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Introduction

This handbook has two parts. Part I covers the basic scientific knowledge 
that is needed in environmental and ecological management of aquatic eco-
systems, while Part II presents the toolboxes that are applied to achieve inte-
grated and holistic environmental and ecological management.

This handbook focuses on the following types of aquatic inland ecosystems: 
lakes, reservoirs, ponds, rivers, wetlands, lagoons, and estuaries. Chapter 1 
gives an overview of these seven types of ecosystems. Chapters 2 and 3 pres-
ent the biological, ecological, chemical, and physical characteristics of lakes 
and reservoirs with an emphasis on ecosystem properties and ecological 
processes. The origins of lakes and reservoirs are also covered. Chapter 4 
deals with rivers, with an emphasis on ecosystem properties and ecological, 
chemical, and physical processes. Chapters 5 and 6 cover lagoons, estuaries, 
and wetlands, aiming to understand the characteristics, properties, and 
responses of these complex ecosystems and to describe the many interacting 
processes that characterize all aquatic inland ecosystems. Chapters 7 and 8 
describe the climatic perspectives of the aquatic inland water ecosystems—
Chapter 7 covers tropical ecosystems while Chapter 8 deals with temperate 
ecosystems. The differences between aquatic ecosystems in the tropical and 
temperate zones are important to understand, because the very comprehen-
sive knowledge we have about temperate ecosystems can be transferred to 
tropical ecosystems, if we understand how the differences in climate influ-
ence the ecological processes. Chapters 1 through 8 all focus on the ecological 
aspects of aquatic inland ecosystems.

In environmental and ecological management, however, we need to also 
develop mass balances in accordance with conservation principles to be 
able to calculate important concentrations, as well as important processes 
such as biomagnification and bioaccumulation. The basic scientific consid-
erations on which the conservation principles and their applications are 
based are covered in Chapter 9. Furthermore, it is necessary to understand 
all the possible aquatic chemical processes and how to use basic aquatic 
chemistry to calculate the concentrations of the relevant chemical spe-
cies. Chapters 10 and 11 focus on aquatic chemistry. Chapters 9 through 11 
present the basic science that we use as tools to quantify in environmental 
management. The calculation methods that are covered in these three chap-
ters are of utmost importance for integrated and holistic environmental and 
ecological management. Therefore, in addition to the scientific background 
material, these methods have been described in detail by citing relevant 
examples to aid in proper application.

The brief Chapter 12 provides an overview of the needs and importance of 
limnology for the management of inland waters. The first chapter of Part II, 
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Chapter 13, provides an overview of the environmental problems of aquatic 
inland water ecosystems and the sources of these problems. Clearly, the first 
step in environmental management is to define the problems and quantify 
their sources. Chapter 14 presents the steps for up-to-date environmental 
management, including the toolboxes used to identify the problem and set 
up a diagnostic interpretation of the problem and its sources. Three differ-
ent toolboxes can be used to identify the problem: mass balances (covered in 
Chapter 9), use of ecological indicators (reviewed in Chapter 18), and ecologi-
cal models (discussed in Chapter 19). Once a diagnosis has been developed, 
the next step is to find a solution to the problem. Chapter 14 identifies four 
toolboxes that can be used to find an environmental management solution 
to the problem: environmental technology, cleaner technology, ecotechnol-
ogy, and environmental legislation. Chapter 15 presents methods based on 
environmental technology, while cleaner technology is discussed in Chapter 
16. Chapter 17 provides an overview of ecotechnology. Environmental leg-
islation is not covered in this handbook because it is varies from country to 
country. It would therefore not be possible to write a general chapter on this 
toolbox. To sum up, the chapters in Part II present how to solve an environ-
mental problem in a holistic manner. A proper application of all the steps 
as they are presented in Chapter 14 requires, however, basic knowledge of 
ecological, physical, chemical, and biological aspects, which is covered in the 
chapters of Part I.

This handbook is entitled Handbook of Inland Aquatic Ecosystem Management 
to underline the fact that saline lakes, the brackish estuaries, and saline and 
brackish coastal lagoons are included. As freshwater ecosystems are domi-
nant among aquatic inland water ecosystems, they are, of course, treated in 
more detail than saline and brackish ecosystems.
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1
Overview of Inland Aquatic Ecosystems 
and Their General Characteristics

1.1  Introduction: A Short Overview

The freshwaters of the continents are a collection of standing (lentic) or 
flowing waters (lotic) that vary in origin, shape, volume, and areas. Limnology 
is the science that studies these inland water ecosystems, their characteris-
tics and mechanisms of function, and the interaction between their physical, 
chemical, and biological components.

Lakes—These are shallow (<5 m average depth) or deep (>5 m average depth) 
aquatic systems with areas that vary from 0.1 to thousands of square kilo-
meters with fresh, brackish, or saline water accumulated in depressions that 
have different origins. Lakes can circulate all time or can stratify periodi-
cally or during short times. The chemical composition of the lake water is 
related to the hydrogeological characteristics of their watersheds.

From the water stored in lakes, in the world, 50% is freshwater and 50% is 
saline water. The largest saline lake is the Caspian Sea (see Table 1.4). Saline 
lakes are important aquatic ecosystems from the limnological and ecological 
points of view because they have specialized flora and fauna and specific 
biodiversity. Their mechanisms of functioning are important as models for 
aquatic ecosystem studies. Saline lakes are present on every continent and 
are frequently the only surface waters in dry climatic regions (Hammer 1986).

Ponds—These are small natural depressions filled with water and are shal-
low (<3 m) with permanent vertical circulation and areas that range from 0.1 
to 100 m2. The water contained in the ponds can be fresh, saline, or brackish, 
and they can be permanent or temporary bodies of water.

Wetlands—These are shallow areas with soils saturated with water depth of 
less than 1 m to 2 or 3 m with extensive areas of floating or emerged vegeta-
tion of aquatic plants. Some wetlands have extensive areas covered by trees 
standing in water. These wetlands can be lentic associated with a lake or lotic 
associated with a river. Wetlands can be permanently inundated or can be 
temporarily dry (see Chapter 6).
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Bogs—These are shallow inundated areas with brown acidic waters and 
accumulated organic matter covered by vegetation (shrubs and grasses).

Artificial reservoirs—These are shallow (average depth <5 m) or deep (aver-
age depth >5 m) artificial lentic ecosystems, with small (0.1–100 m2) or large 
(1–3000 km2) areas constructed by man in main rivers or their tributaries. 
Morphometric characteristics, hydrological functioning, and ecological fea-
tures differ from natural lakes or ponds (see Chapter 2). Figures 1.1 and 1.2 
show the number of reservoirs built in the twentieth century and the number 
of reservoirs in different continents. Figure 1.3 shows the El Cajon reservoir in 
Honduras as an example of the many reservoirs built during the last 50 years.

Rivers, streams, and creeks—These are flowing water ecosystems, or lotic, that 
differ in size, shape, volume, and discharge and connect the water cycle in 
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the watersheds. Rivers are the largest flowing aquatic system, in all conti-
nents for thousands of kilometers. Streams and creeks have smaller sections, 
less discharge, but are important components of the hydrographic network of 
watersheds. Streams, creeks, and even some rivers can be temporary (inter-
mittent streams and rivers) with flowing water only during parts of the year, 
especially in arid or semiarid regions. Interrupted streams flow alternately on 
and below the surface (Chapter 4).

Springs—These are small flowing waters (a few meters wide, with reduced 
flow), resulting from the flow of ground water.

Estuaries—The region where the freshwater from inland meets the coastal 
water from the sea is an ecotone, an estuary. This is a complex region with 
a mixing zone of freshwater and saline water with several intermediate 
zones of varying salinities and a gradient from the river to the coastal zone. 
Estuaries vary in size, area, morphometry, and extent. This variation occurs 
with modifications subsequent to the original formation. Physical, chemical, 
and biological features vary along with the gradient of salinity (Chapter 5).

1.1.1  General Features of the Aquatic Inland Ecosystems

These aquatic ecosystems are characterized by three interfaces: the air–
water interface, the sediment–water interface, and the organism–water interface. 
Throughout these interfaces exchanges of energy, elements, and substances 
occur. The properties that influence aquatic ecosystems are shown in Table 1.1.

Tables 1.2 through 1.4 show, respectively, the classification of lakes and 
ponds by surface area, the 10 largest rivers of the world and the 12 largest 
lakes in the world. Table 1.5 shows the 10 largest reservoirs in the world.

FIGURE 1.3
El Cajon Reservoir in Honduras.
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TABLE 1.1

Properties and Characteristics of Aquatic Ecosystems

Natural properties
Regional properties—Watershed characteristics

Climate
Geology
Soil
Regional geomorphology
Topography
Hydrology

Lake, reservoir, or river characteristics
Morphometry
Volume
Flushing rate/discharge—(for rivers)
Retention time (for lakes or reservoirs)
Stratification or circulation patterns (for lakes and reservoirs)
Water quality (nutrients, turbidity, salinity, biogeochemistry)
Biological/ecological properties (biodiversity, biomass, productivity, 

trophic structure)
Human impacts

Hydrological alterations
Sedimentation rate from the watershed
Toxin discharge in the aquatic systems
Habitat disruption
Harvesting of biomass
Nutrient input (eutrophication)
Deforestation of the watershed
Climate change

Source:	 Modified from Kalff, J., Limnology, Prentice Hall, Upper Saddle 
River, NJ, 2003, 592pp.

TABLE 1.2

Lakes and Ponds Classified by Surface Area

Lake/Pond
Surface 

Area (km2)
Total Surface 

Area (km2)

Great lakes >10,000 997,000
Large lakes 100–10,000 686,000
Medium lakes 1–100 642,000
Small lakes 0.1–1 288,000
Large ponds 0.01–0.1 190,000
Other small ponds >0.01 An unknown area

Source:	 Modified from Meybeck, M., Global distribution 
of lakes, in Lerman, A. and Gat, J. (Eds.), Physics 
and Chemistry of Lakes, Springer-Verlag, Berlin, 
Germany, 1995, pp. 1–32.
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TABLE 1.3

Ten Largest Rivers of the World

River Country/Continent

Mean 
Discharge 
(103 m3 s)

Drainage 
Area 

(103 km2)
Sediment Yield 
(ton km2/year)

Amazon Brazil, Colombia, Peru 
(South America)

212.5 6.062 67

Congo Zaire, Congo (Africa) 39.7 3.968 18
Yangtze China (Southeast Asia) 21.8 1013 553
Ganges Bangladesh, India (Indian 

subcontinent)
19.8 553 1.469

Mississippi United States (North America) 17.3 3.185 109
Orinoco Brazil, Colombia, Venezuela 

(South America)
17.0 939 103

Paraná Argentina, Brazil, Bolivia 
(South America)

14.9 2.278 40

Zambezi Several African countries 1.280 78
Danube Europe 6.2 806 27
Nile Egypt, Ethiopia, Sudan, Uganda 2.8 2944 42

Sources:	 Modified from Welcomme, R.L., Fisheries Ecology of Floodplain Rivers. Longman, 
London, and New York, pp. 317, 1985; Kalff, J., Limnology, Prentice Hall, Upper Saddle 
River, NJ, 2003, 592pp.

TABLE 1.4

Twelve Largest Lakes in the World

Lake/Origin
Surface 

Area (km2) Volume (km3)
Maximum 
Depth (m)

Caspian (T) 374.000 78.200 1.025
Superior (G + T) 82.100 12.230 406
Michigan (T) 57.750 4.920 281
Baikal (T) 31.500 22.995 1.741
Chad (T) 25.900 Variable 5
Tanganyika (T) 32.000 17.827 1.471
Victoria (T) 62.940 2.518 80
Titicaca (T) 8.562 827 284
Ontario (G) 19.000 1.637 244
Erie (G) 25.657 483 13
Malawi (T) 22.490 6.140 706
Aral (T)a 43.000 1.451 —

Source:	 Modified from Kalff, J., Limnology, Prentice Hall, Upper 
Saddle River, NJ, 2003, 592pp.

T, Tectonic; G, Glacial; Volcanic, V.
a	 Area and volume of Aral Sea great greatly reduced by 

multiple uses (mainly irrigation).
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1.2 � Reservoirs in Brazil: An Example of Large-Scale 
Construction of Artificial Aquatic Systems

The construction and operation of large reservoirs in Brazil are illustrative 
examples of the impacts (positive and negative) of large artificial ecosys-
tems on watersheds and rivers. Initially built with the purpose of produc-
ing hydroelectricity, these reservoirs are used for multiple activities such as 
energy production, navigation, irrigation, fisheries, recreation, tourism, and 
water for public supply. The multiple uses of the reservoirs’ waters require 
complex management operation, because it involves technology, optimiza-
tion, and regulation of activities and control systems based on operational 
rules that should maintain water volumes and water levels and water quality 
in the reservoir and downstream of the dam. It includes furthermore pro-
tection and recovery of biodiversity. But the large dams built in Brazil had 
several positive impacts on the regional economy, supporting development 
by the generation of energy as well as providing opportunities for employ-
ment, diversification of economic activities, and better sanitation infrastruc-
ture. The main impacts of these reservoirs are (1) changes in the ecological 
services of the rivers, (2) reduction of biodiversity, (3) water quality degra-
dation, and (4) changes in the hydrosocial cycle for the human population 
of the watershed. Table 1.6 shows the main, large Brazilian reservoirs and 
their characteristics.

TABLE 1.5

Ten Largest Reservoirs in the World

Reservoir/Country
Surface 

Area (km2)
Maximum 

Volume (km3)

Volta reservoir 8.480 148
Bratsk (Russia) 5.500 58
Kariba (Zimbabwe) 5.120 160
Cabora Bassa (Mozambique) 4.450 66
Ilha Solteira (Brazil) 4.214 21
Nasser (Egypt, Sudan) 2.700 157
Guri (Venezuela) 1.784 135
Sobradinho (Brazil) 1.230 34
Serra da Mesa (Brazil) 1.084 55
Three Gorges (China) 2.600 39

Sources:	 Modified from Straskraba, M. and Tundisi, J.G., 
Reservoir Water Quality Management, Guidelines for 
Lake Management, Vol. 9, ILEC, UNEP, Kusatsu, 
Japan, 1999, 229pp.; Kalff, J., Limnology, Prentice 
Hall, Upper Saddle River, NJ, 2003, 592pp.
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1.2.1  Inland Waters as Water Resources

Lakes, reservoirs, rivers, wetlands, and estuaries are intensively used for the 
development of human activities. The main uses are described in Table 1.7.

Therefore, all the aquatic inland ecosystems have important ecological, 
economical, cultural, and social functions all over the world (Jørgensen et al. 
2005). Their protection, recovery, and careful management are fundamental 
to the well being of the human population. The economic value of water is 
considered today as the fundamental criteria for development of countries 

TABLE 1.6

Largest Brazilian Reservoirs

Reservoir
Hydrographic 

Basin
Area 
(km2)

Height 
(m)

Volume 
(106 m3)

Discharge 
(m3/s)

Energy 
Production 

(MW)

Sobradinho São Francisco 4.214 43 34.100 22.850 1.050
Tucurui Tocantins 2.875 93 45.500 100.000 4.000
Balbina Amazonas 2.360 39 17.500 6.450 250
Porto Primavera Paraná 2.250 38 18.500 52.000 4.540
Serra da Mesa Tocantins 1.784 144 55.200 15.000 1.275
Furnas Paraná 1.440 127 22.950 13.000 1.216
Itaipu Paraná 1.350 196 29.000 61.400 12.600
Ilha Solteira Paraná 1.195 74 21.166 40.000 3.444
Três Marias São Francisco 1.142 75 21.000 8.700 396

TABLE 1.7

Main Uses of Inland Aquatic Ecosystems

Drinking water supply
Irrigation
Fish production and other biomass 
production (aquaculture)

Industrial water
Water supply in urban regions
Recreation
Tourism
Hydropower production
Flood control
Navigation
Sites for maintenance of aquatic biodiversity
Water purifiers of low cost
Training and education
Aesthetic values
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and regions. This economic value is direct and indirect. The production of 
hydroelectricity is one of the most important indirect economic values of water.

The maintenance of ecosystem services of the inland aquatic ecosystems is 
of prime importance and their management should consider this sustainable 
approach as the basis for their conservation and recovery.

Human activities have affected global lake distribution and produced 
changes in morphometry, mean depth, and water quality. Examples of 
such drastic effects are the loss of 84% of the volume of Aral Sea by exces-
sive use in irrigation, increase in the total area of reservoirs that changed 
the stored water, and changes in hydrological cycles in all continents due 
to excessive land use and exploitation of the aquatic biota (Meybeck 1995, 
Jørgensen et al. 2005).

Another impact that is widespread and is causing several changes in the 
biodiversity and the food chains of the inland aquatic ecosystems is the acci-
dental or on purpose introduction of exotic species.
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2
Lakes and Reservoirs as Ecosystems

2.1  Lakes and Reservoirs Have Many Interactive Factors

A lake or a reservoir is intimately related with a watershed—a biogeophysical 
boundary—that is a drainage system connecting these natural or artificial bod-
ies of water. A river basin or watershed is “defined as the entire area drained 
by a major river system and by its main tributaries” (Revenga et al. 1998). The 
watershed, thus, controls several mechanisms of functioning of lakes and res-
ervoirs. Pristine watersheds not subjected to extensive modification by human 
activities contribute with low input of nutrients, suspended material, or toxic 
substances to the lakes and reservoirs. Degraded watersheds have a great 
impact on the functioning of the natural or artificial ecosystems that are con-
nected to them. Figure 2.1 shows the main 106 watersheds of the world.

Therefore, any lake or reservoir in a watershed depends upon a matrix of 
geological, hydrogeochemical, climatologically natural characteristics (Figure 2.2) 
and of the human activities imposed upon these natural features.

Watersheds can be evaluated by their values and the ecosystem services 
that they can promote such as the freshwater supply or erosion control 
(Revenga et al. 1998, IIEGA/SVMA 2010). The biological value of the water-
shed is its biodiversity uniqueness, the genetic diversity, its spatial hetero-
geneity, and the ecological complexity it harbors. Fish species and degree 
of endemism, endemic bird areas, degree of urbanization, population den-
sity, and water availability are ecological values of a watershed that are con-
sidered fundamental for comparative purposes. Watershed conditions are 
related to areas of original or natural landscape, forest cover, and extension 
of riparian forest, soil erosion, irrigated cropland, water demands, and water 
uses. The number of area and extension of natural lakes, wetlands, and arti-
ficial reservoirs is also a measure of watershed condition.

Therefore, when describing the lakes and reservoirs as ecosystems their 
connection with the watershed, its status, value, and condition should be 
taken into account.

The vulnerability of the watersheds reflects in the pristine or degraded 
condition of a lake or reservoir within this watershed. In general, the vulner-
ability is related to the degree of urbanization; volume of nontreated effluents 
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(domestic or industrial); degree of deforestation; endemic species at risk; 
and degree of pollution and contamination of soil, water, and air. The forest 
cover of the watersheds is a very sensitive component related to its status and 
vulnerability, and it is a measure of the intensity of the impact or the resil-
ience capacity to impacts. The area of natural forests, mosaics of vegetation, 
and wetlands is a measure of the resilience capacity of a watershed. Another 
important measure of the vulnerability of a watershed and as a consequence 
to the lakes and reservoirs is the status of riparian forest along the rivers, the 
lakes, and the reservoirs. Riparian forests have specific and very important 
functions in the watersheds especially related to maintaining the water quan-
tity and regulating the water quality (Likens 1992, Paula Lima and Zakia 2001, 
Rodrigues and Leitão Filho 2001). Tundisi and Matsumura Tundisi (2010) have 
made an extensive series of measurements at two watersheds in a subtropical 
region of Brazil and showed how the maintenance of a good natural forest 
cover was fundamental for the good water quality of rivers and reservoirs in 
these watersheds. Figure 2.3 shows the role of riparian forest as a regulation 
and control factor of water quantity and quality in a tributary of a lake or a reser-
voir. The flux of nutrients, the water quality, and the atmospheric water quantity 
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FIGURE 2.2
Matrix of interactions between natural characteristics that determine the productivity of a lake 
or reservoir. (From Vollenweider, R.A., Schweiz. Z. Hydrol., 37, 53, 1987.)
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(by evapotranspiration), as well as the rivers’, lakes’, and reservoirs’ water vol-
ume and the groundwater quality and quantity are all maintained by the pres-
ence of this riparian vegetation in the tributaries and near the limnic systems 
of the watersheds (Tundisi and Matsumura-Tundisi 2010).

The chemical composition of the water quality is regulated by the ripar-
ian vegetation and wetlands, and this has an enormous impact if the river 
reservoir or lakes are a source of water for public supply. By controlling and 
maintaining a good water quality (generally with low conductivity, low sus-
pended matter, and low concentration of phosphorus and nitrogen), the cost 
of treatment of this water for human supply is generally very low (2 or 3 
U.S.$/1.000 m3). With increasing degradation due to the removal of wetlands 
and riparian forests, the cost of water treatment increases up to 100 or 200 
U.S.$/1.000 m3 (Tundisi et al. 2006).

A lake and a reservoir function under the impact of the external loading but 
they have their own internal mechanisms of vertical and horizontal dynam-
ics that are related with the circulation of matter, biogeochemical cycles, and 
the relation to production/decomposition of organic matter. In a lake or res-
ervoir, the following interfaces are fundamental: the air/surface–water inter-
face, the sediment–water interface, and the organism–water interface. Main 
regions and compartments of a lake or reservoir are present in Figure 2.4.

The exchanges of substances and elements between the water and these 
interfaces characterize the daily, seasonal cycles of physical, chemical, and 
biological events in these aquatic ecosystems. Figure 2.5 shows the main fluxes 
of the interaction of the chemical and biological pools and the relationships 
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FIGURE 2.3
(See color insert.) Role of riparian forest as a control and regulating factor in a watershed. 
(Modified from Likens, G.E., The ecosystem approach: Its use and abuse, in: Kinne, O. (Series Ed.), 
Excellence in Ecology, Ecology Institute, Oldendorf/Luke, Germany, 166pp., 1992; Paula Lima, W. 
and Zakia, M.J.B., Hidrobiologia de Matas Ciliares, in: Rodrigues, R.R. and Leitão Filho, H. (Eds.), 
Matas Ciliares: Conservação e recuperação, EDUSP, FAPESP, São Paulo, Brazil, pp. 33–44, 320pp., 2001.)
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such as autotrophy and allotrophy in a lake or reservoir. The intensity of the 
flux between the various pools depends upon a series of factors: geographi-
cal location, altitude, morphometry and origin, wind stress over the surface, 
and the impact of human activities.

The horizontal and vertical distribution of communities is depending 
upon the mechanisms of horizontal and vertical circulation, density cur-
rents, and degree of stratification (if permanent or temporary).

2.2  Pulse Effects in Lakes and Reservoirs

Lakes and reservoirs are subjected to several types of sudden changes of 
natural or man-induced origin, which affects many physical, chemical, and 
biological variables. Pulses of natural origin come from rapid changes in 
meteorological conditions such as rainfall or wind stress. These pulses can 
be seasonal, frequent, or infrequent. Heavy rainfall can cause a very rapid 
change in the physical, chemical, and biological conditions of a reservoir or a 
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lake, especially in watersheds where deforestation was extensive and several 
tons/hectare of suspended matter are discharged in a few hours.

Tundisi and Matsumura-Tundisi (2008) described how sudden rainfall in 
Barra Bonita reservoir was the cause of a mass mortality of fishes due to 
oxygen depletion; phytoplanktonic primary production was reduced to less 
than 20% of the carbon produced per square meter due to strong reduction 
of light penetration as a consequence of the amount of suspended material 
discharged into the reservoir (largely clay).

Pulses of artificial origin may be caused by manipulation of water levels 
during periods of regulation of water flows for several uses or withdrawal of 
water from different levels for supply of drinking water.

The magnitude of the pulses differs geographically in the case of natural 
forcing functions, because they depend on the seasonal variation of these 
forcing functions such as rainfall or wind stress. Tundisi et al. (2004, 2006, 
2008 and Tundisi and Matsumura-Tundisi (2010) demonstrated the effect of 
cold fronts in the vertical structure of reservoirs in the southeast of Brazil. 
Cold fronts coming from the Antarctic are an important source of wind stress 
in the southeast of Brazil. Pulses of river water in floodplain lakes change the 
vertical structure and modify the patterns of vertical distribution of dissolved 
oxygen, phytoplankton, and zooplankton (Tundisi et al. 1984), Junk (2006).

Cavalcanti and Kousky (2009) showed that there is seasonality in the pas-
sage of the cold fronts in the South American continent and in the south-
eastern region of South America: between 40 and 60 events occurred yearly 
during the last 22 years. Cold fronts impact the functioning of reservoirs or 
lakes by changing thermal structure, vertical distribution of chemical vari-
ables such as dissolved oxygen, nutrients and biological variables such as: 
chlorophyll phytoplankton composition changed from Chlorophyceae dom-
inance to diatom dominance during periods of strong winds (6–10 km/h) as 
a consequence of cold fronts, at Lobo/Broa reservoir.

This shift in species composition and of phytoplankton group compositions 
has a strong effect in eutrophic lakes and reservoirs; for example, Tundisi et al. 
(2006) showed the changes in phytoplankton composition in reservoirs of the 
metropolitan region of São Paulo: during the period of stratification, cyano-
bacteria blooms predominate, and during the periods of vertical mixing pro-
moted by the cold front effect, the blooms disappeared and the phytoplankton 
community was dominated by Chlorophyceae and Diatomaceae.

2.3 � Vertical and Longitudinal (or Horizontal) 
Processes in Reservoirs and Their Complexity

Patterns of vertical and horizontal organization of reservoirs depend on their 
structural characteristics and mode of operation. A reservoir constructed on 
the main stream of a river is an artificial structure that affects the upstream 
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and downstream ecosystem of the river. Thus, the technical features of the 
reservoir, such as level of the outlet, volume of the reservoir, average depth, 
maximum depth, and retention time, are all characteristics of the reservoir 
that determine the water quality; the distribution of the phytoplankton, zoo-
plankton, and benthic community; and the organization and distribution of 
fish assemblages and macrophytes. The organization of a reservoir and its spa-
tial features are described in Figure 2.6. It is a classical conceptualization that 
encompasses the riverine zone, the transition zone, and the lacustrine zone.

As artificial ecosystems, reservoirs are subjected to natural and man-
made forcing functions that determine their dynamic characteristics: hori-
zontal gradients in physical, chemical, and biological variables and vertical 
oscillations due to the inputs of mechanical energy from the tributaries. 
The operational characteristics of the reservoirs such as the retention time 
and the level of the outlet of the water withdrawal are other fundamental 
dynamic features of the reservoirs. The cycles of thermal stratification and 

Riverine zone Transitional zone Lacustrine zone
Broad, deep, lake-like basin

Little �ow

Rel. clear, light more avail.
at depth, Zp > Zm
Nutrient supply by internal
recycling, rel. low nutrients
Nutrient-limited PPR
Cell losses primarily by
grazing
Organic matter supply primarily
autochthonous, P > R
More “oligotrophic”

Broader, deeper basin

Reduced �ow

Reduced susp. solids, less
turbid, light avail. increased
Advective nutrient supply
reduced

Cell lossed by sedimentation
and grazing
Intermediate

Intermediate

PPR/m3 Rel. high

Narrow, channelized basin

Relatively high flow

High susp. solids, turbid, low
light avail., Zp < zm
Nutrient supply by advection,
rel. high nutrients
Light-limited PPR
Cell losses primarily by
sedimentation
Organic matter supply pri-
allochthonous, P < R
More “eutrophic”

FIGURE 2.6
Longitudinal zonation in environmental factors controlling light and nutrient availability for 
phytoplankton production, algal productivity and standing crop, organic matter supply, and 
trophic status in an idealized reservoir. Represents the riverine zone, the transition zone, and 
the lacustrine zone. (Modified from Kimmel, B.L. and Groeger, A.W., Factors controlling phyto-
plankton production in lakes and reservoirs: A perspective, in: Lake and Reservoirs Management, 
EPA 440/5/84 001, U.S. EPA, Washington, DC, pp. 277–281, 1984.)
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destratification that occur in a reservoir are a result of changing meteorologi-
cal conditions such as solar and atmospheric radiation and wind effects. The 
vertical temperature structure and its oscillation are reflected in the vertical 
distribution of other variables such as dissolved oxygen, nutrients and the 
biological components, phytoplankton, and zooplankton.

The plunge point of the tributaries in the reservoir sets up horizontal gra-
dients that depending on the density of the water can be described as an 
overflow (surface), interflow (mid depths), or underflow (bottom flow); these 
density inflows result mainly in processes of transport by advection, convec-
tion, turbulence, or diffusion (Ford 1990). These transport systems impact 
reservoir water quality by modifying the concentrations of dissolved oxy-
gen, conductivity concentration, and nutrients, as well as phosphorus and 
nitrogen (particulate or dissolved) or pollutants such as toxic metals or 
organic substances.

Horizontal variations in temperature may occur due to different in the 
tributaries of the reservoir. For example, Tundisi and Matsumura-Tundisi 
(1990) described tributaries’ inflows with lower temperatures due to the 
dense riparian forest cover in Barra Bonita reservoir resulting in extensive 
horizontal differences up to 2°C less in this reservoir as compared with open 
regions with no forest cover.

Horizontal gradients of concentrations of several chemical compounds 
occur in reservoirs as demonstrated by Armengol et al. (1999). These hori-
zontal gradients are a result of a hydrodynamic process and have, as con-
sequences, the horizontal distribution of communities that are spatially 
organized.

Figure 2.7 shows a longitudinal profile from the river to the dam in the 
SAU reservoir as presented by Armengol et al. (1999). This figure represents 
gradients of environment changes along the main axis of this reservoir in 
Spain. The longitudinal changes in the plankton community composition are 
coupled with biological activity such as the bacterial activity. Phytoplankton 
abundance measured by chlorophyll and cell number shows a pattern of lon-
gitudinal variability as demonstrated in Figure 2.8. Generally, in the tran-
sition zone between the riverine conditions and the lacustrine conditions 
of the reservoir, the best combination of nutrient concentration and light is 
achieved (Kimmel et al. 1990).

Longitudinal organizations in reservoirs considering physical, chemical, 
and biological variables were described for several of these artificial ecosys-
tems (Kimmel et al. 1990). Tundisi and Matsumura-Tundisi (1995) described 
how, in a relatively small and shallow (7 km2, 3 m average depth—Lobo/Broa 
in Brazil) reservoir, a gradient of physical, chemical, and biological variables 
occurred. In the upstream reservoir, macrophytes predominated with fast 
decomposition rates of leaves and roots after death. This is a structure of a 
detritus food chain. The upstream reservoir is a nursery ground for fishes, 
zooplanktons, and macroinvertebrates. In the lower reservoir with no mac-
rophytes, a food chain based on phytoplankton production predominates.
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2.4  Differences between Lakes and Reservoirs

Even considering the limnological similarities between lakes and reservoirs, 
there are some differences that have to be described, because these are fun-
damental for management purposes. Shallow reservoirs (average depth <5 m) 
are excluded from this comparison because they have similar characteris-
tics as shallow lakes. Therefore, this comparison is made only between deep 
lakes and deep reservoirs (average depth >5 m).

As artificial ecosystems constructed by man, reservoirs are built in a river 
with the objective of one main use or multiple uses: hydroelectricity, irriga-
tion, water supply, recreation, or navigation. In general, reservoirs are built in 
watersheds or regions where natural lakes are scarce; for example, in Spain, 
where natural lakes are very few, more than 700 small and large reservoirs 
were constructed with the purpose to supply drinking water or for irrigation 
(Margalef et al. 1976).

Drainage basin—The drainage basin of reservoirs is generally much larger that 
the drainage basin of natural lakes. The area of the drainage basin is much 
larger than the inundated area of the reservoir. When the dam is located in 
the main stream of a river, in general the reservoir is elongated especially 
if there are many tributaries in the watershed; for example, Matsumura-
Tundisi and Tundisi (2005) described how 114 tributaries at Barra Bonita res-
ervoir (São Paulo State, Brazil) resulted in an oblong shape of the reservoir.

Lakes have a more circular shape, are less irregular, and their area is much 
smaller when compared with the watershed area.

The water level fluctuation in reservoirs is much higher than in natural 
lakes. These can be irregular fluctuations due to the extension of dry periods 
or the flooding periods as a result of heavy rainfall. In natural lakes, the 
water level fluctuations are much smaller and more stable.

Horizontal gradients—Reservoirs have extensive horizontal gradients due to 
inputs of tributaries, water withdrawal from the outlets, and zones of river 
influence or lacustrine characteristics.

In general, natural lakes have much less reduced horizontal gradients 
or this is geographically limited to a few tributaries that develop density 
currents.

Suspended matter loads—Since reservoirs in many regions are used as artifi-
cial ecosystems to stimulate economic development, the watershed uses are 
very intense and the contribution of suspended matter is thus much higher 
in reservoirs than in lakes.

Underwater currents—The tributaries of the reservoirs generally develop 
underwater, at surface water, or in midwater currents that promote horizon-
tal gradients. This is not the case for natural lakes, where the tributaries do 
not have such a great impact.
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Outflow—Reservoirs have many outlets for water withdrawal and this is 
regulated by their use. The withdrawal can be made throughout the surface 
or the hypolimnion. Natural lakes have generally a stable surface outflow.

Retention time (relationship of volume and flushing rate)—The retention time 
of a reservoir varies very much from a few days to months or years. This 
retention time is also extremely variable between reservoirs. In lakes, the 
retention time is much more stable. The retention time in reservoirs varies 
with the multiple uses and the water needs.

Deposition and distribution of sediments—In a reservoir, the deposition of sedi-
ments occurs in the riverine zone or in the tributaries’ inlets to the reservoirs. It 
is low in the lacustrine zone. Variable rates of sediment deposition are depen-
dent on the seasonal events such as increase of drainage during high rainfall 
or dry periods. In lakes, the deposition of sediments is more regular and stable 
and has a limited dispersal. The sediment deposition in the tributaries’ inlets 
to the reservoir creates areas of high concentration of organic matter and sites 
for invertebrate development (mollusks, insect larvae, and oligochaeta). Also 
extensive periphytic growth of algae occurs in these regions.

2.5  External Nutrient Loading and Nutrient Dynamics

Due to the intensive use of watersheds, the nutrient input to the reservoirs is 
generally much higher than the nutrient input to natural lakes. Horizontal gra-
dients in nutrient distribution occur in reservoirs. Biogeochemical cycles are 
accelerated in reservoirs due to tributary contribution and higher suspended 
material loads. The stocking of fishes in reservoirs is also from the lake ecosys-
tems. Heavy stock of fishes and intensive cultivation of fishes in the reservoirs 
can accelerate the biogeochemical cycles, especially for nitrogen (due to the 
excretion of ammonia by fishes) and for phosphorus (due to accumulation of 
fish feed on the bottom sediments). In periods of low water level, several meters 
or kilometers of sediments become exposed to air, accelerating the decomposi-
tion of organic matter. In the next rainfall period, with the increase of drainage 
there is a pulse of nutrients to the reservoirs, enhancing primary production 
of phytoplanktons. These processes are rare for natural lakes. Bacterial activ-
ity is more intense in reservoirs than in lakes due to this extensive sediment 
decomposition at the mouth of the tributaries. These areas become exposed 
during periods of low water level in reservoirs by an accelerating organic mat-
ter decomposition and biogeochemical cycling of elements and substances.

Dissolved oxygen—In general, horizontal variability in dissolved oxygen is 
higher in reservoirs than in lakes. Inflows of tributaries with low oxygen con-
centration due to high particulate organic matter concentration are common 
in reservoirs. In lakes, there are smaller horizontal gradients of dissolved 
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oxygen. Also, in lakes, concentration of dissolved oxygen is less dependent 
of inflows and outflows as it occurs in reservoirs.

Light penetration—It is generally higher in lakes than in reservoirs. In the 
riverine zones of reservoirs, there is very low light penetration. Horizontal 
gradients in light penetration in reservoirs are more common than in lakes. 
Euphotic depth increases in the lacustrine zone of reservoirs.

The littoral zone—It is very irregular in reservoirs due to higher water level 
fluctuations than in lakes. Each tributary influences littoral zones in the res-
ervoirs. In lakes, the littoral zone is more constant with generally higher lev-
els of primary production of phytoplanktons and macrophytes.

Biodiversity—Reservoirs are young ecosystems with the biodiversity 
depending on the duration of the filling phase, the capacity of the local 
flora and fauna to colonize this artificial ecosystem, and the retention time. 
Depending on the substrate remaining after the beginning of the inunda-
tion, biodiversity of periphytic algae and benthic organisms can be high in 
reservoirs. Production of organic matter by phytoplanktons is high during 
the filling phase and then decreases. In lakes, diversity is high. Primary 
production of phytoplanktons is relatively constant in lakes and is sub-
jected to seasonal variation of forcing functions, such as solar radiation 
and precipitation.

2.6  Succession in Lakes and Reservoirs

Reservoirs in many regions are built with the purpose to stimulate the 
regional development. The succession in a reservoir is greatly influenced 
by human activities in the watershed and is generally accelerated by mul-
tiple uses of water and the degree of agricultural activities, industrial devel-
opment, and urbanization. In lakes, the influence of the watershed uses is 
smaller, less intensive, and the hydrological cycle is much more in equilib-
rium because of several years (hundreds of years or ever millennia) of inter-
action with the human population.

The main characteristics of reservoirs that are key factors for their manage-
ment are as follows:

•	 The filling phase and the situation of the inundation area—The duration 
of the filling phase is a fundamental factor for the development 
of the reservoir as an ecosystem; this is coupled with the status 
of the inundation area of the future reservoir. For example, in the 
Amazonian reservoirs the presence of the forest in the inundated 
area resulted in anoxic water that lasted for several years (Tundisi 
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and Matsumura-Tundisi 2010). If the organic matter in the future 
area of inundation is not removed, the water quality of the reservoir 
will be degraded from the very beginning of the filling phase.

•	 The retention time—The retention time of the reservoir regulates the 
biogeochemical cycles, the primary production, and the biodiversity. 
High retention times (greater than 1 year) retain nutrients, degrade 
water quality, and influence biodiversity (Jørgensen et al. 2005). Low 
retention time is fundamental for a reservoir that supplies drinking 
water, as it may imply a better water quality.

•	 The watershed inputs to the reservoir—Input of nutrients and organic 
matter (dissolved and particulate) to the reservoirs depend upon the 
watershed uses. The control of these inputs is of importance for the 
management of the reservoirs.

2.7  Lake and Reservoir Sedimentation

The intensive use of watershed due to deforestation and rate of urbanization 
has significant impacts in the contribution of sediment inflow. The sediment 
yield produced by the watershed can cause long-term morphological changes 
in the tributaries to the lake or reservoirs, modify the rates of inflow, and reduce 
the volume of water. In the case of reservoirs, erosion and sediment deposition 
toward the dam can reduce its stability, affecting the operation of outflows and 
the safety of the dam. Several factors that determine the sediment yield of a 
watershed are given below:

•	 Rainfall amount, intensity, and seasonal cycle
•	 Soil type and geological formation
•	 Ground cover
•	 Land use
•	 Topography
•	 Erosion rate
•	 Drainage network density
•	 Slope, size, shape, and alignment of channels
•	 Runoff
•	 Sediment characteristics, such as grain size and mineralogy

After removal from the watershed surface, sediment particles are transported 
through the river system into the lake or reservoir. The volume of sediment 
and the deposition depends upon the hydraulic characteristics of the river, the 
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velocity of the currents, the hydrodynamics of flows, and the morphometry of 
the river channel and its shape at the inflow point to the lake or reservoir. The 
surface erosion and soil loss can be calculated by the universal soil loss equation.

A = RKLSCP

where
A is the computed soil loss in (ton/ha)/year
R is the rainfall factor
K is the soil-erodibility factor
L is the slope-length factor
S is the slope-steepness factor
C is the cropping-management factor
P is the erosion-control practice factor

The rainfall factor R accounts for differences in rainfall intensity–
duration–frequency for different locations, that is, the average num-
ber of erosion-index units in a year of rain.

Source:	� From Yang, C.T., Reservoir sedimentation, in: Yang, C.T. (Eds.), 
Sediment Transport: Theory and Practice, Krieger Publishing 
Company, Melbourne, FL, pp. 267–315, 2003.

The density of the deposited sediment and the trap efficiency of the natural 
or artificial ecosystem are the main factors that control the volume of the 
sediment deposited. Trap efficiency depends on the density of sediment par-
ticles, the retention time of a lake or reservoir, and the outflow mechanism. 
The texture and size of the deposited sediment particles and the compaction 
of the sediment at the bottom are other important factors.

Reservoirs in a cascade act as a sediment trap. Reservoirs trap generally as 
much as 80% of the sediment influx.

