makes the setting of quality criteria very flex-
ible, taking account of local characteristics and allowing for further improvements.
Monitoring and implementation of the Directive will be through RBMPs.

Two threshold values are given in the Directive. Nitrate is set at 50mgl~, except in
those groundwaters identified under the Nitrate Directive (91/676/EC) in nitrate vul-
nerable zones (NVZs) where more stringent threshold values are set under the WFD.
Also, active ingredients in pesticides, including their relevant metabolites, degrada-
tion and reaction products, are set at 1pgl~!, based on the Plant Protection Products
Directive (91/414/EC) and the Biocidal Products Directive (98/8/EC). Groundwater
protection also features in other European legislation and policy documents: Drinking
Water Directive (98/83/EC), Landfill Directive (99/31/EC), Construction Products
Directive (89/106/EEC), Integrated Pollution Prevention and Control Directive
(96/61/EC; 2008/1/EC) and the Communication Towards a Thematic Strategy for Soil
Protection (COM(2002)179 Final). Annex II of the new Groundwater Directive con-
tains a list of substances and ions for which Member States must set threshold values.
This is seen as the minimum number of substances for which quality standards must
be set and it is expected that individual lists of threshold values will contain many
more polluting substances. Those substances listed in Annex II that can occur natu-
rally as well as being anthropogenic in origin include ammonium, arsenic, cadmium,
chloride, lead, mercury and sulphate. Two synthetic substances that do not naturally
occur in groundwaters, trichloroethylene and tetrachloroethylene, are also listed.
Conductivity is also listed which is indicative of saline intrusion.

An interesting aspect of the new Groundwater Directive is the identification and
reversal of pollution trends. Where a significant and sustained upward trend in a
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pollutant concentration is identified action must be taken to reverse this trend.
The Directive defines trends in both time and environmental significance, from
which a starting point for remedial action can be identified to reverse the trend.
Environmental significance is defined as the point at which the concentration of a
pollutant starts to threaten or worsen the quality of groundwater. It is set at 75%
of the quality standard or the threshold value defined by Member States. Upward
trends are established over very long monitoring periods (5-15 years), with reversal
of trends having to be demonstrated over a minimum of 10 years and a maximum of
30 years. The protocol for the establishment of upward sustained trends and trend
reversal is outlined in Annex I'V.

In order to protect groundwater it is important to maintain control over indirect
discharges of hazardous substances and the new Directive contains provisions that
prohibit or limit such discharges. By including quality objectives, the effects of the
discharges can be monitored and future risks can be assessed. Monitoring results
obtained through the application of the proposed Directive will be used to design the
measures to prevent or limit pollution of groundwater. The proposed action required
to achieve good quality groundwater status is included in RBMPs (Table 7.6).
Measures to prevent or limit pollution of water, including groundwater, must be
operational under the WFD by 2012.

The Nitrate Directive was set up to protect surface freshwaters, estuaries, coastal
waters and groundwaters from pollution by nitrates arising from agricultural sources
(91/676/EEC). The objective is to reduce the problem of eutrophication in surface
waters and to limit the concentration of nitrate in drinking water from both sur-
face and groundwater sources. The legislation requires Member States to control
pollution by:

(a) Encouraging good agricultural practice through the provision of codes of prac-
tice (Section 11.1). This also includes the application of fertilizers and manures,
including sewage sludge.

(b) Identifying vulnerable aquifers and setting up action programmes. Where
there is a risk of ground or surface waters exceeding a nitrate concentration of
50mgl~! those aquifers or catchments must be designated as NVZs. An action
plan is required for each NVZ to reduce the input of nitrate and phosphate
from both diffuse and point sources. For diffuse sources this is achieved mainly
through the introduction of codes of practice. Some 55% of England is now des-
ignated as NVZs (Fig. 8.2) compared to 100% in Austria, Denmark, Germany,
Luxembourg and The Netherlands (EC, 1998). Under the Urban Wastewater
Directive, an NVZ can also be designated as a sensitive area, requiring waste-
water treatment plants within these catchment areas to incorporate nutrient
removal technologies.

(c) Monitoring nitrate levels and trends in surface and groundwaters.
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Ficure 8.2

NVZs as designated
in England and
Wales in 1996

and extended in
2002. (Reproduced
from Environment
Agency (1998)
with permission

of the Ministry

of Agriculture,
Fisheries and Food,
London.)

Nitrate Vulnerable Zones (NVZ)
[ Designated in 2002
Il Designated in 1996

The Directive does not itself set mandatory standards but relies on other
legislation. The Surface Water Directive specifies a mandatory limit of 50mgl~! as
NOj; in 95% of samples, while the Drinking Water Directive sets the same man-
datory value for human consumption via water. So both the Urban Waste Water
Treatment Directive and the Nitrate Directive identify this level as being the critical
concentration for nitrate requiring pollution control action. The Nitrate Directive
forms an important part of European water policy and remains in force alongside
the WFD (Fig. 7.4).
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3.5 REGULATION

The regulation of water resources varies from country to country, and even within
the European Union, where the national legislation is controlled by EU Directives,
significant differences exist. The regulatory mechanisms to implement the ever-
increasing volume of environmental legislation are constantly evolving. In the past
decade the structure of the regulatory bodies in most countries has significantly
changed, and this is especially the case in the British Isles. The management of
water resources, the disposal of wastewaters, and the provision of drinking water in
England and Wales is split between the private water undertakers and a number of
regulatory bodies.

Ten water service companies supply drinking water to consumers and treat their sew-
age. A further 29 small water supply companies also provide localized water supplies
but rely on the major service companies to provide sewage treatment (Table 8.18).
The Drinking Water Inspectorate regulates the quality of drinking water sup-
plied, although the wholesomeness of the water is the sole responsibility of the
privatized water companies. The standards of service delivered by the water com-
panies, including the price of water, are regulated by the Water Services Regulation
Authority (OFWAT) (Gray, 2008).

The Environment Act 1995 created the Environment Agency for England and Wales
which carries out the functions of the former National Rivers Authority (NRA) and
Her Majesty’s Inspectorate of Pollution (HMIP); and the Scottish Environment
Protection Agency (SEPA) which now carries out the functions of the River
Purification Authorities and the HMIP. The principal aim of the Environment Agency
as stated in Section 4 of the Act is ‘to protect or enhance the environment taken as a
whole, as to make the contribution towards attaining the objective of achieving sus-
tainable development’. The Agency is responsible for controlling water pollution,
regulating waste and overseeing integrated pollution control (IPC) licensing. It also
designates water protection zones, protects groundwater and sets water quality objec-
tives. So it protects and improves the aquatic environment by catchment management
and setting consents for all discharges including those from industry, agriculture,
water company sewage treatment plants and local authorities. The consents can spec-
ify discharge limits for any number of parameters including the rate of effluent dis-
charge. The Agency also levies an annual charge on dischargers based on the volume
and content of the discharge and the nature of the receiving water. The setting of new
environmental quality objectives through RBMPs for surface waters will tighten exist-
ing consent conditions even further (Table 8.17). As well as its pollution control func-
tions, the Agency also has the responsibility to: issue licences for water abstraction;
promote the conservation and enhancement of freshwaters; promote the recreational
use of freshwater; improve and develop fisheries and regulate them; issue flood warn-
ings and the provision of defences to reduce the risk of sea and river flooding; and
issue land drainage consents and undertake many other tasks.
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TaBLE 8.17

Water undertakers in England and Wales by region
el J e}

Anglia region South west region
Anglian Water Services Ltd South West Water Services Ltd
Cambridge Water Company
East Anglian Water Company Thames region
Essex Water Company Thames Water Utilities Ltd
Tendring Hundred Water Company Colne Valley Water plc

East Surrey Water plc
Northumbria region Lee Valley Water plc
Northumbrian Water Ltd Mid-Southern Water Company

Hartlepool’s Water Company North Surrey Water Company
Newecastle and Gateshead Water Company Rickmansworth Water plc
Sunderland and South Shields Water Company  Sutton District Water plc

North west region Wales region
North West Water Ltd Dwr Cymru (Welsh Water)
Chester Waterworks Company
Severn Trent region Wrexham and East Denbighshire
Severn Trent Water Ltd Water Company
East Worcestershire Waterworks Company
South Staffordshire Waterworks Company Wessex region
Wessex Water Services Lid
Southern region Bournemouth and District Water Company

Southern Water Services Ltd
Eastbourne Water Company
Folkestone Water Company

Mid-Kent Water Company Yorkshire region

Mid-Sussex Water Company Yorkshire Water Services Ltd
Portsmouth Water plc ‘ork Waterworks ple

<

West Kent Water Company

Bristol Waterworks Company
West Hampshire Water Company

Each region has sewage and wastewater treatment facilities provided by a single water
service company, although there may be several water supply companies.