The accumulation of sediment in lakes and reservoirs reduces their volume 
impairing multiple uses and changing water quality. The amount of sedi-
ment input to these artificial or natural inland ecosystems is a key process 
for their management. Structural measures of the watershed are reforesta-
tion, construction of small impoundments in the tributaries of the reservoirs 
or lake, construction of sedimentation basins to store sediments, and stream 
bank stabilization to reduce bank erosion. The maintenance of a mosaic of 
wetlands in the watershed combined with a dense riparian forest cover in 
the tributaries is a nonstructural effective measure to reduce sedimentation.

The lost storage capacity of a lake or reservoir can be recovered by using 
techniques of flushing, diversion, or siphoning sediment.
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2.8  Shallow Lakes

Shallow lakes can be found in all continents and watersheds. These shal-
low (<5 m average depth) bodies of water that are often polymictic with only 
occasional stratifications at surface waters vary widely in area (from less 
than 0.1 km2 to more than 1.000 km2) and are often subject to strong wind 
effects that cause resuspension of sediments, inorganic particles, and algal 
cells and colonies. The balance of resuspension and sedimentation is impor-
tant in shallow lakes as it is decisive for the nutrient concentrations of the 
lake water. Turbidity caused by the resuspension becomes an important lake 
property in shallow lakes (Scheffer 1998).

Nutrient dynamic processes are generally important and complex 
quantitative processes. The biogeochemical cycles of phosphorus, nitro-
gen, and carbon, including the exchanges of these nutrients between the 
water and the sediment determine the primary production and therefore 
the possibilities for eutrophication. The decomposition of detritus in the 
sediments of shallow lakes can be very fast due to high rates of mineral-
ization. Pulses of ammonium (NH4

+) can easily occur in shallow lakes. 
Phosphorus and nitrogen releases from detritus decomposition in the 
water after phytoplankton blooms and macrophytes are other sources of 
nutrients producing rapid changes in the concentrations of carbon, nitro-
gen, and phosphorus.

The seasonal dynamics of shallow lakes is influenced by external forcing 
functions such as wind, solar radiation, air temperature, and also by pulses 
of biomass growth and decomposition. The growth of macrophytes in the 
shores of shallow lakes can be extensive with high rates of biomass growth 
and decomposition. In some less turbid regions of a shallow lake, submerged 
macrophytes can grow very fast. They are an important nursery ground for 
fish larvae and invertebrates.

The nutrient load is one of the main factors that influences the shallow 
lakes’ productivity and ecological dynamics. The external nutrient load 
can be very high, accelerating the eutrophication process, changing the 
equilibrium of the lake, and moving the lake toward a eutrophic state with 
high nutrient concentrations in the sediment and water and an almost per-
manent bloom of cyanobacteria or macrophyte vegetation. Controlling the 
nutrient load is one of the main management procedures for shallow lakes. 
This has to be done at the watershed level by integrated holistic manage-
ment (see also Chapter 14). Internal load can be controlled by removing 
sediment or the biomass of macrophytes, or other ecological engineering 
methods can be applied; see Chapter 16. A removal of the sediment is under 
all circumstances a useful measure for small ponds, small reservoirs, or 
fish ponds. Figure 2.9 shows the forcing functions that control these eco-
systems (Talling 2001).
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2.9 � Future Research Needs for Lakes and Reservoirs as 
Tools for Advanced Management of These Ecosystems

The knowledge on the hydrodynamics of lakes and reservoirs coupled with 
studies on the water quality is still limited to a few groups of these ecosys-
tems mainly in temperate regions. Studies on mixed layer energetic coupled 
with simulation of vertical processes and measurements of horizontal varia-
tions in physical, chemical, and biological variables are extremely necessary 
in order to optimize the planning of management and control operations. 
Better knowledge of internal wave propagation coupled with studies of hori-
zontal transport of pollutants will help to clarify the motion patterns and 
transport phenomena of large tropical and small lakes and reservoirs. The 
spatial variability of wind stress affects the deepening of water masses pro-
ducing several mechanisms of distribution of suspended material and pol-
lutants at different depths. Selective withdrawal of water in reservoirs that 
affects upstream the reservoir and downstream the river or the next reser-
voir in the cascade need to be better known (Imberger and Patterson 1990).

The interaction of the reservoir and lakes with the watershed also needs to 
be known in more detail; especially the inputs and the quantitative contribu-
tion of these sources (point and nonpoint sources) need to be better known 
(IIEGA/SVMA 2010).

Climate changes affect watersheds, lakes, and reservoirs. Extreme hydro-
logical pulses, long periods of dryness, and inputs of climatologically 
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forcing functions such as strong winds affect circulation, distribution of 
communities, and biogeochemical cycles. Expected rise in temperature 
due to climatic changes can stimulate the growth and dominance of cya-
nobacteria in lakes and reservoirs as discussed by Paerl and Huisman 
(2008). New technologies for the management of cyanobacteria blooms 
are needed in articulation with the implementation of strategies aimed at 
controlling and reducing nutrient inputs into the aquatic ecosystem from 
the watersheds.

Comparative studies on the response of reservoirs and lakes to exter-
nal inputs are fundamental to understanding their dynamics and the 
key factors that govern their processes. This is of importance for their 
management.

Reservoirs and lakes have the same responses to the inputs from the 
watersheds. But the responses of the reservoir can be more chaotic and more 
irregular due to their manipulation such as the variable retention time and 
levels of outlets. Biotic stability is much higher in lakes with external inputs 
(Wetzel 1990).

2.10  Eutrophication Problem

Many aquatic ecosystems suffer from eutrophication: lakes, reservoirs, estu-
aries, lagoons, fjords, and bays. It is a worldwide problem and is, together 
with the oxygen depletion problem, probably the most serious pollution 
problems of aquatic ecosystems. The word eutrophy is generally taken to 
mean “nutrient rich.” Nauman introduced in 1919 the concepts of oligotrophy 
and eutrophy, distinguishing between oligotrophic lakes containing little 
planktonic algae and eutrophic lakes containing much phytoplankton. The 
eutrophication of aquatic ecosystems all over the world has increased rap-
idly during the last decade due to increased urbanization and consequently 
increased discharge of nutrient per capita. The production of fertilizers has 
grown exponentially in this century and the concentration of phosphorus in 
many lakes reflects this.

The word eutrophication is used increasingly in the sense of artifi-
cial addition of nutrients, mainly nitrogen and phosphorus, to water. 
Eutrophication is generally considered to be undesirable, but this is not 
always true. The green color of eutrophied lakes makes swimming and 
boating less safe due to the increased turbidity, and from an aesthetic 
point of view the chlorophyll concentration should not exceed 100 mg/m3. 
However, the most critical effect from an ecological point of view is the 
reduced oxygen content of the hypolimnion caused by the decomposition 
of dead algae, particularly in the fall. Eutrophic aquatic ecosystems some-
times show a high oxygen concentration during the summer time at the 
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surface but a low concentration of oxygen in the hypolimnion that may 
be lethal to fishes. The oxygen depletion in the hypolimnion will often 
imply that the eutrophication is more difficult to abate, because anaerobic 
sediment will more easily release its content of phosphorus. Iron(III) is 
reduced to iron(II) by anaerobic conditions. As iron(III) has a very insolu-
ble phosphorus salt, while iron(II) phosphate is readily soluble, the phos-
phorus release by anaerobic conditions is dependent on the composition 
of the sediment, particularly of course the iron content. One of the most 
applied lake restoration methods is the pumping of air or oxygen to hypo-
limnion, which is used to reduce significantly the release of phosphorus 
from the sediment.

Water is 75%–90% of the total wet weight for plant tissue. It means that 
except for oxygen and hydrogen, the composition on dry weight basis would 
be 4–10 times higher. For phytoplanktons, the contents of carbon, nitrogen, 
and phosphorus on dry weight basis are, respectively, approximately 40%–60%, 
6%–8%, and 0.75%–1.0%. Phosphorus is considered as the major cause of 
eutrophication in lakes, as it was formerly the growth-limiting factor for 
algae in the majority of lakes. Its use has increased tremendously during 
the last decade. Nitrogen is limiting in a number of East African lakes as 
a result of the nitrogen depletion of soils by intensive erosion in the past. 
Nitrogen is furthermore often limiting in the coastal ecosystems, at least a 
part of the year. However, today nitrogen may become limiting in lakes as 
a result of the tremendous increase in the phosphorus concentration caused 
by discharge of wastewater, which contains relatively more phosphorus than 
nitrogen. While algae uses 5–10 times more nitrogen than phosphorus (see 
the contents of these two elements in phytoplanktons mentioned previously), 
wastewater generally contains only three times as much nitrogen as phos-
phorus. In lakes, a considerable amount of nitrogen is furthermore lost by 
denitrification (nitrate → N2). Lakes that have received wastewater for a lon-
ger period may therefore be limited by nitrogen. In environmental manage-
ment, the key question is however not which element is the limiting factor 
but which element can most easily be controlled as limiting factor. As phos-
phorus generally can be removed easier or by less cost, it is often the most 
effective abatement of eutrophication, particularly of lakes, to remove phos-
phorus very effectively in the wastewater discharged to the lake. Further 
details are given later.

It is a good management strategy for an abatement of eutrophication in 
aquatic ecosystems to find quantitatively all the sources of nitrogen and 
phosphorus. It is based on this information, in most cases, that it is easy 
to find possible solutions and the corresponding costs. In this context, it is 
beneficial to apply an ecological model. Eutrophication models have been 
developed and applied for all these ecosystems. Many eutrophication mod-
els have been applied for environmental management, particularly for lakes 
and reservoirs. Jørgensen (2011) gives a good overview of the available eco-
logical models including eutrophication models.
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2.11  Growth of Phytoplankton

The growth of phytoplanktons is the key process of eutrophication, and it 
is therefore important to understand the interacting processes that regulate 
growth. Primary production has been measured in great detail in a number 
of aquatic ecosystems and presents the synthesis of organic matter, and the 
overall process can be summarized as follows:

	 Light CO H O C H O O+ + → +6 6 62 2 6 12 6 2 	 (2.1)

The composition of phytoplanktons is not constant. The composition of phyto-
planktons and plants, in general, reflects to a certain extent the concentration 
of the water. If, for example, the phosphorus concentration is high, the phy-
toplanktons will take up relatively more phosphorus—this is called luxury 
uptake. Phytoplankton consists mainly of carbon, oxygen, hydrogen, nitro-
gen, and phosphorus; without these elements no algal growth will take place. 
This leads to the concept of the limiting nutrient, which has been developed 
by Liebig as the law of the minimum. However, the concept has been consid-
erably misused due to oversimplification. First of all, growth might be limited 
by more than one nutrient. The composition as mentioned previously is not 
constant but varies with the composition of the environment. Furthermore, 
growth is not at its maximum rate until the nutrients are used and is then 
stopped, but the growth rate slows down as the nutrients become depleted.

The sequences of events leading to eutrophication has often been described 
as follows: Oligotrophic waters will have a ratio of N:P greater than or equal 
to 10, which means that phosphorus is less abundant than nitrogen for the 
needs of phytoplanktons. If sewage is discharged into the aquatic ecosystem, 
the ratio will decrease, since the N:P ratio for municipal wastewater is 3:1, and 
consequently nitrogen will be less abundant than phosphorus relative to the 
needs of phytoplanktons, as indicated earlier. In this situation, however, the 
best remedy for the excessive growth of algae is not necessary the removal 
of nitrogen from the sewage, because the mass balance might then show that 
nitrogen-fixing algae will give an uncontrollable input of nitrogen into the system. 
It is particularly the case if the aquatic ecosystem is a lake or reservoir. It is 
necessary to set up mass balances for each of the nutrients as already pointed 
out, and these will often reveal that the input of nitrogen from nitrogen-fixing 
blue–green algae, precipitation, and tributaries is contributing too much to the 
mass balance for the removal of nitrogen from the sewage to have any effect. 
On the other hand, the mass balance may reveal that the phosphorus input 
(often more than 95%) comes mainly from sewage, which means that it is bet-
ter management to remove phosphorus from the sewage than nitrogen. Thus, 
it is not important in environmental management which nutrient is most lim-
iting but which nutrient can most easily be made to limit the algal growth.
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The conceptual diagram Figure 2.10 shows the nitrogen cycle and 
Figure 2.11 gives the phosphorus cycle of aquatic ecosystems and illustrate 
the processes behind the cycling of these nutrients. As clearly pointed out 
earlier, it is always beneficial to use mass balances to choose the most impor-
tant components, such as forcing functions and state variables, to be consid-
ered in the management context. Let us illustrate the needed mass balance 
considerations by use of an example. Let us anticipate that it is an open ques-
tion, whether birds should be included in the selected management strategy 
(and in the eutrophication model). Birds may contribute considerably to the 
inputs of nutrients by their droppings. If the nutrients—nitrogen and phos-
phorus—coming from the birds’ droppings are insignificant compared with 
the amounts of nutrients coming from drainage water, precipitation, and 
wastewater, inclusion of birds in the management strategy is an unneces-
sary complication that would only contribute to the uncertainty. There are, 
however, a few cases where birds may contribute as much as 25% or at least 
more than 5% of the total inputs of nutrients. In such cases, it is of course 
important to include birds in the management and as a model component or 
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FIGURE 2.10
Conceptual diagram of a nitrogen cycle in an aquatic ecosystem. The processes that connect 
the state variables and forcing functions are (1) uptake of nitrate and ammonium by algae; 
(2) photosynthesis; (3) nitrogen fixation; (4) grazing with loss of undigested matter; (5–7) pre-
dation and loss of undigested matter; (8) settling of algae; (9) mineralization; (10) fishery; 
(11) settling of detritus; (12) excretion of ammonium from zooplankton; (13) release of nitrogen 
from the sediment; (14) nitrification; (15–18) inputs/outputs; (19) denitrification; and (20–22) 
mortality of phytoplankton, zooplankton, and fish.
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at least as an important forcing function. A mass balance is always needed 
to uncover the main sources of a pollution problem—in the example of the 
inputs of nutrients. It is, however, rare (a good guess based on the author’s 
experience is about 1% of aquatic ecosystems) that it is necessary to consider 
the dropping of birds as a significant source of eutrophication.

The so-called Michaelis–Menten’s equation can be applied to describe the 
growth of phytoplanktons, gr = grmax NS/(kn + NS), or gr = grmax PS/(kp + PS), 
dependent on which nutrient is limiting N or P. grmax, kn, and kp are param-
eters. If both nutrients are limiting in different periods of the year, the for-
mulation is

	
g = g

NS
(k +NS)

,
PS

(k +PS)r rmaxmin
n p

⎛

⎝⎜
⎞

⎠⎟ 	
(2.2)

Product or average of several limiting factors have also been proposed and 
applied.
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FIGURE 2.11
Phosphorus cycle. The processes are (1) uptake of phosphorus by algae, (2) photosynthesis, 
(3) grazing with loss of undigested matter, (4, 5) predation with loss of undigested material, 
(6), (7), and (9) settling of phytoplanktons, (8) mineralization, (10) fishery, (11) mineralization 
of phosphorous organic compounds in the sediment, (12) diffusion of pore water P, (13–15) 
inputs/outputs, (16–18) represent mortalities, and (19) settling of detritus.
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For the influence of the temperature, there are two possible formulations:

	
K (TEMP 20)(the so-called Arrhenius equation)t

∧ −
	

(2.3)

or

	
exp A*

(TEMP OPT)
(TEMP MAXTEMP)

−
−

⎛

⎝⎜
⎞

⎠⎟ 	
(2.4)

Kt is a parameter, which in most cases is between 1.04 and 1.06, in aver-
age 1.05. OPT is the optimum temperature for phytoplankton growth and 
MAXTEMP is the maximum temperature. OPT, MAXTEMP, and A are all 
parameters that are different for different phytoplankton species.

The description of phytoplankton growth in the equations by use of the 
constant stoichiometric approach is a simplification, because the phyto-
plankton growth is in reality a two-step process. The first step is uptake of 
nutrients and the second step is growth of phytoplanktons (increase of the 
biomass). The more correct description can be formulated mathematically by 
the following equations:

	

Uptake rate P dPA/dt PA maxupp PS/ k PS

PAMAX PA / P

p= = +

−

* * ( ( )) *

(( ) ( AAMAX PAMIN

    Parallel for uptake rate N

− ))

	

(2.5)

	

Uptake rate C dCA/dt CA maxupc CS/k  CS

CAMAX CA / CA

c= = +

−

* * ( ) *

(( ) ( MMAX CAMIN

L/KL  L RESP if L L

L is use  if L  L  L

1

2

−

+ − <

> >

)) *

(( )

; 11

1

2 1 2

L is used  

if L L L  L  L is used for L

;

> + −
	
(2.6)

PA, NA, and CA are state variables that cover the amount of phosphorus, 
nitrogen, and carbon in the form of phytoplankton expressed as mg P, N, or C 
per liter of water. Notice that the unit is mg in 1 L of water. Maxupp, maxupn, 
macups, kp, kn, kc, PAMAX, PAMIN, NAMAX, NAMIN, CAMAX, CAMIN, 
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KL, L1, and L2 are all parameters. PAMAX, PAMIN, NAMAX, NAMIN, 
CAMAX, and CAMIN are, however, known fairly well. They are the phyto-
plankton concentration times, respectively, 0.025, 0.005, 0.12, 0.05, 0.6,  and  0.4 
with good approximations. It is of course more difficult to calibrate the 
two-step growth equations than the CS approach due to the higher number 
of parameters in the NC equations, although the approximate knowledge 
that is available to the six parameters PAMAX, PAMIN, NAMAX, NAMIN, 
CAMAX, and CAMIN facilitates the calibration slightly. Notice that the 
uptakes of phosphorus, nitrogen, and carbon are, according to the equations, 
dependent on both the concentrations of the nutrients in the water and on 
the concentrations of nutrients in the cells.

The closer the nutrient concentrations in phytoplanktons are to the mini-
mum, the faster is the uptake. When a nutrient concentration, on the other 
hand, has reached the maximum value, the uptake stops. The carbon uptake 
opposite the uptake of phosphorus and nitrogen is dependent also on light 
as shown by a Michaelis–Menten’s expression that includes the light prohibi-
tion. Finally, RESP covers the respiration. Only carbon is of course involved 
in the respiration.

The growth process is quantified by the following equation:

	

Growth g  phytoplankton

min PA PAMIN / PAMAX PAMIN

rmax=

− −

* *

( (( ) ( ))

((( ) ( )),

(( ) ( )))

NA NAMIN / NAMAX  NAMIN

CA CAMIN / CAMAX CAMIN

− −

− − 	 (2.7)

grmax is a parameter on line with the corresponding parameter in Equation 2.2. 
Equation 2.7 indicates that the higher the nutrient concentrations are compared 
with the minimum levels the faster is the growth.

The phytoplankton growth model based on this approach has four state 
variables: PA, NA, CA, and phytoplankton. They are all assumed to apply 
the unit mg/L. As the minimum and maximum values are presumed 
to be a parameter times the phytoplankton concentration, they are also 
expressed in mg/L.

The two-step description is of course more difficult to calibrate and 
validate and use in generally, which of course raises the question when 
should the two-step description be applied instead of the easier applica-
ble constant stoichiometric approach? The model experience has revealed 
that the need for the two-step description is increasing with the shallow-
ness and the eutrophication of the aquatic ecosystem; see Figure 2.12 (see 
further details in Jørgensen and Fath 2011). It is definitely recommended 
for shallow very eutrophied aquatic ecosystems to apply the two-step 
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description, while it is hardly needed for deep mesotrophic or oligotro-
phic aquatic ecosystems.

Figures 2.13 and 2.14 show the eutrophication in Lake Taihu and Dianchi 
Lake in China, where the eutrophication problems are significant due to the 
high density of population.

FIGURE 2.13
(See color insert.) Lake Taihu suffers from eutrophication and frequent bloom of blue-green 
algae.

Eutrophication
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�e importance of application
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growth model is increasing in

this direction

FIGURE 2.12
Need for the two-step description of phytoplankton growth increases with the nutrient con-
centration and decreases with the depth.
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2.12  Solutions to the Eutrophication Problem

It is usually necessary to apply a wide spectrum of methods to solve the 
eutrophication problems, because the nutrients have many sources. The 
amount of nutrients discharged with the wastewater can be reduced by sev-
eral wastewater treatment methods, see Chapter 15. Nutrients discharged 
by drainage water including drainage water from agriculture that may have 
high nutrient concentration can be removed or reduced by a number of eco-
logical engineering methods, for instance, wetlands; see these entries; see 
Chapter 17. In this context, it is important to consider that lakes do not always 
respond to changes in a linear fashion but have a complex response dynamics; 
see Chapter 17 and ILEC (2005). The need for structurally dynamic models is 
due to a shift in species composition associated with the complex response 
dynamics; see Section 19.10.

It is possible to reduce the nutrient concentrations in the aquatic ecosystems by 
use of environmental technological methods, ecotechnological methods, cleaner 
technology, and environmental legislation. There are a number of cases where 
a consequent environmental strategy has solved the problems, partially or com-
pletely (see Figures 2.15 and 2.16), but there are also many examples of insuffi-
cient environmental management, which has led to only a partial solution or no 
solution at all of the eutrophication problem. From the experience, it can be con-
cluded that quantitative nutrient balances including all sources of nutrients is 
the best starting point for a good environmental management strategy, because 
the nutrient balances show clearly which source is important to eliminate or 
reduce, and they facilitate a comparison of the costs for various management 
strategies. For further details about selection of an environmental management 
strategy see Chapter 14, Jørgensen (2000), and Jørgensen et al. (2004).

FIGURE 2.14
(See color insert.) Eutrophication in Dianchi Lake, China.
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FIGURE 2.16
(See color insert.) Lake Konstanz (Germany), where the management of the eutrophication 
has consequently considered all sources and has reduced the eutrophication significantly. The 
phosphorus concentration in 1980 was more than 80 mg/m3 while it is about 13 mg/m3 today.

FIGURE 2.15
(See color insert.) Western lake in Hangzhou, China. By a management that has considered all 
the sources to the eutrophication problems, it has been possible to obtain a reasonable water 
quality in spite of a previous hypereutrophication. Many of the tool boxes that are mentioned 
in Chapter 14 have been applied.
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2.13 � Reservoirs and Lakes as Complex Systems and 
They Require an Integrated Management Plan

Due to their dynamic characteristics in space and time, reservoirs and lakes 
are complex system. The understanding of this complexity is fundamental 
from the management point of view since actions for control of water qual-
ity or the recovery of these ecosystems depends upon the basic knowledge 
about the functioning and the response of the reservoir or lake to the forcing 
functions (Figure 2.17).

The knowledge about basic features of different reservoir and lake 
types is important for the design and application of management proce-
dures and technology. Shallow reservoirs (average depth <5 m) represent 
a separate category not much different from shallow lakes but different 
from deep reservoirs (Straskraba and Tundisi 1999). Two situations are 
typical for shallow water bodies: macrophyte domination and phyto-
plankton domination. The switching between the two states depends on 
water transparency and fish populations and the limiting nutrient con-
centration (further details see Scheffer 1998). Compared to shallow res-
ervoirs, deep reservoirs or lakes are characterized by the scarcity or less 
dominance of macrophyte vegetation. The role of bottom sediments that 
is very important from the qualitative and quantitative point of view in 
shallow reservoirs and lakes adds new complexity features to these eco-
systems; very complex limnological events such as seiches, reversed 
flows, and deep currents are observed in operations such as water pump-
ing for irrigation, hydroelectricity generation, or other mechanical and 
technical activities.

Cascades of reservoirs add new complexity features for the management. 
The depth of the outlet of the upstream reservoirs determines the hydrody-
namics and advection processes for the downstream reservoirs. Reservoirs 
upstream in the cascade retain phosphorus and suspended material and 
export nitrogen to the next reservoir in the cascade. In any operation of man-
agement of reservoirs, either a single reservoir or reservoirs in a cascade, 
the interaction of the ecosystem with the watersheds is fundamental; there-
fore, the knowledge of the inputs of the watersheds to the reservoirs must 
be known.

Impacts of nitrogen and phosphorus from nontreated wastewater, toxic 
metals from industrial plants, and pesticides and herbicides from the water-
sheds to the reservoirs and lakes must be known and export coefficients 
should be developed for each watershed. It is strongly recommended to set 
up a mass balance for all relevant pollutants including the nutrients. Soil 
uses, the vegetation cover, the degree of urbanization, and industry loca-
tions, the declivity of the watershed, and the drainage system should be 
known in this context (Jørgensen et al. 2005).
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3
Physical Processes and Circulation 
in Lakes and Reservoirs

3.1  Introduction

A lake or reservoir is a body of water located at a certain latitude, longitude, 
and altitude occupying depressions in a watershed or is a result of damming 
a river. Lakes and reservoirs are permanently interacting at the water–air 
interface by exchanging heat and gases (oxygen, nitrogen, carbon dioxide, 
and so on) with the atmosphere. They are also subject to forcing functions 
such as solar radiation, advection (inflows and outflows), and wind stress. 
The net input to the lake or reservoir varies seasonally, and it is dependent 
on the meteorological conditions in the watershed. The balance between the 
fluxes, the wind stress at the surface, and the inflows and outflows change 
continuously. In general, these hourly or daily variations are superimposed 
on the seasonal changes.

3.2  Physical Processes

Figure 3.1 shows the main characteristics of the heat transfer and mechanical 
energy across a lake or a reservoir interface. Therefore, in lakes and reser-
voirs, mixing phenomena results from the external inputs of energy, such as 
solar radiation, and wind magnitude and direction and outflows and inflows. 
Complicated patterns of vertical structure are observed in these natural or 
artificial aquatic ecosystems. Mixing is a dynamic process that is the result 
of the wind stress or other disturbing forces (such as inflows and outflows) 
against the “potential energy gradient” (sic, Imberger and Patterson 1990, 
p. 34), which is a result of the radiation. For reservoirs, the situation is even 
more complicated due to outflows at different levels and the input of several 
tributaries that disturb the system.
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Figure 3.2 shows the classical stratification pattern that occurs in lakes or 
reservoirs and the three layers that characterize the stratification system.

The depth of the first layer the epilimnion varies with latitude, lon-
gitude, or altitude. The depths of metalimnion and hypolimnion (see 
Figure 3.2) are dependent upon the volume and depth of the lake and the 
degree of stratification. Since the density of water varies with temperature 
(see Figure 3.1), the energy requirements to destratify a 1°C difference at 
25°C is one order of magnitude higher than to destratify a 1°C difference 
at 5°C (Figure 3.3).

The energy available to warm the water of a lake or reservoir comes from 
solar radiation; therefore, it is expected that the seasonal behavior of this 
forcing function influences the degree of stratification and the stability of 
the water column. The thermal structure changes, therefore, with the sea-
sonal behavior of the forcing functions that are decisive for the stratifica-
tion and mixing processes. Lake D. Helvécio located in eastern Brazil in 
the Rio Doce valley can be used as an illustration of the complex behavior. 
This lake has very little wind influence. During the beginning of spring 
and summer, (August/March) the lake stratifies due to surface heating and 
practically no wind. Thermal structure shows a gradient from 30°C or 32°C 
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FIGURE 3.1
Main processes of heat transfer and mechanical energy across a lake or a reservoir. (From 
Bloss, S. and Halemann, D.R.F., Effect of wind mixing on the thermocline formation in lakes 
and reservoirs, Report 249, MIT, Cambridge, MA, 147pp., 1979.)
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at the surface to 22°C to 23°C at the bottom (hypolimnion) of the lake (max-
imum depth 30 metrics). When the air temperature and the solar radiation 
start to fall (from March, July, and to winter), the water temperature gradu-
ally changes until in the winter time (July), where there is only one con-
tinuous vertical structure of 23°C from surface to bottom (see Figure 3.4) 
(Tundisi and Saijo 1997).

These thermal variations correspond to the period of 1 year and there is 
not much variability of stratification from year to year. Hypolimnetic tem-
perature and thermocline depths are very similar from year to year. The 
surface layer or epilimnion responds to the surface fluxes and/or to the wind 
stress. Barbosa and Padisak (2002) and Imberger and Patterson (1990) called 
attention to the importance of the dynamic, diurnal reorganization of the 
surface layer in the upper strata of the epilimnion. This has an influence on 
the vertical distribution of density and on the distribution of nutrients, ele-
ments, substances, and phytoplankton.
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FIGURE 3.4
Seasonal cycle of stratification and circulation in a monomictic tropical lake—D. Helvécio 
Lake of Eastern Brazil (Lat 19°46′43.89″ S, Long 42°36′16.39″O). (a) Oxygen saturation (%) and 
(b) temperature (°C). (From Tundisi, J.G. and Saijo, Y. (Eds.), Limnological Studies at the Rio 
Doce Valley Lakes, Brazilian Academy of Sciences, University of São Paulo, São Paulo, Brazil, 
5213pp., 1997.)
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Cycles of importance in the thermal structure of lakes and reservoirs 
are annual cycles, seasonal changes in temperature as a consequence of 
change is solar radiation, wind air temperature, and inflows or outflows. 
Diurnal cycles have a period of 24 h and correspond to heating and cool-
ing periods, respectively, in daytime and nighttime. Other cycles that 
are typical for many lakes and reservoirs are the cycles related to the 
passage of cold fronts or warmer fronts as a result of the major weather 
systems. They are cycles with 5–10 day periods (synoptic cycles) (Tundisi 
et al. 2008).

When a lake or reservoir undergoes a cycle of stratification and cir-
culation in the course of 1 year, it is called monomictic. When there are 
two circulations yearly, this is denoted as a dimictic system. Many cir-
culations with permanent mixing are characteristics of what is named 
a polymictic system. A lake or reservoir permanently stratified is a 
meromictic ecosystem. Meromixis is due to salinity intrusions to deep 
water or the accumulation of organic matter at the bottom water below 
the thermocline in an ecosystem generally protected from wind. The 
knowledge concerning mixing and stratification in lakes and reservoirs is 
based on the vertical profile of temperature and its temporal and spatial 
variations. However, the distribution of the physical or chemical and bio-
logical variables follows the vertical temperature profile and the density 
profile (see Figure 3.5).

Therefore, a complex set of states follows the stratification and mixing pro-
cesses in lakes under the influence of energy and wind. Figure 3.6 shows the 
complexity of mixing processes in lakes caused by energy flow variations 
and wind.

Temperature and density are not uniform in the surface layer especially 
when surface heating is very strong and the wind stress is decreasing with 
time. Diurnal thermocline occurs close to the surface by a depth of a few 
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centimeters or meters. This thermal microstructure is followed by a pleus-
tonic and neustonic organization in the vertical axis.

The mixing phenomena and stratification in lakes and reservoirs may 
cover a wide range of temporal and spatial scales as shown in Table 3.1.

For reservoirs, the patterns of mixing and circulation tend to be more com-
plex (see Figure 3.7) due to the specific features of these artificial ecosystems, 
retention time, depth of the outflows, depth of the inflows, and currents near 
the mouth of tributaries.

Tundisi et al. (1990) showed for Barra Bonita reservoir (see Figure 3.8), 
São Paulo State, Brazil, how the daily needs of hydroelectricity govern 
the deep current flux in this reservoir due to variation in hydroelectricity 
production.

TABLE 3.1

Characteristic Timescales of Mixing Processes in Lakes

Timescale Process Examples

Seconds and 
minutes

Surface waves
Turbulent overturns Thorpe (1977) and Dillon (1982)
Stability oscillation in 
stratified water

Langmuir circulation Leibovich (1983)
Hours Wind setup Spigel and Imberger (1980)

Internal waves
Diurnal mixed layer Imberger (1985)
Lateral convection due 
to differential 
heating/cooling

Horsch and Stefan (1988)

Convective turbulence Lombardo and Gregg (1989)
Turbidity currents Lambert (1988)
Inertial modes

Days Mixing due to storms Imboden et al. (1988)
Basin modes (topographical 
waves)

Saylor et al. (1980)

Weeks and 
months

Annual stratification cycle
Basin-wide exchange due 
to horizontal density 
gradients

Wüest et al. (1988)

Internal-wave damping in 
regularly shaped basin

Mortimer (1974), Csanady (1974)

Thermal bar
Years Meromixis Sanderson et al. (1986), 

Steinhorn (1985)

Source:	 Imboden, D.M. and Wuest, A., Mixing mechanisms in lakes, in: Lerman, 
A., Imboden, D., and Gat, J. (Eds.), Physics and Chemistry of Lakes, 
Springer-Verlag, Berlin, Germany, pp. 83–138, 1995.
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FIGURE 3.8
(See color insert.) Bara Bonita reservoir, S. Paulo State, Brazil.
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Patterns of circulation in reservoirs. (From Thornton, F.W. et al., Reservoir Limnology: Ecological 
Perspectives, John Wiley & Sons, New York, 246pp., 1990.)
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3.3  Potential Energy and the Turbulent Kinetic Energy

The potential energy of a lake or reservoir indicates the amount of work that 
is required to mix a stratified water column against the force of gravity:

	
PE mgH gzA z zt dz

o

Zm

= = ∫ ( ) ( )ρ

m is the total mass of the lake and reservoir (kg)
g is the acceleration due to gravity (m · s2)
H is the height of the center of mass of the reservoir or lake 1 (m)
Zm is the maximum elevation (m)
z is the elevation above the lake or reservoir bottom (m)
A(z) is the horizontal area of the reservoir or lake at elevation Z (m2)
ρ(z, t) is the reservoir or lake density at elevation z and time t (kg/m3)

Potential energy is stored energy that a lake or reservoir has due to its 
configuration (morphometry, volume, mean depth, maximum depth, alti-
tude, latitude, and longitude). This potential energy can be converted into 
kinetic energy. Turbulent kinetic energy (TKE) is the energy input from 
wind or inflows, which can produce partial or complete vertical mixing of 
lakes and reservoirs. TKE, for example, can change the thermocline and 
eventually result in complete vertical mixing. TKE from winds or inflows 
shows seasonal variations. For example, in natural lakes in Rio Doce (they 
are tropical lakes), TKE from the inflows dominates in summer, while TKE 
from wind is negligible all year round. At Lobo Broa reservoir (see Figure 3.9) 

FIGURE 3.9
(See color insert.) Broa reservoir, S. Paulo State, Brazil.
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in São Paulo State, TKE from inflows dominates during summer (December 
to March), and TKE from wind dominates during winter months (June to 
September; Tundisi and Matsumura Tundisi 1995).

3.4  Transport Process in Lake and Reservoir

Mixing and stratification patterns are followed by the transport of various sub-
stances and organisms between the different strata of water or at the interface 
of water and sediments. The transport processes are advection, molecular dif-
fusion, turbulence, turbulent diffusion, convection, dispersion, or entrainment.

Advection—This is the transport due to the directional motion of a fluid. Inflows 
and outflows and wind shear at the air–water interface are examples of advec-
tive processes in lakes and reservoirs. The inflowing water intrudes horizon-
tally into a stratified lake transporting substances and organisms and thereby 
changing the chemical composition of the stratified lake as shown by Tundisi 
and Saijo (1997) for Lake D. Helvecio, southeastern Brazil, and Rio Doce valley.
Molecular diffusion—This is a transport process determined by the concentra-
tion gradient. It follows Fick’s first law, rate = D*dc/dl, where D is the diffu-
sion coefficient and dc/dl the gradient (c is concentration and l the distance). 
Molecular diffusion occurs, for example, from sediments to water, transfer-
ring elements or substances according to a concentration gradient at their 
interfaces.

Turbulence—This is the motion generated by a forcing function such as wind 
over the surface of a lake or reservoir, producing regions of eddies (or rotat-
ing areas of fluid). Turbulence flows can be irregular, diffusive, and spatially 
varying and dissipative (depends on a continuous source of energy to be 
permanent). Density stratification inhibits turbulence and mixing. In lakes 
and reservoirs, turbulence can be generated by wind, inflows, outflows, con-
vection, and boundaries Thornton et al. (1990).

Turbulent diffusion—This is the transport of substances and elements through 
diffusion processes induced by turbulence. A large turbulence diffusion 
coefficient replaces the molecular diffusion coefficient. For details about this 
process see Imberger and Patterson (1990).

Convection—This is a vertical transport process induced by density instabili-
ties. This is a buoyancy-induced flow occurring when a fluid becomes unsta-
ble due to density differences. This process can be measured by applying the 
Brünt Vaisalla Equation (Harris 1986).

Dispersion—The advection of fluid at different speeds and at different posi-
tions produces dispersion, which is common at the mouth of tributaries of 
lakes and reservoirs and at the riverine regions of reservoirs.
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Entrainment—This process occurs at the boundary and interface between 
turbulent and nonturbulent regions of a lake or reservoir. The transport by 
advection advances into the unstirred layer and sharpens thereby the gradi-
ents (Ford et al. 1980, Lewis 1983).

3.5 � Stratification and the Circulation of Lakes 
and Reservoirs and the Ecological Processes

The changes that a lake or a reservoir undergoes during daily, seasonal, or syn-
optic cycles have an impact on the water quality of these ecosystems and on the 
spatial and temporal organization of the biological communities from bacteria 
to fishes. The atmospheric heating and cooling processes impact the mixing 
(by adding or removing heat) and change water density. The wind force and 
wind shear transmit energy to the water body and produce surface waves, cir-
culation currents, and turbulence. These transport mechanisms, both the verti-
cal and the horizontal ones, have a strong interference with the biogeochemical 
cycles and with the dispersion of organisms. Circulation currents within a lake 
or reservoir are water movements controlled by external and friction forces or 
large-scale movement of water such as the Coriolis force generated by wind 
(TKE) or by other circulation processes (Bloss and Halemann 1979, p. 54; see 
the description of the Langmuir Cells; Matsumura Tundisi and Tundisi 2005).

These mixing processes can transport nutrients, concentrate suspended 
matter, and transport planktonic organisms such as bacteria and cladocera. 
Turbulent eddies can concentrate cyanobacteria blooms, and variations in 
the horizontal density of water can also concentrate organisms, toxic sub-
stances, and suspended matter.

The interaction between the dynamics of the mixing processes, the stratifi-
cation pattern and the temporal and horizontal distribution of organisms, and 
the production and decomposition of organic matter govern the magnitude 
of the responses of the chemical and biological variables. Inflows can influ-
ence the lake or reservoir water quality by introducing suspended material 
with high oxygen demand, nutrients, and bacteria. The intrusion of eutrophic 
water from an upper lake or reservoir by a river can stimulate phytoplankton 
blooms. Excess bacteria in the intrusion water may harm the water quality 
in lakes and reservoirs used for recreation. Decrease of the euphotic zone 
by intrusion of inflowing water with high suspended matter concentration 
occurs in many lakes and reservoirs, particularly where deforestation of the 
watersheds is intensive. Interflows, underflows, or outflows have interference 
on water quality of lakes and reservoirs. Controlling these transport processes 
by monitoring is fundamental for the management of the lake and reservoir.

The knowledge of the circulation and transport process across the 
horizontal axis and the vertical boundaries of lakes or reservoirs are of 
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fundamental importance for the management of phytoplankton blooms 
and of low oxygen concentration and for the success of recovery projects. 
Manipulation of retention time and controlling stratification and vertical 
density currents may be very useful methods to reduce phytoplankton 
blooms in reservoirs and lakes and thereby control the eutrophication. The 
knowledge of microstratification processes is useful to understand the com-
plexity of the organization of the biological communities such as bacteria, 
phytoplankton, and fishes at very small spatial scales (a few centimeters). 
This may therefore provide new insights about the management of lakes 
and reservoirs at these scales.
From the ecological and management points of view, some processes are fun-
damental regarding the mixing patterns of lakes and reservoirs. Imberger 
and Patterson (1990) highlighted these processes as follows:

	 1.	Seasonal behavior—Comparative studies on the seasonal cycle of mix-
ing and stratification in lakes and reservoirs at different latitudes 
is relevant for the better knowledge of the forcing functions that 
govern the stratification and mixing processes. Shallow lakes and 
reservoirs respond very fast to forcing function such as rainfall or 
wind. The knowledge of their seasonal behavior and their responses 
to these forcing functions could be very important in this context.

	 2.	Surface fluxes and horizontal transport processes in lakes and reservoirs—
Lakes and reservoirs under the strong influence of inflows from 
upstream rivers exhibit horizontal gradients in chemical and bio-
logical variables as well as gradients in physical variables such as 
conductivity or water temperature. The advection process intrudes 
water with different properties or qualities, interfering with decom-
position processes and the general rates of bacterial activity.

	 3.	Outflows and inflows—Outflows at different levels at the dam site in 
reservoirs or at the discharge gates of lakes can influence the water 
quality upstream and downstream. Monitoring of the water quality 
at the outflows is useful for management of downstream reservoirs 
or rivers. The water quality of the inflows changes of course quanti-
tatively and qualitatively depending on the water quality of the lake 
or reservoir. The knowledge of the load introduced is of fundamen-
tal importance for the nutrient balance of the aquatic system, which 
is crucial for the environmental management.