8.6 INTEGRATED PoLLuTiON ConTrOL (IPC)

The Integrated Pollution Prevention and Control (IPPC) Directive (96/61/EEC)
was adopted in September 1996 and will impose a system of IPC throughout the
European Union by 1999. IPC is a major advance in pollution control in that all
discharges and environmental effects to water, air and land are considered together
with the best practicable environmental option (BPEO) selected for disposal. In
this way pollution problems are solved rather than transferred from one part of
the environment to another. In the past licensing of one environmental medium
(i.e. air, water or land) created an incentive to release emissions to another. IPC
also minimizes the risk of emissions crossing over into other environmental media
after discharge (e.g. acid rain, landfill leachate). There is only one licence issued
under IPC covering all aspects of gaseous, liquid, solid waste and noise emissions, so
that the operator has only to make one application as well as ensuring consistency
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between conditions attached to the licence in relation to the different environmen-
tal media. In Britain IPC was introduced by the Environmental Protection Act 1990.
It is operated in England and Wales by the Environment Agency and applies to the
most complex and polluting industries and substances (e.g. large chemical works,
power stations, etc.). The Agency issues guidance for such processes to ensure that
the BPEO is carried out. The aim of IPC is to minimize the release of listed sub-
stances and to render substances that are released harmless using best available
techniques not entailing excessive cost (BATNEEC). The objective of the guidance
notes is to identify the types of techniques that will be used by the Agency to define
BATNEEC for a particular process. The BATNEEC identified is then used as a
base for setting emission limit values (ELVs). Unlike previous practice, in the iden-
tification of BATNEEC emphasis is placed on pollution prevention techniques such
as cleaner technologies and waste minimization rather than end-of-pipe treatment.
Other factors for improving emission quality include in-plant changes, raw material
substitution, process recycling, improved material handling and storage practices.
Apart from the installation of equipment and new operational procedures to reduce
emissions, BATNEEC also necessitates the adoption of an ongoing programme
of environmental management and control which should focus on continuing
improvements aimed at prevention, elimination and progressive reduction of
emissions.

The selection of BATNEEC for a particular process takes into account:

(a) the current state of technical knowledge;

(b) the requirements of environmental protection;

(c) the application of measures for these purposes which do not entail excessive
costs, having regard to the risk of significant environmental pollution.

For existing facilities the Agency considers:

(a) the nature, extent and effect of the emissions concerned;

(b) the nature and age of the existing facilities connected with the activity and the
period during which the facilities are likely to be used or to continue in operation;

(c) the costs which would be incurred in improving or replacing these existing facil-
ities in relation to the economic situation of the industrial sector of the process
considered.

So while BATNEEC guidelines are the basis for setting licence emission standards,
other factors such as site-specific environmental and technical data as well as plant
financial data are also taken into account. In Ireland similar IPC licensing proce-
dures are operated by the Environmental Protection Agency (EPA), and like the
Environment Agency in England and Wales public registers of all licences are main-
tained. The processes requiring IPC licences in Ireland are listed in Table 8.18.
Since 1994 new companies require an IPC licence before commencing operation,
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TaBLE 8.18 Industries for which an IPC licence is required in Ireland

Minerals and other materials

The extraction, production and processing of raw asbestos

The extraction of aluminium oxide from an ore

The extraction and processing (including size reduction, grading and heating) of minerals within the meaning of the
Minerals Development Acts 1940 to 1979, and storage of related mineral waste

The extraction of peat in the course of business which involves an area exceeding 50 ha

Energy

The production of energy in combustion plant, the rated thermal input of which is equal to or greater than
50MW other than any
process

The burning of any fuel in a boiler or furnace with a nominal heat output exceeding 50 MW

such plant which makes direct use of the products of combustion in a manufacturing

Metals

The initial melting or production of iron and steel

The processing of iron and steel in forges, drawing plants and rolling mills where the production area exceeds
500 m?

The production, recovery, processing or use of ferrous metals in foundries having melting installations with a total
capacity exceeding 5 tonnes

The production, recovery or processing of non-ferrous metals. their compounds or other alloys including antimony,
arsenic, beryllium, chromium, lead, magnesium, manganese, phosphorus, selenium, cadmium or mercury by
thermal, chemical or electrolytic means in installations with a batch capacity exceeding 0.5 tonnes

The reaction of aluminium or its alloys with chlorine or its compounds

The roasting, sintering or calcining of metallic ores in plants with a capacity exceeding 1000 tonnes year™!

Swaging by explosives where the production area exceeds 100m?

The pressing, drawing and stamping of large castings where the production area exceeds 500 m?

Boilermaking and the manufacture of reservoirs, tanks and other sheet metal containers where the production area
exceeds 500 m?

Mineral fibres and glass

The processing of asbestos and the manufacture and processing of asbestos-based products

The manufacture of glass fibre or mineral fibre

The production of glass (ordinary and special) in plants with a capacity exceeding 5000 tonnes year™!

The production of industrial diamonds

Chemicals

The manufacture of chemicals in an integrated chemical installation

The manufacture of olefins and their derivatives or of monomers and polymers, including styrene and vinyl
chloride

The manufacture, by way of chemical reaction processes, of organic or organo-metallic chemical products other than
those specified in the row above

The manufacture of inorganic chemicals

The manufacture of artificial fertilizers

The manufacture of pesticides, pharmaceuticals or veterinary products and their intermediates

The manufacture of paints, varnishes, resins, inks, dyes, pigments or elastomers where the production capacity
exceeds 10001 per week

The formulation of pesticides

The chemical manufacture of glues, bonding agents and adhesives

The manufacture of vitamins involving the use of heavy metals

The storage in quantities exceeding the values shown, of any one or more of the following chemicals (other than
as part of any other activity) — methyl acrylate (20 tonnes); acrylonitrile (20 tonnes); toluene di-isocyanate
(20 tonnes); anhydrous ammonia (100 tonnes): anhydrous hydrogen fluoride (1 tonne)

Jontinued)
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TaBLE 8.18  (Continued)

Intensive agriculture

The rearing of poultry in installations, whether within the same complex or within 100 m of that complex, where the
capacity exceeds 100000 units have the following equivalents:
1 broiler = 1 unit
1 layer, turkey or other fowl = 2 units

The rearing of pigs in installations, whether within the same complex or within 100 m of that complex where
the capacity exceeds 1000 units on gley soils or 3000 units on other soils and where units have the following
equivalents:
1 pig = 1 unit

1 sow = 10 units

Food and drink

The manufacture of vegetable and animal oils and fats where the capacity for processing raw materials exceeds
40 tonnes day ™!