	 4.	Mixing below the surface layer—The mixing efficiency generated 
below the surface layer by turbulent patches should be known in 
order to identify areas of nutrient input into the euphotic layer or 
areas of accumulation of organic matter in the reservoir or lake. 
Accumulation of organic matter by the inflow of more dense drain-
age water was identified in tropical lakes (Tundisi et al. 1984) and 
reservoirs (Tundisi and Matsumura Tundisi 1995).
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	 5.	Upwelling—With the increase of surface wind stress, there is a longi-
tudinal water movement with the isopycnals surfacing at the upwind 
and deepening at the downwind end. (Bloss and Harlemann 1979, 
Imberger and Patterson 1990). Vertical microstructures of different 
water temperatures, densities, and nutrient concentrations develop. 
Water enriched by these upwelling processes enhances primary 
production of phytoplankton. Upwelling occurring in lakes and res-
ervoirs can promote the development of patches of phytoplankton 
as discussed by Tundisi et al. (2008) for Barra Bonita reservoir is São 
Paulo State, Brazil.

3.6  Classification of Lakes

Lakes have their origins by a wide variety of natural processes. A large 
number of lakes were formed between 15,000 and 6,000 years before present; 
therefore, they originated in the late Pleistocene. Hutchinson (1957) identi-
fied six major types of lakes originated from the following processes: glacial 
lakes, tectonic lakes, coastal, riverine, and volcanic and lakes with miscellaneous 
origins.

Figure 3.10 illustrates some of the important lake formation processes and 
Table 3.2 gives an overview of the six processes reviewed in the next sec-
tions. The table indicates the number of lakes and the lake areas formed by 
the six processes. As seen in the table, 85% of the lake areas are originated 
in glacial and tectonic processes.

3.7  Reservoirs

Man’s activity produced many reservoirs for thousands of years. These res-
ervoirs of artificial origin have an important role in water storage for several 
purposes as listed in Chapter 2. Main differences between artificial lakes 
and natural lakes are also described in Chapter 2.

3.8  Lake Morphometry and Lake Forms

Lakes vary widely in morphometric features and shapes, depending on 
their origin and the mechanisms that gave origin to them. Lake forms can be 
circular, subcircular, elliptical, rectangular, triangular, and dendritic.
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FIGURE 3.10
Mechanisms of lake formation and lake origin (Cole, 1983). (a) Various patterns of lakes and river 
floodplains, (b) formation of lakes in a horseshoe shape, (c) lakes formed by displacement of sedi-
ment by dams, (d) coastal lakes formed by dams, (e) volcanic lakes, (f) lakes formed by tectonic 
movement, and (g) lakes formed by sediment deposition: (1) profile of a deep lake and (2) profile 
of a shallow lake. (Modified from Welcome, R., River fisheries, FAO Fisheries Technical Papers 262, 
Rome, Italy, 1985; Horne, A.J. and Goldman, C.R., Limnology, 2nd edn, McGraw-Hill, New York, 1994; 
Wetzel, R.G., Limnology: Lake and River Ecosystems, Academic Press, San Diego, CA, 1006pp., 2001; 
Cole, G.A., Textbook of Limnology, 3rd edn., C.V. Mosby Company, St. Louis, MO, 402pp., 1983; Tundisi, 
J.G. and Matsumura-Tundisi, T., Limnologia, Oficina de Textos, São Paulo, Brazil, 632pp., 2008.)
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The main morphometric characteristics of lakes are (see Table 3.3)

•	 Maximum depth: Lake depths range from a few meters to 1.800 m. Lake 
Baikal in Siberia is the deepest lake known with 1.741 m. The second 
deepest lake is Lake Tanganyika with a maximum depth of 1.470 m.

•	 Mean depth: This is the relationship between the volume (V) and the 
area (A) of a lake, which is V/A.

•	 Length (l): This is the distance between the farthest points on the 
shore of a lake.

•	 Area: A lake’s area is the extent of its surface in m2 or km2.
•	 Volume: This is the volume of water contained in a lake, a pond, or a res-

ervoir. It can be calculated by dividing the lake to a number of horizon-
tal strata and estimating the volume of each stratum. A lake volume is 
measured in cubic meters (m3) or cubic kilometers (km3). The lake with 
the greatest volume is the Caspian Sea 79,319 km3 (Hutchinson 1957).

TABLE 3.2

Overview of Lake Formation by the Six Reviewed Processes

Origin Number of Lakesa Total Lake Area (km2) Percent Total Area

Glacial 3,875,000 1,247,000 50
Tectonic 249,000 893,000 35
Coastal 41,000 60,000 2
Riverine 531,000 218,000 9
Volcanic 1,000 3,000 <<1
Miscellaneous 567,000 88,000 4

Total 5,264,000 2,509,000 100

Source:	 Modified from Meybeck, M., Global distribution of lakes, in: Lerman, A. and 
Gat, J. (Eds.), Physics and Chemistry of Lakes, Springer Verlag, Berlin, Germany, 
pp. 1–32, 1995.

a	 Approximate value. Other total quoted is 8.4 × 106 lakes >0.01 km2.

TABLE 3.3

Morphometric Parameter of a Lake

Surface Area (km2) A

Volume (m3 or km3) V
Maximum length (m or km) lm

Maximum width (m or km) bm

Maximum depth (m) Zm

Mean depth (m) Z
Relative depth (%) Zr

Length of shoreline (m) S
Shoreline development Ds

Volume development Dv
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•	 Shore length: It is used to describe a lake. Shoreline length is given in 
meters. Index of shoreline development is defined as the ratio of the 
shoreline to the length of a circumference of a circle of the same area 
as the lake. The shoreline gives the borderline between the lake and 
its environment and is therefore a measure of the lake’s openness.

Area—A lake’s area is the extent of its surface in m2 or km2.

Volume—The volume of water contained in a lake, a pond, or a reservoir. This 
is determined by measuring the area of each contour of the lake, finding the 
volume between the planes of successive contour, and summing the volume.

Maximum length—This is the shortest distance between the two most remote 
points on the lake shore.

Maximum width—This is the maximum distance between shores at right 
angles to the maximum length.

Maximum depth—This is read directly from the bathymetric map and repre-
sents the deepest point of the lake.

Mean depth—This is calculated by dividing volume/area. This is a very 
important morphometric feature of a lake or reservoir.

Relative depth—This is defined by the ratio of maximum depth (in meters) to 
the mean diameters of the lake: Z Z z AR r m= = ( )π √/20 , where A is the area 
of the lake, in km2.

Length of shoreline—This is the length of the shore of the lake.

Shoreline development—This is the measure of the degree of irregularity of 
the shoreline. It is given by the formula D s As = ( )/2 √ π . This ratio gives an 
index of the potential importance of littoral influences on a lake or a reser-
voir (Timms 1992).

Volume development—This index is used to characterize the form of the basin. 
The volume development compares the shape of the basin to an inverted 
cone with a height equal to Zm (maximum depth) and a base equal to the 
lake’s surface area.
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4
Rivers as Ecosystems

4.1  Physical Characteristics: Horizontal Gradients

In contrast to lakes, reservoirs, or wetlands, rivers are characterized by a 
unidirectional flow where the horizontal movement is the main forcing 
function. Rivers also have a strong interaction with the watershed receiv-
ing allochthonous material such as organic and inorganic suspended matter, 
leaves, fruits, and aquatic insects. The unidirectional flux controls the sedi-
ment deposition and the bottom structure. The physical characteristics that 
are important in rivers are the width and depth of the river channel, the 
current velocity and the roughness of the substrate, and the degree of mean-
dering of the river. The declivity of the river is also important, because it 
determines the pattern of current velocity including the downstream trans-
portation of the suspended material and organic matter (Barila et al. 1981, 
Drago and Amsler 1981, Drago 1989, 1990).

The flow velocity of the river (in m3/s) is dependent upon the hydrological 
regime and periods of rainfall and dryness. The organization of spatial het-
erogeneity and the microhabitats where fauna and flora of the river are estab-
lished are dependent upon the substrate and discharge. The transport of 
organic and inorganic suspended materials depends upon the soil erosion in 
the watersheds. The size of the transported particles is related to the velocity 
of the water and the morphometric characteristics of the river. During trans-
portation along the river channel, organic matter and inorganic suspended 
material are processed in such a way that downstream there is generally 
more fine particulate material and dissolved organic material (Allan 1995). 
The spatial scale in rivers ranges from some millimeter (individual particles) 
to the entire drainage network that can reach 105 m or even much more. This 
spatial scale represents a gradient of morphologic features upstream, current 
velocities, physicochemical conditions of the waters, therefore, they are also 
important gradients for the biota as well. Tributaries add to the complex-
ity of the rivers; therefore, the discharge generally increases downstream. 
The deposition of the material and the size of the sediment particles and 
their chemical composition are important characteristics for the biota (Richey 
et al.  1991). Rivers, streams, and creeks are classified according to their 
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discharge, drainage area, and width. Chapman (1992) has given a table with 
a river classification (Table 4.1).

Small rivers and creeks are classified as first order. Small rivers that merge 
as tributaries of large rivers are second-order rivers. Large rivers are in the 
8th or 10th order. The following is the classical figure of stream orders as 
given by Strahler (1957) (Figure 4.1).

4.2  Biogeochemical Cycles

The rivers transport dissolved and particulate material, both organic and 
inorganic. Among the factors that influence these substances, elements, and 
particulate material, the regional hydrogeochemistry is an important source 

TABLE 4.1

River Classification

Size of the River
Average 

Discharge (m3/s)
Drainage Area 

(km2) Width (m)
River 
Order

Very large rivers >10,000 >106 1–500 >10
Large rivers 1,000–10,000 100,000–106 800–1500 7–11
Rivers 100–1,000 10,000–100,000 200–800 6–9
Streams 1–10 100–1,000 8–40 3–6
Creeks <0.1 <10 1–8 2–5

Source:	 Modified from Chapman, D. (Ed.)., Water Quality Assessments, UNEP, UNESCO, 
WHO, Chapman & Hall, London, U.K., 585pp., 1992; Tundisi, J.G. and Matsumura 
Tundisi, T., Limnologia, Oficina de Textos, São Paulo, Brazil, 632pp., 2008.
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FIGURE 4.1
Strahler stream order. (Modified from Petts, G.E. and Amoros, C., Fluvial Hydrosystems, 
Chapman & Hall, London, U.K., 322pp., 1996.)
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(see also Chapters 10 and 11). Rain and drainage are a quantitative and quali-
tative source of chemical inputs to the river. Due to the variable nature of 
rock that is related to the geology and soil composition, the river chemis-
try is variable and depends upon these regional characteristics. Thus, the 
rock composition influences the total dissolved solids of the rivers and this 
is also dependent on the runoff (Meybeck 1976, 1982). Gibbs (1967) proposed 
a global scale scheme showing the relationships of total dissolved solids, the 
chemical composition of the rock substrate (CaHCO3 or NaCl), and the rain-
fall. Therefore, water in rivers transports suspended inorganic matter with 
major elements such as Ca, Na, Mg, K, Fe, Al, and Si; dissolved ions such 
as Ca++, Na+, Mg++, K+, HCO3

−, and Cl−; nutrients (dissolved and particulate) 
such as N, P, and Si; particulate suspended organic matter; gases (O2, N2, Co2); 
and heavy metals (Allan 1995). The watersheds are sources of inputs of 
these chemicals and elements to the rivers from point and nonpoint sources 
(Richey et al. 1980, 1986, 1991) (Figure 4.2).

Besides the natural composition of the river water, there are other contribu-
tions from the watersheds as point and nonpoint sources, originating from 
human activities. Pollutants and contaminants, such as pesticides, herbicides, 
and fertilizers from agricultural activities and discharges of industries, are 
added to the river waters making their water chemistry extremely complex; as 
a result the monitoring of river waters is also a very complex task (Amoros et al. 
1987). The contribution of atmospheric contaminants either as dissolved in rain-
fall or as particulate matter should also be considered especially in urban or 
metropolitan regions where air pollution is high (Bayley and Li 1992, Kalff 2003).

Among dissolved gases in river water, dissolved oxygen, carbon dioxide, and 
nitrogen are important components (see in Chapter 10 about the calculations of 
the concentrations). Due to the constant turbulence and flow of waters, diffusion 
of dissolved oxygen and carbon dioxide are near saturation. When excess organic 
matter is added to the river water (such as the wastewater of untreated sewage), 
the consumption of oxygen increases and the concentration of dissolved oxygen 
decreases below 50% saturation or even less. Thus, the amount of organic pollu-
tion is a source of biological oxygen demand, regulating to a certain extent the 
concentration of oxygen in river waters. Diurnal changes (24 h) of the oxygen 
and carbon dioxide concentrations are a consequence of day and night activi-
ties in the rivers. There is photosynthetic activity by submerged macrophytes or 
periphyton that increases the O2 concentration in the water during daytime and 
the plants require oxygen for the respiration during the night. In addition, the 
microbial activity decreases the dissolved oxygen concentration and increases 
the CO2 concentration. The fluctuation of dissolved gases depends upon the 
water temperature, the amount of dissolved and particulate organic matter, and 
the biological activity (production/respiration of organic matter). Quantification 
can easily be made by the use of the equations presented in Chapter 10. The hor-
izontal variations in dissolved oxygen in river waters are due to the discharge 
of organic matter as point and nonpoint sources and the capacity of the river to 
recover its oxygen from air through the turbulence process.
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The major dissolved components of river water and the biogeochemical 
cycles are thus dependent on the local/regional hydrogeochemical charac-
teristics of the substrate and the interactions of the aquatic and terrestrial 
biota that interact with the nutrient cycles and the ionic composition (Spitzy 
and Leenheer 1991). Furthermore, the riparian forests and vegetations con-
tribute particulate organic matter such as leaves, wood, and insect remains 
and are sources of nitrogen, phosphorus, and carbon to the river (Lewis and 
Saunders 1989). Organic matter in suspended particles is processed by bac-
teria, protozoa, insects, and fishes, and this accelerates the decomposition 
process and promotes other sources of nutrients in the river water (Armour 
et al. 1991, Allan 1995).

The particulate organic material is a major source of dissolved organic 
phosphorus and nitrogen. Dissolved organic carbon from terrestrial sources 
also inputs the rivers from the watersheds (Richey 1982). The concentration 
of nutrients is fundamental for the growth of periphyton and macrophytes 
in the rivers (Allan 1995) or phytoplankton in regions of low current velocity 
or bays (Talling et al. 2009). All these processes are highly dependent on pH 
and the redox potential. The determination of these important factors for the 
biogeochemical processes and their influence on the processes are presented 
in Chapter 11.

Rivers also transport sediments in varying quantities. Some of the large 
rivers are the largest suspended matter transportation systems of the world 
(Paredes et al. 1983). The channel morphology and typology contribute to 
the rate of transportation of sediments and the accumulation in regions with 
low current velocity (Degens et al. 1983, Paolini et al. 1983, Callow and Petts 
1992a,b). Carbon, phosphorus, and nitrogen have biogeochemical cycles in riv-
ers that include and encompass the input of allochthonous materials from 
the watersheds, the decomposition of autochthonous sources such as the dead 
biomass of organisms, and the microbial community and their decomposi-
tion process. Besides transportation downstream, nutrients can be retained 
in rivers by sediment accumulation in regions of low currents; this accumu-
lation enhances production of biomass of periphyton, developing a “micro-
bial carpet” consisting of algae, bacteria, and particulate and organic matter. 
Provided that there is sufficient light at the bottom sediment of the river, this 
“microbial carpet” may have an important role in the food chain by being 
the food for bottom dwelling fishes or macroinvertebrates (Tundisi and 
Matsumura-Tundisi 2008). Phosphorus, nitrogen, and carbon are removed 
from the water by bacteria and cyanobacteria, macrophytes, periphyton, and 
phytoplankton. The efficiency of this removal is dependent upon the water 
temperature and the oxidation/reduction (redox) potential of the water. 
Adsorption and desorption of phosphorus in particles of organic and inor-
ganic composition can also occur (Kempe and Richey 1991, Newbold 1992).

The watersheds also add to the river water and hydrographic network  
varied toxic substances, organic materials (such as pesticides and herbicides 
from agricultural lands) or toxic metals such as lead (Pb), cadmium (Cd), and 
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mercury (Hg) that originate from industrial activities. Nontreated domes-
tic wastewater is an important source of nitrogen, phosphorus, and carbon 
in urban rivers enhancing algae growth and macrophyte growth, therefore 
producing eutrophication of river waters, especially, in countries of Africa, 
Latin America, and southeast Asia.

Hydrological cycles, bottom sediment composition, redox potential, and biota 
have an important role in the spirals of nutrients in the rivers (Paolini et al. 1983, 
Paolini 1990). The plant and animal community modify and interfere with the 
nutrient cycling by assimilating or excreting phosphorus, nitrogen, and carbon. 
Fishes excrete ammonia, increasing its concentration in the river water. Aquatic 
macrophytes remove nutrients or heavy metals from the river water. Migration 
of animals can influence inputs and outputs of phosphorus and nitrogen. For 
example, the use of riparian forests of rivers by aquatic birds for nitrification 
can be a source of phosphorus and nitrogen to the rivers (Decamps et al. 1987). 
Animals that dwell in water and in the terrestrial systems and ecotones such as 
capybaras (Hydrochoerus hydrochoeris) can have a strong role in adding or remov-
ing nutrients to the river water (Tundisi and Matsumura-Tundisi 2008).

All in all, there is a complex cycling and network of biogeochemical pro-
cesses in rivers. The processes are decisive for the biogeochemical water 
quality that determines the life conditions for the aquatic biota of rivers 
(Kempe and Richey 1991).

4.3  Aquatic Biota of Rivers

Rivers have a permanent unidirectional flow that poses many specific chal-
lenges to the rivers’ biota. Thus, the following factors are fundamental to the 
organisms that are river dwellers:

•	 Current velocity and associated physical forces—fauna and flora of 
rivers have to adapt to the water flux and to the drifting; this drift-
ing transports organisms, eggs, and larvae downstream, away from 
their optimum region for survival and reproduction.

•	 Water flux near the sediment—laminar or turbulent flux.
•	 Substrate—quality of substrate influences the abundance and diver-

sity of organisms. Sand, rocks, fine clay particles, leaves, and vegeta-
tion remains are some of the organism diversity and distribution.

•	 Water temperature—water temperature of rivers changes diurnally, 
monthly, or seasonally and this influences development ratios, dis-
tribution of organisms, their reproduction, and survival. In rivers 
where vegetation cover is dense, water temperature has smaller 
variations. When groundwater discharges into rivers, advection 
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currents with lower temperatures may be influencing life cycles and 
reproduction. Water temperature of the rivers is also related to the 
concentration and saturation of dissolved oxygen.

•	 Dissolved oxygen—the concentration of dissolved oxygen has a fun-
damental role in the distribution, survival, and physiology of lotic 
fauna and flora. The fish fauna of the rivers is determined by the dis-
tribution and concentration of dissolved oxygen; this concentration 
is dependent upon the water temperature, the discharge of organic 
wastewaters, the turbulence that promotes reoxygenation, and the 
oxidation of dissolved organic matter.

•	 Interactions with other organisms—Predator–prey relationships, sym-
biosis, and parasitism are other factors that can influence the aquatic 
biota in rivers.

Several organisms such as invertebrates have body shapes adapted to run-
ning waters, and with this they are able to withstand currents.

A river zonation was proposed by several authors such as Illies and 
Botosaneau (1963), Macan (1961), and Hawkes (1975). This zonation was based 
on the physical characteristics of the rivers, the horizontal distributions of 
organisms, and the associations of these physical characteristics with the 
density of the benthic fauna and biotic indicators such as benthic algae or 
macroinvertebrates. Hawkes (1975) considers that it is very important to clas-
sify the river zones according to the fish fauna.

The two main divisions proposed by Illies and Botosaneau (1963) are

•	 Rhithron—zone of high current velocity; substrate with stones, 
rocks, and fine sand; average yearly temperature 20°C.

•	 Potamon—zones of low current velocity, laminar flux predominant, 
annual average water temperature exceeding 25°C, organic substrate 
with fine particulate matter and low oxygen concentration.

Other classifications include the subzones epi-, meta-, and epirhithron (Illies 
and Botosaneau 1963) and crenon divided into eucrenon (sources) and hypo-
crenon (headwaters) as regions above rhithron.

These classifications are important to identify conservation of river zones 
and ecological studies. The best association is probably that of organisms 
such as families of aquatic insects and the physical characteristics of the river.

The river continuum concept was introduced by Vannote et al. (1980) based 
on the physical characteristics, the type of organic particulate material, and 
the type of benthic or macroinvertebrates present in the gradients of organic 
and inorganic matter of the substrate. This concept can be applied to small 
rivers and creeks of temperate and tropical rivers but probably does not 
apply to large rivers where the complexity of the relationship of river and 
floodplain is much greater (Tundisi and Matsumura-Tundisi 2008).
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4.4  Energy Flux and Food Chains

The energy flux in rivers is dependent upon the abundance and diversity of 
primary producers and other components of the food chain. This is related to 
the physical conditions of the rivers such as current velocities and substrates 
(Horne and Goldman 1994). The contribution of allochthonous material to 
the food chain can be very significant from the quantitative and qualitative 
point of view. The microbial loop and the protozoan community can have a 
strong role in the energy flux and the transference of organic matter to other 
levels of the food chain. The invertebrate fauna, consisting of several con-
sumers in running waters and composed of shredders, suspension feeders, 
collectors, grazers, and predators, has a strong role in processing the alloch-
thonous material and maintaining a food chain that develops from bacteria, 
protozoans, to top carnivores such as alligators (Décamps et al. 1987, Tundisi 
and Matsumura-Tundisi 2008).

The riverine fishes have also varied food habits from piscivores to herbi-
vores, detritivores, omnivores, and benthic invertebrates (Allan 1995) with 
several specialized anatomical and physiological characteristics, especially 
related to the diet. There are extremes on that. For example, in Rio Negro 
of the Amazon watershed, Goulding (1981) demonstrated that despite low 
organic dissolved matter in the river, the biomass and diversity of fish fauna 
was very high. This is due to the feeding habits of the fishes that feed on 
detritus, invertebrates, and fruits and leaves from the inundated vegetation. 

4.5  Large Rivers

As Margalef (1960, 1990) pointed out “the large river has to be understood 
as a complex system, very important in its interaction with the watershed 
utilizing external energy and in a permanent and continuous exchange with 
the terrestrial system. A large river interferes with the ecological dynamics 
of the whole watershed” (see Margalef 1990).

In these large rivers, as in all river ecosystems, ecological, limnological, 
hydrological, and geomorphological knowledge have to be integrated to 
understand the complex mechanism of functioning and to find solutions to 
reduce, minimize, or avoid impacts on the water quality, aquatic biota, and 
limnological features (Ward and Stanford 1983, Ward 1989).

Large rivers are an important ecosystem of great ecological, economical, 
and social significance. In a volume describing the ecological dynamics 
of 13 river systems—Nile, Orange, Orange-Vaal, Volta Zaire, and Zambezi 
(Africa); Colorado and Machenzie (North America); Amazon, Parana, and 
Uruguay (South America); Murray–Darling (Australian); and Mekong 
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(southeast Asia)—edited by Davies and Walker (1986), the authors empha-
size the geographical, climatological, hydrological, and ecological features of 
these large ecosystems; endemism; biogeographical unity; community char-
acteristics; floodplain–river interaction; and zonation.

The diversity of each one of these large rivers from several approaches, 
from the watershed to the aquatic biota and fisheries, suggests that these 
river systems can be effective ecosystems for testing ecological theories. 
Margalef (1997) considers large river systems, such as the Amazon River 
with its complex processes of water level fluctuation, large floodplain areas, 
and exchanges of nutrients and energy, as an active center of evolution due to 
their dynamic character (Salo et al. 1986).

Considering the needs for conservation and recovery of large river sys-
tems, it is important to emphasize the following points:

	 1.	They represent a vast supply of freshwater responsible for trans-
portation of large amounts of suspended material to the oceans 
(see Table 4.2).

	 2.	Multiple and varied uses of water are important features of large 
rivers (from supply of freshwater to human populations; to biomass 
production, irrigation, and fisheries; to navigation; to religious and 
cultural importance).

	 3.	 In large rivers, the relationships between evolutions and succes-
sion are fundamental and occur under the influence of periodic 
perturbations(Legendre and Demers 1984, Junk et al. 1989). The 
study of these ecosystems can be useful to detect and describe pos-
sible regulating factors (Fisher 1983, Merona 1990).

	 4.	The tributaries of large rivers play an important role in the supply of 
organic and inorganic material, nutrients, being in the watershed, an 
element of spatial heterogeneity able to stimulate diversity.

	 5.	The fish community of large rivers is diverse and of varied abundance 
representing an important protein resource for human populations. 
The management of the large rivers systems is a complex task due to 
their size, dynamics, hydrological, and ecological diversity along the 
main axis. A possible approach to manage the large river systems is to 
focus on subbasins: First, build up knowledge about them (Agostinho 
et al. 2007) and later propose measures to recover and conserve the 
specific characteristics of each watershed or subbasin (Tundisi and 
Matsumura-Tundisi 2008, Tundisi et al. in preparation). Large rivers 
are also international river systems such as the Nile (Dumont 2009), 
Paraná (Bonetto et al. 1989), or the Amazon (Sioli 1975). Therefore, 
their management has to consider international relationships too.

Table 4.3 shows the drainage area, discharge volume, and carbon fluxes of 
important world rivers in South and North American continents. Table 4.4 shows 
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TABLE 4.4

Size of the Population in Large European River Basins

River Basin Name
Inhabitants 
(106 People)

Population Density 
(People/2)

Baltic Sea drainage area c. 90 c. 58
Vistula 22.1 112
Rhine 41.4 184
Rhone 8.1 84
Arno 2.1 253
Tiber 4.5 265
Po 15.5 232
Adige 1.2 98
Danube 80.8 99

Source:	 Welcomme, R.L., Fisheries Ecology of Floodplain Rivers, 
Longmans, London, U.K., 371pp., 1979; Compiled 
from Helmer (1989); Pattine et al. (1985).

TABLE 4.5

General Features of the South American Rivers

River
Discharge 

(m3/s)
Area 

(×106 km2)
Length 
(km2)

Runoff 
(1/s/km2)

TDS M.T.R 
(×106 t/year)

TSS M.T.R 
(×106 t/year)

Amazon 175,000 6.3 6577 28.0 290 900
Paraná 15,000 2.8 4000 5.3 38.3 80
Orinoco 36,000 1.0 2150 32.7 30.5 150
São Francisco 3,760 0.63 2900 6.0 — 6
Magdalena 6,800 0.26 1316 26.5 20 220
Uruguay 4,600 0.24 — 16.0 6(?) 11(?)

Sources:	 Depetris, P.J., Limnol. Oceanogr., 21(5), 736, 1976; Ducharne, D., Informe tecnico de biologia 
pesquera (Limnologia). Projeto para El Desarollo de La Pesca Continental. Inderena, FAO, Publ. 
4DP/Col.71552/4, Bogota, Colombia, 1975; Furch, K., Water chemistry of the Amazon 
Basin: The distribution of chemical elements among freshwaters, in Sioli, H. (Ed.), The 
Amazon: Limnology and Landscape Ecology of a Mighty Tropical River and Its Basin, Dr. W. Junk 
Publishers, Dordrecht, the Netherlands, pp. 167–200, 1984; Milliman, J.D. and Meade, R.H., 
J. Geol., 91, 1, 1983; Meybeck, M., Hydrol. Sci. Bull., 21, 265, 1976; Paolini, J. et  al., 
Hydrochemistry of the Orinoco and Caroní Rivers, in: Degens, E.T., Kempe, S., and 
Soliman, H. (Eds.), Transport of Carbon and Minerals in Major World Rivers, Part II, Mitt. Geol. 
Paläont. Inst. Univ. Hamburg, Vol. 55, pp. 223–236, 1983; Paredes, J. et al., São Francisco 
River: Hydrological studies in the dammed lake of Sobradinho, in: Degens, E.T., Kempe, S., 
and Soliman, H. (Eds.), Transport of Carbon and Minerals in Major World Rivers, Part 2, Mitt. 
Geol-Paläont. Inst. Univ. Hamburg, SCOPE/UNEP Sonderband, Vol. 55, pp. 193–202, 1983; 
Depetris, P.J. and Paolini, J.E., Biogeochemical Aspects of South American Rivers: The 
Paraná and the Orinoco, in: Degens, E.T., Kempe, S., and Richey, J.E., (eds.), Biogeochemistry 
of Major World Rivers, SCOPE, Wiley, New York, pp. 105–125, 1991.

TDS M.T.R, total dissolved solid mass transport rate; TSS M.T.R, total suspended solid mass 
transport rate.
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the size of populations in important rivers and large rivers of European river 
basins. Tables 4.5 and 4.6 show the general features of South American and 
African rivers, respectively.

4.6  River Fisheries

Welcomme (1979, 1985, 1990) discussed the importance of river fisheries and 
the application of a modeling procedure and mathematical analysis that fol-
lowed two methods to manage the fishery:

	 1.	A range of mathematical analysis describing the dynamics of 
populations that depends on the stocks and their characteristics 
(Petrere 1996)

	 2.	The determination of the magnitude of the fisheries’ resources 
related to the environment by using parameters that reflect the mor-
phometry of the system and their trophic characteristics

Both approaches were applied to African rivers and South American rivers 
(Petrere 1983, Bayley 1991). The fisheries in the large rivers of the African and 
South American continents are important ecological and economic resources 
and clear examples of the importance of hydrological, ecological, geomor-
phological, and biological processes in promoting a large and varied fish 
biomass (Oldani et al. 1992). The fish communities in these large rivers are 
very complex, and Figure 4.3 shows the number of species of fishes present 
in different river systems plotted in relation to the basin areas.

TABLE 4.6

Average Solute Concentrations of Major African Rivers

River
Precipitation 

(mm)
Runoff 
(mm)

R/P 
(%)

TDS 
(mg/L)

TSS 
(mg/L)

Transport 106 t

TSS/TDSTDS TSS

Zaire 1520 338 22 28 37 36.6 48 1.39
Niger 1140 124 11 67 127 14.0 25.4 1.86
Nile 510 47 9 318 54 11.8 2 0.18
Senegal 650 48 7 42 196 0.4 1.9 2.44
Orange 380 15 4 140 57 1.6 0.7 0.44
Zambezi 1020 157 15 113 90 25.2 20 0.80
Gambia 1100 219 20 17 19.5 0.08 0.09 1.10

Source:	 Martins and Probst (1991) to Martins, O. and Probst, J.L., Biogeochemistry of major 
African rivers: Carbon and mineral transport, in Degens, E.T., Kempe, S., and Rickey, 
J.E., Eds., Biogeochemistry of Major World Rivers, SCOPE 42, John Wiley & Sons, 
Chichester, U.K., pp. 127–154, 355pp, 1991.
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There are vast basins with several different geomorphological characteristics. 
The biogeographical factors indicate that groups of species are located in dif-
ferent regions of the system. For example, Welcomme (1979) describes several 
habitats of river–floodplain systems consisting of main channels, tributaries, 
streams, flooded grasslands, lagoons and depressions, lakes, semipermanent channels 
in dry season, large larges, floodplain pools also in dry season, and backwaters con-
nected to the main channel in dry season.

Abujamra et al. (2009) described similarly varied habitat range for fish 
species of the high Paraná floodplains (Revista de Ictiología 1999).

According to Lowe McConnell (1999) the “river–floodplain” systems 
in tropical latitudes provide a great heterogeneity of habitats and high 
biodiversity.
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FIGURE 4.3
Number of species of fishes in different watersheds plotted in relation to the areas. (From 
Welcomme, R.L., Fisheries Ecology of Floodplain Rivers, Longmans, London, U.K., 371pp., 1979.)
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The characteristics of flood pulses and alternating dry and flood periods 
are fundamental for the integrity of the ecosystem and high fish diversity. 
The availability of flood with several resource and diverse quality of food is 
another source of this biodiversity (Salo et al. 1986). For example, for the high 
Parana river system, Hahn et al. (2004) described 5 species of herbivores, 
12 species of insectivores, 10 species of detritivores, 5 species of omnivores, 
20 species of piscivores, and 2 species of planktivores.

Since there are several differences in the floodplain morphology and 
characteristics of large rivers, including the biology and ecology of fish 
population, a certain degree of dissimilarities in terms of species diversity, 
physiology, and composition of communities occur. The differences in the 
way that nutrients and energy are transferred throughout the food chain in 
the backwaters and the floodplain point out possible different approaches in 
the management of the fisheries in large rivers.

Despite the differences in the energy flow, Welcomme (1979) considers 
similarities in the ecology of fish communities of the large rivers. These are 
provided by the large fish biomass and fish diversity along the main axis 
and in the tributaries. Floodplains and large river watersheds are submitted 
to changes due to human impacts. The agricultural exploitation of the flood-
plain, flood control structures, excess fisheries that deplete stocks and biodi-
versity, introduction of exotic species, and introduction of barrages upstream 
in the tributaries that affect the floodplain are the main problems (Bonetto 
et al. 1989, Bechara et al. 1996, 1999).

4.7  Small Creeks and Streams

Small creeks and streams play a relevant role in the watershed due to their 
function of collecting organic material for transportation downstream. 
Small, well-preserved creeks are also important ecosystems for maintain-
ing a good water quality (Tundisi and Matsumura-Tundisi 2010) and a high 
fish fauna diversity with different feeding habitats and physiological niches 
(Buckup 1999, Charamaschi et al. 1999).

4.8 � Ecological, Economical, and Social Importance 
of the Rivers: The Hydrosocial Cycle

Small streams and large rivers are fundamental components of the land-
scape and watersheds in all continents and regions. The supply of protein 
(fisheries), the use of water for irrigation, and recreation are some of the 
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most important ecological services promoted by small streams and creeks; 
in many towns around the world, these small streams are part of the urban 
landscape and elements of recreation and leisure activities. They also serve 
as a heterogeneous landscape component in an otherwise homogeneous 
urban environment. Large rivers, such as the Amazon, the Yang-Tse, the Nile, 
Zambezi, Paraná, and Ganges are important references since ancient times, 
and in many of these large rivers, floodplains have a central role in connect-
ing watersheds and promoting gene flux and biomass and nutrient fluxes 
(Welcomme 1979). These large rivers are important sources of fisheries, have 
intensive uses of navigation and some of these rivers such as the Ganges are 
also sites for religious ceremonies and cultural practices. Therefore, these 
large rivers have, besides an economic value due to their many ecologi-
cal services, cultural and social values. In all rivers of any dimension and 
discharge, a hydrosocial cycle is attached to them. This hydrosocial cycle 
is a strong link between the river as ecosystem and the human population 
(Tundisi 1990).

Contamination and pollution, deforestation and removal of the ripar-
ian forest, and vegetation and dam construction remove or disrupt this 
hydrosocial link and thereby cause a loss of important cultural and eco-
logical services. River restoration from small streams to large rivers 
will be an important step in the future, since recovery of river ecosys-
tem will be essential in many regions of the world. Therefore, a systemic 
approach to research and management of rivers has to be considered and 
this involves an important and fundamental degree of conceptualization of 
the relationship between the river and their watershed (Boom et al. 1992, 
Bormann and Likens 1979).

4.9  Human Impacts on River Ecosystems

The rivers are affected by a number of human activities that are developed in 
the watersheds. These are as follows:

•	 Wastewater disposal (nontreated or treated insufficiently) from 
domestic and industrial effluents

•	 Increase of suspended material from erosion in the watersheds 
(deforestation, road construction, and agricultural activities)

•	 Dam construction and operation (Ruggles and Watt 1975, Petts 1984, 
Petts 1990, Bonetto et al. 1989)

•	 Excess fisheries
•	 Introduction of exotic species of fishes and other organism (mollusks 

and macrophytes)
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•	 Discharge of chemical toxic substances by point or nonpoint sources
•	 Navigation and construction of waterways
•	 Disposal of treated or partially treated wastewater (will inevitably 

discharge nutrients, nitrogen, and phosphorus, which will enhance 
the eutrophication)

•	 Deforestation and removal of the riparian forest and vegetation (Van 
der Hoek 1987)

These activities (see Figure 4.4) change the river flow, produce areas of 
lower current and sedimentation, accumulate residues and toxic sub-
stances, and disrupt the hydrosocial cycle by impacting the river’s eco-
system services.
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5
Estuaries and Coastal Lagoons as Ecosystems

5.1 � Introduction

An estuary according to Ketchum (1951) “is defined as a body of water in 
which the river water mixes with and is measurably diluted by sea water.” 
Or according to Pritchard (1967) “an estuary is a semi enclosed coastal 
body of water which has free connection with the open sea and within 
which sea water is measurably diluted by fresh water derived from land 
drainage.”

A coastal lagoon is defined as a shallow lake connected directly with the 
sea or through a river or outlet. Lagoons are separated from the ocean by 
offshore bars or marine islands. Coastal lagoons may have a free connec-
tion with the sea that changes with the tide or are inundated by seawater 
at irregular intervals. Kjerfve (1994) defines a coastal lagoon as a “shallow 
coastal water body separated from the ocean by a barrier, connected at 
least intermittently to the ocean by one or more restricted inlets and usu-
ally oriented coastal parallel.” In estuaries and coastal lagoons, there is a 
salinity gradient. As seawater enters the estuary, freshwater from rivers 
or land drainage is also discharged into the estuary. Salinity variations 
and salinity gradients therefore are common features in estuaries with a 
varying degree depending upon the tide and the freshwater volume that 
enters the estuary. The patterns of dilution of the seawater entering the 
estuary varies from estuary to estuary: they depend on the tidal ampli-
tude, the extent of evaporation of the water, the volume of freshwater, and 
the number of tributaries that contribute to the estuary (Mc Lusky 1989). 
Estuaries can be classified as positive, negative, or neutral. In a positive 
estuary, freshwater runoff is greater than evaporation and the estuary has 
a vertical salinity gradient, with seawater entering at the bottom of the 
estuary and flowing upward. In a negative estuary, evaporation exceeds 
the freshwater entering the estuary. Therefore, the salinity of these estuar-
ies increases toward the sea. If the freshwater input into the estuary equals 
the evaporation, a static salinity regime occurs and the estuary is denoted 
as a neutral one.
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Coastal lagoons may be highly stratified, well mixed, and predominantly 
brackish or hypersaline, depending on the various inputs of freshwater and 
marine water and outputs such as evaporation. In some semiarid coastal 
regions, hypersaline coastal lagoons occur.

5.2 � Classification and Zonation of Estuaries

Figure 5.1 shows the several types of estuary shaped by geomorphology 
processes.

(1) Fiorde

(3) Planície costeira

(5) Construído por barra

(7) Laguna costeria (8) Tectônico

Tipo composto

Ria
(relevo alto)

Lagunar
(relevo baixo)

Estagnação nas
estaçÕes secas

Forma afunilada

(2) Ria

(4) Delta estuarino

(6) Delta
Delta de vazante

Delta de enchente

Meandros inundados
Relevo emerso alto
soleira rasa, boca constrita

FIGURE 5.1
Estuarine types and physiographic characteristics. (Modified from Miranda, L.B. et al., 
Princípios de Oceanografia física de estuários, EDUSP, São Paulo, Brazil, 414pp., 2002.)
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Estuaries can be classified according to the geomorphological type or the 
salinity stratification. The first classification on a geomorphological basis pres-
ents five different types of estuaries:

	 1.	Coastal plain
	 2.	Bar estuaries
	 3.	Rias
	 4.	Delta estuary
	 5.	Tectonic estuaries

These estuaries are dependent upon sedimentation or tectonic processes or 
originate from glaciers such as fords.

The classification of estuaries taking into account the salinity stratification 
is useful for establishing the characteristics of the estuaries of the coastal 
plain geomorphology. Following are four types of classifications:

	 1.	Saline intrusion estuaries Type A, with moderate or strong vertical 
stratification

	 2.	Moderately or partially stratified estuary Type B
	 3.	Vertically well mixed and laterally stratified Type C
	 4.	Completely well mixed estuary Type D, with the absence of halocline

The transition between the different types is dependent upon the fresh-
water input, the geomorphology, the current velocity, and the depth of the 
estuary.

Estuaries therefore present a degree of horizontal and vertical salinity gra-
dient that is variable; this gradient is fundamental for the complexity of the 
physicochemical processes and for the distribution of organisms.

Generally, the zonation of the estuary reflects the balance of freshwater 
and saline water entering the estuarine environment. A sequence that is 
common to occur is as follows:

	 1.	Head—predominant river currents and freshwater, limited salt 
intrusion in this region, salinity <5%

	 2.	Upper reaches—zone of mixing of freshwater and saline water, salin-
ity 5%–18%

	 3.	Middle reaches—tides influence currents, mud deposits with some 
sandy deposition at deeper regions, salinity 18%–25%

	 4.	Lower reaches—currents strongly influenced by tides, sand deposits 
with some mud deposits in protected bays or enclosures with low 
circulation, salinity 25%–35%

	 5.	Mouth—the region near the coastal water, salinity >30%, currents 
from tidal origin predominant
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The estuary and coastal lagoons are dynamic systems and the gradient of 
environmental conditions may suffer strong variations in temporal and spa-
tial scales due to the peculiarity of each estuarine or coastal lagoon system 
(latitude, longitude, morphometry, freshwater input, and tidal height).