The manufacture of dairy products where the processing capacity exceeds 50 million gallons of milk equivalent per
year

Commercial brewing and distilling, and malting in installations where the production capacity exceeds 100000
tonnes ycaf1

The slaughter of animals in installations where the daily capacity exceeds 1500 units and where units have the
following equivalents:
1 sheep = 1 unit
1 pig = 2 units
1 head of cattle = 5 units

The manufacture of fish-meal and fish-oil

The manufacture of sugar

The rendering of animal by-products

Wood, paper, textiles and leather

The manufacture of paper pulp, paper or board (including fibreboard particle board and plywood) in installations
with a production capacity equal to or exceeding 25000 tonnes of product per year

The manufacture of bleached pulp

The treatment or protection of wood, involving the use of preservatives, with a capacity exceeding 10 tonnes day™!

The manufacture of synthetic fibres

The dyeing, treatment or finishing (including mothproofing and fireproofing) of fibres or textiles (including carpet)
where the capacity exceeds 1tonne day™! of fibre, yarn to textile material

The fell-mongering of hides and tanning of leather in installations where the capacity exceeds 100 skins per day

Fossil fuels

The extraction, other than offshore extraction, of petroleum, natural gas, coal or bituminous shale

The handling or storage of crude petroleum

The refining of petroleum or gas

The pyrolysis, carbonization, gasification, liquefaction, dry distillation, partial oxidation or heat treatment of coal
lignite, oil or bituminous shale, other carbonaceous materials or mixtures of any of these in installations with a

processing capacity exceeding 500 tonnes day ™!

Cement
The production of cement

Waste

The incineration of hazardous waste

The incineration of hospital waste

The incineration of waste other than that mentioned in the two rows above in plants with a capacity exceeding
1tonneh™!

(Continued)
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TaBLE 8.18  (Continued)

The use of heat for the manufacture of fuel from waste

Surface coatings

Operations involving coating with organo-tin compounds
The manufacture or use of coating materials in processes with a capacity to make or use at least
10tonnes year™ ! of organic solvents, and powder coating manufacture with a capacity to produce at least

50tonnes year™!

Electroplating operations

Other activities

The testing of engines, turbines or reactors where the floor area exceeds 500 m?

The manufacture of integrated circuits and printed circuit boards
The production of lime in a kiln
The manufacture of coarse ceramics including refractory bricks, stoneware pipes, facing and floor bricks and

roof tiles
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INTERACTIVE SITES
WATER SERVICES REGULATION AUTHORITY

Ofwat is the economic regulator of the water and sewerage sectors in England and Wales.
Details can be accessed on pricing structure and trends, competition in the water industry
and also on sustainability, demand and conservation.

http://www.ofwat.gov.uk/

ENVIRONMENT AGENCY

Access to the EA's enormous and informative website, including links to flood control and
prevention, droughts, pollution and regulation, climate change, waste and recycling, sectoral
regulation, legislation, enforcement and much more.

http://www.environment-agency.gov.uk/

EUR-LEX

Access to all European law and regulations including all EU Environment and water-related
Directives.

http://eur-lex.europa.eu/en/index.htm

EU LEGISLATION

Access to all water-related EU Directives and legislation.

http://ec.europa.eu/environment/water/index_en.htm

WISE

Water Information System for Europe is the portal for all EU water information including
details on River Basin Management Plans which can be accessed via this site. A huge and
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informative database covers each of the 25 Member States. Numerous maps dealing with all
aspects of water resources, use and disposal.

http://water.europa.eu/en/welcome

USEPA WATER QUALITY HANDBOOK

This is the downloadable version of the USEPA Water Quality Handbook, 2nd edition, released
in June 2007. Contains a wealth of information on the development of use-based water criteria,
the development of standards and a water quality-based approach to pollution control.

http://www.epa.gov/waterscience/standards/handbook/

USEPA OFFICE OF WATER

One of the most extensive and informative water websites available dealing with all aspects of
regulation, policy and standards.

http://www.epa.gov/water/
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9.1 Puysico-CHEMICAL AND BIOLOGICAL SURVEILLANCE

Water quality assessment is critical for pollution control and the protection of
surface and groundwaters. Water quality rarely remains static, so quality data are
needed specifically:

(a) because quality varies in space;

(b) because quality varies in time;

(c) because waste loads vary at different points in the system;

(d) for effluent description;

(e) for setting consents, mass balance calculations and river modelling.

The main factors affecting variation in quality are dilution, water temperature caus-
ing variation in biological activity and oxygen solubility, and seasonal changes in
waste inputs.

The selection of parameters for water quality assessment is dependent on the type
of receiving water, the nature of the discharges into the receiving water, water use
and any legal designation relating to the system. The key parameters for physico-
chemical assessment of a selection of different water systems and effluents are given
below (this does not include all the parameters that are required to be monitored
under various legislation (Chapter 8)):

(a) river: biochemical oxygen demand (BOD), oxygen, temperature, NH;z;, NO;,
PO, Cl, etc.;

(b) lake: oxygen (at various depths), temperature (at various depths), POy, NO;,
SiO,, Fe, Mn, Na, K, etc.;

(c) groundwater: Fe, Mn, NHj3, SOy, As, F, conductivity;

(d) estuary: oxygen, temperature, BOD, suspended solids;

(e) drinking water: coliforms, Fe, Mn, toxic metals, pesticides, etc.;

(f) effluents:
(i) biodegradable — sewage, agricultural, food processing: BOD, chemical oxy-

gen demand (COD), suspended solids, NH;, PO,, etc.,

233
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TaBLE 9.1

Comparison of attributes of physico-chemical and biological assessment
of water quality

Attribute Physico-chemical Biological

Precision (how much Good Poor (non-quantitative in terms of
pollution) pollution)

Discrimination (what Good Poor (a general response to all
kind of pollution) pollutants)

Reliability (how Poor Good (takes account of temporal
representative is or long-term single or effects of
a limited number) pollution samples)

Measure of effects No (not quantitative es

in that sense)
Cost Can be high Moderate

(ii) industrial - toxic: COD, BOD, suspended solids, NH3, metals and/or other
toxic compounds;
(g) general characteristics — typing water source: hardness, alkalinity, pH, colour,
conductivity, Fe, Cl, Na, K, silica, SOy, temperature, etc.

A choice must be made between selecting physico-chemical or biological parame-
ters for assessment based on factors such as the information gained and cost effec-
tiveness (Table 9.1). For routine monitoring a combination of both approaches is
preferable to either alone and this is reflected in the new classification system used
in the Water Framework Directive (WFD). However, some quantitative chemi-
cal data will generally be required in order to check compliance with consents,
compliance to standards laid down in Directives, especially the Drinking Water,
Urban Wastewater and Dangerous Substances Directives, and in order to make
prosecutions.

The problem of interpreting biological and chemical data has led to the wide-scale
adoption of biological (Section 9.3) and chemical (Section 9.4) indices in water
quality assessment.

9.2 SAMPLING SURFACE WATERS

9.2.1 SAMPLING PROGRAMMES

The different types of sampling programmes employed in water quality assessment are
defined in Table 9.2 and may vary in scope from the examination of a single param-
eter on a single occasion to continuous multi-parameter surveillance (Section 7.3.6).
Before any fieldwork is undertaken the objectives of the sampling programme must be
defined and, combined with a preliminary survey of existing data and other material,
a suitable sampling strategy designed. Figure 9.1 outlines a simple protocol for the
assessment of water quality in surface waters.
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Ficure 9.1

Main components
and, in italics, the
factors involved in
the development
of a water quality
monitoring
programimne.
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Delfinitions of sampling programmes
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Survey

A survey is a series of intensive, standardized observations designed to measure specific
parameters for a specific purpose and is limited to a short sampling period (e.g. an EIA)

Surveillance

Surveillance is used to describe a continued programme of surveys carried out systematically
over a longer time to provide a series of observations relative to control or management
(e.g. national assessment of river or lake water quality)

Monitoring

Monitoring is continuous standardized surveillance undertaken to ensure that previously
formulated standards are being met (e.g. assessment by industry or a regulator to ensure
compliance to consent conditions)

Define objectives

Historical data

Map survey

Location of discharges
Land use survey
Potential sampling site
identification

A 4

Preliminary survey

A 4

Programme design

Field measurements
Water samples

Biological samples
Hydrological assessments
Field notes/maps

A 4

Sample collection

A 4

Uses

Water quality criteria
Legislation

Consents

Water quality or catchment
management plans

Parameter selection
Hydrological factors
Sampling site location
Sampling frequency
Sampling methodologies
Equipment needs

Safety considerations
Transport

Cost-benefit analysis

Handling, transport
and storage

A

e Standard methods
AWWA, 1989

A 4

Laboratory analysis

A 4

Data handling

e Standard statistical analysis
(Demayo and Steel, 1996;
Elliot, 1997)

¢ Precision of data

(Caulcultt and Boddy, 1983)

A 4

_,|

Data analysis

A 4

Interpretation and
reporting

A 4

Utilization of information

I1SO, 1990
e APHA, 1989

¢ |SO methods (Table 9.8)

e Spread sheet (Excel)
e GIS
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TaBLE 9.3 Visual effect of oil on surface water (values are approximate)

Appearance of film Thickness Total volume
(pm) of oil (Lkm™2)

Barely visible under most favourable light conditions 0.04 44

Visible as a silvery sheen on water surface 0.08 88

First trace of colour observed 0.15 176

Bright bands of colour 0.30 351

Colours begin to turn dull 1.00 1168

Colours are much darker 2.00 2337

Reproduced from Ellis (1989)with permission of Macmillan Ltd, London.