5.3 � Environmental Factors

5.3.1 � Tides

The tide is the most important factor that controls the basic environmental 
characteristics of estuaries and coastal lagoons.

5.3.2 � Waves

In some estuaries and shallow coastal lagoons, wave action may be an impor-
tant factor stirring up sediment, changing and altering the morphometry 
of the ecosystem. Tidal bores—a wave of translation can occur with waves 
greater than 4 m (Emery et al. 1957).

5.3.3 � Currents

Tides are the chief cause of current in estuaries. Tidal height, river discharge, 
and current velocity are related depending on the degree of closure of bays 
and the estuary morphometry. Excessive evaporation causes slow currents.

5.3.4 � Temperature

This factor is dependent on the temperature of the seawater entering the 
estuary, the river water temperature, and the solar heating that, together with 
low velocity winds, produces a high temperature at the surface with a ther-
mal gradient. Tundisi and Matsumura-Tundisi (2001) reported values of 36°C 
of surface temperature at the mangrove backwaters in the Laguna’s Region 
of Cananéia (25° South Lat.) in Brazil. In fjord-type estuaries in northern lati-
tudes, which lack complete exchange with the sea, the overlying brackish on 
freshwater act like the glass of a greenhouse heating up the subsurface water 
(Emery et al. 1957). In some northern latitudes, the formation of ice sheets 
during winter is an important factor.

5.3.5 � Salinity

Salinity is an important forcing function in estuaries and coastal lagoons. 
Estuaries and coastal lagoons may be classified as marine, brackish, or 
hypersaline. This can change with the season. The salinity gradient 
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and the changes during a tidal cycle or during periods of high rainfall 
may have a strong effect on the salinity variation of the estuary, with 
effects on the survivorship, reproduction, and distribution of organisms 
(Bassindale 1943).

The composition of the estuarine or coastal lagoon water can differ from 
the seawater to the freshwater entering their ecosystems. The effects of fresh-
water and evaporation combined, leads to differential composition of salts as 
already mentioned. In estuaries, in general, there is a higher ratio of carbon-
ate and sulfate to chloride and of calcium to sodium than in seawater due 
the composition of the runoff water. These changing ratios may be an impor-
tant factor in the distribution and composition of aquatic flora and fauna of 
estuaries.

5.3.6 � Oxygen, Carbon Dioxide, pH, and Biogeochemical Cycles

The oxygen content, the CO2 and pH are dependent upon the characteristics 
of the freshwaters and the seawaters entering the estuary. Besides this, the 
dynamics of the nictimeral cycles of tides and runoff and activities of 
the organisms interfere with the dissolved oxygen, carbon dioxide, and pH. 
The amount of organic matter in estuaries with origin, for example, from the 
mangrove vegetation surrounding the estuary, decreases the oxygen con-
centration of the estuarine water. In some backwaters anoxic bottom water 
is found due to accumulation of remains of decomposing mangrove leaves 
(Tundisi and Matsumura-Tundisi 2001). Changes in the pH during the diur-
nal cycle also occur. Increasing runoff dilutes alkalinity. Respiration of bot-
tom organisms increases CO2 and decreases pH in the shallow regions of the 
estuary where there is reduced circulation.

Nutrient cycles are, in general, similar to these of shallow coastal water 
but the runoff from land drainage may yield a difference in the cycles. 
Streams and freshwater tributaries draining to the estuary contribute to 
the phosphorus and nitrogen cycles. Anoxic water where the circulation is 
low and the concentration of organic matter high in the bottom water is a 
major source of dissolved inorganic phosphate to the surface or near sur-
face waters. Many organisms such as bottom dwelling fishes, mollusks, or 
crustaceans can also contribute to changes in the classical pattern of the 
biogeochemical cycles due to bioturbation of the sediment (Emery et al. 
1957, Mc Lusky 1989).

The discharge of suspended material to the estuary is another input to 
the biogeochemical cycles of estuaries and coastal lagoons. Being regions of 
high primary productivity and with a biomass of fishes, aquatic plants, mac-
rophytes, and planktonic organisms, estuaries produce considerable amount 
of particulate organic matter that by decomposition are source of inputs of 
nutrients (Figure 5.2 and Table 5.1).

Estuaries and coastal lagoons accumulate large concentrations of inor-
ganic and organic nutrients in particulate and dissolved forms. If there is a 
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FIGURE 5.2
Cycle of organic matter in an estuary.

TABLE 5.1

Concentration of Organic Carbon in Natural Waters

Concentration 
(mg/L) of 
Organic Carbon River Estuary

Coastal Open Sea

Deep SewageSea Surface

Dissolved (DOC) 10–20 (50) 1–5 (20) 1–5 (20) 1–1.5 0.5–0.8 100
Particulate (POC) 5–10 0.5–5 0.1–1.0 0.01–1.0 0.003–0.01 200

Total 15–30 (60) 1–10 (25) 1–6 (21) 1–2.5 0.5–0.8 300

Source:	 After Head, P.C., Organic processes in estuaries, in: Burton, J.D. and Liss, P.S. (Eds.), 
Estuarine Chemistry, Academic Press, London, U.K., pp. 54–91, 1976.

Figures in brackets represent extreme values.
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strong and intensive land use in the watershed of an estuary, these concen-
trations increase approximately proportional to the land use contribution. 
In estuaries with high degree of urbanization and discharge of nontreated 
domestic wastewater, eutrophication can occur impairing estuary waters 
for several uses such as recreation, tourism, or aquaculture. Examples of 
eutrophication of estuaries are found in the Baltic Sea. The Thames Estuary 
in London (but the eutrophication is controlled better now) and many estu-
aries in tropical or subtropical coastal regions (see impacts on estuaries) 
have high concentrations of nutrients that are interfering with nitrogen, 
phosphorus, and carbon cycles. Figure 5.2 shows the cycle of organic mat-
ter in a typical estuary. This cycle can be enhanced, accelerated, or strongly 
modified when mangrove vegetation surrounds the estuary and becomes a 
source of inputs of carbon, nitrogen, phosphorus, and humus substances as 
mentioned earlier (Tundisi 1969, Lacerda et al. 2008).

Coastal lagoons are generally more complex systems than estuaries as regard 
the environmental factors and the connection with the sea. As described by 
Esteves et al. (2008), coastal lagoons are strongly affected by the geophysical 
characteristics that interfere with their hydrological balance. These geophysi-
cal features are utilized to identify different types of coastal lagoons: lentic 
microtidal (permanent connection with the sea) or lentic nontidal (without 
a permanent connection with the sea). The second criterion of classification 
considers the lagoon origin. In general, the neotropical coastal lagoons were 
originated from the flooding of coastal lowland areas due to the rise in the sea 
level during the late Quaternary (Caldas et al. 2006). Lagoons are formed by 
the deposition of sediments and change of barriers due to tidal action; coastal 
lagoons present a vast heterogeneity of morphometric, geomorphological, and 
ecological dynamics creating a large scale of ecological gradients and micro-
habitats, enhancing aquatic and terrestrial biodiversity.

5.4 � Aquatic Biota of the Estuaries

Since the estuaries and coastal lagoons present environmental gradients, 
the distribution, zonation, diversity, and colonization of the estuary by the 
aquatic flora and fauna depends on these gradients. The survival of organ-
isms in an estuary or a coastal lagoon is determined by the wide range of 
the fluctuations that occur in environmental factors such as salinity, current 
velocity, turbidity, dissolved oxygen concentration, and nutrient cycles.

The survival and success of colonization of organisms in an estuary 
therefore is depending on the interaction of several environmental fac-
tors such as the ones described previously (Day 1951, Emery et al. 1957, 
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Castanares et  al. 1969, Tundisi 1970). The distribution of organisms in 
estuaries falls in the following categories:

	 1.	Oligohaline organisms—This is the majority of freshwater organisms 
that can tolerate only freshwater with salinities up to 0%–5%.

	 2.	Estuarine organisms—These are organisms that are truly estuarine 
and can tolerate salinity ranges between 5% and 18%.

	 3.	Euryhaline marine organisms—These are salinity tolerant species of 
organisms living in the coastal water reaching the areas of estuarine 
salinity between 18% and 25%. Few of these organisms can survive 
at salinities of 5%.

	 4.	Stenohaline marine organism—These are marine organisms with a 
limited range of distribution in the estuary, only in the mouth of the 
estuary at salinities of 25%.

	 5.	Migrating organisms—These are animals that spend part of their 
life cycle in estuaries and migrate to freshwater rivers or the sea. 
(Salmon, Salmo solar, and eel, Anguilla anguilla).

Day (1951) classifies the fauna of estuaries as

	 1.	Freshwater organisms
	 2.	Stenohaline marine organisms
	 3.	Euryhaline marine organisms
	 4.	Estuarine organisms
	 5.	Migratory organisms

Figure 5.3 shows a “reciprocal biological gradient” of species with optimum 
tolerance in freshwater and brackish saline water.

The estuary community is adapted to the variations in environmental fac-
tors in estuaries, which is a permanent feature of the estuarine environment. 
The organisms, therefore, are adapted to fluctuation. Euryhalinity is a physi-
ological characteristic of many estuarine components of the community. There 
are several hypotheses to explain the origin and permanence of the estua-
rine flora and fauna. The wide tolerance of estuarine organisms to charging 
environmental conditions may explain their ability to establish in several 
estuaries of the world. Since the dispersal of estuarine community is difficult 
via the sea due to ecological competition with marine organisms, the coloni-
zation of estuaries by introduced species is in many instances made by ships. 
One of the most known episodes of colonization of introduced species is the 
introduction of Venus mercenaria from the east coast of the United States to 
Southampton estuary during the World War II (Raymont 1963).

The osmotic concentration is regulated by many organisms throughout 
special physiological adaptations. Tundisi and Matsumura-Tundisi (1968) 
describe how several species of planktonic copepods were distributed at 
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different regions of the Laguna Region of Cananeia due to their different 
tolerance to the salinity gradients. The effects of salinity on organisms may 
furthermore differ at the different stages of the life cycle.

The maintenance of the stock of planktonic and benthonic components of 
the estuarine community at regions of optimum or near optimum is depen-
dent on strategies for migration, physiological adaptation, and tolerance to 
freshwater, brackish water, or saline water. As shown by Lance (1962), Tundisi 
and Matsumura-Tundisi (1968), and Tundisi (1970), vertical migration associ-
ated with salinity tolerances is one of the mechanisms that maintain the pop-
ulation near their best environmental conditions for survival and tolerance.

In estuaries, the benthic community plays an important role from the 
point of view of energy transfer and food chain. Shallow estuaries with 
fast currents near the bottom are regions of spatial heterogeneity, which is 
enhancing diversity of species. The benthic fauna of estuaries is composed of 
polychaetes, shrimps, and crabs, living near the bottom sediments. The rich 
organic matter of the sediment is very important as food source for these 
invertebrates. Many bird species also are estuarine dwellers and therefore 
contribute to the recycling of organic matter and energy transfer (Horne and 
Goldman 1994).
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(See color insert.) Reciprocal biological gradient in estuaries. (Modified from Emery, K.O. and 
Stevenson, R.E., Estuaries and lagoons, in Hedgpeth, J.W., Ed., Treatise on Marine Ecology and 
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In coastal lagoons, salinity fluctuation is an important factor and can be 
a driving force in the biodiversity patterns and fluctuation. If the spatial 
and temporal effects of salinity are discontinuously distributed in coastal 
lagoons, salinity can promote regional biodiversity due to diversification of 
the species compositions. Biodiversity in coastal lagoons is dependent on 
size, volume, and morphometry of these ecosystems, as well as the extent of 
environmental gradients (Esteves et al. 2008).

The varying nature of coastal lagoons that is due to tidal, wind stress river 
input, precipitation and evaporation balance, and salinity influences make 
these systems unique compared with island freshwater ecosystems or adja-
cent coastal or marine waters (Caliman et al. 2010).

Despite this variable characteristic coastal lagoons can have endemic species. 
This is probably due to their environmental and ecological gradients. These 
gradients promote the isolation of the populations character displacement 
and act as a driving force for evolutionary divergence (Esteves et al. 2008).

5.5 � Freshwater Inflow into Estuaries

The freshwater inflows to estuaries are important sources of nutrients and 
interfere with the salinity gradient, the faunal distribution, and the primary 
production. River-dominated estuaries have low salinity ranges and tend 
to have higher concentrations of nutrients. In contrast, lagoons influenced 
by coastal water have higher salinities and lower nutrient concentrations. 
(Palmer et al. 2011). Species diversity in estuaries in the Texas coast increased 
with increasing salinity according to Palmer et al. (2011). For the lagoons 
region and estuary of Cananéia, similar results are obtained by Teixeira et al. 
(1969). Tundisi and Matsumura-Tundisi (2001) demonstrated that freshwa-
ter inflow regulated primary production of phytoplankton, distribution of 
planktonic species, and concentration of dissolved and particulate material.

In general, duration and frequency of the freshwater inflows in the estuary 
affects salinity, sediment conditions, and particulate material distribution 
and interferes with species composition, nutrient recycling, sustainability, 
habitat changes, diversity, and biomass (Palmer et al. 2011).

5.6 � Primary Production in Estuaries and Coastal Lagoons

In shallow estuaries and coastal lagoons, primary productivity is sustained 
by a biomass of aquatic macrophytes, periphyton, and phytoplankton. The 
nutrient input from the continental watersheds supplies almost continuously 
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phosphorus, nitrogen, and other elements to the primary producers. Internal 
sources also contribute—from the sediment stock of nutrients and the decom-
position processes in the water and sediment. The annual range of total pri-
mary production for coastal lagoons is within 200–400 g C/m2 year. This range 
is comparable to that for estuaries and coastal waters of medium productivity 
(Nixon 1982). In lagoons where phytoplankton production is reduced, primary 
production is sustained by benthic algae and sea grasses. Tundisi (1969) found 
a value of 1 g C/m2 day similar to that given by Nixon (1982) for coastal lagoons; 
with the contribution of sea grasses and microphytobenthos, the primary pro-
duction at this region can however be much higher. Table 5.2 shows the pri-
mary production (net primary production and total production) in estuaries 
and coastal lagoons as compared with other marine systems (Knoppers 1994).

Estuaries and coastal lagoons are efficient ecotone systems between land 
and sea, modifying organic and inorganic matter, recycling elements and 
nutrients, and accumulating organic matter and biomass.

The permanent pulse of freshwater and coastal waters into the estuaries 
and in coastal lagoons connected to the sea is an enrichment system that 
enhances productivity and carbon fixation by primary producers. It also pro-
motes, periodically, biogeochemical changes in the system by supplying or 
removing elements, nutrients, and metals.

Because of the high turnover of organic matter and the permanent input 
of nutrients from the continental waters, estuaries are ecosystems with high 
productivity. Development of fisheries, aquaculture, and harvest of crusta-
ceans and mollusks in estuaries supports the local economy. Tourism and 
recreation are of course also sources of income for the inhabitants in estu-
aries regions. On the other land, estuaries accumulate impacts from the 
continental watersheds due to extensive land use, discharge of nontreated 
domestic wastewater, and industrial output. Estuaries can therefore be sub-
ject to eutrophication, which can reduce the ecosystem services of estuaries.

TABLE 5.2

Net Areal Primary Production and Total Production 
of Coastal Lagoons in Comparison to Other Marine Systems 
of the World

System Area (10−6 km2)
Net Production 

(g C/m2 year)
Total Production 
(10−12 kg C/year)

Ocean 332 125 41.5
Upwelling 0.4 500 0.2
Shelf 33 183 4.1
Estuaries 1.4 300 0.4
Lagoons 0.3 300 0.1

Source:	 Knoppers, B., Aquatic primary production in coastal lagoons, in: 
Kjerfve, B. (Ed.), Coastal Lagoons Processes, Elsevier, Amsterdam, 
the Netherlands, Chapter 9, pp. 243–286, 577pp., 1994.
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Estuaries are, however, also regions of high navigation activities due to the 
development of harbors and installations for receiving goods transported by sea. 
Apart from several impacts resulting from these activities estuaries can become 
the “entrance door” for the introduction of exotic species such as Limnoperna 
fortunei in the estuary of La Plata River, South America. This species has become 
a very successful invader of brackish and freshwater in South America and is 
today a big economical threat in the whole La Plata Basin due to its rapid geo-
graphic expansion and highly competitive efficiency (Oliveira et al. 2010).

5.7 � Anthropogenic Impacts on Estuaries

In several estuaries in tropical and temperate regions, increasing develop-
ment and human activities in the estuarine and continental watersheds 
contributed significantly to the alternations in environmental conditions. 
Nitrogen and phosphorus loads due to untreated wastewater have increased 
considerably in many estuaries that become eutrophic with changes in the 
structure and function of biotic communities. But there are many other 
impacts that have adversely affected estuaries and need a strong action to 
reverse the degradation of the water quality (Kennish 2004). A nonexhaus-
tive list of impacts compiled from several sources and known from estuaries 
in several tropical and temperate regions is presented as follows:

•	 Pollution due to heavy industrialization and several human activi-
ties: excessive watershed development, toxic metal decompositions, 
organic contaminants, volatile organics.

•	 Habitat degradation resulting from shore changes, including the 
removal of mangrove vegetation in tropical regions.

•	 Nutrient load: phosphorus, nitrogen, and carbon.
•	 Changes in water quality due to urban, agricultural, and industrial 

runoff and increase of pesticides in water and sediments.
•	 Input of suspended material reducing the transparency affects pri-

mary production.
•	 Dredging of estuarine channels changes the structure and morphol-

ogy of the estuary.
•	 Soil erosion in the continental watersheds due to agricultural develop-

ment and industrial construction affects the estuarine fauna and flora.
•	 One large impact on some tropical estuaries is the development of 

aquaculture that increases suspended matter, produces inputs of 
nitrogen and phosphorus, and thereby accelerates the eutrophication.

•	 Tourist activities and recreation in estuaries can affect water quality 
and sediment chemistry significantly.
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6
Wetlands

6.1  Introduction: The Importance of Wetlands

Wetlands are a major feature of the landscape in many parts of the world. 
They are among the most important ecosystems on Earth as they are the kid-
ney of the landscape. Up to the mid-nineteenth century, wetlands were often 
given a sinister image. As a consequence of this view and the need for more 
agriculture land, wetlands have disappeared at alarming rates. They were 
drained and turned into agriculture land, which has resulted, particularly in 
the industrialized countries, in a massive pollution threat of pesticides and 
nutrient discharge by agricultural activities—a pollution that the wetlands 
and other natural ecosystems (ditches, trees, wind shelterbelts, ponds, for-
ests, and so on) would otherwise eliminate. Today, the lack of many different 
small or big ecosystems as a pattern in the landscape has been a disaster for 
the abatement of the nonpoint pollution from agriculture. The various natu-
ral ecosystems are crucial for the health of the landscape.

6.2  Ecosystem Services by Wetlands

Today, we have realized the importance of wetlands and their role in land-
scape. The roles of wetlands are manifold and the following list of ecosystem 
services offered to the society of wetlands could easily be prolonged:

	 1.	Production of rice
	 2.	Grazing
	 3.	Production of proteins in general
	 4.	Flood control
	 5.	Enhanced cycling of nutrients
	 6.	Purification of drainage water and even wastewater
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	 7.	Buffer zones between aquatic and terrestrial ecosystems
	 8.	Production of sphagnum
	 9.	Peat mining
	 10.	Conservation of high biodiversity
	 11.	Bird reserve
	 12.	Fishery

It is possible to calculate the economic value of wetlands by the services that 
they are offering the society. Costanza et al. (1997) found that the services 
offered by wetlands amounted to about 15,000 dollars/ha year. Wetlands 
produce a biomass corresponding to 18 MJ/m2 year, but if we calculate the 
eco-exergy (ecological exergy or work capacity, which is biomass and infor-
mation; see Jørgensen 2012 and Jørgensen and Fath 2011), it would be in the 
order of 45,000 GJ/ha year (see the details of these calculation in Jørgensen 2010). 
With an energy (exergy) price of 1 EURO cent/MJ, the value would be 450,000 
EURO/ha or about 550,000 dollars/ha, more than 30 times the value indi-
cated by Costanza et al. (1997). The exergy value considers, however, the 
total content or work energy and indicates therefore the entire value of wet-
lands included all possible utilized or nonutilized services, while Costanza 
et al. only consider the values of the services that we actually are utilizing.

6.3  Types of Wetlands and Wetland Processes

There is a wide spectrum of different wetlands with different properties. 
The list of wetland types and their properties are presented in Table 6.1. For 
a more comprehensive overview, see Jørgensen (2009).

All these types of wetlands play a major role in nature and in different 
landscapes. They have slightly different properties, functions, and roles as 
can be seen in Table 6.1, but they are all very important for the health of the 
landscape and as buffer zones for other aquatic ecosystems; see the wetland 
at Brazilian reservoir in Figure 6.1.

Let us exemplify the importance of wetlands further by focusing on the 
importance of wetland type number two, mangrove wetlands:

	 1.	Physical protection of coast (for instance against Tsunamis)
	 2.	Very high productivity
	 3.	 Important nesting areas for mussels, shrimps, crayfish, lobsters, and fish
	 4.	Can be used for the treatment of wastewater but it is very important 

not to overload them
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TABLE 6.1

Types of Wetlands and Their Characteristics and Properties

Salt marshes: the water is saline. This type of wetland is important for the 
protection of coasts but is not considered in this volume about inland aquatic 
ecosystems

Mangroves: These are forested wetlands that dominate the intertidal zone of 
generally tropical coastal landscapes. They grow between land and sea 
from nearly freshwater to marine conditions. They have a very high 
biodiversity

Freshwater marshes: These are produced by flooding and dominated by 
herbaceous plants such as cattails and reeds. They tend to occur along rivers 
and lakes, producing wildlife and human food. They are very productive 
ecosystems

Forested wetland (or swamps): These are dominated by trees and shrubs and 
consist of spongy, soft, and wet soil. Often very important as temporary 
storage for floodwaters, thereby reducing the peak flows to downstream areas

Peatlands (or mires): These are characterized by deep accumulation of 
incompletely decomposed organic matter or peat. Eighty seven percent of the 
world’s 4 mill km2 peatlands can be found in the boreal and subarctic areas. 
The peat consists often of a deep anaerobic layer, often acidic and nutrient 
poor. Fens are peatlands under the influence of geogenous waters, while bogs 
are ombrogenous peatlands

Floodplains: These are riparian systems that interact with streams. The 
hydrology, soil characteristics, flora, fauna, and biogeochemistry of the 
floodplains are determined by the streams. The feedbacks from the floodplains 
influence the same list of characteristics in the streams

Tundra: These are characterized by constraints of low temperatures, strong 
winds, low precipitation, and repeated freezing and thawing on soils and 
water bodies. Permafrost is found in arctic tundra but is less frequently found 
in alpine tundra. Tundra is very sensitive to climate changes

Ponds: These are small shallow lakes and the properties are therefore similar to 
lakes, although they are more open and may therefore change faster, when 
they are exposed to changing forcing functions

Ditches: These are small nonflowing or slowly flowing streams. They have very 
variable water quality because of the relatively low volume, but they are often 
important buffer zones in the landscape

Riparian wetlands: These are characterized by intensive ecological 
interactions between aquatic and terrestrial ecosystems and are therefore 
very important buffer zones that are crucial for the maintenance of a good 
water quality in streams. They are also important as buffer zones for the 
water budget. Vegetation may be herbal or trees or a mixture of the two 
possibilities

Constructed wetlands, surface wetlands, and subsurface wetlands: These are 
constructed by application of ecological engineering principles to solve a 
pollution problem, either associated with wastewater or with drainage water. 
See also Figure 6.2
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Similar lists can be made for all the wetland types, although the list of course 
is dependent on the local conditions, it should be underlined that wetlands 
are very frequently indispensable buffer zones for flooding and important 
buffer zones for pollution.

6.4  Constructed Wetlands

Due to the increasing interest to have wetlands in the landscape to cope with 
the agricultural pollutants and due to the possibilities to treat wastewater by 
wetlands, there has been an increasing interest to construct wetlands, which 
has resulted in the development of models to design constructed wetlands. 
The model facilitates construction of wetlands and is able to give a better 
design, because a model can consider all the influencing factors at the same 
time. It can also be used to assess the natural wetland area needed for a well-
defined water treatment task, whatever it be, drainage water or wastewater. 
The design of a constructed or a natural wetland is obtained within 20 min 

FIGURE 6.1
(See color insert.) Wetland at a Brazilian reservoir.
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by use of the model, named SubWet, see Jørgensen and Fath (2011). Figure 6.2 
gives an overview of some of the most important processes that wetlands, 
natural or constructed, are applying for purification of drainage and waste-
water (see point 6 on the list of the services offered by wetlands):

	 1.	Removal of nitrogen by nitrification and denitrification
	 2.	Decomposition of organic matter including toxic organic com-

pounds, for instance, pesticides
	 3.	Adsorption of phosphorus compounds into the wetland soil
	 4.	Uptake of nitrogen and phosphorus by plants
	 5.	Adsorption of heavy metal ions into the soil
	 6.	Uptake of toxic organic compounds and heavy metals by the plants

By use of models, it is possible to design a wetland that is able to treat the wastewa-
ter or drainage water to obtain a defined water quality with given concentrations of 
ammonium-N, nitrate-N, organic-N, total phosphorus, biological oxygen demand 
measured over a period of five days (BOD5), pesticides, and several of the most 
toxic heavy metals. The model answers with other words the question: how can 

Pesticides (Pe)
Heavy metals (HM) 
Phosphorus (P)
Organic matter (OM)
Nitrogen compounds (N)  

Adsorption of Pe, 
HM, P, OM, N

Decomposition
of Pe, OM

Denitri�ca- 
tion N

Uptake by plants of  
Pe, HM, P, N

Input
Transport to  
limnetic zone

Transition zone (ecotone)

FIGURE 6.2
Processes that wetlands utilize to reduce the concentration of pesticides, heavy metals, phos-
phorus, organic matter, toxic organic compounds, and nitrogen compounds. Wetlands may be 
constructed or they may be ecotones (transition area between two ecosystems) between ter-
restrial and aquatic ecosystems for instance agriculture land and a lake. Other ecotones than 
wetlands, for instance small ponds and ditches, are also able to improve the water quality, but 
wetlands offer usually higher removal efficiency.
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we design a wetland (area and flow pattern) to utilize the six processes listed 
before to obtain a defined water quality? Figure 6.3 shows a constructed wetland 
and Table 6.2 gives characteristic empirical efficiencies for wetlands with different 
plant density. They can be used if it is not possible to get the information needed 
to use SubWet or other models for the design. It is strongly recommended to 
apply a model whenever it is possible, because a model can consider many factors 

FIGURE 6.3
(See color insert.) Constructed wetland in Tanzania. A high density of plants are selected in 
the design phase to ensure a high treatment efficiency. The selected plants species are local 
wetland plants.

TABLE 6.2

Typical Removal Efficiencies in g/24 h m2 
of BOD5 Removal, Nitrogen Removal, and 
Phosphorus Removal for a Constructed or 
Natural Wetland for Different Plant Densities

Removal Efficiencies

Plant 
Density t/ha BOD5 Nitrogen Phosphorus

2 5.0 1.0 0.15
5 7.5 1.6 0.22

10 13 2.1 0.31
15 20 3.0 0.45
20 24 3.6 0.54
25 25 3.8 0.57
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simultaneously and include also the interactions among the factors. Figure 6.4 
shows how it is possible to increase the linear flow rate (m/24 h) to obtain a better 
utilization of the edge and corners of the wetland.

For natural wetlands that are used for treatment of wastewater or drainage 
water, the same considerations as used for constructed wetlands are valid. 
SubWet can also be used here to design the wetland and find the area that is 
needed to treat properly a defined volume of wastewater. Figures 6.5 and 6.6 
show the use of tundra in northern Canada for the treatment of waste.

The model SunWet has been applied to design 13 wetlands in Africa, includ-
ing a design of a wetland for the teachers’ college in Iringa, Tanzania. The 
wetland should treat the wastewater from 2500 students, totally 50 m3/24 h. 
Even before the construction of the wetland, from the design it was found 
that 625 m2 of wetland was needed to obtain a BOD5 reduction from about 
125 mg/L to between 25 and 30 mg/L and a reduction of the total nitrogen 
content from about 42 to about 10 mg/L. The recommended horizontal flow 
rate was found to be 9 m/24 h with 2% suspended matter in the untreated 
wastewater. Furthermore, it was found that a proper utilization of the wet-
land requires that four pathways should be used. As the area foreseen for 
the wetland was 25 m × 25 m, it meant that the flow width should be 6.25 m. 
A good utilization of the wetland area requires that four pathways should 
be used. As the area foreseen for the wetland was 25 m  ×  25 m, it meant 
that the flow width should be 6.25 m. The results obtained by the use of the 
model before the construction and the observed values are compared in 
Table 6.3. The forcing functions applied for the model are listed in Table 6.4.

As seen from the application of the model for this case study, the valida-
tion of the model is very acceptable.

3w

w

Inflow Outflow

FIGURE 6.4
Flow pattern selected for a constructed wetland in Tanzania is shown. The pattern is selected 
in the design phase to ensure higher efficiency.
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FIGURE 6.6
(See color insert.) Typical tundra applied for wastewater treatment in northern Canada.

FIGURE 6.5
(See color insert.) Discharge of wastewater for the treatment on natural tundra in northern 
Canada.
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6.5  Natural Wetlands

The processes that explain the removal of pollutants by wetlands from 
wastewater or drainage water have been listed in Section 6.4. However, there 
are a number of processes of importance for the sustainability of natural 
wetland ecosystems. They are the basic for all services that wetlands offer 
our society, including the ability to remove pollutants. The most important 
of these crucial, additional processes are listed in Table 6.5.

TABLE 6.3

Comparison of Model Results and Observed 
Values

Model 
Results

Observed 
Results

Concentrations (treated water)

BOD5 (mg/L) 27 26
Nitrate-N (mg/L) 0.40 0.50
Ammonium-N (mg/L) 9.2 9.1
Organic N (mg/L) 0.45 0.50
Total N (mg/L) 10.1 10.1
Total P (mg/L) 5.2 5.0

Removal efficiencies (%)

BOD5 79 79
Nitrate-N 98 97
Ammonium-N 23 24
Organic-N 96 96

Total N 74 74
Total P 35 38

TABLE 6.4

Forcing Functions

Temperature: 30°C
Flow rate: 50 m3/24 h
BOD5 untreated water: 123 mg/L
Nitrate-N untreated water 18 mg/L
Ammonium-N untreated wastewater 12 mg/L
Organic nitrogen-N untreated wastewater 12 mg/L

Total P untreated wastewater 8 mg/L
Particulate matter 20 mg/L
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For natural wetlands that are not used for treatment of wastewater or drain-
age water, other issues are of interest for the environmental management 
of the wetlands. The following relevant questions would be significant to 
answer in this context, and the answers would require assessment of several 
ecological questions:

	 1.	Which species are characteristic for the wetland? Are the species 
normal for wetland in the region?

	 2.	What is the spatial distribution of the species?
	 3.	What is the diversity, included in the biodiversity? Does the diver-

sity give the wetland a wide spectrum of buffer capacities?
	 4.	Are the wetland density of plants and the wetland area able to 

“absorb” flooding and a tsunami?
	 5.	Are the animals characteristic for the type of wetland in the region 

represented in the wetland or are some typical species that would be 
important for the functioning of the wetland missing?

To answer these five issues, it is recommended to get information about the 
following ecological questions:

	 1.	What is the plant density and area of the wetland? The answer is com-
pulsory to find if a model—ecological as well as hydrological—should 
be applied but is of course also important if empirical data should be 
applied (see Table 8.2).

	 2.	Which are the dominant plant and animal species? Would it be ben-
eficial to harvest the plants and thereby remove a significant amount 
of nutrients annually?

	 3.	Determine the species diversity. The simple number of species may 
be applied. The number of species is important not for the resilience 
or buffer capacity of the wetland but for the spectrum of these stabil-
ity concepts. The higher the species diversity, the higher is the prob-
ability to meet a wider spectrum of disturbances including new and 
unexpected disturbances (see Jørgensen [2012]).

TABLE 6.5

Important Processes for the Sustainability of Natural Wetlands, in Addition 
to the Processes Listed Earlier and Summarized in Figure 6.1

Decomposition—mainly microbiologically of detritus/dead organic matter
A very substantial photosynthesis during spring and summer
A very comprehensive network of many species of insects, birds, plants, fish, and amphibians 
recycle the essential elements and recycle the energy

Both adaptation and selection are continuously operating and ensure a high biodiversity in 
these ecosystems
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	 4.	Determine the respiration/biomass ratio and the production/biomass 
ratio—two of E.P. Odum’s attributes. The information would be 
able to tell use if the wetland is in balance and moreover, if the wet-
land is a sink or a source of carbon emission. Wetlands may often 
emit methane, which has about 23 times higher greenhouse effect 
than carbon dioxide. It is therefore important to determine the 
methane emission and carbon dioxide emission and sequestration. 
Although methane has a much stronger greenhouse effect than 
carbon dioxide, methane has a half-life time of about 7 years in the 
atmosphere, which means that the long-term effect of methane is 
less than that of carbon dioxide with the same greenhouse effect. 
Here, it is also advised to apply models that make it possible to con-
sider both methane and carbon dioxide, their greenhouse effects, 
and their retention time in the atmosphere.

	 5.	Find the most characteristic buffer capacity. The buffer capacities are 
correlated with eco-exergy, which is a thermodynamic indicator (see 
Chapter 18 about Ecological Indicators). It would therefore be pos-
sible indirectly to determine the buffer capacity by determination of 
the eco-exergy of the wetland. It is a matter of knowing the biomass 
density of the major plant and animal species; see Chapter 18 for the 
details of these calculations.

	 6.	How is the distribution of the dominant plant species? Answer to 
this question makes it possible to obtain a spatial overview of the 
wetland and to distinguish between different uses of the wetlands 
to solve different problems or offer different ecosystem services.

	 7.	Make at least a conceptual model of the most important energy 
flows in the wetland and determine the concentration of the spe-
cies that are included in the flow diagram. The information will 
be useful to obtain a better answer to the questions mentioned in 
point 6.

In summary, wetlands are extremely important ecosystems in the landscape. 
Many wetlands—smaller or larger—as pattern in the landscape are very 
important for a healthy and sustainable nature.
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7
Tropical Freshwater Ecosystems

7.1 � Tropical Lakes and Floodplains 
of the South American Continent

7.1.1  Large Floodplains of the South American Continent

The two major watersheds of the South American continent are the Amazon 
watershed and the La Plata watershed. Other watersheds of importance are 
the Orinoco, Magdalena, and São Francisco River basin (Figure 7.1).

The Amazon watershed has an area of 7 million km2 representing 40% 
of the South American territory and shared by seven countries: Brazil, 
Colombia, Ecuador, Bolivia, Guiana, Peru, and Venezuela. The Amazon 
watershed has a large number of tributaries and associated floodplains, wet-
lands, inundated savannas, and inundated tropical forests.

The drainage system of the Amazon basin was consolidated in its geomor-
phology in the Pliocene when there was a definitive close up of the connec-
tion with the Pacific Ocean and the drainage and flushing took the direction 
of the Atlantic Ocean (Sioli 1984).

The concentration of sediments in the Amazon watershed was accumu-
lated during the last 500 millions of years, being mostly composed of fine 
clay. The process of transport and sedimentation of this particulate material 
is continuous and according to Bigarella (1973), 13,500 tons of sediments/s is 
transported by the Amazon River.

The transport, deposition, and sedimentation of this particulate material 
in the Amazon basin plays an important ecological and geomorphological 
role, since new site or regions of accumulation of sediments are formed and 
destroyed during a seasonal cycle (Oltman 1970).

The interaction between terrestrial and aquatic ecosystems in the Amazon 
region is the main ecological factor. It is the primary forcing function that 
regulates the regional biodiversity, the evolutionary processes, and even 
the human uses of the ecosystem. Large internal deltas and extensive 
floodplain regions form a complex network of channels, rivers, shallow 
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lakes, and wetlands. The concept of the “pulse of inundation” was pro-
posed by Junk and Weber (1997) in order to explain the periodical changes 
in the biogeochemical cycles and in the biomass and species composition 
of the terrestrial and aquatic biota. The chemical and physical environment 
resulting from this periodic inundation promotes a chain of morphological, 
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FIGURE 7.1
Major watersheds of the South American continent. (From Depetris, P.J. and Paolini, J.E., 
Biogeochemical aspects of South American Rivers: The Parana and the Orinoco, in: Degens, 
E.T., Kempe, S., and Richey, J.E. (Eds.), Biogeochemistry of Major World Rivers, SCOPE 42, John 
Wiley & Sons, New York, pp. 105–122, 355pp., 1991.)
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anatomical, physiological, geological, and ethological adaptations, with 
characteristic structures (Junk et al. 1989). Figures 7.2 through 7.4 shows 
the several types of fluvial dynamics associated with the Amazon River. 
Figure 7.3 also shows deposition and progressive erosions in inundated 
valleys (Sioli 1984).

Figures 7.5 and 7.6 show the water level fluctuation of the Amazon River. 
Floodplain lakes (“varzea lakes”) are interconnected with temporary or 
permanent channels. The hydraulic energy removes and erodes river and 
creek banks, with effects on the biogeochemical cycles of carbon, nitrogen, 
and phosphorus or other elements. According to the inundation pulse, the 
interactions between terrestrial and aquatic ecosystems vary. Thereby, the 
response of the different species and groups of organisms, animals, and 
plants also vary.

Fisheries production is correlated positively with the inundation pulses 
and low water levels can produce large fish mortality, especially during the 

5 10
km 15 200

FIGURE 7.2
Floodplain morphology. (From Sioli, H., The Amazon: Limnology and Landscape Ecology of 
a  Mighty Tropical River and Its Basin, Dr. W. Junk Publishers, Dordrecht, the Netherlands, 
p. 763, 1984.)
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“friagem” period (water turnover in lakes with anoxic hypolimnion). Junk 
(1997) described the various stages and types of inundation pulses that occur 
in different rivers (Table 7.1).

The rivers of the Amazon basin and the Amazon River are in the class of 
monomodal pulses, predictable and depending on the rainy season and dry 
periods.

The water from the inundation pulses accelerates the biogeochemical cycles, 
which is a fundamental forcing function for the different communities. The 
terrestrial vegetation of the inundated area is rapidly decomposing after the 
increase in water level adding nutrients that will stimulate the growth of 
phytoplankton, macrophytes, and periphytic algae (Junk and Bayley 2004). 
This aquatic vegetation is responsible for the increase of oxygen during day-
time in the varzea lakes, since during the night the levels can vary between 
0% and 20% saturation (Tundisi et al. 1984). Besides the nutrients transferred 
by the inundation water, the decomposition of the organic matter inputs con-
tribute 80%–90% of the nutrient elements such as N, P, K, and Ca (Junk and 
Piedade 1997).

5 10 15
km

200

FIGURE 7.3
Progressive denudation of older alluvium. (From Sioli, H., The Amazon: Limnology and 
Landscape Ecology of a Mighty Tropical River and Its Basin, Dr. W. Junk Publishers, Dordrecht, the 
Netherlands, p. 763, 1984.)
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FIGURE 7.5
Water level of the Amazon River near Manaus. (From Junk, W.J. et al. (Eds.), The Central Amazon 
Floodplain: Actual Use and Options for a Sustainable Management, Backhuys Publishers, Leiden, 
the Netherlands, 584pp., 2000.)
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FIGURE 7.4
Section of Rio Juruá and its meanders and oxbow lakes. (From Sioli, H., The Amazon: Limnology 
and Landscape Ecology of a Mighty Tropical River and Its Basin, Dr. W. Junk Publishers, Dordrecht, 
the Netherlands, p. 763, 1984.)
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The floodplain communities of primary producers have varied rates of 
primary production and biomass accumulation. Table 7.2 shows the pri-
mary production of the aquatic and terrestrial plant communities in the 
floodplain.

The inundation pulse, besides promoting the increase in primary pro-
duction and the growth of the biomass, plays an important role in the 
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FIGURE 7.6
Monthly rainfall (a) and water level fluctuations (b) in the Madeira River at Porto Velho, the 
Amazon River at Manaus, and the Rio Negro River at Barcelos, corresponding to south-
ern, central, and northern parts of the Amazon basin. (From Junk, W.J., Ecology of the var-
zea, floodplain of Amazonian white rivers, in: Sioli, H. (Ed.), The Amazon: Limnology and 
Landscape Ecology of a Mighty Tropical River and Its Basin, Dr. W. Junk Publishers, Dordrecht, 
the Netherlands, 1984.)

TABLE 7.1

Types of Inundation Pulses

Type of Inundation Pulse Water Origin River Type

Predictable monomodal Precipitation/defrost Large tropical rivers
Nonpredictable monomodal Extensive rainfall 

multiannual not 
predictable

Rivers in semiarid 
regions

Polymodal predictable Tidal influence Rivers in tidal zones
Polymodal not predictable Local heavy rains, defrost Low order rivers, rivers 

in temperate regions

Source:	 From Junk, W.J., The Central Amazon Floodplain: Ecology of a Pulsing System, 
Ecological Studies, Vol. 126, Springer Verlag, Berlin, Germany, p. 526., 1997; 
Junk, W.J. and Nunes da Cunha, C., Ecol. Eng., 24, 391, 2005.
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aquatic animal communities. Aquatic invertebrates colonize wetlands with 
large populations. With short life cycles and asexual reproduction, their 
efficiency in occupying ecological niches in the floodplain is very high 
(Adis 1997).

Fishes, aquatic birds, amphibians, and mammals migrate from terrestrial 
habitats to the inundated areas, utilizing several mechanisms for feeding, 
taking advantage of the large and varied food offer. Physiological adapta-
tions to these periods of inundation occur, for example, during the flood 
period, fishes accumulate fat that is used as energy source for extensive 
migrations and reproduction (Junk 1997, 2005).

Food chains show large changes of their connections and of their orga-
nization during and after the flooding period. The detritus food chain has 
an enormous quantitative and qualitative importance during these periods. 
Plant surfaces are sites for the growth of periphyton, bacteria, fungi, and 
protozoa, and this promotes short cuts in the food chain, making readily 
available the energy from the microbial loop to the fishes. The small creeks 
and streams in the inundated forests are collectors of detritus leaves, vegeta-
tion remains that are carried out downstream and are a source of inputs of 
carbon, nitrogen, and phosphorus to the mainstream. Bacteria and protozoa 
have an important role in the decomposition of this detritus as shown by 
Walker (1995).

The shallow permanent lakes of the inundated regions of the flood-
plain receive nutrients and suspended matter from the main river. These 
“varzea lakes” are thus enriched by the water entering them through natu-
ral channels. Several natural channels as a network transport these nutri-
ents to the lakes, increasing the growth rate of plants and promoting large 

TABLE 7.2

Primary Production of Plant Communities in the Floodplain

Biomass 
(in Dry Weight)

Primary 
Production 
(in ha/year)

Phytoplankton 10–40 kg 6 t
Periphyton 68 (?) kg 7.6 t
Aquatic annual plants 10–30 t 20–60 t
Territorial perennial plants and 
herbaceous aquatic vegetation

30–80 t 45–100 t

“Varzea” forests (inundation forests) 300–600 t 20–33 t

Source:	 Junk, W.J. and Piedade, M.T.F., Plan life in the floodplain with 
special reference to herbaceous plants, in: Junk, W.J. (Ed.), The 
Central Amazon Floodplain: Ecology of a Pulsing System, 
Ecological Studies, Vol. 126, Springer Verlag, Berlin, Germany, 
pp. 147–186, 1997.
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biomass growths. They are furthermore introducing a pulse that influences 
the food chain and the lakes water circulation. Tundisi et al. (1984) have 
shown how this pulse of river water entering the “varzea lakes” interferes 
with the mixing patterns of these aquatic ecosystems, changing their ver-
tical structure. The enriched “varzea lakes” in the floodplain are nursery 
grounds for fishes and invertebrates. The high primary production of phy-
toplankton and periphyton and the high concentrations of detritus are rich 
sources of food for young fishes, invertebrate larvae, and shrimps. When 
the water level decreases, organic detritus, aquatic macrophytes, and plank-
tonic organisms are drained to the rivers increasing the concentration of 
carbon, nitrogen, and phosphorus in the rivers. Figure 7.7 shows a simpli-
fied scheme of the main interactions between inundations, aquatic commu-
nities, and changing water levels. Table 7.3 describes the areas of floodplains 
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from Junk, W.J., The Central Amazon Floodplain. Ecology of a Pulsing System, Ecological Studies, 
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TABLE 7.3

Areas of Wetlands and Floodplains in Tropical South America

Geographical Wetland Area
Extent 

(km2 × 103)
Hydrological 

Regime Prevailing Vegetation

Along low order streams within 
Amazonian term firme

1000 Polymodal 
unpredictable

Forest

Andean foot zone >100ct Polymodal 
unpredictable

Forest

Border area Colombia/Venezuela/
Brazil

50 Polymodal 
unpredictable

Forest (Amazon 
Caatinga Rana), 
savannad

Along the Amazon, and 
its bigger tributaries, mostly in

Brazil 300e Monomodal 
predictable

Forest, savanna

Eastern Bolivia 150 Monomodal 
predictable

Savanna, forestf

Pantanal 120 Monomodal 
predictable

Savanna, forest

Central Brazil ca. 100 Monomodal 
predictable

Savannas scattered in 
the carrado of the 
central Brazilian shield

Venezuelan llanos 80 Monomodal 
predictable

Savanna, forest

Bananal, Rio Araguaia, Brazil 65 Monomodal 
predictable

Savanna, forestf

South of Roraima
West of Rio Branco and North 
of Rio Negro, Brazil Roraima 
lowlands

50 Monomodal 
predictable

Forest and shrubs, 
major portion of palms

Brazil and Rupununi lowlands, 
Guayana

33 Monomodal 
predictable

Savanna

Magdalena watershed in 
Colombia

20 Bimodal 
predictable

Forest, savannaf

A. Uplands

High Andes Unknown, 
but small

Monomodal Saline swamps, salt 
pans, salt-tolerant 
savanna, or desert bogs

B. Costal regions

Atlantic–Caribbean Coast 120 Daily bimodalg Mangrove, tidal forest, 
and grassland

Amazon estuary 50 Daily bimodalg Mangrove, tidal forest, 
and grassland

(continued)
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and wetlands in South America, and Figure 7.8 shows the distribution of 
floodplain, including wetlands, flooded savannas, and central wetlands in 
the South American Continent.

7.1.2  Biodiversity in the Amazon Region and Its Floodplains

According to Sioli (1984) and Margalef (1983, 1997), the Amazon region is 
considered an “active center of evolution” due to the dynamic character of 
the interactions between the aquatic and the terrestrial systems, and the 
fluctuating conditions between low and high water levels. As Junk (2005) 
emphasized, the inundation pulse integrates aquatic and terrestrial sys-
tems, with several dynamic exchanges between the hydrological cycle, the 
geomorphology, and the biota. Isolation of lakes and mixing during the 
seasonal cycle increase the gene flux and therefore are of high importance, 
quantitatively and qualitatively, for the adaptive radiation and the biodiver-
sity. The spatial heterogeneity that promotes the biodiversity accordingly 
to Wilson (1998) can be measured in terms of large scales (thousands of 
kilometers) or small scales (meters or centimeters). These spatial scales are 
all represented in the Amazon region during high water and low water. 
Transition systems, such as flooded forests, temporary wetlands, and the 
“varzea” (the portion of land between lakes and during the low water level), 
provide changing ecological niches with several adaptations of animals 
and plants to these dry periods. The inundation periods and the transition 
regimes of water level disperse organisms and resistant eggs, promoting a 

TABLE 7.3 (continued)

Areas of Wetlands and Floodplains in Tropical South America

Geographical Wetland Area
Extent 

(km2 × 103)
Hydrological 

Regime Prevailing Vegetation

Orinoco Delta 22 Daily bimodalg Mangrove, tidal forest, 
and grassland

Magdalena Delta 5 Daily bimodalg Mangrove, tidal forest, 
and grassland

Pacific Coast ? Daily bimodalg Mangrove, tidal forest, 
and grassland

Source:	 Junk, W.J. et al. (Eds.), The Central Amazon Floodplain: Actual Use and Options for a 
Sustainable Management, Backhuys Publishers, Leiden, the Netherlands, 584pp., 2000.

a	 Palm swamps (marichales) are not listed. Their total area is unknown. Probably not all of these 
wetlands arc truly permanently wet.

b	 Savannas usually include isolated tree groups and small forested areas.
c	 No better data available.
d	 In his vegetation map of die Venezuelan Amazon territory, reports on 23,000 km2 of the 

Amazon Caatinga and Bana on Podzols and very small savanna patches (both llanos type and 
Amazonian savanna type).

e	 Estimate includes water surface. Water surface: forest: grassland = 1:1:1.
f	 Savanna: forest probably equal to 1:1.
g	 In part superimposed by monomodal flooding.
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large-scale strategic process of survival adaptations for several plants and 
animals. The volume and diversity of organic detritus is very high in the 
Amazon. Therefore, the detritus food chain is of prime importance in all 
the floodplain aquatic ecosystems. The megadiversity of the Amazon biota 
is not only originated in the large Amazon River and its tributaries. Walker 
(1995) demonstrated the role of the small creeks, streams, and tributaries 
as providers of spatial heterogeneity and food niches that maintain a high 
biodiversity of bacteria, protozoa, mollusks, insects, and fishes. Figure 7.9 
from Barthem and Goulding (2007) shows the extension of the seasonal 
inundated forests, the tidal forests, and the aquatic macrophyte growth that 
promotes a high biodiversity of habitats and substrates in a spatial scale of 
almost 2000 km. The three habitats exploited by fishes in the Amazon are 
the macrophyte stands, the open waters of the lakes during the inunda-
tion period, and the inundated forests. These forests offer an abundant and 
varied food diet for herbivore fishes consisting of fruits, leaves, vegetation 
remains, and seeds. This may explain how blackwater rivers that are peri-
odically inundated but have low nutrient concentration and low primary 
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production of aquatic plants maintain a large biomass of several species of 
herbivorous fishes (Goulding 1980, Barthem and Goulding 2007).

Several hypotheses were proposed in order to explain the origin of the 
Amazonian biodiversity. All these hypotheses give emphasis to the dynamic 
processes in the Amazonian ecosystem, consisting of a large-scale interaction 
of climatological, geomorphological, hydrological, and fluvial dynamics that 
promotes an opportunity for speciation and adaptive radiation of the biota. 
Several instances of isolation, barrier formation, barrier breakdown (due to 
the continuous alteration of geophysical structures) occur in the Amazon 
region with the seasonal cycle of inundation and low water level. According 
to Haffer (2008), these theories were developed around the barrier effects of 
rivers (temporary or permanent), changes in the vegetation during periods of dry-
ness and humidity, isolation of forest mosaics during dry periods, and large changes 
in spatial heterogeneity (hypothesis of intermediate perturbation). Salo et al. 
(1986) called attention to the river dynamics and the diversity of Amazon 
lowlands as a function of changing spatial patterns of heterogeneity. Ward 
et al. (1999) emphasized the importance of ecotones and connecting in the 
floodplain as one of the main factors enhancing biodiversity.

According to Ayres (1986), the hypothesis that the river acts as barriers that 
triggered the speciation in the Amazon is the prevailing one. Preferences of 
habitat and diet are important factors that influence patters of speciation in the 
Amazon. The importance of streams in the wetland and floodplain as contribu-
tors to the biodiversity and influencing the community structure and diversity 
was stressed by Wantzen and Junk (2006). Streams and creeks in the floodplains 
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(From Barthem, R.C. and Goulding, M., Um ecossistema inesperado. Amazônia revelada pela pesca, 
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and wetlands cover a wide area, and Junk and Furch (1985) estimated in central 
Amazonia a stream density of one stream per kilometer cross country. Their 
estimate is that 5% of the whole floodplain area is covered by streams. The 
environmental factors that potentially affect biodiversity of streams are sub-
strate complexity, heterogeneity, substrate type and area, velocity, and altitude. 
Current and hydraulic conditions are important components of forcing func-
tions that trigger the high biodiversity in the stream–wetland–floodplain com-
plex. This is valid for benthic invertebrates and fish biodiversity (Junk 1997).

Seasonality in the water discharge of the streams, the pulsing systems of 
the streams, the pulsing systems of the streams, the gradient of water current 
sediment deposition, and suspended matter transportation are other factors 
that enhance biodiversity in the streams.

The flood pulse is a periodic disturbance factor and the level of distur-
bance that consists in flooding–drought periods depends on the dura-
tion and amplitude (Junk et al. 2000). The organisms are adapted to these 
changes. The speciation and gene flow along the river continuum and across 
the terrestrial aquatic systems is another factor that enhances biodiversity.

7.1.3  Fish Fauna of the Amazon Region and the Floodplains

The fish fauna of the Amazon was described by many authors such as 
Lowe McConnell (1984), Goulding (1980), and Goulding et al. (1988). These 
research efforts described the trophic relations and the diversity of fishes 
in blackwater rivers (Rio Negro). The water level fluctuation was pointed 
out as the main factor that influences the feeding behavior of the Amazon 
fishes. Food items described were insect larvae, crustaceans, mollusk, zoo-
plankton, and algae.

These authors classified the fish fauna of the Amazon in three large groups 
as regards their good preferences:

	 1.	Exclusively herbivorous fishes, in the adult stage of their life. Fruits 
and seeds are the main food items. Extensive fat reserves accumu-
late in these fishes during these feeding periods. Genuses: Colossoma, 
Mylossoma, Myleris, and Brycon are the main herbivore fishes.

	 2.	Fishes that can feed on vegetation resources as fruits and seeds 
but that can also eat animals. These are species of Serrasalmus sp. 
(“piranha” fish) and Pimelodus sp.

	 3.	Fishes that feed on fine detritus. Most important genera in this cate-
gory are Prochilodus, Semaprochilodus, and Curimatus. These are fishes 
feeding in rivers with low nutrient concentrations. Goulding (1980) 
stressed the importance of the water level fluctuation for providing 
feeding niches for fishes. Seventy-five percent of the commercial 
fisheries are coming, according to this author, from the food chain 
developed in the inundated forests.
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The physiology and the biochemistry of the Amazonian fishes were studied 
by Val et al. (1996) and Val and Almeida Val (1995). The high environmental 
variability of the Amazonian floodplains represented by hydrological fluc-
tuations are two fundamental variables for the water temperature and the 
dissolved oxygen in the water.

About 2000 species, according to Menezes (1970), evolved in a highly 
variable environment therefore adjusting periodically their biochemical 
and physiological conditions to the fluctuations. As Walker and Henderson 
(1998) pointed out, the physiology of the Amazonian fishes can be consid-
ered an intermediate process between the ecology and the evolution of the 
fishes; this includes reproductive rates, life cycles, general metabolism, and 
behavior (Walker and Tyler 1984, Walker et al. 1991).

The survival at low concentrations of dissolved oxygen is one of the physio-
logical characteristics that is most important for the Amazonian fishes: aerial 
respiration, metabolic depression, morphological adaptations, and general 
adaptations to low oxygen concentration are some of the physiological mech-
anisms that can meet the low oxygen concentration in water (Val et al. 1996).

The fluctuations of the dissolved oxygen concentration in Amazonian waters 
is dependent on the rate of photosynthesis by aquatic plants; the rate of decom-
position of organic matter; and the circulation patterns in lakes, natural chan-
nels, and rivers (Tundisi et al. 1984). During the inundation period in some lakes, 
anoxy or hypoxy conditions that occur submit the fishes to a high physiological 
stresses. The tolerance to hypoxy depends on adaptive and physiological pro-
cesses (Almeida Val et al. 1993). Several families of fishes are facultative air 
breathers while other families of fishes have special structures such as “lungs,” 
diverticula in stomach and intestines that can contain reserve air (Val et al. 1996).

The concentrations of dissolved oxygen in the floodplains can vary from 
120% saturation to as low as 0% saturation during 24 h. During anoxic peri-
ods, methane (CH4) and hydrogen sulfide gas (H2S) concentrations can rise 
very fast. Temperatures during daytime can be as high as 38°C at the surface 
of floodplain lakes. Such high temperatures occur mainly during dry peri-
ods at low water (Tundisi, personal observations).

7.1.4  Biogeochemical Cycles

The interactions of terrestrial and aquatic systems, the high transport of 
sediments and the high biomass and biodiversity play a qualitative and 
quantitative role in the floodplains. The high process rate due to high tem-
peratures, the volume of detritus, and the transport by hydrofluvial mecha-
nisms, have a significant influence on the cycles of carbon, phosphorus, 
and nitrogen. The hydrochemistry of the rivers depends on their origin. 
The classification in white waters, blackwaters, and clear waters originally 
proposed by Russel Wallace—Wallace (1953) and confirmed by Sioli (1951) 
determines the concentration of dissolved ions in the water, as shown in 
the Table 7.4.
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The floodplain lakes (“varzea lakes”) are capacitors of biomass for the rivers. 
They have special mechanisms of influencing the biogeochemical cycles, due to 
their connection with the river during the inundation period and their isolation 
at low water (Mitamura et al. 1995). Pulses of phosphorus, nitrogen, and carbon 
with diurnal length time occur in these lakes (Mitamura et al. 1995). These diurnal 
pulses are common during the inundation period. Dissolved inorganic phospho-
rus, ammonia, and nitrate are assimilated by phytoplankton algae, macrophytes, 
and periphyton. Phosphorus, nitrogen, and carbon are released in the decompo-
sition process of the high biomass in the lakes. The interaction of sediment and 
water with release and complex formation of phosphorus in the sediment depends 
on the oxidation–reduction conditions near the sediment–water interface. It may 
provide another “phosphorus pump” to the water (Tundisi et al. 1984). The bio-
geochemical cycles are regulated by the activity of the heterotrophic bacteria. The 
detritus and suspended sediments mineralized by these bacteria release high 
concentrations of phosphorus, nitrogen, and carbon at a fast rate due to the high 
temperature (Rai and Hill 1984a,b). The autochthonous organic matter produced 
during low water period in the lakes and mineralizing rapidly under the action 
of the heterotrophic bacteria is substituted by allochthonous organic matter origi-
nated from the inundation waters from the rivers. Thus, the carbon, nitrogen, and 
phosphorus transferred to higher trophic levels throughout the microbial loop 
have an origin in the lakes or in the inundation water during the seasonal cycle of 
inundation water in the floodplains (Junk and Nunes da Cunha 2005).

Fixation of carbon, nitrogen, and phosphorus by living organisms also play an 
important quantitative role in the biogeochemical cycles. The interaction of this 
living biomass with the biogeochemical cycles and the pools of carbon, phospho-
rus, and nitrogen is another fundamental process in the regulation of the cycles 
since the excreta are readily processed in the floodplain lakes (Araújo Lima et al. 
1986). According to Richey et al. (1990), heterotrophic processes predominate in 
the metabolism of Amazonian waters where high heterotrophic activity was mea-
sured in blackwaters and clear waters. Besides high interaction of air and water, 

TABLE 7.4

Concentration of the Main Elements and Nutrients in the Amazonian Waters

Fundamental Elements (mg/L) Nutrients

Na Ca Mg Cl SO4 PO4−P NO2−N SiO2

Andines rivers 2.0–3.0 1–2(23) 1.0–2.0 ? 4.0–6.0 ? 3.0–4.0 35
White waters 1.5–4.2 7.2–8.3 1.2–8.3 ? 1–6.4 15 4.0–15.0 <9
Clear waters 1.0–2.0 <2 <1, 0.1–2.1 0–3 0 <1 <7.0–0.5 3.0–9.0
Blackwaters 0.55 <0.46 ? ? ? 5.8 0.036 2.4

Source:	 Fittkau, E.J., Verh. Int. Verein. Theor. Angew. Limnol., 15, 1092, 1964; Greisler e Schneide 
(1976); Oltmann (1966); Schmidt, G.W., Amazoniana, 2, 393, 1970; Schmidt, G.W., Verh. 
Int. Verein. Limnol., 18, 613, 1972; Schmidt, G.W., Amazoniana, 4, 139, 1973a; Schmidt, G.W., 
Amazoniana, 4, 379, 1973b; Schmidt, G.W., Amazoniana, 5, 817, 1976; Schmidt, G.W., 
Amazoniana, 7, 335, 1982; Ungemach, H., Amazoniana., 3, 175, 1972; Turcotte, P.R. and 
Harper, P.P., Hydrobiologia, 89, 141, 1982.
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the concentration of dissolved oxygen depends of course on the decomposition 
of organic matter and photosynthesis by aquatic plants during the low water and 
inundation periods. Dynamics of biogeochemical cycles are shown in Table 7.5.

7.1.5 � Impact of Human Activities on Neotropical 
Floodplains at the Amazon Basin

Several human activities affect the neotropical floodplains in the Amazon 
region. Agriculture; cattle and buffalo farming; civil construction such as roads, 
channels, and reservoirs; urbanization; solid waste deposits; and untreated 
sewage water (industrial and urban) are activities that impact the floodplain, 
reducing species diversity, changing the hydrological cycle and the pulse of 
inundation, interfering with migration of fishes, and changing the hydrosocial 
cycle (Junk 1993). One of the possible ways to develop the Amazonian region 
and the floodplains is to stimulate small-scale agriculture, low-density cattle 
ranching, and controlled fisheries. The combination of small-scale agriculture 
with ecotourism may provide a more adequate sustainable technology for 
exploitation of the floodplain and its biodiversity. The maintenance of spatial 
heterogeneity and habitats, the preservation of hydrological balance repre-
sented by the inundation period, and the maintenance of the hydrosocial cycles 
are fundamental priorities for further development of this region (Junk 2000).

7.1.6 � High Paraná River Floodplain

The Paraná River basin is part of the large and complex La Plata basin, 
which is the second largest watershed in the South American continent. 

TABLE 7.5

Describes the Processes of Nutrient Input, Nutrient Sinks, and Recycling 
in the Floodplain Lakes and Wetlands

Sources Recycling Sinks

Input by advection (from rivers) Decomposition by bacteria Sedimentation loss 
due to water flushing

Desorption on the lakes Zooplankton excretion Denitrification
Input of phosphorus and 
nitrogen by rainfall

Interactions water–sediment

N2 fixation in the lakes Macrophytes: assimilation of 
phosphorus and nitrogen 
and decomposition

Surface drainage to the lakes Phytoplankton: assimilation 
of phosphorus and nitrogen 
and decomposition

Source:	 Tundisi, J.G. et al., Hydrobiologia, 108, 3, 1984; Junk, W.J., Aquatic plants of the Amazon 
system, in: Davies, B.R. and Walker, F.F. (Eds.), The Ecology of River Systems, W.J. Junk 
Publishers, Dordrecht, the Netherlands, pp. 319–337, 1986; Melack, J.M. and Fisher, 
T.R., Archiv fur Hydrobiologie, Stuttgart, 98(4), 422, 1983; Forsberg, B.R., Ver. Int. Verein 
Limnol., 22, 1294, 1984; Zaret, T.M. et al., Verh. Int. Verein. Limnol., 21, 721, 1981.
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The La Plata basin has an area of approximately 3,000,000 km2 and a popu-
lation of almost 150 million inhabitants. The Paraná River runs 4495 km in 
the south direction and discharges into the La Plata estuary after receiving 
water from the Paraguay and Uruguay rivers and other important tributaries. 
During the high water level in the inundation period fluctuates between 2 
and 3 m; see (Figure 7.10). Considerable interannual variations occur in the 
water level in the Paraná River (Agostinho et al. 2000). It has a pattern of vari-
ations on the biodiversity, biogeochemical cycles, and species composition 
and niches. However, the Paraná Lima basin was very much affected by the 
dam construction in the river itself and in the tributaries such as Rio Grande, 
Rio Tietê, and Rio Paranapanema (Tundisi et al. 1981, 1988, Straskraba and 
Tundisi 1999, Tundisi and Matsumura-Tundisi 2008a,b, 2012).

The floodplain lakes during low water periods are subject to local pro-
cesses such as turbulence induced by winds or inputs of suspended material, 
nutrients, and organic matter from the tributaries (Agostinho et al. 2000). 
High floods tend to homogenize river and floodplain habitats as it occurs for 
other floodplain systems.

Fluctuations from a stratified deeper lake system, during high water, to 
a homogenous nonstratified, shallow lake system, during low water, are 
a common feature. Low oxygen concentrations or even anoxic conditions 
occur when the water is at a high level and the lakes are deeper. The water 
from the Paraná River dilutes the water from the lakes and lagoons; there-
fore, the concentrations of phosphorus decrease when the flooding starts. 
This is partially explained by the phosphorus retention in the reservoirs 
upstream. Straskraba (1999) and Tundisi and Straskraba (1999) have shown 
that all the reservoirs in the cascade of reservoirs in the Tietê River retain 
phosphorus, turning this nutrient limiting for primary production. The con-
tribution of autochthonous organic matter giving a peak in phosphorus and 
nutrients during low water levels is due to resuspension of sediments by 
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wind action. This results in a higher primary productivity of phytoplankton 
in the lakes during low water (Thomaz et al. 1992, Agostinho et al. 1995).

Therefore, despite the similarities in the functioning of the floodplain eco-
system in the Amazon River and the Paraná River, two main differences 
should be pointed out: first, the spatial and temporal scale of events that is 
much larger in the Amazon floodplain and second, the presence of a great 
number of reservoirs in the Paraná River. These reservoirs regulate the bio-
geochemical cycles and the biodiversity patterns and interfere with the main 
forcing function that is the water level fluctuations.

7.1.7 � Biodiversity in the Paraná Floodplain

The Paraná River and its tributaries are regulated by the construction of at 
least 50 large damns built up primarily for hydroelectricity productions. 
Today, the large reservoirs are used for multiple activities such as naviga-
tion, recreation, hydroelectricity, fisheries, and fish production in large scale 
(Tundisi and Matsumura-Tundisi 2008a,b). However, at each reservoir a 
region of floodplain is developed in the tail waters and at certain areas exten-
sive floodplains are remained between reservoirs. The habitat heterogeneity 
and the water level fluctuations (despite the reservoir regulation, the water 
level fluctuations during dry and wet periods remain) are the main forcing 
functions that maintain a high diversity of phytoplankton, zooplankton, 
periphyton, and fishes. For phytoplankton a total of 300 taxa were recorded 
(Agostinho et al. 2000), with Chlorophyceae being the group of highest biodi-
versity. Changes in the algae diversity at different lagoons and channels were 
noted during periods of low water and high water (Train and Rodrigues 1998). 
Lowest density of phytoplankton occurred in the rivers Paraná, Ivinhema, 
and other tributaries (Thomaz et al. 1997). The zooplankton community of 
the Paraná floodplain is represented by 329 taxa, and the species richness 
varies with habitat. The densities of the zooplankton community are affected 
by water level fluctuations in the various floodplain habitats (Lansac-Tôha 
et al. 1997). The periphytic community is also affected by the water level fluc-
tuations, with the greatest diversity occurring in the lagoons. The periphytic 
biomass is higher during water level (Rodrigues 1998).

For the zoobenthos, 80 invertebrate taxa were identified with microcrus-
tacea, chaoboridae, and chironomidae, being the most important benthic 
invertebrate group (Takeda et al. 1997).

Macrophytes species were also determined in the studies of the high 
Paraná floodplain. The total number of species is 48, with 32 emergent, 
3 floating leaved, 6 free floating, 5 rooted submerged, and 2 free submerged. 
Panicum pionits (Poaceae) and Eichhornia azurea are important species in the 
Paraná floodplain. Salvinia auriculata, Pistia stratioides, and Utricularia sp are 
commonly found in the stands of macrophytes (Souza et al. 1997).

As Agostinho et al. (2000) pointed out, the lagoons of the high Paraná 
floodplain are the richest environment in terms of species diversity of 
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phytoplankton, zooplankton, benthic invertebrates, and periphyton. The high-
est abundance for phytoplankton, zooplankton, and aquatic macrophytes 
occurs also in these habitats. Changes in the biomass and diversity of spe-
cies in the lagoons during low water and high water periods are due to bet-
ter conditions for phytoplankton production and macrophyte growth at low 
water and increase in food resources during high water, especially detritus, 
enhancing the high diversity of rotifer, testate amoeba, and bacteria.

Therefore, the role of the lagoons and shallow lakes in the floodplains 
as capacitors of biomass has also been demonstrated by the studies on the 
high Paraná floodplain. The studies on fish community showed a fish fauna 
composed of 170 species. Six of these species were introduced from other 
basins. One hundred species were recorded from the main channel of the 
high Paraná River (Agostinho et al. 1994).

The floodplain offers a wide variety of refuges, spatial heterogeneity, and 
varied food supply. One hundred and three species were recorded in the 
lagoons and 101 in the channels that connect to the river. At least 13 spe-
cies gained access to the upstream reaches of the floodplain after inundation 
of the Itaipu impoundment. This was due to the submersion of falls that 
were a barrier to fish migration. One hundred species were recorded in the 
main channel of the Paraná River (Agostinho et al. 1994, 1997). The upper 
tributaries of the Paraná River are nursery grounds and spawning areas for 
the migratory fishes of the basin. The fish species of the floodplain are sub-
jected to high fluctuations of temperature, dissolved oxygen, especially in 
the lagoon environments. The main habitats of the fish fauna of the high 
Paraná floodplain are shown in Table 7.6.

Lowe-McConnell (1987) described the relative proportions of the different 
taxonomic orders in the ichthyofauna of the neotropical region. According 
to this author, 85% of the fish fauna belongs to the orders characiformes and 
siluriformes, with characiformes predominating slightly.

The fish fauna of the high Paraná floodplain as the fish fauna of the 
Amazonian floodplains is composed of many species of detritus feeders, 
herbivores, and piscivores that make use of the varied and abundant food 
resources resulting from the periodic inundation and isolation of the lakes 
and lagoons.

In the floodplain, species diversity and the density of each species are 
controlled by the periodic flood regime and its variations in duration, mag-
nitude of flood, and variability of pulses. Therefore, the structure and func-
tioning of the lakes, lagoons, channels, and small rivers and creeks in the 
floodplains are dependent upon the alternation of flood and drought periods 
(Agostinho et al. 2009).

Other components of the biological communities of the high Paraná flood-
plain depend upon this seasonal pulses. Amphibians, reptiles, birds, and 
mammals are adapted to the water level changes and the ecological diver-
sity. Trophic dynamics, feeding, rhythm, physiological responses, and repro-
ductive patterns are responses to the changes in the hydrological regime.
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7.1.8 � Human Impacts on the Floodplain of the High Paraná River

Due to the large-scale reservoir construction in the upper reaches of the 
Paraná River and its tributaries, the first impact of the dam construction 
was the effect on the hydrological regime and the floodplain and river 
biodiversity. Each reservoir, however, develops connections with wet-
lands that are important for the maintenance of biodiversity and as a buf-
fer system to reduce impacts on the reservoirs (Tundisi and Straskraba 
1999, Tundisi et al. 2008). Nevertheless, the floodplain of the Paraná River 
is the only region of the floodplains of this large river still remaining. 
This remaining floodplain of approximately 200 km length is an important 

TABLE 7.6

Main Habitats of the Fish Fauna of the High Paraná Floodplain

Habitat Characteristics Conspicuous Species

Paraná River channel Sandy or arenitic 
substrate, lotic

Paulicea luetheni, Loricaria, and adults 
of big fishes Potamotrygon sp, 
Parodon tortuosus, Hemisorubim 
platyrhynchos, Leporinus elongatus, 
Schizodon altoparanae

Larger tributaries of 
Paraná River

Meandering streams with 
sandy bottom (Ivinheima 
and Iguatemi), greater 
diversity, or rapid water 
and rocky bottom (Piquiri), 
lower diversity

Meandering streams: Doradidae, 
Ageneiosidae, Schizodon, Hoplias, 
Rhaphiodon. Auchenipteridae, 
Pimelodus, Roeboides, Piaractus 
mesopotamicus, Pseudoplatystoma 
corruscans

Rapid water: Leporinus amblirhynchus, 
Schizodon nasutus, Galeocharax knerii, 
Apareiodon, Myloplus

Creeks Variation in gradient, 
substrate, size, proportion 
riffles/pools, cover, and 
conservation of riparian 
vegetation

Small fishes: Cheirodontidae, 
Tetragonopterinae, small 
Pimelodidae, Loricaridae, 
Trichomycteridae

Marginal lagoons 
(floodplain)

Shallow; sand or mud 
bottom, abundant 
macrophytes, with diel 
stratification, low 
fish diversity

Loricariichthys, Hoplosternum, 
Leporinus lacustris, young of 
Prochilodus and other rheophilic 
species

Secondary channels 
(floodplain)

Semi-lenitic, drain the 
floodplain

Lagoon sp. plus Trachydoras, 
Iheringichthys, Serrasalmus sp.

Ephemeral pools Form during water 
recession, drying up during 
different periods of the 
year, mud bottom, stressful 
environment

End of drying period: Asfyanax 
bimaculatus, Cheirodon notomelas, 
Steindachnerina insculpta, Hoplias 
malabaricus, and Roeboides 
paranaensis

Source:	 Agostinho, A.A. et al., Biodiversity in the high Paraná floodplain, in: Gopal, B., Junk, 
W., and Davis, J.J. (Eds.), Biodiversity in Wetlands: Assessment, Function and Conservation, 
Vol. I, Backhuys Publishers, Leiden, the Netherlands, pp. 89–118, 353pp., 2000.
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buffer for the entire high Paraná River (see Figure 7.11). It is a fish nurs-
ery ground and a general spawning region. The high biodiversity is still 
relatively untouched. In these regions, the ecohydrological processes are 
in full operation. The maintenance of this floodplain is thus fundamental. 
Cattle ranching, extensive agriculture, and fisheries are human activities 
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that impact this floodplain (Agostinho et al. 2000). The area of environ-
mental protection has approximately 2.500 km2.

7.1.9 � Colonization Patterns of the Reservoirs in the High Paraná River

The high Paraná floodplain and wetlands associated with the Paraná River 
and its tributaries were impacted by the construction of several large res-
ervoirs, which changed the hydrological, the hydrosocial, and bioecologi-
cal cycles (Tundisi et al. 1981, Tundisi and Straskraba 1999, Tundisi and 
Matsumura-Tundisi 2008a,b). These neotropical reservoirs were colonized 
immediately after the filling phase and transition from a lotic to a lentic envi-
ronment took place. The filling phase that lasted from 10–100 days was rela-
tively short (Agostinho et al. 1999). During the filling phase, rapid changes in 
water level, water temperature, and dissolved oxygen in the water occurred 
with several consequences on the dispersion of organisms and their distri-
bution in the water column and in bays and embankments resulting from 
the new reservoir.

Tundisi (1994) compared these filling stages of the neotropical reservoirs to 
a chaotic state where several rearrangements of physical, chemical, and bio-
logical components changed almost daily. Straskraba (1999) considered this 
“trophic upsurge” during the filling stages of a reservoir as possibilities for 
growth of opportunistic species. The classical example of this colonization is 
the growth and development of a large biomass of Cichla occelaris (Tucunaré) 
in Amazonian reservoirs. After the trophic upsurge, a gradual colonization 
process occurred with changes in fish communities aquatic macrophytes, 
zooplankton, and benthos, as well as in phytoplankton (Matsumura-Tundisi 
et al. 1981, Tundisi and Straskraba 1999).

Agostinho et al. (1999) described that not only changes in biodiversity 
occurred but also changes in reproductive effort of the species, remaining 
in the reservoir. A general absence of fish species preadapted to colonize 
the pelagic zone of the reservoirs was observed (Agostinho et al. 2009). Fish 
diets changed from allochthonous resources such as detritus to autoch-
thonous resources. Herbivores and zooplanktivorous fishes predominated 
after the stability has started. Changes in the primary producers also were 
conspicuous. Tundisi and Matsumura-Tundisi (2008a,b) described how 
the phytoplankton dominated by diatoms in the river was substituted by 
periphyton (due to the increase of the surfaces-indrowned vegetation) and a 
Chlorophyceae community.

The river zooplankton is mainly dominated by rotifers and this was 
changed toward a Cladocera–Copepoda dominance after the stability 
period started (Tundisi and Matsumura-Tundisi 2008a,b). Therefore, 
food chains changed completely when the system was stable. Changes 
in species diversity occurred after the transition period but Rocha 
et al. (2005) pointed out that with the reservoir aging the diversity can 
increase, too.
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In general, the colonization of the reservoir depends on the exist-
ing biota of the pre-impoundment basin. This is especially observed for 
the fish fauna (Fernando and Holčík 1991), but it is also valid for other 
groups of organisms (Tundisi et al. 1993). One of the major impacts of the 
impoundment is the interference in the hydrological cycle reducing the 
water level fluctuation of the riverine environment and thereby introduc-
ing instability in the cycle that changes reproductive habitats of species, 
patterns of colonization and dispersion, interfering with biotic interac-
tions and physical–biotic interactions (Agostinho et al. 1994). The changes 
in the environment caused by the impoundment have, as a consequence, 
several responses of the biota; see Figure 7.12. Some of these responses are 
very fast, others take more time, depending on the species and the capabil-
ity to anticipate changes in their physiological and ecological behavior or 
in ecophysiological responses. Time and spatial scales, therefore, vary for 
different organisms.

This figure is representative of the large-scale changes induced by res-
ervoir construction of the fish community, as an illustration of the overall 
changes in the aquatic biota of the floodplain. Variations in the diversity of 
species, food resources, abundance of organisms, trophic structure, size of 
organisms, and the organization of the communities are common features 
during the reservoir filling and after the stability process.

Besides the colonization patterns and the reorganization of the floodplain 
community after impoundment, the reservoir aging is another process that 
must be considered to understand the relationship watershed–reservoir and 
their continuous interactions.

0 10 20

1977 1987 1997

*P. luetkeni
*P. mesopotamicus

*S. maxillosus
*P. corruscans

*P. fasciatus
*B. orbignyanus
*P. pirinampus

S. borellii
H. edentatus

P. squamosissimus
P. granulosus

R. aspera
P. maculatus

H. malabacus
*R. vulpinus

l. labrosus

*P. lineatus

30 40 0 10
Frequency of occurrence

20 30 40 0 10 20 30 40

FIGURE 7.12
Changes in the fish species composition in the landings of commercial fishery at Itaipu reser-
voir before (1977) and after impoundment (1987 and 1997). (From Agostinho et al. 1999.)



132 Handbook of Inland Aquatic Ecosystem Management

The aging of lakes and reservoirs is a consequence of the interrelationships 
between the watershed and these freshwater ecosystems. The inputs from 
the watersheds depend upon the soil uses and the extension of activities. 
Reservoirs have a drainage area much larger than lakes (see Chapter  2). 
Therefore, the inputs from the watersheds and the loading of nutrients, sus-
pended material, and toxic substances can be much larger. This accelerates 
the aging process and reservoirs age more rapidly than lakes (Kimmel and 
Groeger 1984).

However, the aging processes depend not only from the inputs from 
the watersheds. Retention time is a key variable as a controlling factor 
(Straskraba 1999), too. The retention times of the phosphorus, nitrogen, and 
suspended matter are considered. Suspended matter and siltation is one of 
the main inputs from the watersheds to the reservoirs. The deposition of silt 
reduces the volume of the reservoir, affecting storage capacity, and chang-
ing habitats. The accumulation of organic matter in the sediments, due to 
the load of suspended organic material from the watershed increases the 
oxygen demand of sediments and in some extreme cases increases the redox 
potential significantly and results in further phosphorus liberation from the 
sediment to the water (Tundisi et al. 1993). Large reservoirs in the Paraná 
River and its tributaries are losing their nutrient capacity of storage at a fast 
rate due to the agricultural activities in the watersheds. Estimates for these 
reservoirs range, however, from 150 to 250 years, so they have the capacity to 
last for a few centuries. Small reservoirs lose their capacity at a much faster 
rate and they can last for 25–70 years (Agostinho et al. 1999). The changes 
in nutrient concentration and in the biogeochemical cycles follow reservoirs 
aging. The most important changes in the high Paraná floodplain reservoirs 
are the shifts from an oligotrophic–mesotrophic state to eutrophic or hyper-
entrophic one (Tundisi and Matsumura-Tundisi 1990).

Matsumura-Tundisi and Tundisi (2003) reported the changes in the nutrient 
cycles and water chemistry of reservoirs of the Tietê watershed in the upper 
reaches of the high Paraná River. Conductivity changes from 100 μS/cm to 
approximately 400 μS/cm in 20 years. This was followed by a change in the 
Calanoida in 1979 was substituted by Notodiaptomus iheringi in 1999. These 
changes were attributed to increase in conductivity, food availability, and 
ammonium content since species of the genus Notodiaptoms sp are more tol-
erant to higher ionic concentration or toxic substances.

The increase in conductivity and ionic concentration as well as the eutro-
phication process is a result of the intensive use of the watershed for sug-
arcane plantation and agricultural production in general, followed by a 
large-scale deforestation and loss of mosaic of vegetation including riparian 
forests and vegetation (Tundisi and Matsumura-Tundisi 2010).

The deterioration of habitats that is a consequence of the aging pro-
cess, results in loss of nursery grounds for fishes, and macroinverte-
brates. Moreover, littoral zones are vulnerable to eutrophication becoming 
the sites of fast growth of macrophytes such as Eichhormia crassipes or 
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Pistia stratioides. These aquatic plants can host larvae of insects or adults of 
mollusks that are vectors of important waterborne diseases (Tundisi and 
Matsumura-Tundisi 2008a,b).