On arriving at a sampling site the banks should be examined for at least 30m in
both directions to select the very best position for taking samples and also to ensure
that there are no other sources of pollution going into the river. Detailed sketch
maps of the location and of the sampling site must be made showing habitat and
substrate variation, presence of sewage fungus and macrophytes, bankside condi-
tion and vegetation, land use, weather details, location of outfalls, the presence of
oil on the water surface (Table 9.3) and any other pertinent information. Good field
notes and sketch maps prove invaluable in helping to interpret laboratory data or
for refreshing the memory later on (Fig. 9.2). Dated and authenticated photographs
are also useful, especially where prosecutions are possible. Good sampling involves
detective work. For example, looking for vehicle tracks down to the banks, animal
tracks indicating access by farm animals, locating percolation areas serving isolated
houses that are unlikely to be sewered, all factors that can significantly affect local
water quality and affect the validity of the sampling site for the specified purpose.

Choosing the correct number and location of sampling sites is critical if the neces-
sary information is to be obtained. For example, if the objective is simply to moni-
tor the changes in quality due to a single point source into a river then it may only
be necessary to have a single sampling station downstream after complete mixing
has occurred, with perhaps another single station upstream of the point source as
a control to eliminate changes caused by factors other than the discharge. In such
a situation it is important to select sites as similar as possible (i.e. substrate, depth,
velocity, etc.). If the objective is to monitor the whole catchment then a consider-
able number of sampling sites will be required. These will be selected according to
the location of major point sources (e.g. towns, major industries, etc.), confluences
of tributaries and diffuse sources associated with land use. For modelling purposes
sample sites are used to break the river system up into discrete sectors each contain-
ing a major input. The downstream site acts as the upstream control site for the next
sector (Section 9.4.2). Bridges and weirs cause enhanced sedimentation and can sig-
nificantly alter the biological diversity, and should be avoided as sampling locations.
Sites close to roads and bridges can also be affected by local surface run-off (e.g.
oil, organic debris and salt). Sample locations, therefore, are a compromise between



Ficure 9.2
Example of a typical
field sketch map.
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distance downstream from inputs, mixing, habitat diversity, substrate, depth, acces-
sibility and safety. Bartram and Ballance (1996) give excellent advice on the selec-
tion of sampling sites for both surface and groundwaters.

9.2.2 MIXING

Water must be sufficiently well mixed for a single sample of water to be representa-
tive of physico-chemical water quality. Water from tributaries or effluent outfalls
will have a different density to the water in the main channel. This combined with
poor lateral mixing, especially in straight river sections where the flow is laminar,
results in the formation of long plumes of unmixed water usually running along one
side of the river. In deeper rivers or lakes density stratification may occur. Complete
mixing can occur rapidly, but even in small shallow rivers complete mixing may
not occur for many kilometres and is normally only achieved when the water turns
over at a bend (Fig. 9.3) or the plume is dispersed as it passes over a weir. Effluent
plumes can be eliminated by careful siting and design of discharge pipes, or by using
weirs or hydraulic jumps immediately below the point of entry. Not establishing
complete mixing before sampling below an effluent discharge is one of the com-
monest sources of error in water quality assessment and will lead to either signifi-
cantly over- or underestimating its effect.

While rough estimates for complete mixing can be obtained in Table 9.4, in practice
complete mixing should be confirmed by taking a series of measurements across the
river normally using temperature, conductivity or pH, although this depends on the
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TABLE 9.4
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Ficure 9.3 A tributary entering a river will not mix with the main channel flow

due to the maximum velocity, which occurs in the centre of the channel pushing

the influent water to the side of the river it has entered. Complete mixing will not
occur until laminar flow is disrupted by either a bend in the river (overturn) or a
waterfall (turbulent mixing). (Reproduced from Chapman (1996) with permission of

UNESCO, Paris.)

Approximate distances downstream of influent water entry for
complete mixing to occur in a river or stream

Average width Mean depth Estimated distance for
(m) (m) complete miving (km)
5 1 0.08-0.7
2 0.05-0.3
3 0.03-0.2
10 1 0.3-2.7
2 0.2-1.4
3 0.1-0.9
4 0.08-0.7
5 0.07-0.5
20 1 1.3-11.0
3 0.4-4.0
5 0.3-2.0
7 0.2-1.5
50 1 8.0-70.0
3 3.0-20.0
5 2.0-14.0
10 0.8-7.0
20 0.4-3.0

Reproduced from Bartram and Ballance (1996) with permission of
E. & I. N. Spon, London.
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nature of the input. In deeper rivers (>3 m) where density stratification could also
occur, measurements should be taken both near the surface and the bottom of the
water column. Uniformity can usually be assumed after mixing so that a single sam-
ple for physico-chemical analysis is usually acceptable in all but very large rivers.