7.1.10 � Prognosis for Environmental Impact 
Assessment of New Reservoirs

Because of rapid and irregular environmental changes in reservoirs due to 
the impact of the impoundment on the rivers and the hydrographic basin, it 
is difficult to make a prognosis about the future development of a reservoir 
and the organization of the communities after the filling phase is terminated 
(Straskraba 1999). However, when knowing the conditions of the engineer-
ing project, the location of the reservoir and other information related to its 
future functioning, it is possible to develop scenarios and a prognosis of the 
future limnological and ecological characteristics (Table 7.7). It is further-
more possible to develop a model that can be used to make approximate pre-
diction of the behavior of the reservoir in the years after the filling phase is 
terminated; see Chapter 19. It is often recommendable to combine the use of 
models anf model predictions with the application of ecological indicators; 
see Chapter 18.

The information listed in Table 7.7 is extremely useful in the anticipation of 
impacts and in the design of management guidelines that optimize multiple 
uses, and apply ecotechnological methods to reduce impacts and to control 
the water quality and environmental processes in a future reservoir.

Reservoirs offer the opportunity to develop ecological theories and 
experimentation in artificial ecosystems by following succession pat-
terns, aging processes, and spatial and temporal organization of the com-
munities. Reservoirs in the high Paraná River basin changed considerably 

TABLE 7.7

Basic Information for Prognosis of Reservoir Impacts

Location of the reservoir in the river continuum
Size, volume, and morphometry of the future reservoir; possible compartmentalization
Retention time (planned for future operation)
Biodiversity in the impacted watershed
Soil uses and vegetation cover of the watershed
Human population, settlements, rural areas
Nutrient concentration in the main river and tributaries
The load of suspended organic and inorganic matter in the main river and its tributaries
The perspectives for multiple uses of the future reservoir
The projected future population in the watershed after dam construction
Future spatial heterogeneity patterns

Source:	 Straskraba, M. and Tundisi, J.G., Theoretical Reservoir Ecology and Its Applications, 
Brazilian Academy of Sciences/International Institute of Ecology, Backhuys Publishers, 
Leiden, the Netherlands, 592pp., 1999.
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the floodplain ecosystems, but their study contributed considerably to the 
design of new reservoirs and to improve management alternatives with a 
good, technical, and scientific support.

7.1.11 � Pantanal Wetlands

One of the important freshwater aquatic systems in the high Paraná water-
shed is the Pantanal wetland. This large wetland with an area of approxi-
mately 140,000 km2 covers the Alto Paraguay River depression between the 
old crystalline shield of central Brazil and the geological uplifting of Andes 
Mountains, which are much younger (Junk and da Silva 1995). Since the 
Quaternary Period, the upper Paraguay River, which is a tributary of the 
Paraná River, deposited its sediments in this depression. There are consid-
erable geomorphological subunits in the Pantanal. Adámoli (1986) distin-
guishes 10 different geomorphological subunits. The Pantanal as well as 
the Amazon floodplains and wetlands are subject to a predictable mono-
modal pulse as described by Junk and da Silva (1995). The altitude of the 
floodplain varies: in the Amazon River and its tributaries. Water level fluc-
tuations between 5 and 15 m during the seasonal cycle are common. The 
variation in Pantanal is between 2 and 5 m. The total precipitation in the 
Amazon is around 2000–3000 mm and this is approximately twice as high 
as in the Pantanal (Salati and Marques 1984). The dry phase in the Amazon 
is much less pronounced than in the Pantanal. In this wetland, there are 
cyclical multiannual periods of severe floods and extreme droughts, which 
did not occur in Amazonia. The seasonality in the Pantanal is more pro-
nounced than in the Amazon region. This can be observed with the cycles 
in temperature: for example, near Cuiabá, Mato Grosso (Lat 15° 35′ 46″, Long 
56° 05′ 48′). The mean monthly temperature varies from 21.4°C in July up to 
27.4°C in February. In Central Amazonia, air temperatures range from 25.9°C 
in February to 27.6°C in September. The Pantanal region is subject to the 
impact of cold polar air masses in winter, which lowers air temperatures 
(down to 0°C in some critical years) and causes overturns of shallow lakes 
with large fish hills. In the Amazon region, the classical distinction between 
white waters, blackwaters, and clear waters (Sioli 1984) shows the hydro-
chemical origin in the Andes and pre-Andean region. These are waters with 
conductivity of 60 μS/cm in average. The blackwaters drain watersheds with 
podzolic soils. They are waters with low dissolved minerals, conductivities 
in the range 10–15 μS/cm. Transparent waters have also low conductivity low 
dissolved solids and dissolved minerals. Conductivity is in the range μS/cm!

Several inputs from tributaries, channels, and connected rivers contribute 
hydrochemically to the chemical composition of Amazonian waters. The 
Pantanal receives water from several sources such as the Paraguay River 
and its tributaries. These tributaries drain water from watersheds with 
different geological formations. Therefore, the hydrochemical and min-
eralogical diversity of water reflects these different geological formations 
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(conductivity of water, for example, can be as high as 350 μS/cm due to 
transport of alkaline waters with pH = 8.5). In other tributaries, transport 
of slightly acid water results in conductivity as low as 10 μS/cm and pH 
about 5.5 (Junk and da Silva 1995). The conductivity of the floodplain lakes 
in the Pantanal varies: can range from 50 to 900 μS/cm in low waters or 
isolated lakes.

The large Amazonian rivers exert a much stronger mechanical influ-
ence on the floodplain freshwater ecosystem, due to the magnitude of 
the pulse, greater discharge, and large sediment load (Junk et al. 2000). 
The Pantanal wetland is in a depression that traps sediments. Since the 
pulses are of low magnitude, the physical impact on the morphology and 
morphometry of channels and rivers is smaller. Sediment deposition has 
a strong impact on large parts of the wetland. The water flowing from 
north to south in the Paraguay River and tributaries takes 3–4 months to 
reach the outflow. Retention of sediments and impacts on the biodiver-
sity of flora and fauna and on the biogeochemical cycles occur. The water 
level fluctuation is a driving force that promotes a spatial heterogeneity, 
and a complex mosaic of habitats with a diverse and abundant wildlife. 
The diversity of macroinvertebrates and crustaceans is a consequence of 
this pulse of inundation, but these also play an important role in eco-
logical processes in the Pantanal since they are components of the food 
chain, such as herbivores, predators, decomposers, and prey (Alho 2011). 
As for the fish fauna, Britski (1992) listed 263 species for the Pantanal. Fish 
resources of the Pantanal are

	 1.	An important biota component of the ecosystem
	 2.	Food for the local human population
	 3.	High interest for sport fishing and tourism
	 4.	A genetic resource
	 5.	An economical resource of food supply
	 6.	An income by sale of ornamental fishes

The fauna of amphibians and reptiles is also an important link in the food 
chain, its diversity, physiology, and behavior depending on the variety of 
habitats, seasonal cycles of inundation, and dry periods.

Bird diversity is very high (Junk et al. 2006). There are 444 bird species 
recorded for the floodplain and the savannah (cerrado) biome in the Pantanal. 
Bird species in aquatic habitats are very diverse and abundant, playing an 
important role as predators and migrants. Large nesting grounds for these 
birds have an important quantitative and qualitative impact on the biogeo-
chemical cycles.

The large floodplains of the Amazon watershed are covered with flood-
adapted forests. Junk et al. (1989) estimates that about 1000 species of 
Amazonian trees are adapted to flooding. The Pantanal floodplain and 
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wetlands are dominated by herbaceous vegetation (Junk and da Silva 1995). 
Human impacts on the Pantanal flood plains and wetlands are

	 1.	Deforestation for cattle ranching and for agriculture production of 
large-scale commercial crops of soya bean and sugarcane for alcohol 
production

	 2.	Navigation: oil spills, destruction of river banks, discharge of wastes
	 3.	Overfishing for commercial purposes
	 4.	Exploitation of the reptile fauna specially Caiman crocodiles
	 5.	Unregulated tourism and damage to local habitats and to biodiversity
	 6.	 Introduction of exotic species: fish species from other watersheds, 

mollusks (such as Limnoperna fortunei), etc.

Conservation: the conservation of the Pantanal floodplains and wetlands 
should be directed for a better protection of the geomorphological sub-
units, a control (by law enforcement) of economic activities, and a regu-
lation of all navigation projects. Stimulus to rational exploitation of the 
fish and reptile biodiversity and protection of the headwaters of the high 
Paraguay River should be implemented (Junk et al. 2006, Wantzen et al. 
2008).

The promotion of adequate agricultural practices to avoid erosion should 
be realized. A monitoring of water quality of rivers and shallow lakes is also 
needed. The conservation of wetlands within the framework of the RAMSAR 
conversion is another recommended action (Alho and Sabino 2011).

A recent publication describes the Pantanal biodiversity and the challenges 
for its conservation (Alho and Sabino 2011). Figure 7.13 shows the geographi-
cal map of the Pantanal in central Brazil.

7.1.12 � Tropical Freshwater Ecosystems of South America and 
Their Ecological, Economical, and Social Significance

The flat relief of the landscape and the periodic cycle of a large annual 
rainfall, favored a dense drainage network in the Amazon, Paraná, and 
La Plata basins. The water availability and the large biodiversity gradients 
controlled by the water level fluctuation are the fundamental forces that 
drive the human occupation, the economical exploitation, and the hydro-
social cycle (Ab’Saber 1988).

Roosevelt (1999) indicates that Amazonia was colonized by early hunters 
and gatherers as long as 12,000 years ago. Evidence of widespread coloniza-
tion that exploited the “varzea” and the floodplain dates from 3000 years B.P. 
Various population densities developed at different periods upon arrival of 
Europeans on South America. The carrier capacity of the floodplains varied 
depending on the technologies applied for exploitation. The carrying capac-
ity of the floodplains for human populations varies considerably between 
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the different systems. For example, Junk and da Silva (1995) pointed out that 
nutrient rich water river floodplains have a higher carrying capacity than 
nutrient poor blackwaters.

The present human activities in the floodplains are developed around 
the economic exploitation by agriculture, fisheries, timber extraction, and 
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animal  husbandry. Small-scale agriculture in the “varzea” or dry areas of 
wetlands during periods of low water seems to be very favorable to the 
hydrosocial cycle adapted to the water level fluctuations and water avail-
ability. Fisheries also sustain the supply of protein for the Amazonian pop-
ulation. According to Bayley and Petrere (1989), the fishery potential of the 
Amazonian inland waters is about 1 million tons a year. Only 20%–25% is 
actually used.

The multiple uses of the floodplains should, according to Ohly and Junk (1999), 
drive ecological conditions, environmental protection, and socioeconomic needs. 
Small-scale exploitation of the biodiversity, use of the water cycle as a guideline 
to develop agricultural, and fisheries activities seems to be one possible way to 
exploit the potential of the floodplains (Welcomme 1985, Padoch et al. 1999).

Projects such as the Mamirauá protection area and the use of natural 
resources in the settlements located in or near the “varzea” are examples of 
resource management activities and housing with complete interaction of the 
hydrosocial cycle with the social cycle, being this the hydrosocial cycle (Ayres 
et al. 1999). Large-scale developments such as reservoirs or agroindustrial proj-
ects should be carefully considered and their impact clearly examined before 
the interference in the floodplain and in the hydrological cycle. Disruption of 
the ecological connectivity, followed by loss of biodiversity and the hydroso-
cial cycle often occurs in these sites interfering with the ecological integrity of 
the floodplain and causing losses in ecosystems services difficult to recover 
(Tundisi et al. 2012, in preparation). Recent advances in the management of 
floodplains in the high Paraná River basin and in the conceptualization of 
sciences in the Pantanal wetlands were described by Wantzer et al. (2008), 
Agostinho et al. (2007) and Agostinho et al. (2007, 2008).

7.2 � Continental Waters of Tropical Africa

Beadle (1981) has published an extensive revision of the limnological research 
work carried out in inland ecosystems of tropical Africa. The African great 
lakes originated by tectonic activity are located in the Rift Valley. The valley 
has its origin during the Miocene–Pliocene period. The uplifting and subsid-
ence gave origin to a pattern of large depressions separated by ridges and this 
has determined the outlines of the African continent hydrology Figure 7.14 
shows the courses of the two Great Rift Valleys and their drainage systems.

Lakes Malawi, Tanganyka, Kivu, Edward, George, and Albert are in a 
sequence south–north at the western Rift Valley and Lakes Marijara, Natron, 
Magadi, Naivaska, Nakuru, Bogoria, Baringo, Turkana, and Chew Bohr are 
located at the eastern Rift Valley. The uplift of the western edge blocked the 
west wind flowing of the rivers flowing to Lake Victoria. All these lakes are 
much older than most of the northern temperate lakes which are postglacial.
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The studies of the Great Rift Valley lakes were an important contribution to the 
knowledge of tropical freshwaters ecosystems. These studies contributed to the 
world knowledge in limnology related to tropical ecosystems in four main fields:

	 1.	The relationship between the seasonal cycle, the nictemeral cycle, 
and the influence of biomass on these cycles, especially in shallow 
lakes such as Lake George (Viner and Smith 1973, Ganf and Horne 
1975, Talling 1992)

	 2.	Mechanisms of adaptations to desiccation and high salinity (Melack 
1984, 1988)
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	 3.	The interactions of primary producers, invertebrates, and verte-
brates in the food chain (McLachlan 1969, 1975)

	 4.	The evolutionary processes in isolated systems and the cichlid fish 
species flocks Meyer et al. (1994, 1996) and Lowe-McConnell (1987)

Comparative studies of the Great Valley lakes, other African great lakes, and 
temperate lakes were carried out by Talling and Talling (1965), Talling (1986), 
and Lemoalle (1981, 1983).

These studies concluded that despite the higher photosynthetic rate and 
production of organic matter by these tropical lakes in comparison with tem-
perate lakes, the respiration rates of the biomass and the decomposition of 
organic matter dissipates the accumulated carbon in the food chain (Talling 
and Talling 1965). The studies on shallow African lakes such as Lake George 
improved very much the knowledge about the cycles of organic matter 
and nutrients in tropical shallow freshwater ecosystems. There is a high 
rate of primary production (gross primary production) a low net primary 
production and a very rapid exchange of nutrients between the sediment 
and the water promoting a fast recycling of nutrients (Ganf 1975, Ganf and 
Horne  1975). The seasonal variation is small. Of high importance are the 
short cuts in the food chain; the consumption of phytoplankton by large 
populations of the cichlid fishes is a characteristic of this lake. Lake George 
has small fluctuations in biomass and a high rate of production with little 
variation throughout the seasonal cycle (Beadle 1981).

Intensive limnological studies carried out in the deep lakes of the Rift 
Valley such as Lake Taganyika (Coulter 1991), Lake Malawi (Beadle 1981), 
and other deep lakes including Lake Victoria (Talling 1966) describe the pat-
tern of stratification and circulation, the nutrient cycles, and the diversity of 
invertebrates and fish fauna. These were fundamental research works that 
detailed the physical interactions (diurnal and annual levels of temperature 
and density stratification), physical–chemical interactions, for example, wind 
stress and circulation, and nutrient cycles, and the coupling between envi-
ronmental–biological factors, such as the effects of water level fluctuations on 
the response of the biota to desiccation, seasonal cycles, and lunar–biological 
cycles (Talling and Lemonalle 1998).

Biological interactions such as patterns of biomass abundance and com-
petition, predator–prey relationships, and food chain relationships were 
described by Burgis (1978).

Other studies in Africa lakes include Lake Chilwa, a shallow saline lake 
located to the east of the main Rift Valley, at an altitude of 622 m above sea 
level and with an area of 678 km2. The open area of the lake is surrounded 
by almost 600 km2 of swamps and marshes (Kalk et al. 1979). The basin of 
Lake Chilwa covers an area of 7500 km2. The water level of the lake fluctuates 
annually by 0.8–1.0 m but larger fluctuations may occur in periods of 6 and 
12 years (2–3 m). The water level can drop drastically during some years, 



141Tropical Freshwater Ecosystems

and the lake can even dry up. The main cause of changes on lake level is 
variation of rainfall over the catchment confirming the hydrological factor 
as one fundamental forcing function for this and other African lakes includ-
ing Lake Malawi, Lake Naivasha, and Lake Chad. The water level changes 
have, as a consequence, changes in the chemical composition of the water, 
conductivity (McLachlan 1979), and proportions of the major ions. Changes 
in the zooplankton composition during periods of low water level and dur-
ing the drying and filling of the lake were observed and also of the benthic 
invertebrates (McLachlan 1979).

Fisheries also changed during the several periods of drying, dryness, fill-
ing, and normal water level of the Lake Chilwa (Furse et al. 1979). Thus, the 
fishery in this lake offers an economically unstable environment due to the 
water level fluctuations and the changes in the ecological conditions. An 
overview of the limnological functioning of the lake was produced by Moss 
(1979). Focus on social problems was summarized by Kalk et al. (1979).

Of the great lakes of the African Rift Valley, Lake Tanganyika was studied 
in detail; Lake Tanganyika is a meromitic lake with a well-marked stratifi-
cation. The lake has an area of 650 km2, a mean width of 50 km, and aver-
age depths of 570 m and maximum depth of 1470 m. Physical limnology, 
water chemistry, and primary productivity was studied. The studies on 
the pelagic fish fauna showed a simple grazing community (Hecky 1984). 
The recycling of fixed carbon from the sediments or the upper strata of the 
metalimnion could be a carbon and nutrient source that maintain a higher 
productivity. Recycling of the nutrients in the epilimnion by excretion of 
zooplankton and pelagic fishes could be another source of reduced inorganic 
substances. Hecky et al. (1991) discusses also that the high productivity of 
Lake Targanyika is due to the marine origin of the food chain—copepods 
and clupeidae. This trophic structure accordingly to Hecky et al. (1991) is 
similar to marine systems. This author considers that the pelagic community 
has emerged in Lake Targanyika due to the special hydrography and circula-
tion and the internal cycling of nutrients. The tropical seasonality enforces 
competition in the pelagic compartment and colonization of clupeids and 
centropomids; Stolothrissa and Limnothrissa are clupeid species that evolved 
probably from a common ancestor (Coulter 1991). They are important com-
ponents of the food chain of the lake and major source of protein for the 
human population.

Another well studied African lake is Lake Chad (Figure 7.15).
Carmouze et al. (1983) described in detail the lacustrine environment 

and its evolution, the communities of the lake, the adaptations to water 
level fluctuations, and the trophic relationships. The lacustrine basin has 
a temporary region of 25,000 km2 and the mean depth of the lake is 4 m. 
Oscillations in the water level produce variation in the water area with 
profound changes in the lacustrine zones in space and time. Fluctuations 
caused a change of the area from 25,000 km2 in 1964 to 9,000 km2 in 1974 
(Carmouze et al. 1983a).
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The water level fluctuation resulted in hydrochemical modifications. Also 
the influence of the biological activity in the nutrient and ionic composition 
of the water was demonstrated. For example, the rate of Ca liberation was 
indicated by the percentage of dead shells/live shells with the water level 
fluctuation (Lévêque 1973a,b).

Macrophytes also had a strong influence on the biogeochemical cycles of 
K+, Ca++, Mg++, Na+, and SiO4H4. When considering its endorheic nature and 
the arid environment, Lake Chad should be a lake of high salinity. However, 
as pointed out by Carmouze et al. (1983b), this is not the case due to

•	 Inflowing river’s salinity, which is low
•	 The mollusks and macrophyte contribution to the sedimentation 

and fixation of Ca, Mg, and HCO3/Co3, which is high
•	 The deposition/redissolution of salt deposits in marginal regions 

during water level fluctuations that regulates the salinity, which is 
relatively stable

FIGURE 7.15
Satellite image of Lake Chad. (From Carmouze, J.P. et al., Physical and chemical characteris-
tics of the waters, in: Carmouze, J.P., Durand, J.R., and Lévêque, C. (Eds.), Lake Chad. Ecology 
and Productivity of a Shallow Tropical Ecosystem, Monographiae Biologicae, Vol. 53, W. Junk 
Publishers, The Hague, the Netherlands, pp. 65–94, 1983; NASA.)
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Changes in primary production of phytoplankton and macrophytes with 
the water level fluctuations, modifications in the lacustrine hydrology that 
caused disturbances in the fish communities, and fish stocks.

The mains conclusions about Lake Chad is that it is an ecosystem where 
most of the trophic levels (phytoplankton, macrophytes, benthos, and fish) 
are well represented and the decomposition of organic matter with a fast 
recycling of nutrients is one of the main explanation of the richness of the 
ecosystem. The bird fauna has also an impact in the lacustrine ecosystem 
(Dejoux 1983). Despite the strong changes in the hydrological cycle and 
on the hydrochemical cycle there is a high plasticity of the flora and fauna 
allowing for a high productivity.

The fish fauna of the African lakes and rivers was studied in detail 
by several specialists (Lévêque et al. 1988). The studies of the evolution, 
speciation, and distribution of freshwater fishes were carried out on the 
Great African lakes and in other aquatic systems. Africa has 2000 known 
species of freshwater fishes. African rivers and swamps are ecosystems 
with a large group of archaic and phyllogenetically isolated fish groups, 
mostly endemic. The most evident examples of adaptive radiation espe-
cially among the cichlid fishes (Lowe-McConnell 1988) can be found in the 
African lakes. There is a high degree of endemism in Africa and this occurs 
among the less advanced fishes. Africa is the only continental area where 
cypriniformes, characiformes, and siluriformes occur. The importance of 
Ciclids in African lakes is high as well as the characoids and cyprimids in 
rivers (Lowe McConnell 1969).

Lowe-McConnell (1988) summarizes the fish fauna of African rivers and 
lakes as

	 1.	Endemic families that evolved in the African continent only
	 2.	Components shared with South America—an evidence of a common 

origin (Gondwanaland)
	 3.	Components shared with the Oriental region
	 4.	Marine immigrants from which freshwater species have evolved
	 5.	Remnants of archaic components with wide distribution in 

Africa and with relatives in South America, Australia, and 
Southeast Asia

The responses of the African freshwater fish faunas to environmental condi-
tions are related to

	 1.	Water level fluctuation
	 2.	Mains sources of floods
	 3.	Deoxygenation
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	 4.	 Interactions between types of fishes and their relationship with the 
environments

	 5.	 Ionic concentration (higher in lakes than in rivers), patterns of strati-
fication and deoxygenation in lakes, and turbidity (higher in rivers 
than in lakes)

Other studies in tropical lakes (Rzoska 1976) of interest studies on lakes and 
swamps related to the River Nile and watersheds were carried out Lake 
Tana (Source of the Nile); nilotic lakes of the western rift, Lake Turkana; 
these studies are covered in Dumont (2009), who also made an extensive 
review of River Nile, its environment, limnology and human use (see also 
Chapter 4).

The impacts on African lakes can be described as (Crul 1997)

	 1.	Water pollution and contamination
	 2.	Excessive water uses
	 3.	Deforestation
	 4.	 Introduction of exotic species
	 5.	Water conflicts on international water basins
	 6.	Reservoir construction
	 7.	 Impacts of climatic change
	 8.	Competitive uses of water

7.3 � Floodplains and Wetlands in Asia

The floodplains and wetlands associated with large rivers in Asia play an 
important ecological and social role. The fluctuations in discharge related to 
the seasonal monsoon, produce oscillations of abundant water availability 
and water scarcity. The Indus, Ganges, and Brahmaputra rivers have flood-
plains of high importance for human life since they are used for several 
purposes as fisheries, water for irrigation, and extensive exploitation of the 
biodiversity of these areas (Dudgeon 2000).

The Indochinese peninsula has more than 930 species of fishes. The 
Mekong basin supports over 500 species (Welcomme 1979).

The floodplains and wetlands of Asia can be easily converted to agricul-
tural land after draining. The riverine habitats host a diversity of mammal 
species especially in China, India, and Indonesia. Arboreal animals such as 
primates, inhabit riparian forests and swamp forests (Dudgeon 2000).

Of special importance in Asia are the coastal wetlands with a large fringe of 
mangrove trees and a high biodiversity (Welcomme 1979). These mangrove 
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regions are important sites for fish and crustaceans biodiversity and also 
macroinvertebrates.

Figure 7.16 shows the location of major floodplains in Asia.
The riverine wetlands and floodplains of Asia are threatened by deforesta-

tion, timber extraction, drainage and agricultural conversion, and hydroelec-
tricity production by dam construction. In Indonesia and Malaysia, only 20% 
of the original wetlands remained. One of the most important sites protected 
since 1995 is Tasek–Bera a relict of a once well-developed extensive riparian 
inundation system in southeast Asia (Furtado and Mori 1982).

7.4 � Tropical Freshwater Environments

Tropical freshwater ecosystems are as pointed out by Talling and Lemoalle 
(1998) influenced by the strong solar radiation input that is fundamental for 
the temperature regime, and the photoperiod that is limited in its seasonal 
range. The hydrological control of tropical seasonality influences discharges 
and fluctuations in water level which are important forcing functions. This 
hydrological control is a result of air masses circulation with a seasonal pat-
tern of wind and rainfall. The same authors, Talling and Lemoalle (1998) 
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FIGURE 7.16
Floodplains of Asia. (From Welcomme, R.L., Fisheries Ecology of Floodplain Rivers, Longman, 
London, U.K., 317pp., 1979.)
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emphasize that controlling processes for the tropical freshwater environ-
ment are climatic, geological, and biological. The higher water temperature 
of tropical lakes renders high stability of the standing water with a longer 
stratification period for well sheltered lakes with little influence of wind 
action (Tundisi and Saijo 1997). Advection water due to rainfall can contrib-
ute also to stabilization of water columns due to differences in density of the 
entrained water (Tundisi 1997).

Temperature depth profiles show stratification patterns followed by dis-
solved oxygen and chemical periods of thermal continuities. This chemical 
stratification is also followed by biological organization patterns as shown 
by Reynolds et al. (1983). Daily changes or day to day changes in the patterns 
of thermal structure were shown for Lewis (1973), MacIntyre and Melack 
(1988, 1995) and for reservoirs (Barbosa and Tundisi 1989, Tundisi 1992).

The geologic influence is a consequence of the contribution of rock and soil 
composition. Many tropical regions are subjected to chemical weathering 
and water leaching of rock masses; this results in waters of low conductiv-
ity with the ion Na+ being dominant in many freshwaters of the tropics. 
However, the mineral products of weathering are influenced by the geologi-
cal composition, rock types, and water discharge (Barbosa et al. 1989).

Weathering of siliceous rock results in soluble silicon and high sodium ion 
concentrations. Carbonated rocks result in more alkaline waters (Gibbs 1970, 
Forsberg 1984, Junk 1986, Junk and Welcomme 1990, Furch and Junk 1997).

The biological component of tropical freshwater ecosystem has a very 
high qualitative and quantitative influence in the water chemistry composi-
tion of lakes, reservoirs, shallow wetlands. The high photosynthetic rates of 
primary producers and the high respiration and decomposition rates of the 
aquatic biota in tropical freshwater influence the cycle and biogeochemistry 
of carbon, nitrogen, phosphorus, and ions such as sodium, potassium, calcium, and 
magnesium (Burgis 1972, 1986, Ganf 1972, 1974, Ganf and Viner 1973, Ganf and 
Horne 1975, Junk 1986, Talling and Lemoalle 1998).

The tropical freshwater ecosystems have three main characteristics (Talling 
andLemoalle 1998): absolute magnitudes of environmental factors, time variabil-
ity of environmental factors, and the responses of the biota (Lewis 1990, Lewis 
et al. 1995, Loffler 1964, Mercante et al. 2011, Scheffer 1998, Schimdt 1970, Straskraba 
et al. 1993, Talling 1956, 1977, Tundisi 1983, Tundisi et al. 1994, 1995, 1997, 2008).

Evidence from the patterns of regularity of the factors with some short time 
irregularities arise from several studies in tropical and subtropical lakes and res-
ervoirs; see (Talling 1956, 1963, 1969, 1986, 1987, 1976, Loffler 1964, Schimdt 1970, 
Burgis and Walker 1972, Burgis 1974, Melack 1982, 1988, 1996, Carmouze et al. 1983, 
Tundisi 1983, Lewis 1984, 1987, 1995, Sioli 1984, Forsberg et al. 1988, Lewis 1990,  
Melack and MacIntyre 1992, Straskraba et al. 1993, Tundisi et al. 1994, 1995, 1997, 
2008, Lewis et al. 1995, Tundisi and Saijo 1997 , Scheffer 1998, Mercante et al. 2011).

According to Dumont (1992), the factors that limit and control the distribution 
and structure of communities in the shallow African lakes are geology, water level 
fluctuation, climate (rainfall/evaporation/wind/air–water temperature), water 
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chemistry and influence of sediments, osmotic regulation, and balance competi-
tion/predation. One of the mains attributes of aquatic fauna and flora of shallow 
African lakes is the adaptation to desiccation and high conductivity/salinity. The 
“Floodplain Declaration” prepared during the Ecohydrological meeting at the 
Center of UNESCO, in Poland (Lodz), was described in Zaleswki (2008).
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8
Freshwater Temperate Lakes and Reservoirs

8.1 � Introduction

The development of limnology in the last 100 years is due undoubtedly to 
extensive studies of lakes, wetlands, estuaries, and reservoirs in temperate 
zones. Only in the second half of the twentieth century, tropical limnology 
contributed significantly to improve the conceptual basis of limnology. Many 
lake districts of temperate zones have been formed and modified by gla-
cial action. Comparative studies in lake districts in temperate regions have 
developed many principles and mechanisms of the lake ecosystem func-
tioning (Horne and Goldman 1994, Tundisi and Matsumura Tundisi 2011). 
Comparative studies in different lakes within the same geographical region 
are an important conceptual route to advance limnological knowledge. If the 
lakes are situated in regions with similar climate, soil, vegetation, geomor-
phological setup, comparison can be made in relation to the biogeochemical 
cycles, the composition of the aquatic biota, the introduction of a fish species, 
or the impact of pollution in a particular lake of a lake district. Therefore, 
by developing regional limnology in temperate lakes, several new concepts 
were proposed by different authors. A sequence of some contributions is 
shown in Table 8.1.

Scientists were associated with each lake district in temperate regions. In 
the lake district of the English lakes, Macan, Lund, Reynolds, and Talling 
are well-known names. In the German and Austrian lakes, Ruttner and 
Ohle were the names associated with the lake comparative studies. Birge 
and Juday studied Wisconsin lakes, Welch and Eggleton, Michigan lakes. 
Goldman dedicated intensive studies to Lake Tahoe. Beadle and Talling 
studied east African lakes; Rawson studied Canadian lakes; and Schindler 
created the Experimental Lakes Area in Canada (Macan 1970, Schelske and 
Roth 1973, Vollenweider 1976, Likens 1992, Schindler et al. 2008).

In Japan, several studies were developed by Yoshimura (1938), Mori and 
Yamamoto (1975), and Matsuyama (1978).
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8.2 � English Lake District

The 18 lakes of the English Lake District were intensively studied and a 
synthesis of the research was described in Macan (1970), Lund (1971, 1979), 
Walsby and Reynolds (1980), and many other authors. Most of the lakes are 
monomictic; some lakes are polymictic and few lakes are dimictic. The lakes 
have a wide variety of physical, chemical, and biological conditions that are 
summarized in Table 8.2.

One important feature described in the studies in the English Lake District 
is the stratification and the circulation process and the phytoplankton that 
develops with these processes. The comparative studies ranked the lakes by 
an eutrophication classification as oligotrophic, mesotrophic, and eutrophic. 
The biological studies focused on the phytoplankton composition and suc-
cession (Reynolds 1997), the bottom fauna and studies of groups of benthic 
organisms (Macan 1970), the indicator species of bottom organisms, and the 
fish fauna and fisheries. The mentioned topics are all examples of approaches 
on how to do research in a lake district and how to contribute significantly to 
comparative studies. One of these studies by Talling (1965a,b, 1966) compared 
the productivity of phytoplankton and the seasonal cycle between Lake 
Victoria in Africa (of tectonic origin) and Lake Windermere (of glacial origin) 
in the English Lake District. Victoria has higher primary production (950 g 
C/m2 year) as compared to Lake Windermere (20 g C/m2 year). This is prob-
ably due to an extensive solar radiation in Lake Victoria, higher temperature 

TABLE 8.1

Main Developments and Conceptual Advances in Limnology Promoted by Studies 
in Freshwater Temperate Lakes

Forel (1901)—Physical classification based on thermal structure of lakes
Birge and Juday (1911)—Chemical classification based on thermal structure and dissolved oxygen
Chemical and zoological classification based on the sediment biota. Classification based on 
organic matter in the sediment

Yoshimura (1938)—Comparative analysis of dissolved oxygen and thermal structure in lakes 
of Japan

Mortimer (1941)—Lake circulation and sediment—water interactions
Lindeman (1942)—Trophic dynamic theory applied to lakes
Odum (1956)—Development of techniques to measure river metabolism
Margalef (1958)—Introduction of the information theory in the phytoplankton succession
Vollenweider (1965)—Concept of load to lakes and reservoirs. Advances in eutrophication studies
Likens and Borman (1974)—The watershed as a unit of study
Imberger (1994)—The hydrodynamics of lakes
Reynolds (1997)—Phytoplankton succession temporal scales
Jørgensen and Svirezhev (2004)—A thermodynamic theory for ecological systems. 
The concept of exergy applied as ecological indicator
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(10°C–12°C higher) in Lake Victoria than in Lake Windermere, and a deeper 
euphotic zone in the African lake as compared with Windermere.

Figure 8.1 shows the geography of the lakes in the English Lake District.

8.3 � Laurentian Great Lakes in North America

The five lakes—Lake Superior, Lake Huron, Michigan, Erie, and Ontario, 
together represent the greatest volume of freshwater on Planet Earth, slightly 
more than the volume of Lake Baikal.

Their age is approximately 10,000 years and the retention time of Lakes 
Superior and Michigan is around 200 and 100 years, respectively. The chemi-
cal composition of the water of the Great Lakes is shown in Table 8.3. The Great 
Lakes are monomictic and their seasonal cycle is similar to smaller lakes 
in temperate regions: a summer circulation with growth of phytoplankton 

Loweswater

Crummock water
Buttermere

Bassenthwaite lake

Ullswater

Haweswater

Derwent water

	irimere

BrotherswaterEnnerdale water

Grasmere

Elterwater

Rydal water

Windermere
Blelham tarn

Esthwaite
water

Coniston water

0 2 4 6 8 10 km

Wastwater

FIGURE 8.1
Lakes of the English lake District. (From Lund, J.W.G., Investigations on Phytoplankton with 
Special Reference to Water Usage, Freshwater Biological Association, Ambleside, U.K., Occasional 
Publication 13, pp. 5–56, 1981.)
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limited by phosphorus and silicon, dominance of phytoplankton by diatoms, 
such as Fragilaria, Tabellaria, Aulacoseira, Asterionella; in some areas subjected 
to eutrophication such as in Lake Erie phytoplankton blooms of cyanobacte-
ria such as Anabaena, Microcystis, Aphanizomenon are common.

The lakes are influenced by their watersheds; therefore, they may undergo 
a slow process of eutrophication. Figure 8.2 shows the changes and progres-
sion of total dissolved solids in 100 years (Beeton 1969).

8.4 � Japanese Lakes

The classical work of Yoshimura (1938) the contribution of Japan to IBP 
(Mori and Yamamoto 1975), and the studies in Lake Biwa (Nakamura and 
Nakagima 2002) are other fundamental studies in lakes of the temper-
ate regions. In Lake Biwa, the control of eutrophication as compared with 
land use (Figure 8.3) is an important contribution to understand the pro-
cess of eutrophication in a large lake surrounded by urban area. It also is 
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FIGURE 8.2
The evolution of total dissolved solids in the Great Lakes for a period of 100 years.
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Land use (1965) Land use (1994)

Vegetation pro	le (1995)

Paddy 	eld

Open water
Natural forest
Secondary forest (broad-leaved forest)
Secondary forest (pine forest)
Conifer plantation/bamboo forest
Scrub
Grass and swamp
Dray 	eld (included golf course)
Wet paddy 	eld
Residential area

Dry 	eld
Urban area
Forest
Golf course
Swamp and glassy place
Lake and inside lake
Others, wasteland, etc.

0 10 120 km

N

FIGURE 8.3
(See color insert.) Changes in vegetation cover and land use in the Lake Biwa Watershed. (From 
LBRI, Lake Biwa Study Monographs, Lake Biwa Research Institute, Otsu, Japan, 118pp, 1984.)
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an example of eutrophication control and abatement due to application of 
technology and comprehensive and profound limnological and ecological 
studies. The eutrophication of Lake Biwa has been at almost the same level 
from about 1980 to about 2005 due to massive investments in wastewater 
treatment. The eutrophication has not been reduced because the abatement 
of nonpoint sources was not considered sufficiently. In the last 5 years or 
more, the abatement of the agricultural nutrient pollution has grown consid-
erably and at least a minor reduction in the eutrophication is expected in the 
coming years due to construction and restoration of wetlands for removal of 
nonpoint pollution nutrients.

Long-term changes in river water quality were monitored (Azuma and 
Okubo 2002), nutrient influx from ground water was determined and the 
loads of phosphorus and nitrogen from point and nonpoint sources were 
studied. Furthermore, bioassay tests in river water were carried out. The bio-
assay tests in river water were performed with both phytoplankton and zoo-
plankton (Okubo et al. 1998). One important study was the large-scale surface 
vortices determination that showed how the water masses were distributed 
in the lake and influenced the water quality. The overall mass balance for 
Lake Biwa for phosphorus and nitrogen is shown in Figure 8.4 (Somiya 2000).

Amount of atmospheric input
directly to the lake (t/year):

TN: 5,387,    TP: 192
Amount of atmospheric
inputs on land (t/year)

TN: 944,    TP: 54

Amount �owing in
(t/year):

TN: 6,586,    TP: 1,157

Amount settled and otherwise
unaccounted for (t/year):

TN: 3,949,    TP: 1,034

Amount discharged
(t/year):

TN: 2,908,    TP: 124

Amount contained
in lake (t):

TN: 11,200,    TP: 274

FIGURE 8.4
Total nitrogen (TN) and total phosphorus (TP) mass balance of Lake Biwa (simplified version 
of a diagram presented by Fujii and Somiya. (From Somiya, I., Lake Biwa, Its Environmental and 
Water Quality Formation, Gihodo Co., Tokyo, Japan (in Japanese), p. 165, 2000.)
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The work of Yoshimura (1938) is a classical contribution to the study of 
freshwater lakes of Japan, in relation to biological productivities and ther-
mal condition. Approximately 200 freshwater and brackish water lakes were 
studied. Vertical profiles of dissolved oxygen and water temperature were 
obtained considering oligotrophic, mesotrophic, and eutrophic lakes. Lakes 
sampled ranged from temperate to subtropical regions. Some meromic-
tic lakes were studied in seasonal cycle. The work of Yoshimura (1938) can 
be considered a fundamental study of temperate lakes with a comparative 
approach and by utilizing only two state variables: water temperature and 
dissolved oxygen. The vertical profiles in each lake enabled the author to 
compare the freshwater ecosystems and their characteristic.

8.5 � Reservoirs in Temperate Regions

Several studies in reservoirs of temperate regions were developed in order 
to understand these artificial ecosystems (Straskraba et al. 1993, Jørgensen 
et al. 2005). The contributions promoted conceptual advances and provided 
many alternatives for a proper integrated management. The important role 
of retention time to control water quality of the reservoir, the design of the 
level of outlets to remove water of undesirable quality downstream and the 
knowledge of patterns of circulation provided a basis for interventions and 
control of the water quality of the reservoirs. Equally important was the inte-
gration of watershed management with the reservoir management (Kennedy 
1999, Kennedy et al. 2003).

The intensive studies on Rimov reservoir (Czech Republic) with several 
years of monitoring provided detailed observations on the spring overturn 
of the reservoir. The conclusion is that aging is not only a consequence of the 
increasing load from the watershed but is also due to the changes in biotic 
interactions, development of fresh populations (Straskraba et al. 1993), and 
changes in the organization of tropic relationships. In addition, the micro-
bial food chain was intensively studied (Straskraba 1994, Masin et al. 2003). 
Moreover, studies of biomanipulation of the reservoir as a possible control 
mechanism were also intensively carried out (Hejzlar 1989). Other studies in 
temperate reservoirs were developed in Spain (Margalef et al. 1976). A com-
parative study of 100 reservoirs was developed and provided an important 
conceptual basis for management (Armengol et al. 1999). Important studies 
were also performed in the London drinking water reservoirs (Duncan 1975, 
Straskraba et al. 1993).

The studies of freshwater lakes and reservoirs in temperate regions have 
been fundamental to the development of limnological knowledge but have 
also contributed intensively to improved management strategies of the natu-
ral and artificial freshwater ecosystems in general (Vollenweider 1965, 1975, 1976). 
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This work stimulated again comparative studies of lakes and reservoirs of 
tropical, subtropical, and arctic regions, which enhanced the theoretical 
knowledge. The results were major conceptual advances in the understand-
ing of the functioning of lakes and reservoirs (Walsby and Reynolds 1980). 
Improvement of management technology benefitted from these advances too. 
The studies of temperate freshwater ecosystems were furthermore important 
as major contributions to theoretical ecology. Problems such as succession 
of primary producers; food chain interactions; and climatological, hydro-
logical, and biological responses of ecosystems were solved by these stud-
ies (Talling 1957, 1971, Lund et al. 1971, Lund 1972a,b, 1979). The long-term 
research developed intensively in some watersheds (Likens 1992) or lakes 
(Horne and Goldman 1994) was also fundamental to promote observational 
references that are and will be extremely useful to face and understand cli-
matic changes in the future (Kumagai and Vincent 2003).
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9
Application of the Conservation Principles

9.1 � Mass Conservation: An Important Basic Principle

According to the law of mass conservation, mass can neither be created nor 
destroyed but only transformed from one form to another. Thus everything 
must go somewhere. The notion of cleaning up the environment or pollution-
free products is a scientific absurdity. We can never avoid pollution effects. 
Nobody—neither man nor nature—consumes anything; we only borrow 
some of the earth’s resources for a while, extract them from the earth, trans-
port them to another part of the planet, process them, use them, and discard, 
reuse, or reformulate them (Cloud 1971). These principles are applied again 
and again in environmental management of aquatic ecosystems.

The law of mass conservation assumes that no transformation of mass into 
energy takes place, which, however, is possible in accordance with Einstein 
as follows:

	 E mc2= 	 (9.1)

	 c 3 1 m/s8= × 0

The transformation from energy to mass or from mass to energy, however, 
does not take place in the environment but only by nuclear processes, which 
are very minor in nature.

If we consider a system that exchanges mass with the environment, then 
the following equation is valid for an element or a chemical compound, c:

	

dm
dt 

= import export result of chemical reactionsc − ± 	 (9.2)

where mc is the mass of c in the system. It is possible to compute concentra-
tions, c = mc/V, where V is the volume, in ecosystems by use of Equation 9.2.

Mass is conserved; it can be neither created nor destroyed, but only transformed 
from one form to another.
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The form and location is of great importance for the effect of pollutants. 
We should always attempt to discharge our waste in such a way that the 
change in concentration of the most harmful forms becomes as low as possi-
ble. It is therefore noticeable that the four spheres have a completely different 
composition, as demonstrated for copper in Table 9.1. Waste should gener-
ally be discharged in the sphere where the concentration would be changed 
least by the discharge. It is also possible to get a first rough idea about the 
impact by a comparison of the actual concentration in an ecosystem with the 
background concentration. If the difference between the two concentrations 
is minor, there is a high probability that the discharge is harmless, while a 
major difference could indicate that the discharge is harmful.

Let us take a concrete example to illustrate these considerations: where 
should waste containing copper be deposited? To answer this question we 
need more information than that available in Table 9.1, although this table 
indicates that the highest concentration of copper is in the lithosphere.

Therefore, we can assume that the discharge of copper to the lithosphere will 
produce the smallest change in copper concentration of the four spheres, but we 
need to know something about the effect of copper in its different forms, because 
the different forms have different availability. For instance, the availability is 
very low of copper ions adsorbed to various forms of sediment and soil. Copper 
complexes are also generally less available and toxic to most organisms. The tox-
icity is in this context expressed, for instance, by the LC-value. Free copper ions 
are, however, extremely toxic to some aquatic plants and animals; see Table 9.2. 
Furthermore, free copper ions are bound to soil and sediments, which means 
that the most toxic form, free copper ions, often are present in the environment 
in low concentrations. Copper complexes are also less toxic to, for instance, phy-
toplankton than the free copper ions. It has been found that the lehtal concen-
tration killing 50% of the test animals (LC50) value for phytoplankton toward 
copper is 5–10 times higher at a water hardness of about 200 mg/L than at a 
water hardness of 15 mg/L, which can be explained by the higher extent of com-
plex formation at higher hardness (Jørgensen 2000). A waste deposition site is, 
in the first instance, therefore selected in the sphere where the relative change 
in concentration is smallest. Furthermore, it is necessary to compare the form 

TABLE 9.1

Cu-Concentrations (Characteristic)

Item Sphere Represented Concentration

Atmospheric particulates 
(unpolluted area)

Atmosphere 2 mg/m3

Seawater (unpolluted) Hydrosphere 2 μg/L
River water Hydrosphere 10 μg/L
Soil Lithosphere 20 mg/kg
Freshwater sediment Lithosphere 40 mg/kg
Algae Biosphere 20–200 μg/L
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and the processes of the waste in the four spheres and consider this information 
for the deposition site specifically. The conclusion is that it is necessary to make 
the necessary chemical calculation of the concentration of the various forms of 
copper compounds; see Chapters 10 and 11, where the methods are presented.

Cadmium forms complexes with one, two, three, or four chlorine ions. 
These complexes are less toxic than the free cadmium ions due to differences 
in availability, and it is therefore of importance to determine the concentra-
tions of the free cadmium ions and the cadmium chloro -complexes when 
cadmium is discharged, for instance, to a marine environment with a certain 
chlorine ion concentration. The relevant aquatic chemical calculations are 
shown in Chapters 10 and 11.

We can collect garbage and remove solid waste from sewage, but they must 
be burned, which causes air pollution; dumped into rivers, lakes, and oceans, 
which causes water pollution; or deposited on land, which will cause soil pol-
lution. The management problem is not solved before the final deposit site for 
the waste is selected. Furthermore, environmental management requires that 
all consequences of environmental technology be considered. Eliminating 
one form of pollution can create a new form, as described previously.

Finally, as the production of machinery and chemicals for environmental 
technology may also cause pollution, the entire mass balance must be con-
sidered in environmental management, including deposit of waste products 
and pollution from service industries. This problem can be illustrated by 
considering, as an example, the Lake Tahoe wastewater plant, where munici-
pal wastewater is treated through several steps to produce a very high water 
quality. The conclusion is that it hardly pays, from an environmental point of 
view, to make such comprehensive wastewater treatment. A total solution to an 
environmental problem implies that all environmental consequences are considered by 
use of a total mass balance, including all wastes produced and the service industries.

It is important to recognize that complete elimination of pollution is an 
unachievable goal. The task is to balance the cost of environmental degrada-
tion with the cost required to control that degradation. It is, however, gen-
erally much more difficult to identify and assess the costs associated with 
uncontrolled pollution or environmental degradation. Costs of pollution 

TABLE 9.2

Lethal Concentrations of Copper Ions (LC50-Values) 
and Lethal Doses of Copper (LD50-Values)

Species Values

Asellus meridianus LC50
a = 1.7–1.9 mg/L

Daphnia magna LC50
a = 9.8 μg/L

Salmo gairdneri LC50
a = 0.1–0.3 mg/L

Rats LC50
a = 300 mg/(kg body weight) (as sulfate)

a	 Dependent on pH, temperature, water hardness, and other experi-
mental conditions.
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should include increased medical costs for sensitive people and loss of 
resources, but reduction in the quality of life and long-term environmental 
effects are difficult to estimate.

Typically, most of the pollution from a particular source may be controlled 
relatively inexpensively up to a certain efficiency. Figure 9.1 shows the rela-
tion between the degree of purification (in this case removal of organic matter, 
measured by its consumption of oxygen over a period of 5 days) (in %) and 
the cost of treatment. Increasing the efficiency of the treatment toward 100% 
may produce exponential growth of the treatment costs. As the number of 
possible forms of by-product pollution often follows the trend of the cost, 
the same relation might exist between the environmental side effects and the 
percent reduction of pollution. Consequently, our problem is not the elimina-
tion of pollution, but its control. There exists, at least in principle, a minimum 
total cost for any activity as illustrated in Figure 9.2. A desirable goal for an 
environmental manager is to define that minimum cost.

Technology is essential in helping us to reduce pollution levels below a dan-
gerous level, but in the long term pollution control must also include population 
control and control of the technology including its pattern of production and con-
sumption. Wise use of existing technology can buy us some time to develop new 
methods, but the time we can buy is limited. The so-called energy crises are the 
best demonstration of the need for new and far more advanced technology: to pro-
vide energy by alternative and new methods based on renewable sources. We do 
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FIGURE 9.1
Relation between removal of biological oxygen demand measured during a period of 5 days  
(BOD5) (%) and the cost per kg BOD5 removed from typical industrial water with a high con-
centration of biodegradable material. BOD5 expresses the concentration of organic matter mea-
sured by the oxygen demand. (From Jørgensen, S.E., Principles of Pollution Abatement, Elsevier, 
Amsterdam, the Netherlands, 520pp., 2000.)
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not know how much time we have—probably 30–60 years—so we had better get 
started now to make sure, we have the solution to man’s many serious problems 
in time. The increasing cost of treatment with efficiency (Figure 9.1) must be taken 
into account in urban planning. If it is decided to maintain environmental qual-
ity, increased urbanization (which means increased amounts of wastes from an 
increasing urban population) will require higher treatment efficiency, which leads 
to a higher cost for waste treatment per inhabitant or per kg of waste. This fact ren-
ders the solution of environmental problems of metropolitan areas in many devel-
oping countries economically almost prohibitive. The more waste that is required to 
treat in a given area, the higher the treatment efficiency that is needed and the higher the 
costs per kg of waste will be to maintain an acceptable environmental quality.

9.2 � Threshold Levels

It is important to recognize that there are both natural and man-generated 
pollutants. Of course, the fact that nature is polluting does not justify the 
extra addition of such pollutants by man, as this might result in the thresh-
old level being reached.

In general, we can classify pollutants into two groups (Jørgensen 2000):

	 1.	Nonthreshold or gradual agents, which are potentially harmful in 
almost any amount

	 2.	Threshold agents, which have a harmful effect only above or below 
some concentration or threshold level

This classification is illustrated in Figure 9.3.

3

1

2 1

2
3

Pollution level

3

Co
st

s

FIGURE 9.2
Cost of pollution versus pollution level. Curve 1 shows the cost of pollution control, Curve 2 
presents the cost associated with pollution and environmental degradation, and Curve 3 is the 
sum of the two costs.
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For the latter class, we come closer to the limit of tolerance for each 
increase or decrease in concentration, until, finally, like the last straw that 
broke the camel’s back, the threshold is crossed. For non-threshold agents, 
which include several types of radiation, many man-made organic chemi-
cals, which do not exist in nature, and some heavy metals such as mercury, 
lead, and cadmium, for which there is no theoretically safe level.

Threshold agents include various nutrients, such as phosphorus, nitrogen, 
silica, carbon, vitamins, and minerals (calcium, iron, zinc, etc.). When they are 
added or taken in excess, the organism or the ecosystem can be over stimu-
lated, and the ecological balance is damaged. Examples are the eutrophication 
of lakes, streams, and estuaries from fertilizer runoff or municipal wastewater. 
The threshold level and the type and extent of damage vary widely with differ-
ent organisms and stresses. The thresholds for some pollutants may be quite 
high, while for others they may be as low as 1 part per million (1 ppm—aquatic 
chemistry ppm is most often used to cover mg/L) or even 1 part per billion 
(1 ppb, in aquatic chemistry covering 1 μg/L). The threshold level is closely related 
to the concentration found in nature under normal environmental conditions.

9.3 � Steady State and Equilibrium

When the mass conservation principles are applied to find unknown con-
centrations or amounts in various environmental compartments, it is conve-
nient to distinguish between (thermodynamic equilibrium) and steady state. 
The latter means “unchanging with time,” that is, all time derivates are zero. 
Thermodynamic equilibrium on the other hand means that the system has 
reached the concentrations corresponding to an equilibrium expression, for 
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FIGURE 9.3
A—Threshold agent and B—Nonthreshold or gradual agent. To have a threshold agent, it is 
sufficient that one of the two A-plots is valid. The two B-plots represent two different dose-
response curves.
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instance, that the concentrations of carbon dioxide in air and water corre-
spond to Henry’s law that expresses the equilibrium between air and water. 
Thermodynamic equilibrium implies also that the system has no Gibb’s free 
energy available to do work on the environment, because this is the ther-
modynamic definition of thermodynamic equilibrium (see any textbook of 
thermodynamics or physical–chemistry).

There are, in principle, five possibilities combining flows with thermody-
namic equilibrium and steady state (see Mackay 1991):

	 1.	No flows, which implies that the system will be in steady state and 
thermodynamic equilibrium, provided (of course) that the system 
has had sufficient time to reach the thermodynamic equilibrium.

	 2.	Flows, thermodynamic equilibrium and steady state. Figure 9.4 
gives an example.

	 3.	Flows, steady state and no equilibrium. Figure 9.5 illustrates this 
example.

	 4.	Flows, not steady state and thermodynamic equilibrium. Figure 9.6 
gives an example.

	 5.	Flows, not steady state and no equilibrium, see Figure 9.7.

100 m3

10 m3/24 h
1 g pesticide

dissolved/m3  10 m3/24 h

10 g susp. matter/m3

with 0.1 g/g
pesticide adsorbed  

10 g susp. matter/m3

with 0.1 g/g
pesticide adsorbed  

FIGURE 9.4
Flow to a pond of 100 m3 is constant and the equilibrium between the adsorbed and dissolved 
pesticide has been established: by 1 mg/L pesticide in solution, 100 mg will be adsorbed per g 
of suspended matter. There are no changes in volumes or concentrations, and the equilibrium 
is maintained. Therefore, steady state, equilibrium.

100 m3

10 m3/24 h
increasing pesticide  

concentration but 
50% is dissolved

10 m3/24 h
1 g pesticide
dissolved/m3

Increasing by
1%/24 h  

50% dissolved
50% adsorbed

Nonsteady state, equilibrium

10 g susp. matter/m3

with increasing
pesticide concentration

but 50% is adsorbed  

10 g susp. matter/m3

with 0.1 g/g
pesticide adsorbed

increasing by 1%/24 h  

FIGURE 9.5
As Figure 9.4 but the concentration of pesticide in the incoming water increases by 1%/24 h but 
the equilibrium presumed to be a 50% allocation between adsorbed and dissolved is main-
tained. Therefore, nonsteady state, but equilibrium.
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If the thermodynamic equilibrium is established, it will often be beneficial to 
set up mass balances for the total amount of species that are in equilibrium. 
After the total concentrations have been determined the concentrations of 
the species are found applying the equilibrium equation. If the reaction is

	 aA bB cC dD+ = + 	 (9.3)

then the following equation is valid at equilibrium

	

C D

A B
K

c d

a b
[ ] [ ]
[ ] [ ]

= 	 (9.4)

where [ ] indicates concentration in M (moles/liter).

9.4 � Basic Concepts of Mass Balances

The simplest case is an isolated system, where no processes take place, and 
therefore the concentration of all components is constant. An ecosystem 
is never an isolated system, but may be either an open system or a closed 

100 m3

No constant in�ow
and varying pesti-
cide concentration

No constant out�ow
and varying pesticide

 concentration
No equilibrium: less than 50% is

adsorbed

Nonsteady state, nonequilibrium

No constant concen-
tration of the susp.

matter, less than 50%
pesticide is adsorbed

No constant concen-
tration of susp.

matter, less than 50%
pesticide is adsorbed

FIGURE 9.7
Flows and the concentrations vary and the allocation between the adsorbed and dissolved 
pesticide is varying too, that is, it is not at the 50% allocation corresponding to equilibrium.

100 m3
200 m3/24 h  

200 m3/24 h
1 g pesticide

dissolved/m3  

10 g sup. matter/m3

with 0.1 g/g
pesticide adsorbed  

10 g sup. matter/m3

with 0.1 g/g
pesticide adsorbed  

FIGURE 9.6
Inflow is constant in concentrations (pesticide and suspended matter) and volume, but the 50% 
allocation between dissolved and adsorbed pesticide is not established. It is presumed that all 
the pesticide is still dissolved in the pond to maintain the steady state for all concentrations 
and volumes. The retention is too short to yield any adsorption.
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system. The former system exchanges mass as well as energy with the envi-
ronment. The input of energy to an ecosystem will cause cyclic processes 
(Morowitz 1968), in which the important elements will play a part. Very 
few pollutants are completely chemically inert, most are converted to other 
components or degraded. The common degradation process including the 
degradation of persistent chemicals can often be described by a first-order 
reaction scheme:

	

dC
dt

kC= − 	 (9.5)

where
C is the concentration of the considered compound
t is the time
k is the rate constant

k varies widely from the very easily biodegradable compounds, such as car-
bohydrates and proteins, to pesticides, such as DDT.

The so-called biological half-life time, t1/2, is often used to express the 
degradability. t1/2 is the time required to reduce the concentration to half the 
initial value. The relation between k and t1/2 can easily be found:

	
In

C
C(t)

= kto

	 ln 2 kt= 1 2/ 	 (9.6)

Here Co is the initial concentration.
k and t1/2 depend on the reaction conditions, pH, temperature, ionic 

strength, etc. Indication of half-life time or k should therefore always be 
accompanied by indication of the reaeration conditions.

The continuous mixed flow reactor (abbreviated CMF) closely approxi-
mates the behavior of many components in ecosystems. The CMF reactor is 
illustrated schematically in Figure 9.8. The input concentration of component 
i is Ci0 and the flow rate is Q. The tank (ecosystem) has the constant volume V 
and, in the tank, the concentration of i, denoted Ci, is uniform. The effluent 
stream also has a flow rate Q, and because the tank is considered to be per-
fectly mixed the concentration in the effluent will be Ci.

The principles of mass conservation can be used to set up the following 
simple differential equation (no reactions take place in the tank):

	

VdC
dt

=QC QCi
i0 i− 	 (9.7)
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In a steady state situation, dCi = 0, this means we have

	 QC  QCi i0 = 	 (9.8)

If a first-order reaction has taken place in the tank (ecosystem), the equation 
will be changed to

	

VdC
dt

=QC QC kC Vi
i0 i i− − 	 (9.9)

And, in the steady state situation,

	 QC  QC  VkCi i i0 − = 	 (9.10)

By dividing this equation with QCi, the following equation is obtained:

	

C
C

1 = tr ki0

i
− 	 (9.11)

where tr = V/Q is the retention time or the mean residence time in the tank 
(ecosystem). Rearrangement yields

	

C
C

=
1

(1 tr k)
i

i0 +
	 (9.12)

Figure 9.9 shows this equation on a graph: Ci = f(t) with C = 2 at t = 0. Ci will 
approach asymptotically the steady state concentration, which can be found 
from Equations 9.11 and 9.12. For a number of reaction tanks, m, in series, 
each with volume V, a similar set of equations can be set up:

	

C
C

=
1

(1 tr k)
i

i0
m+

	 (9.13)

Q
Cio

Q
Ci

Mixed flow reactor  
Volume  V,  
Concentration  Ci

FIGURE 9.8
Principle of a mixed flow reactor.
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If the set of equations set up to describe the concentration is far more compli-
cated, more processes must be taken into account, and it is necessary to use 
an ecological model (see Jørgensen and Bendoricchio [2001] and Jørgensen 
and Fath [2011]). Space does not permit a detailed examination of more com-
plicated models, but some processes of interest in an environmental con-
text can be mentioned (in addition to hydrophysical and meteorological ones) 
(Jørgensen 2000):

	 1.	Leaching of ions and organic compounds in soil
	 2.	Evaporation of organic chemicals from soil and surface water
	 3.	Atmospheric washout of organic chemicals
	 4.	Sedimentation of heavy metals and organic chemicals in aquatic 

ecosystems
	 5.	Hydrolysis of organic chemicals
	 6.	Dry deposition from the atmosphere
	 7.	Chemical oxidation
	 8.	Photochemical processes

All these processes may be described as first-order reactions at least in some 
situations. Table 9.3 gives some typical examples of the eight aforemen-
tioned processes and an idea of where these processes are of importance. 
The list has not included biotic processes, which would further complicate 
the picture. These processes will be mentioned several times later. The mass  
conservation principle and the corresponding equations presented in this 
book can often be applied directly on lakes, because lakes with a sufficient 
high water retention time can be considered as chemostate. In addition, 
many of the processes, biological decomposition, photolysis, hydrolysis, and 
sedimentation, can with good approximations be described as first-order 
reactions. Example 9.1 illustrates these applications of the mass conserva-
tion principles.

6

Time

Ci

Ci = Cio/(tr k + 1)

4

2

FIGURE 9.9
Ci = f(t) with Ci = 2 at t = 0. Ci will approach asymptotically the steady state concentration.
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Example 9.1

Consider a lake with a volume of 500,000 m3. 2000 m3/24 h of waste-
water containing 0.5 mg/L methoxychlor is discharged into the lake. 
The natural flows to the lake correspond to 4 months’ retention time. 
Methoxychlor follows a first-order decomposition rate, and the approxi-
mate half-life time is 58 h. Find the equilibrium concentration in the lake 
water. Assume that precipitation and evaporation are balanced.

Solution

Half-life 58 h or 2.42 days
2.42 k = 0.7
k = 0.289 1/24 h
Average conc. for all water to the lake: 2,000 × 0.5/(2,000 + 500,000/120) 

= 0.162 g/m3

Mean retention time = 500,000/(2,000 + 500,000/120) = 81 days
ci/0.162 = 1/(1 + 81.0.289)
ci = 0.00664 g/m3 or mg/L

9.5 � Mass Conservations in a Food Chain

The food taken in by one level in the food chain, I, is used in respiration, R; 
nonutilized (wasted) food, NUF; undigested food (faces), F; excretion (urine), E; 
and growth and reproduction, G. If the growth and reproduction are consid-
ered as the net production, NP, we can state that (Jørgensen 2012)

	 NP G I (NUF F R E= = − + + + )
	

(9.14)

TABLE 9.3

Some Chemical–Physical Processes of Environmental Interest

Process Examples

Leaching of ions and organic 
compounds in soil

Nutrient runoff from agricultural areas to lake ecosystems

Evaporation of organic chemicals 
from soil and surface water

Evaporation of pesticides

Sedimentation of heavy metals Most heavy metals have a low and solubility in seawater 
and will therefore precipitate and settle

Hydrolysis of organic chemicals Hydrolytic degradation of pesticides in aquatic ecosystems
Dry deposition from the 
atmosphere

Dry deposition of heavy metals on land and surface water

Chemical oxidation Sulfides are oxidized to sulfates, sulfur dioxide to sulfur 
trioxide, which forms sulfuric acid with water

Photochemical processes Many pesticides are degraded photo-chemically
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and we can call the ratio of the net production to the intake of food as the effi-
ciency. The efficiency is dependent on several factors, but may be as low as 
10% or even below 10%. The efficiency of toxic matter according to Equation 
9.14 is often higher than for normal food components, and as a result sev-
eral chemicals, such as chlorinated hydrocarbons, including DDT and some 
heavy metals, can be magnified at each level in the food chain.

The assimilated food, A, is the food used for (growth + reproduction) + 
respiration + excretion

	 A I (NUF F= − + ) 	 (9.15)

Many organic toxic compounds are taken up (assimilated) by a high effi-
ciency (more than 90%), that is, the loss by feces is low; see Equation 9.15.

Heavy metals have fortunately a low assimilation efficiency. Approximately 
only 5%–10% of their content in food is assimilated, but as they are excreted 
slowly and not removed by respiration, they still yield a relatively high bio-
magnification, defined as the magnification of the concentration through the 
food chain.

Many organic compounds, including chlorinated hydrocarbons, have a 
particularly high biomagnification, because they have

	 1.	A high assimilation efficiency, sometimes more than 90%

	 2.	A very low biodegradability

	 3.	Are only excreted from the body very slowly, because they are dissolved in 
fatty tissue

This is illustrated for DDT in Table 9.4. As man is the last level of the food 
chain, relatively high DDT concentrations have unfortunately been observed 
in human body fat.

TABLE 9.4

Biological Magnification

Trophic Level
Concentration of DDT 

(mg/kg Dry Matter) Magnification

Water 0.000003 1
Phytoplankton 0.0005 160
Zooplankton 0.04 ∼13,000
Small fish 0.5 ∼167,000
Large fish 2 ∼667,000
Fish-eating birds 25 ∼8,500,000

Source:	 Data after Woodwell, G.M. et al., Science, 156, 821, 1967.
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The amount, Tox, of a toxic component in an organism can be followed 
approximately by use of a simplified differential equation

	

dTox
dt

daily uptake via respiration and food kTox= – 	 (9.16)

where the total daily uptake is found from the concentration in the ambi-
ent air or water of the toxic component times the efficiency of uptake via 
respiration plus the concentration in the food times the assimilation effi-
ciency. It is assumed that the excretion follows a first-order reaction, which 
is approximately correct. k is the first-order excretion coefficient expressed, 
for instance, in the unit 1/24 h. Equation 9.16 explains why the concentration 
of many toxic substances increases with increasing weight and age of the 
organism. This is exemplified in Figure 9.10 for fish with increasing weight. 
A steady state concentration, dTox/dt = 0, can be found from Equation 9.16 as 
Tox = daily uptake via respiration and food/k. k is low for many toxic com-
pounds including most toxic heavy metals such as mercury, lead, and cad-
mium. This implies that the concentration of Tox becomes high and that it 
takes many years to reach a concentration close to the steady state situation.

Some toxic substances reach considerably faster an equilibrium concentra-
tion in various organisms, that is, the concentration that corresponds to an 
equilibrium between the environment and the organism. This is particularly 
the case for toxic lipophilic substances that are taken up from water mainly 
by the gills of aquatic organism. In this case, it is possible to determine a 
so-called biological concentration factor (BCF), which expresses the ratio 
between the concentration in the organisms and in the environment (in casu 
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FIGURE 9.10
Increase in pesticide residues in fish as weight of the fish increases. Top line (full) = total resi-
dues; bottom line (dotted) = dichlorodiphenyltrichloroethane (DDE) only, Cox (1970). Notice 
that the plot is semilogarithmic.
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water). BCF is a very important factor for evaluation of the effects of toxic sub-
stances in aquatic ecosystems, particularly freshwater ecosystems, because 
they receive a high discharge of toxic substances from municipal wastewater, 
from agriculture and from industries. As a solubility equilibrium occurs, the 
BCF value is dependent on the lipid fraction, flipid, in the considered organ-
ism. BCF may be estimated by the following equation (Jørgensen 2000):

	 Log BCF  log f  b log Klipid ow= + 	 (9.17)

where
b is a constant close to 1
Kow is the octanol-water distribution coefficient

As see if flipid = 1.0, BCF ≈ Kow in accordance to what it is expected for a solubil-
ity equilibrium. In this context, it should be emphasized that BCF of course 
does not take into consideration the biomagnification through the food chain, 
which requires mass balance calculations trophic level by trophic level.

Many toxic substances are widely dispersed and a global increase in the 
concentration of heavy metals and pesticides has been recorded. The relation-
ship between a global and a regional pollution problem and the role of dilu-
tion for this relationship are illustrated in Table 9.5, where the ratios of heavy 
metal concentrations in the River Rhine and in the North Sea are shown. 
Independent of the level, the usual first step in a solution procedure for a toxic 
substance problem is to set up a list of pollution sources with information 
about the quantities emitted to the environment, the form in which the toxic 
substance is emitted, and where in the environment (which spheres) the emis-
sion takes place. Based upon this information it is possible to assess the con-
centration of the toxic substance in various compartments of the environment. 
It is an essential step in an environmental risk assessment (ERA). It is often 
appropriate to start the solution of a pollution problem by setting up a mass 
balance for the considered component or element to clarify the sources of pol-
lution and to state the most effective means of solving the problem.

TABLE 9.5

Heavy Metal Pollution in the River Rhine

Metal
The River Rhine 

(t/year)
Ratio: Conc. in the 

Rhine/Conc. in the North Sea

Cr 1,000 20
Ni 2,000 10
Zn 20,000 40
Cu 200 40
Hg 100 20
Pb 2,000 700

Source:	 Jørgensen, S.E., Principles of Pollution Abatement, 
Elsevier, Amsterdam, the Netherlands, 520pp., 2000.
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9.6 � Hydrological Cycle

Water is the most abundant chemical compound on earth (see Table 9.6), and 
has some unique properties. Its importance for all life on earth can be dem-
onstrated as follows:

	 1.	Our body consists of 50%–65% water and we need at least 1.5 L/day to 
survive. We can survive without food for perhaps 80 days, but only 
a few days without water.

	 2.	Water serves as a basic transport medium for life-giving nutrients.
	 3.	Water removes and dilutes many natural and man-made wastes.
	 4.	Water has a great ability to store heat energy and to conduct heat and has 

an extremely high vaporization temperature compared with its molecu-
lar weight. These thermal properties are major factors influencing the 
climatic pattern of the world and in minimizing sharp changes in 
temperature on the earth.

	 5.	Water has its maximum density at 4°C above its freezing point, so solid 
water, ice, is less dense than liquid water. This is the reason why 
a water body freezes only on the top. If ice was denser than liquid 
water, lakes, rivers, and oceans would freeze from the bottom up, 
killing most higher forms of aquatic life.

It is of course possible to quantify the global cycling of all compounds. 
It is because of the importance of water (see the five points mentioned 
earlier), of particular interest to obtain an overview of the global water 

TABLE 9.6

Water Resources and Annual Water Balance of the Continents of the World

Component Europe Asia Africa
North 

America
South 

America Australia Total

Area (1E6 km2) 9.8 45 30.3 20.7 17.8 8.7 132.3
Precipitation 
(103 km3)

7.2 32.7 20.8 13.9 29.4 6.4 110.4

Total river 
runoff (km3)

3,110 13,190 4,225 5,960 10,380 1,965 38,830

Underground 
runoff (km3)

1,065 3,410 1,465 1,740 3,740 465 11,885

Infiltration (km3) 5,120 22,910 18,020 9,690 22,715 4,905 83,360
Evaporation (km3) 4,055 19,500 16,555 7,950 18,975 4,440 71,475
Percent 
underground 
runoff of total

34 26 35 32 36 24 31
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cycle. Water shows a physical cycling (compare with the chemical cycling of 
the elements), as demonstrated in Figure 9.11. In this vast cycle, driven by solar 
energy, our supply of water is recycled again and again. Water evaporates from 
the oceans, rivers, lakes, and continents, and gravity pulls it back down 
as rain. Some of the water falls on the land sinks or percolates into the 
soil and ground to form ground water. The soil can, like a sponge, hold 
a certain amount of water, but if it rains faster than the rate at which the 
water percolates, water begins to collect in puddles and ditches and runs 
off into nearby streams, rivers, and lakes. This runoff may cause erosion. 
The water runs eventually into the ocean, which is the largest water stor-
age tank. Because of this cycle, water is continually replaced, as indicated 
in Table 9.7.

Atmosphere

100

Continents
Lakes and Rivers

W = 231
t = 6.6 days

W = 60,000
t = 600 years

t = 3,060 years
W = 1,370,000

65
411 448

2.2

2.035

Oceans

W=12.4 T = 8.9 days

Groundwater

Polarice

W = 2,400
t = 4,500 years

W = 22,000
t = 14,000 years

Greenland

Antarctica

FIGURE 9.11
(See color insert.) Water cycle is shown. Water in the compartment is indicated in 1000 km3 
and the retention time is indicated in years. Number of fluxes represents 1000 km3/year. The 
estimation of the ground water volume is to a depth of 5 km of the earth’s crust; much of this 
water is not actively exchanged.

TABLE 9.7

Water Cycle

Water In Is Replaced Every

Human body Month
The air 12 days
A tree 1 week
Rivers A few days
Lakes 0.1–100 years
Oceans 3,600 years
Polar ice 15,000 years
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Long-term average water-budget equations for extensive hydrological sys-
tems can be expressed as

	 P E= 	 (9.18)

where
P is the precipitation inflow
E is the evaporation outflow

The storage change, S, is zero. Water-budget equations for entire land and 
water masses must also contain the total water discharge from land to 
ocean, Q

	 P Q E for oceans+ = 	 (9.19)

	 P Q E for land= + 	 (9.20)

The numerical equality is illustrated in Table 9.8.
The short-term water-budget equation for a terrestrial ecosystem must 

include a storage term, S:

	 P Q E S= + + 	 (9.21)

If subsurface flows are included, we have

	 P  Q  L  E  Q  L  Si i o o+ + = + + + 	 (9.22)

where
Qi and Qo are surface inflow and outflow, respectively
Li and Lo are the corresponding subsurface flows

TABLE 9.8

Mean Annual Water Balance Components 
for the Earth

Item Land Ocean Earth

Area (106 km2) 148.9 361.1 510.0
Volume (103 km3)

Precipitation 111 385 496
Evaporation −71 −425 −496
Discharge −40 40 0

Mean depth (mm)
Precipitation 745 1066 973
Evaporation −477 −1177 −973
Discharge −269 111 0
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10
Application of Aquatic Chemistry 
in Environmental Management I: 
Calculations of Equilibria

10.1 � Equilibrium Constant

We know several million different compounds, and 100,000 of these chemicals 
have environmental interest, because they may threaten the environment 
(Jørgensen 2000). The number of possible reactions among these chemicals 
is enormous, and it is of course not possible to set up a table of the equilib-
rium constants for all these reactions. We can, however, apply the standard 
free energies of formation of chemical compounds, ΔGo. The standard free 
energy of formation of a compound is the free energy of reaction by which 
it is formed from its elements when all the reactants and products are in the 
standard state; that is, the activities are all one or by ideal conditions, it means 
that the concentrations are all one. Free energy equations can be added and 
subtracted just as thermochemical equations. It implies that the free energy of 
any reaction can be calculated from the sum of the free energies of the prod-
ucts minus the sum of the free energies of the reactants:

	 ΔG G products G reactantso o o= ∑ − ∑( ) ( ) 	 (10.1)

Free energy describes the chemical affinity under conditions of constant tem-
perature and pressure: ΔG = G (products) − G (reactants). When the free energy 
is zero, the system is in a state of thermodynamic equilibrium. When the chem-
ical energy change is positive for a proposed process, network must be put into 
the system to effect the reaction; otherwise, it cannot take place. When the free 
energy change is negative, the reaction can proceed spontaneously by provid-
ing useful network. As it has been shown, the equilibrium constant K is related 
to −ΔGo by the following equation (for further details see also Jørgensen 2012):

	 − =ΔG RT ln Ko 	 (10.2)
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If we consider the process aA + bB = cC + dD, we get

	
K

C D

A B

c d

a b=
{ } { }
{ } { } 	

(10.3)

where {} indicates the fugacity or activity (when partial pressure is consid-
ered applied as unit, the equilibrium constant is often indicated as Kp) or 
activity (concentration units are applied, the equilibrium constant is indi-
cated as Kc) in contrast to [], which indicates concentrations.

The equilibrium expression is also denoted as the mass law. The equilib-
rium constant may have different names corresponding to application of the 
mass law on different reactions. For instance, the equilibrium constant may 
be called the formation constant when A + B form AB, or if AB is a complex, 
the constant may be called a complexity constant or stability constant. The 
equilibrium constant is called dissociation constant when AB is dissociated 
into A+ and B− and acidity constant when an acid HA is dissociated into a 
hydrogen ion and the corresponding base HA = H+ + A−. The equilibrium 
constant for the opposite process is called a base constant. For a dissolution 
process, we talk about the solubility product.

Example 10.1

A chemical plant discharges wastewater containing 26 g/L cyanide. The 
wastewater is treated by complete oxidation by which cyanide is oxi-
dized to cyanate, using NaClO by pH > 10.5. After oxidation, cyanate is 
hydrolyzed by addition of acid whereby it is transformed to ammonium 
and carbon dioxide. The ΔGo values at room temperature (25°C) are the 
following:

Cyanate (CNO−) −98.7 kJ/mol
Oxonium (H3O+) −237.2 kJ/mol
Ammonium (NH4

+) −79.5 kJ/mol
Carbon acid (H2CO3) −623.4 kJ/mol

	 a.	 Balance the two equations for the two reactions applied in the 
wastewater treatment.

	 b.	 Which pH value must be applied to ensure that the cyanate 
concentration after the hydrolysis is ≤0.43 μg/L?

The system is considered closed.

Solution

Oxidation:

	 CN  OCl CNO  Cl− − − −+ → + 	 (I)
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Redox balance:

	 C  2 4 2: → ↑

	 Cl  1 1 2: → − ↓

Hydrolysis:

	 CNO  2H O NH  H CO3 4 2 3
− + ++ → + 	 (II)

KII for (II):

	 Δ ΔG G GII Produkt Reaktantero o o= ∑ − ∑

	 = − − − − + −( . . ( . ( . )))623 4 79 5 98 7 2 237 2  kJ/mol

	 = 129 8 kJ/mol.

	
log K

G
RTln 1

129 8
5 7

22 8II
II( )

( ( ))
.

.
.=

−
= =

Δ o
0

If it is assumed that pH is sufficiently low to ensure that the two result-
ing compounds (see the reaction) are not dissociated, then

	
[ ] [ ] [ ]NH H CO CN

26 gcyanid/L
26 gcyanid/mol

4 slut 2 3 slut start
+ −≈ ≈ = == 1 M

	 [ ] .CNO 43 g cyanate/L 1 1 Mslut
8− −= = ×0 0µ

	
K 1

NH H CO
CNO H O

II
22 8 4 2

3
+= =

+

−0 2
. [ ][ ]

[ ][ ]
3

	 [ ] , ..H O 1 M  at pH 7 43
7 4+ −= =0

The assumption was in other words correct and it can be assumed that 
all C (IV) is as HCO3

−, that is, [HCO3] ≈ 1 M. A combination of the equi-
librium expression for process (II) and the equilibrium expression for 
carbon acid’s proteolysis yields

	
K K

NH HCO
CNO H O

II
4 3

3
s1 =

[ ][ ]
[ ][ ]

+ −

− +

By solution for the unknown, [H3O+], we obtain pH = 8.46. HCO3
− is 

dominating at this pH. Our assumption was now fully acceptable, as 
pKs = 9.25 for NH4

+.
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10.2 � Activities and Activity Coefficients

Any activity can be written as the product of concentration and activity 
coefficient: {A} = q [A]. The activity is basically defined in such a way that 
the activity coefficient q = {A}/[A] approaches unity as the concentration of 
all solutes approaches zero. It means for a solution such as water the activity 
coefficient becomes unity as the solution approaches the pure ionic medium, 
that is, when all concentrations other than the medium ions approach zero.

The activity coefficient, q, can be found for individual ions by empirical 
expressions as given in Table 10.1, where I is the ionic strength I = 0.5ΣCiZi

2 
and Zi = charge of the ion. A in the table is = 1.82 × 106(éT)2/3 ≈ 0.5 for water at 
room temperature. é is the dielectric constant. B ≈ 0.33 for water at room tem-
perature, and it is an adjustable parameter corresponding to the size of the 
ion (see Table 10.2). log q for ions is negative, which implies that q is less than 
one and decreases with increasing ionic strength and charge of the ion. The 
activity is less than the concentration because negative ions form a shield 
around a positive ion and positive ions form a shield around negative ions. 
The shield is stronger; the more ions the solution contains; it means that the 
higher the ionic strength is. The electrical force is furthermore proportional 
to the charge in second, which at least explains that the effect is increasing 
more than proportional to the charge of the ion. The equations in Table 10.1 
can therefore be understood as a consequence of the electrical forces in solu-
tions. They can however not be proved but are useful empirical correlations.

It is clear from Sections 10.1 that we by application of (10.1 through 10.3) can 
find the equilibrium constant that presumes activities or fugacities. Equilibrium 
constants taken from handbook tables are also based on activities and fugacities, 
while we most often are interested in concentrations. Introduction of the activity 
coefficient, q, makes it possible, however, to set up the following relationships:

	
K

c

= =
⎛

⎝⎜
⎞

⎠⎟
⎛

⎝⎜
⎞

⎠

{ } { }
{ } { }

[ ] [ ]
[ ] [ ]

C D
A B

C D
A B

q q
q q

c d

a b

c d

a b
C D

d

A
a

B
b ⎟⎟

	
(10.4)

Concentrations can now be determined provided that the activity 
coefficients are known.