9.2.3 SAFETY

The most important factor in fieldwork is safety. Surface waters can often contain
pathogens and those taking water or biological samples are particularly at risk from
leptospirosis, cryptosporidiosis and, increasingly in Europe, giardiasis (Chapter 12).
Those working with surface waters should always wear protective rubber gloves,
avoid hand-to-mouth contact (i.e. do not touch your face, smoke, eat or drink with-
out thoroughly washing your hands first with soap and clean water), and all wounds,
scratches and skin rashes must be protected from contact with water. Further infor-
mation on reducing the risk of infection can be found in Section 13.6. Many effluent
discharges are chemically dangerous, as are spillages, so there is also a potential risk
from chemical injury in some situations.

Apart from pathogen transfer there is also a risk of injury or drowning when sam-
pling. Some general guidelines are given below to help avoid serious injury while
carrying out a sampling programme:

(a) Never work alone. One person should always remain on land or in shallow
water in order to be in a position to offer assistance.

(b) Always have a first-aid kit and be trained in at least primary first aid.

(c) Always take a mobile phone with you in order to summon assistance.

(d) Never wade out of your depth.

(e) Never use chest waders as these significantly increase the risk of drowning.

(f) Always feel your way in the water using the handle of a hand-net or a pole to
avoid deep areas and obstructions and to ensure the substrate is stable. Extreme
caution is necessary when the water is discoloured and visibility of the bottom
of the river is reduced.

(g) Always ensure waders have a good tread to minimize slipping.

(h) Remain as close to your vehicle and road access as possible.

(i) Always use a boat with an experienced trained crew for sampling deep waters
(>1m) or employ an alternative sampling method (e.g. artificial substrates).

(j) Always inform someone responsible of your exact work programme and at what
time you will be expected back.

(k) Whenever possible stay on the bank.

(1) All those involved should be strong swimmers.

(m) You should be in good medical condition and fit enough to carry out the tasks
required with ease.

(n) Do not work in the dark.
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(o) Where the water is fast flowing, relatively deep (>0.6m), has steep banks or
where there is an accumulation of soft sediment then a safety line, or harness and
rope, should always be used. Where the river is fast flowing a catenary chain or
rope should also be hung across the channel downstream at water level. The use
of a skull protector and a self-righting buoyancy aid should also be considered.

(p) Where sampling sites necessitate abseiling or difficult descents to the river only
experienced and trained personnel should be used.

(q) If sampling involves working in difficult terrain ensure:

(i) you are fully trained to work under those conditions;
(i) you have the necessary survival and rescue skills to deal with emergencies
in those conditions.

(r) If sampling involves submersion in the water (e.g. collection of large bivalves)
this should only be carried out by a qualified subaqua diving team and must not
be attempted using a snorkel.

(s) Familiarize yourself with the concepts of risk assessment and minimization, and
act on them.

Before engaging in any fieldwork read the very useful notes by Nichols (1980) and
Wright (1993), and talk to your employer’s safety or occupational hazards officer.
Finally ask yourself the questions:

(a) Isthere a safer way of obtaining this information?
(b) Is the end result worth the risks involved in acquiring it?

9.2.4 HYDROLOGY

The discharge rate in rivers is the most important hydrological parameter in water
quality and is the quantity of water passing through a channel in a given time. It
is expressed in cubic metres per second (m*s™!) or for smaller flows, such as dis-
charges, in litres per second (10001s~! = 1m?s™!). The discharge rate is calculated
using Equation (3.1) where the flow velocity (ms™') is multiplied by the cross-
sectional area of the channel (m?) (Section 3.3). For a simple approximation of
discharge rate the velocity should be measured at 60% of the depth from the river
surface (Fig. 3.3) to give an approximate mean flow velocity. Flow velocity can
only be accurately measured by using a current meter. This consists of a stream-
lined unit with a propeller attached, which is held in the water pointing upstream.
As the water turns the propeller a meter attached to the propeller unit measures
the number of revolutions per second. Each instrument is individually calibrated
and a specific equation is supplied with each propeller to convert the readings into
a discharge rate. There are various other more precise methods of measuring dis-
charge rate which include dilution gauging, the use of permanent gauging stations
employing v-notch or rectangular weirs, or acoustic or ultrasonics methods (where
a signal is transmitted at an angle across the channel and reflected back to a trans-
mitter/receiver; discontinuities in the flow reflect and attenuate the sound waves
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Ficure 9.4 In order to calculate river discharge rate by current metering, river
channels are split into separate panels of width (b) with the depth (d) and the flow
velocity (¢) measured at the boundary of each panel.

so that the pulses travelling in either direction have slightly different timings due
to the velocity of the water). In practice, current metering and dilution gauging
are still used for one-off stream flow measurements, whereas permanent gauging
stations are most commonly employed in rivers for routine water quality monitoring
purposes.

Current metering

As shown in Fig. 3.1 flow velocity varies across the channel of rivers. This can
be overcome to provide a more accurate estimate of discharge rate by dividing
the river into a number of regular panels across its width (b) (Fig. 9.4). The depth
(d) (m) is measured at regular intervals at each panel boundary to give a cross-
sectional area for each panel, and the velocity (v) (ms™!) is also measured at
60% of the depth at each point. The discharge for each panel (i.e. cross-sectional
area X velocity) is then added up to give the total river discharge (Q) using the fol-
lowing equation:

0= Z[d" +2dn+1][v,, +2vn+1Jb (m3s) 9.1)

Clearly, the more panels that are used the more precise the value of Q. In practice
6-10 panels are adequate; however, in theory none of the panels should be >5%
of the total width or contain >10% of the total discharge, making a minimum of
20 panels. Increased accuracy can also be obtained by taking flow velocity at 20
and 80% of the depth and using the average of these two values in Equation (9.1).
Measurements must be done at a straight section of river which is free from macro-
phytes and that has as regular a cross-section as possible.
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ExampLE 9.1 Calculate the discharge rate from a river 8m wide using the data
below.

(a) Data collected at river.

Distance from Depth Flow velocity Panel width
bank (m) (d) (m) (v) (ms™) (b) (m)
0 0.0 0.0 1.0

1 0.5 0.4 1.0

2 1.2 0.6 1.0

3 1.8 0.8 1.0

4 2.0 1.0 1.0

5 1.2 0.6 1.0

6 0.8 0.5 1.0

7 0.4 0.3 1.0

8 0.0 0.0 1.0

(b) Discharge rate (Q) is calculated using Equation (9.1):

[(dn + dn+1)/2] [(”n + Ulz+1)/2] b q

[(0.0 + 0.5)/2] = 0.25 [(0.0 + 0.4)/2] = 0.20 1.0 0.050
[(0.5 + 1.2)/2] = 0.85 [(0.4 + 0.6)/2] = 0.50 1.0 0.425
[(1.2 + 1.8)/2] = 1.50 [(0.6 + 0.8)/2] = 0.70 1.0 1.050
[(1.8 + 2.0)/2] = 1.90 [(0.8 + 1.0)/2] = 0.90 1.0 1.710
[(2.0 + 1.2)/2] = 1.60 [(1.0 + 0.6)/2] = 0.80 1.0 1.280
[(1.2 + 0.8)/2] = 1.00 [(0.6 + 0.5)/2] = 0.55 1.0 0.550
[(0.8 + 0.4)/2] = 0.60 [(0.5 + 0.3)/2] = 0.40 1.0 0.240
[(0.4 + 0.0)/2] = 0.20 [(0.3 + 0.0)/2] = 0.15 1.0 0.030

Total 5.335

Total discharge rate for river (Q) = 5.34m3s™ .

Dilution gauging

Where a river has an irregular channel or is too difficult to measure using current
metering due to depth, flow or accessibility, then discharge rate can be calculated by
dilution gauging. A tracer (e.g. dye or salt) is added to the river at a known concen-
tration. After complete mixing downstream the concentration of the tracer is meas-
ured and from its dilution the discharge rate can be calculated. Two methods are
used, constant and slug injection.

With constant injection, a tracer of known concentration (C;) (mgl™') is added
to the river at a constant rate (g;) (m*s™!). The concentration downstream will
increase until it reaches a constant rate (C,) so long as the tracer continues to be
added at a constant rate upstream. Under steady-state conditions the total mass of
tracer added equals the total mass of tracer passing the downstream sampling point.
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Therefore, the input concentration multiplied by the input rate equals the diluted
concentration multiplied by the discharge rate

C+tq=C+q 9.2)

Therefore the discharge rate (Q) equals g,:

G Xaq
= 9.3
0 C (93)
As the discharge of the river has been increased by the addition of the tracer,
Equations (9.2) and (9.3) are more correctly written as:

CXq =Gl +aq) 94)

Cl - C2
=q—>= 9.5
L= q C (95)

ExampLE 9.2 Calculate the discharge rate (Q) of a river using sodium chloride
as a simple tracer. Its recovery downstream is measured in the field as conductivity
rather than using chloride analysis.

(a) Establish the relationship between NaCl concentration and conductivity in the
laboratory. In practice the relationship will be approximately:

NaCl (mgl™") = Conductivity (uSem ') X 0.46 (9.6)

(b) Determine the background conductivity levels in the river at the sampling sta-
tion downstream of tracer addition.

(c) Add NaCl tracer by continuous injection over unit time. Twenty litres of
200g1~! solution of NaCl (i.e. 200000mgl~') is added over 6min giving a g,
value of 0.0561s ..

(d) Continuously measure the downstream conductivity concentration below the
mixing zone. The conductivity will rise, reach a plateau and, after tracer injec-
tion stops