TABLE 10.1

Equations for Individual Activity Coefficients

The Name of the 
Approximation Equation: log q = Valid at I <

Debye–Hückel −AZ2√I 0.005 M
Extended Debye–Hückel −AZ2√I/(1 + Ba√I) 0.1 M
Güntelberg −AZ2√I/(1 + √I) 0.1 M
Davies −AZ2(√I/(1+√I) − 0.2I) 0.5 M
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10.3 � Mixed Equilibrium Constant

Usually, many equilibrium calculations are carried out for the same solution 
with a well-defined ionic strength. It would therefore be beneficial to find an 
equilibrium constant, K′, valid for concentrations for the considered solution. 
From Equation 10.4, we obtain

	
ʹ =K K

q q
q q

A
a

B
b

C
c

D
d

	
(10.5)

In accordance with the IUPAC’s convention for determination of pH, we 
should consider pH = −log {H+}. It is therefore suggested to use a so-called 
mixed acidity constant, K′am, which can be found from Ka for the process 
HA ⇔ A− + H+

	
K

A H
HA

A q H
HA q

K
q
q

K
q q

qa
A

HA
am

A

HA
a

A H

HA
= = = ʹ = ʹ

− + − +
−{ }{ }

{ }
[ } { }

[ ]
− − +

	
(10.6)

qHA is of course 1.0, if HA has no charge, see the equation in Table 10.1. 
Calculations of pH presume application of K′am. In environmental calcula-
tions, where the accuracy generally is lower than for laboratory calculations, 
it is recommended to apply activity coefficients for salinities above 0.1%, 
while it is normally not necessary to apply activity coefficients for aquatic 
ecosystems with a salinity below 0.1%.

TABLE 10.2

Parameter a for Individual Ions

Ion Size 
Parameter a For the Following Ions

9 H+, Al3+, Fe3+, La3+, Ce3+

8 Mg2+, Be2+

6 Ca2+, Zn2+, Cu2+, Sn2+, Mn2+, Fe2+

5 Ba2+, Sr2+, Pb2+,CO3
2−

4 Na+, HCO3
−, H2PO4

−, acetate, SO4
2−, HPO4

2−, PO4
3−

3 K+, Ag+, NH4
+, OH−, Cl−, ClO4

−, NO3
−, I−, HS−
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Example 10.2

Find the mixed acidity constant and the concentration quotient (equi-
librium constant for all dissolved carbon dioxide hydrated or not and 
for the ammonium ion in marine environment with the salinity of 2.6% 
(assume that it is sodium chloride), when logarithm to the acidity con-
stant in distilled water for all dissolved carbon dioxide at the actual tem-
perature is known to be 6.2 and for the ammonium ion at the actual 
temperature is 9.2.

Solution

	 I 5 26/ 23 35 5 26/ 23 35 5 445 M= + + + =0 0. (( ( . )) ( ( . )) .

Davies equation is applied

For the hydrogen carbonate ion, the ammonium ion, and the hydrogen ion

	 log q 5 445/ 1 445 2 445 156= − √ + √ − × = −0 0 0 0 0 0. ( . ( . ) . . ) .

	 q 698 7= ≈0 0. .

The acidity constants for all dissolved carbon dioxide

	 log log log . . .ʹ = + = − ≈K K qa a 2 6 2 0 312 5 9

	 log . log . . .ʹ = − = − ≈K qam 6 2 6 2 0 156 6 0

The acidity constant for the ammonium ion (Figure 10.1)

	 log log log log .ʹ = + − =K K q qa a 9 2

	 log log log . ( . ) . .ʹ = − = − − = ≈K K qam a 9 2 0 156 0 9356 9 4

10.4 � Classification of Chemical Processes 
and Their Equilibrium Constants

The chemical processes may be divided into four classes, and all four 
classes occur very frequently in all aquatic ecosystems (Jørgensen and 
Bendoricchio 2001):

	 1.	Acid–base reactions are processes characterized by a transfer of a proton. 
Acids are hydrogen ion donors, and bases are hydrogen ion acceptors:

	 HA A  H⇔ +− +
	 (10.7)
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	 HA is therefore an acid, and A− a base. HA-A− is denoted an acid–
base pair. This is called a half reaction, because the hydrogen ion 
cannot under normal chemical conditions exists alone and will inev-
itably be taken up by another component that therefore is a base:

	 HA B A HB+ ⇔ +− −
	 (10.8)

	 Water is both an acid and a base—it is an ampholyte—and can there-
fore react with both acids and bases:

	 HA H O A H O2 3+ ⇔ +− +
	 (10.9)

		  H3O+ is called the oxonium ion. The equilibrium constant for pro-
cess (10.9) is called the acidity constant. The acidity constants listed 
in most handbooks of chemistry are however the acidity constants 

Find the ion strength  from the following expression:

How to consider the activity
coe�cients for determination of

the equilibrium constant?

For A + B <–> C + D; the equilibrium equation is:

­e mixed acidity constant Kḿa= {H+} [B]/[HB]=
10–pH{B} qHB/{HB} qB = Ka qHB/qB

 Davies equation: log q = –A Zi (√I /(1+    )– 0.2I)
A = 0.5 for water at room temperature

{C}{D}/{A}{B} = K = [C] [D] qcqd/[A][B] qaqb=
Kć qcqd/qaqb ; Kć = K qaqb/qcqd . By acid-

base reactions, remember that pH = –log{H+}. It
implies that the mixed acidity constant is used.

I
I = 0.5 Σ CiZi

2 . {Ci} = [Ci] qi; qi is found by
√

FIGURE 10.1
Step-wise calculation of the mixed equilibrium constant and the concentration quotient is 
shown. For more details see Weber and DiGiano (1996).
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for process (10.9), but we use them as if they were the equilibrium 
constants for process (10.7); corresponding to that the concentration 
of water in water often is implicitly included in the equilibrium con-
stant for aquatic solutions. Furthermore, we often do not distinguish 
between hydrogen ions and oxonium ions, because hydrogen ions in 
solution will anyhow “carry” a water molecule.

		  When the process is red that the base A− takes up a hydrogen ion, 
the equilibrium constant is called a base constant, Kb.

	
As seen K

Kb
a

=
1

	
(10.10)

		  The equilibrium constant for process (10.8) can easily be found 
from the two acidity constants for HA, KaA and HB, KaB:

	
K for 1 8

A HB
HA B

K
K

aA

aB
( . )

{ }{ }
{ }{ }

0 = =
−

−

	
(10.11)

	 The acidity constant for water is

	

{ }{ }
{ }

( ).H OH
H O

1 room temperature
2

15 74
+ −

−= 0
	

(10.12)

		  {H2O} ≈ [H2O] = 1000/18 = 55.56, because water has no charge. It 
implies that what is called water’s ionic product

	 K H OH 1 at room temperaturew
14= =+ − −{ }{ } ( ).0 00

	 2.	Precipitation and dissolution are reactions characterized by a change 
in solubility. Dissolution and precipitation processes are generally 
slower than reactions among dissolved species. Electrolytes may 
dissolve according to the following reaction:

	 A B s m A  n Bm n
n m( ) ⇔ ++ −

	 (10.13)

		  The opposite process is the corresponding precipitation process. If 
the equilibrium expression is used on process (5.13), we obtain the 
solubility product

	 K  A Bs
n m m n= + −{ } { } 	 (10.14)
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	 3.	Complex formation is a reaction by which two or more components 
form a (more complex) compound. This reaction type is particularly 
known for a reaction between metal ions (named central atom) and 
various organic compounds (named ligands). Frequently, more than 
one ligand can be complex bound to the central atoms, for instance,

	
M L ML K

ML
M L

+ = =1
{ }

{ }{ } 	
(10.15)

	
ML L ML K

ML
ML L

+ = =2 2
2{ }

{ }{ } 	
(10.16)

	
ML L ML K

ML
ML L2 3 3

3

2
+ = =

{ }
{ }{ } 	

(10.17)

	
ML L ML K

ML
ML Li i i

i

i
+ = =+

+
1

1{ }
{ }{ } 	

(10.18)

		  The process whereby two or more ligands react simultaneously 
with the central atom is of course also possible:

	
M L ML K K

ML
M L2+ = = =2 2 2 1

2
2β

{ }
{ }{ } 	

(10.19)

		  As seen, the equilibrium constant, where i ligands are simultane-
ously reacting with the central atom, is denoted as βI 1 2 i=K K K K3� .

		  Reactions can also take place by addition of protonated ligands:

	
M HL ML H K

ML H
M HL

+ = + =+
+

*
{ }{ }
{ }{ }1

	
(10.20)

		  A parallel expression is used for reaction with the second HL, 
the third HL, and so on. By multiplication by {L} in the nominator 
and denominator of the expression in Equation 10.20, it is seen that 
*K1 = K1KaL.

		  Notice that we have here used the more generally expressed rule 
that the equilibrium constant for a process, K*, that consists of i steps, 
is equal to the product of the i equilibrium constants of the steps, K1, 
K2, K3, …, Ki:

	 * , , , ,K K K  K   K1 2 3 i= … 	 (10.21a)

	 or

	 log* log log log logK K K K Ki= + + +1 2 3 � 	 (10.21b)
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	 4.	Redox reactions are processes characterized by a transfer of electrons.
		 Reductants are electron donors, and oxidants are electron acceptors. 

The mass law may of course also be applied on redox processes, for 
instance, for (e symbolizes the electron with one negative charge)

	 Fe e Fe3 2+ ++ = 	 (10.22)

	
K

Fe
Fe

e2
3= +

+

{ }
{ }

{ }

		  This process is, similar to what was mentioned under acid–base 
reactions, called a half reaction. Free electrons do not exist. They 
are inevitably taken up by another electron acceptor. For the process 
(10.22), it is possible to determine an equilibrium constant. log K can 
in handbooks be found to be 12.53, but the realization of the process 
requires a coupling to another half reaction, for instance, oxygen

	 O  4H  4e 2H O2 2+ + =+
	 (10.23)

	 with the equilibrium expression

	 K /p H eo O2
4 4= +1 { } { } 	 (10.24)

	 log K 83 1o = .

	 It is possible to couple the two processes to a feasible redox process:

	 O 4H 4Fe 2H O 4Fe2
2

2
3+ + = ++ + +

	 (10.25)

		  The equilibrium constant for this process, Kr, is found from the 
equilibrium constants of the two half reactions:

	
K

K
Kr

o
4=

	
(10.26)

	 log K log K 4 log K 83 1 4 13 31 1r o= − = − × =. . .0

		  In environmental chemistry, it is difficult to separate the many 
reactions that can take place simultaneously. We are therefore 
forced in aquatic environmental chemistry to make equilibrium 
calculations of several processes simultaneously. It will be shown 
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in the next chapter how it is possible to overview many processes 
simultaneously, and particularly to assess which of the many simul-
taneous processes are of importance and which are negligible. In 
addition, it may often be advantageous to apply what is called a 
conditional equilibrium constant. It is an equilibrium constant that 
is only valid under given conditions, for instance, pH has a certain 
value or chloride has a certain concentration (of interest for a marine 
environment). It is, in other words, realized that certain components 
have a constant or almost constant concentration. Many aquatic eco-
systems have, for instance, a stable pH at least for a short period. If 
water of pH = 7.0 is considered and as the partial pressure of oxygen 
is 0.21 atmosphere, we get for process (10.24) the following equilib-
rium expression, replacing activities by concentrations:

	
K

Fe
21 1 Fe

1r

3 4

28 2 4
31 1= =

+

− +

[ ]
. [ ]

.

0 0
0

×

		  The ratio [Fe3+]/[Fe2+] is therefore at pH = 7.0 and at equilibrium 
with oxygen in the atmosphere ≈ 4.0.

		  By incorporating 0.21 × 10−28 into the equilibrium constant, we get 
a conditional equilibrium constant:

	

[ ]
[ ]

.
Fe
Fe

5
3

2

+

+ = 0

		  Which of course is valid only under the condition that pH = 7.0 
and that the aquatic ecosystem is in equilibrium with the oxygen in 
the atmosphere.

10.5 � Many Simultaneous Reactions

Many processes occur simultaneously in aquatic ecosystems. The next 
chapter will treat the four types of processes previously presented and 
include in this presentation how to provide an overview of many simul-
taneous processes of the same reaction type. The overview makes it pos-
sible to distinguish between processes of importance and processes that 
are negligible in the context. The double logarithmic presentation will 
be presented as an excellent tool to overview the processes that are very 
important in management of aquatic ecosystems as they are the chemi-
cal processes that determine the biological processes in the aquatic 
ecosystems.
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10.6 � Henry’s Law

An increase or decrease in the concentration of components or elements in 
ecosystems are of vital interest, but the observation of trends in global changes of 
concentrations might be even more important as they may cause changes in the life 
conditions on earth.

The concentrations in the four spheres, the atmosphere, the lithosphere, 
the hydrosphere, and the biosphere, are of importance in this context. They 
are determined by the transfer processes and the equilibrium concentrations 
among the four spheres. The solubility of a gas at a given concentration in the 
atmosphere can be expressed by means of Henry’s, law, which determines the distri-
bution between the atmosphere and the hydrosphere:

	 p H x= * 	 (10.27)

where
p is the partial pressure
H is the Henry’s constant
x is the molar fraction in solution

H is dependent on temperature (see Table 10.3) and H is expressed (usually) 
in atmospheres. It may be converted to Pascals, as 1 atm = 101,400 Pa. 

TABLE 10.3

Henry’s Constant (atm) for Gases as a Function of Temperature

Gas

Temperature (°C)

0 5 10 15 20 25 30

Acetylene 0.72 0.84 0.96 1.08 1.21 1.33 1.46
Air (atm) 0.43 0.49 0.55 0.61 0.66 0.72 0.77
Carbon dioxide 73 88 104 122 142 164 186
Carbon monoxide 0.35 0.40 0.44 0.49 0.54 0.58 0.62
Hydrogen 0.58 0.61 0.64 0.66 0.68 0.70 0.73
Ethane 0.13 0.16 0.19 0.23 0.26 0.30 0.34
Hydrogen sulfide 26.80 31.50 36.70 42.30 48.30 54.50 60.90
Methane 0.22 0.26 0.30 0.34 0.38 0.41 0.45
Nitrous oxide 0.17 0.19 0.22 0.24 0.26 0.29 0.30
Nitrogen 0.53 0.60 0.67 0.74 0.80 0.87 0.92
Nitric oxide — 1.17 1.41 1.66 1.98 2.25 2.59
Oxygen 0.25 0.29 0.33 0.36 0.40 0.44 0.48

Source:	 Jørgensen, S.E. et al., Handbook of Ecological Parameters and Ecotoxicology, 
Elsevier, Amsterdam, the Netherlands, 1991.

The values in the table are Henry’s constant (×10−5).
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A dimensionless Henry’s constant may also be applied. As p = RT, n/v = RTca, 
and x = ch/(ch + cw), where ca is the molar concentration in the atmosphere of 
component h expressed in mol/L, ch is the concentration in the hydrosphere 
expressed also in mol/L, and cw is the mol/L of water (and other possible 
components). If we consider only two components in the hydrosphere, h and 
water, and that ch << cw, we can replace (ch + cw) with the concentration of 
water in water = 1000/18 = 55.56 mol/L. We obtain according to these approx-
imations the following equation:

	

c
c

H
R T 55 56

a

h
=

( . )× × 	

(10.28)

where H/(R × T × 55.56) is the dimensionless Henry’s constant.
In aquatic environmental chemistry, we often know the partial pressure 

in atm, pa, and want to calculate the concentration in water. In this case, we 
often use the following expression:

	 C K ph H a= 	 (10.29)

KH is a constant = 55.56/H. If we use the values in Table 10.3 for carbon diox-
ide, for instance, we get that KH at 20°C is 55.56/1.42 × 105 = 3.91 × 10−2 = 10−1.41. 
In the year 2003, the partial pressure of carbon dioxide in the atmosphere 
was close to 0.0004 atm, which corresponds at 20°C to a concentration of 
3.91 × 10−2 × 0.0004 = 0.0000156 M in aquatic ecosystems in equilibrium with 
the atmosphere.

Example 10.3

The solubility of oxygen in freshwater is 11.3 mg/L at 10°C. Show that it 
corresponds to the Henry’s constant found in Table 10.3 for oxygen.

Solution

Henry’s law is applied to find the molar fraction in water, x (the par-
tial pressure of oxygen is 0.21 atm, corresponding to 21% oxygen in the 
atmosphere):

	 x 21/33, 6 36 1 6= = × −0 000 0. .

This is translated to mg/L

	 oxygen dissolved mg/L 6 36 1  55 56 32 1 11 31 mg/6( ) . . .= × × × × =−0 000 LL.
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10.7 � Adsorption

Water is in contact with suspended solid or sediment and the equilibrium 
between solid and water is therefore very important for the water quality. 
The soil–water distribution may be expressed by one of the following two 
adsorption isotherms:

	 a kcb= 	 (10.30)

	
a

k c
c b

=
ʹ

+ ʹ 	
(10.31)

where
a is the concentration in soil
c is the concentration in water
k, k′, b, and b′ are constants

Equation 10.30 corresponds to Freundlich adsorption isotherm and is a 
straight line with slope b in a log–log diagram, since log a = log k + b log c. 
This is shown in Figure 10.2.

Equation 10.31 represents the Langmuir adsorption isotherm, which is 
an expression similar to Michaelis–Menten’s equation. If 1/a is plotted ver-
sus 1/c, see Figure 10.3, we obtain a straight line, the so-called Lineweaver–
Burk’s plot, as 1/a = 1/k′ + b′/k′c. When 1/a = 0, 1/c = −1/b′ and when 1/c = 0, 
1/a = 1/k′.

1.0

0.5Lo
g 

a (
g/

kg
)

0
–1.0 0 1.0

Log c (g/L)
2.0

FIGURE 10.2
Log–log plot of the Freundlich adsorption isotherm is shown. The slope that is 1.15/3 = 0.383 
represents b in Equation 6.4 and log k = 0.48, which means that k = 3.1. The equation for the plot 
shown is therefore a = 3.1 c0.383.



207Application of Aquatic Chemistry in Environmental Management I

b is often close to 1 and c is for most environmental problems small. This 
implies that the two adsorption isotherms get close to a/c = k, and k becomes 
a distribution coefficient. k for 100% organic carbon, usually denoted Koc, may 
be estimated from Kow, the octanol–water distribution coefficient, which is the 
solubility in octanol divided by the solubility in water. Several estimation 
equations have been published in the literature; see for instance Jørgensen 
et al. (1997). The following log–log relationships between Koc (100% organic 
carbon presumed) and Kow are typical examples:

	 log K 6 937 log K J rgensen 2oc ow= − +0 00 0 000. . ( )ø 	 (10.32)

	 log K 35 99 log K van Leeuwen and Hermens 1995oc ow= − +0 0. . ( ) 	 (10.33)

In the case that the carbon fraction of organic carbon in soil is f, the distribu-
tion coefficient, KD, for the ratio of the concentration in soil and in water can 
be found as KD = Koc f.

If the solid is activated sludge (from a biological treatment plant) instead 
of soil, KD can be found as described earlier or the equation log DCS = 0.39 + 
0.67 log Kow, which was presented in Section 4.8, can be applied.

Kow can be found for many compounds in the literature, but if the solu-
bility in water is known it is possible to estimate the partition coefficient 
n-octanol-water at room temperature by use of a correlation between the 
water solubility in μmol/L and Kow. A graph of this relationship is shown 
Figure 10.4.

5

3

1

0

(1/a)

2 4
(1/c)

6–1–2

FIGURE 10.3
Lineweaver–Burk’s plot where 1/a is plotted versus 1/c. From the plot, it is possible to read that 
1/b′ = −(−1.5) or b′ = 2/3 and that k′ = 1 (1/k′ = 1). This means that it is a Langmuir adsorption 
isotherm a = c/(c + 2/3).



208 Handbook of Inland Aquatic Ecosystem Management

Example 10.4
A mixture of polyaromatichydrocarbons (PAH) with log Kow = 5.5 is 
discharged to an aquatic ecosystem with 1 mg/L suspended matter. 
Experiments have shown that PAH adsorbs to the suspended matter 
with the following results as basis:

PAH in 
Solution (μg/L)

PAH Adsorbed (g/kg) 
Suspended Matter

1 2.5
2 5.0
3 7.4
5 12.0
8 17.0

10 17.5
12 17.8

The discharge is 0.120 kg/day of the PAH-mixture. The aquatic ecosystem 
can be considered a mixed flow reactor; see Section 2.4. The hydrological 
retention time is 60 days. The volume is 1,000,000 m3. BCF (L/kg) of the 
PAH-mixture for fish can be found from Log BCF = 0.8 · Log(Kow) − 0.25.

Adsorption Isotherms

	 a.	 Find an adsorption isotherm that can describe the adsorption 
of the PAH-mixture to the suspended matter.

	 b.	 Find the concentration of dissolved PAH in the aquatic ecosystem.
	 c.	 What is the expected concentration of PAH in fish?

–6 –4 –2 0 +2 +4 +6 +8
0

2

4

6

8

10

12
Lo

g 
K o

w

Log S (µmol/L)

FIGURE 10.4
Linear regression between log Kow and log S, the solubility in water expressed in μmol/L. The 
regression is based on a wide range of organic compounds.
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Solution

Langmuir

y = 3.81E-07x + 0.0139
R2 = 0.9972

y = 0.8146x + 5.3358
R2 = 0.9753

–
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	 a.	 It is seen that R2 is biggest for the Langmuir plot. It implies that 
the adsorption can be described by an adsorption isotherm 
with the following constants:

	 C 1/ 71 9 g/kgs max, .= =β

	 K 1/ C 36 5 1 L/gads s max
3

. ,( ) . .= ⋅ = ×α 0

	 b.	 The concentration totally in the aquatic ecosystem can be found 
from the discharge rate and the retention time:

	
C

g/day days
m m

g/LPAH =
⋅

×
=−

120 60
10 10

7 26 3 3 3

( )
. μ

	 If all PAH was adsorbed the concentration on suspended mat-
ter would be

	
C

C
C

g/L
mg/L kg/mg

g/kgs PAH
PAH

Suspenderet
6,

.
.= =

×
=−

7 2
1 10

7 2
μ
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	 By an iteration starting with this concentration is found c, 
which is used to find a better a and so on, we find that c = Cs = 
5.1 g/kg and a = Cw = 2.1 μg/L.

	 c.		  BCF 1 1 L/kg0.8  5.2 0.25 3.91= =0 0× −

	 The concentration in fish can be found from

	

BCF
C
C

C BCF C kg g/L mg/kg

fisk

W

fisk w
3.91

=

⇓

= × = × =−10 2 1 171 . μ

10.8 � Biological Concentration Factor

The distribution between the biosphere and the hydrosphere is also of 
importance. BCF is the ratio between the concentrations in an organism and 
in water. It can be found for many compounds and for some organisms in 
the literature. BCF may also be estimated, see Figure 10.5, where two log−log 

5
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1

0
0 1 2 3

Log Kow

4 5 6
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(20–30 cm)

Lo
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BC
D
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FIGURE 10.5
Relationships between log BCF (fish 20–30 cm long) or mussels and log Kow. The two relation-
ships are almost parallel. The gray zones shown around the straight lines indicate the bands 
corresponding to 95% of the observations on which the correlation is based. The correlations 
are based on 142 observations for fishes and 82 for the mussels. The observations are taken 
from several sources among which the most important is Geyer et al. (1982).
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plots between BCF and Kow are shown for mussels and fish (length 20–30 cm) 
with an average lipid fraction of 5%–12%.

H (or rather KH), Koc, KD, and BCF all express a ratio between two equi-
librium concentrations in two different spheres. A transfer of a compound 
from one sphere to another will take place until the equilibrium concen-
trations have been attained. The rate of transfer will usually be propor-
tional to the distance from equilibrium and dependent on the diffusion 
coefficient of the compounds and of the resistance at the boundary layer 
between the two spheres. The reaeration of aquatic ecosystems follows this 
pattern; see Section 2.6. The rate of reaeration is proportional to the differ-
ence between the oxygen concentration at saturation and the actual oxygen 
concentration.

Example 10.5

Compare the BCF found in Example 10.4 with a BCF value found from 
Figure 10.5.

Solution

From the figure is found log BCF = 3.55 ± 0.4 and the equation presented 
in Example 10.4 gave log BCF = 3.91. The difference between the two 
results is not significant. The equation presented in Example 10.4 had no 
indication of fish size, while Figure 10.5 is valid for 20–30 cm fish.
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11
Application of Aquatic Chemistry 
in Environmental Management II: 
Equilibrium Calculations of the 
Four Types of Reactions

11.1 �� Double Logarithmic Diagrams Applied 
on Acid–Base Reactions

The chemistry of the aquatic environment involves always many simultaneous 
reactions, which can be difficult to overview unless we use computer pro-
grams or double logarithmic diagrams that allow us quickly to assess the 
approximate concentrations. It includes a determination of which compo-
nents we do not need to consider because they have relatively small con-
centrations. The double logarithmic diagram is applied in this handbook 
because it is relatively easy to construct and is very illustrative. The double 
logarithmic diagram for acid–base reactions plots the logarithmic of the con-
centration of the various species versus pH.

If we consider an acid–base reaction, HA ⇔ A− + H+, the logarithmic form of 
the equilibrium constant expression is

	 pK log A log H log HA log A pH log HA= − − + = − + +− + −{ } { } { } { } { } 	 (11.1)

or in the form of the so-called Henderson–Hasselbalch’s equation

	
pH pK

A
HA

= +
−

log
{ }
{ } 	

(11.2)

Notice that “p” is a general abbreviation for “−log.” K is the equilibrium con-
stant (see Chapter 10).

From (11.2), it is clear that when pH << pK is {HA} >> {A−}. As the acid–base 
system only has the two forms HA and A−, {HA} ≈ [HA] ≈ C, where C is the 
total concentration of the acid–base system. Log {A−} at low pH-values can be 
derived from (11.1): log {A−} = pH – pK + C ≈ log [A−]. This will correspond to 
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a straight line with the slope + pH in a logarithmic diagram. For pH = pK, 
the line will take the value C. A straight line through the point (pK, C) with a 
slope of +1 represents therefore log [A−] in a diagram of log ci (ci symbolizing 
various species) versus pH.

At pH >> pK, {A−} ≈ [A−] ≈ C. Log {HA} = pK − pH + C ≈ log [HA]. This implies 
that log [HA] in a double logarithmic diagram for high pH-values, and it is rep-
resented by a straight line with the slope − 1 going through the point (pK, C).

For pH = pK, we know from Equation 11.2 that {HA} = {A−} = C/2 ≈ [HA] = [A−].
Table 11.1 summarizes these results.
Figure 11.1 shows a double logarithmic diagram for a 0.01 M acid (log C = −2) 

with pK = 6.0. The diagram is drawn by the use of the straight lines for log 
[HA] and log [A−] at low and high pH and the point (pK, C/2), which is valid 
for both log [HA] and log [A−]. The gap between low pH and pH = pK can 
easily be drawn and correspondingly the gap between pH = pK and high pH.

The double logarithmic diagram represents two equations: the mass equa-
tion expression and the information that the total concentration is 0.01 M. 
We have, however, four that are unknown [HA], [A−], [H+], and [OH−]. We 
need therefore two more equations. Water’s ion product [H+] [OH−] = 10−14 
or, in logarithmic form, log [H+] + log [OH−] = −14 = pKw can be used as the 
third equation. The fourth and last equation is the information that a solu-
tion always will be uncharged—that the sum of the concentrations of posi-
tive charged ions times their charge = the sum of the concentrations of the 
negative charged ions times their charge. In most cases it is, however, more 
beneficial to use the fact that the concentrations resulting from dissociation 
of hydrogen ions is equal to the concentrations of ions that have taken up 
hydrogen ions. It is called the proton balance. To use this fourth equation 
to assess the composition of a solution including pH, it is recommended to 
write up the components that are in the solution before any reaction.

For instance, if an acid HB in water is considered, the components before 
any reaction are HB and H2O. These two components can therefore not result 
from dissociation or uptake of hydrogen ions. Dissociation of hydrogen ions 
from these two components can only result in the formation of B− and OH−, 
and the uptake of hydrogen ions is only possible for water forming the oxo-
nium ions, which is often just written as H+ only. The proton balance yields 
therefore the following equation:

	 [ ] [ ] [ ]B OH H− − ++ = 	 (11.3)

TABLE 11.1

HA and A− as Function of pH

Log [HA] Log[A−]

pH << pK log C pH − pK + C
pH = pK log (C/2) log (C/2)
pH >> pK pK – pH + C log C
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As we have an acidic solution, pH is relatively low, and it is therefore assumed—
at least in the first hand—that + [OH−] ≈ 0. Therefore, the proton balance gives

	 [ ] [ ]B H− += 	 (11.4)

This equation corresponds to the point 1 in Figure 11.1. This point represents 
the composition of the 0.01 M HB solution. It is of course necessary to check 
the assumption that the hydroxide ions are negligible. As seen [OH−] = 10−9 
at point 1. It was therefore fully acceptable to consider [OH−] as negligible 
compared with [B−] and [H+].

With the same argument, it can be found that the proton balance for a solu-
tion of NaB yields [OH−] = [HB] corresponding to point 2 in Figure 11.1.

Figure 11.2 shows a double logarithmic diagram of the system H2B, HB−, 
and B2−. The total concentration is 0.01 M. The acid in this case is able to 
dissociate two hydrogen ions, and it has therefore two pK values: pK1 and 
pK2. The H2B-curve will at pH ≥ pK2 have the slope −2, as seen, because the 
actual process is H2B ⇔ B2− + 2H+. B2− will correspondingly have the slope 
+2 at pH ≥ pK1.
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FIGURE 11.1
Double logarithmic diagram for an acid–base system with a total concentration of 0.01 m and 
pK = 6.0. The proton balance for HB and NaB is shown. The pH for the two cases are found as 
point 1 (pH = 4.0) and 2 (pH = 9.0), respectively. Notice that the total composition can be read at 
the diagram. B− at point 1 is 0.0001 and HB at point 2 is 10−9.
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The proton balance for the ampholyte NaHB will with good approximations 
yield the equation [H2B] = [B2−] as [OH−] and [H+] both << [H2B] = [B2−]. The 
point 3 in Figure 11.2 corresponds to the composition of the various species 
in a 0.01 M NaHB solution with the pK values as shown in Figure 11.2, that is, 
6.1 and 9.5. Point 1 corresponds to a 0.01 M H2B solution, where the concentra-
tion of B2− and hydroxide ions are considered negligible in the proton balance. 
The approximated proton balance is shown in the figure. Point 2 in the Figure 
11.2 corresponds to a 0.01 M B2 solution. The proton balance is shown in the 
figure. H2B and hydrogen ions are in this case considered negligible.

Phosphoric acid is a medium strong acid and has therefore a low pK1 value, 
namely, 2.12. It implies that point 1 corresponding to the composition of a 0.4 M 
phosphoric acid solution yields an undissociated phosphoric acid concentration 
different from the total concentration—compare with Figures 11.1 and 11.2— 
where a weak acid solution clearly gives an undissociated acid close to the 
total concentration. If, in the case of phosphoric acid, we have to read the 
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point 1 and 2, respectively. A 0.01 M solution of NaHB has the composition corresponding to 
point 3.
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concentration of phosphoric acid in a 0.4 M solution, it is advantageous to read 
the concentration of dihydrogen phosphate and deduct it from the total concen-
tration. The concentration of dihydrogen phosphate is found from the diagram 
to be antilog (−1.4) corresponding to a concentration of about 0.04 M. pH is 1.4. 
The concentration of phosphoric acid becomes therefore 0.4 − 0.04 = 0.36 M.

11.2 �� Molar Fraction, Alkalinity, and Buffer Capacity

Introduction of molar fractions makes it possible to set up equations to compute 
the composition of acid–base solutions. As mentioned earlier, the application 
of a double logarithmic diagram corresponds to find x unknown concentra-
tions from x equations. It is therefore of course possible to find a composition 
of a complex acid–base mixture by solving the equations. It is however in most 
cases faster and sufficiently accurate to use a double logarithmic diagram. 
Molar fractions may also be used in the double logarithmic diagram instead 
of concentrations. The concentrations for a number of different cases (different 
total concentrations) of the same components can easily be found by multiply-
ing the molar fractions found on the diagram with the total concentration.

The molar fractions are shown in Figure 11.3 for the system H2B, HB−, and B2−. 
The three shown equations are found from the two mass equations and from 
the equation that expresses that the sum of the three molar fractions is one.

The buffer capacity, ß, is defined as

	
ß =

dC
dpH 	

(11.5)

where
dC is strong acid or base added to the considered solution
dpH is the corresponding change of pH

Acids and Bases—important equations:

Molar fraction H2B = 1/(1 + K1[H+] + K1K2[H+]2)

Molar fraction HB− = 1/(1 + [H+]/K1 + K2/[H+])

Molar fraction B2− = 1/(1 + [H+]/K2 + [H+]2/K1K2)

ß = buffer capacity = 2.3 ([H+] +[OH−] + [HA][A−]/([HA] + [A−])

[ ] [ ] [ ] [ ] [ ]Alk HCO CO H OH other base ions 3= + − + +− − + − ∑2 3
2

NB!! Alkalinity is conserved.

FIGURE 11.3
Important definitions: molar fraction, buffer capacity and alkalinity.
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When ß is high, relatively much acid or base is needed to change pH, while 
a low ß value indicates that pH is changed by addition of a minor amount of 
acid or base. It can be shown by differentiation according to the definition 
given in (11.5) that

	
ß =

+ +
+

⎛

⎝⎜
⎞

⎠⎟

+ − −

−2 3
H OH HA A

HA A
.

[ ] [ ] [ ][ ]
([ ] [ ]) 	

(11.6)

ß can be found directly from this expression. The various concentrations 
can be found by calculations or from the double logarithmic diagram. It is 
also possible to find and draw on the double logarithmic diagram the equa-
tion log ß/2.3 = log (([H+] +[OH−] + [HA][A−]/([HA] + [A−])). At very low pH, 
[H+] is dominating the expression (11.6), and a log (ß/2.3) line in the double 
logarithmic diagram will therefore follow the line for log [H+]. At slightly 
higher pH, where [H+] = [A−] and [HA] ≈ C = [HA] + [A−] (see Table 11.1), log 
ß/2.3 = log (2 [H+]) = log (2 [A−]) = 0.3 + log ([H+]) = 0.3 + log [A−]). Where the 
two lines for [H+] and log ([A−]) intersect, log (ß/2.3) value will therefore be 
0.3 above the intersection. At pH = pK, the ß-expression is dominated by 
[HA][A−]/([HA] + [A−] = C/2 C/2/C = C/4. It means that the log (ß/2.3) value 
will be 0.3 below the intersection of [HA] and [A−] at pH = pK. At high pH, 
the expression is dominated by [OH−], and log [ß/2.3) will therefore follow 
the line of log [OH−]. Where log [OH−] = log [HA], log [ß/2.3) = 0.3 + log 
[OH−] = 0.3 + log [HA].

Figure 11.4 shows how a log (ß/2.3) plot is found for the acid–base system 
in Figure 11.2. The double logarithmic diagram is applied to find which con-
centrations we have to consider in Equation 11.6 and which concentrations 
we can eliminate because they are negligible.

The two most important acidic components in the oceans are the carbon 
dioxide system and boric acid. As pH in the oceans is 8.1, the buffer capac-
ity of the water in the oceans can easily be found. The buffer capacity of the 
oceans is, however, much higher than the value obtained from the buffer 
capacities of the ions due their content of suspended clay minerals, which are 
able to buffer due to the following reaction:

	

3Al Si O OH 4SiO 2K  2Ca 12H O 

2KCaAl Si O

2 2 5 2 2
2

2

3 5 16

( )

(

+ + + ++ + < − − −− >

HH O 6H2 6) + +

	 (11.7)

The pH-dependence is indicated by the corresponding equilibrium expres-
sion in logarithmic form:

	 log K 6 log H 2 log K 2 log Ca2= − −+ + +( ) 	 (11.8)
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Sillen (1961) estimated the buffering capacity of these silicates to be about 1 mol/L or 
approximately 2000 times the buffering capacity of carbonates.

Alkalinity is the sum of all alkaline components minus the sum of all 
acidic components. In aquatic chemistry, we are usually particularly inter-
ested in the amount of hydrogen ions that we have to add to a considered 
aquatic solution to obtain a pH corresponding to an aquatic solution of car-
bon dioxide. This is the alkalinity defined in Figure 11.3.

Alkalinity of many natural aquatic systems is often (but not always) 
with good approximation equal to the hydrogen carbonate concentration. 
Hydrogen carbonate is at pH between 5 and 8.5, the dominating component 
yielding alkalinity. Other ions such as chloride and sulfate do not contribute 
to the alkalinity.

Notice that we cannot find the pH for a mixture of two solutions with 
known pH, by calculation of the weighted average of the two pH-values, 
because the resulting number of free hydrogen ions depends on the com-
position of the two solutions: which ions would be able to react with the 
free hydrogen and hydroxide ions? We can therefore only find pH for a mix-
ture when we know the concentrations of alkaline and acidic components 
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in the two solutions and can calculate the possible neutralization reactions. 
The alkalinity can, however, be found easily for a mixture of two solutions, 
because alkalinity is based on a “book keeping” of all alkaline and acidic 
components, that is, all components that can participate in acid–base reac-
tions in the actual pH-range.

If, for instance, the alkalinity is 4 meq/L for one solution and 8 meq/L for 
another solution and we mix equal volumes of the two solutions, the result-
ing alkalinity will be 6 meq/L, which can be used to find the resulting pH 
for the mixture.

11.3 � Dissolved Carbon Dioxide

Open aquatic systems have, in addition to the acid–base reactions of the dis-
solved components, an equilibrium between carbon dioxide in the atmosphere 
and dissolved in water. Equation 11.3 can be applied to find the concentration 
in water of carbon dioxide. This equation implies that the carbon dioxide con-
centration is constant and independent of pH. A part of the dissolved carbon 
dioxide (in the order of 1%) reacts with water and forms carbon acid. It is how-
ever in most calculations convenient not to distinguish the dissolved carbon 
dioxide and the carbon acid but to consider the total amount of carbon dioxide 
and carbon acid. The usually applied pK values are based on this assumption. 
Henry’s constant and the pK values for carbon acid and hydrogen carbonate 
are dependent on the temperature; see Table 11.2.

Figure 11.5 shows a double logarithmic diagram for an open aquatic sys-
tem in equilibrium with the carbon dioxide in the atmosphere. The figure 
illustrates the system during 1999–2002 where the partial pressure of carbon 
dioxide was about 0.000385 atm corresponding to a concentration of 385 ppm 
on volume/volume basis. Year 2012/2013 the concentration is expected to be 
approximately 400 ppm. Room temperature is presumed in the diagram.

TABLE 11.2

Equilibrium Constants of the Various Carbon Dioxide–Carbonate 
Equilibria at I = 0

Type of Constant 5°C 10°C 15°C 20°C 25°C 40°C 100°C

Solubility product of CaCO3 8.35 8.36 8.37 8.39 8.42 8.53
pK1 for H2CO3 6.52 6.46 6.42 6.38 6.35 6.35 6.45
pK2 for H2CO3 10.56 10.49 10.43 10.38 10.33 10.22 10.16
pKw 14.73 14.53 14.34 14.16 14.00 13.53 11.27
KH 1.20 1.27 1.34 1.41 1.47 1.64 1.99
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Total carbonic acid = carbonic acid + dissolved carbon dioxide, denoted CT, 
will therefore in a double logarithmic diagram correspond to a horizontal 
line at log C = 0.000385 × 10−1.41. The line representing hydrogen carbonate 
has a slope of +1 and intersects the carbon acid line at pH = pK1. The carbon-
ate line will correspondingly have a slope of +2 and intersect the hydrogen 
carbonate line at pH = pK2.

The composition of an open aquatic system can easily be found by the 
application of the diagram Figure 11.5, provided that the alkalinity is known 
and other alkaline components can be omitted. If for instance the alkalinity 
is found to be 0.001 M and it is assumed that pH is below 9, the alkalinity 
will with good approximation be equal to the hydrogen carbonate concen-
tration. It is seen in Figure 11.5 that a hydrogen carbonate concentration of 
0.001 corresponds to a pH of 8.0—the assumption that pH was below 9.0 was 
therefore correct. The concentrations of carbon acid and carbonate can easily 
be read from the figure in this case.
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Example 11.1

Construct a double logarithmic diagram for carbonic acid–hydrogen 
carbonate in a freshwater system at 10°C in equilibrium with the atmo-
sphere containing 450 ppm carbon dioxide.

	 a.	 Mark on the diagram a stream with alkalinity 0.0025 eqv/L and 
indicate the corresponding pH.

	 b.	 Mark on the diagram a stream with alkalinity 0.0005 eqv/L and 
indicate the corresponding pH value.

	 c.	 What is the resulting pH in a lake receiving a mixture of equal 
volumes of the two streams?

Solution

At moderate pH, the alkalinity is [HCO3
−]. On the diagram, see 

Figure 11.6, is shown where [HCO3−] = 0.0025 M (point 1) correspond-
ing to pH = 8.5. Point 2 indicates [HCO3−] = 0.0005 M corresponding to 
pH = 7.8.

The alkalinity is conserved when two streams are mixed. Therefore, 
the alkalinity in the lake ≈ [HCO3−] = 0.0015 M at pH = 8.3, (point 3).
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Example 11.1. See the solution.
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In addition to the equilibrium between carbon dioxide in the atmo-
sphere and carbon acid in water, solid carbonate may be present as 
suspended matter and/or in sediment and be in equilibrium with the cal-
cium and carbonate ions in the water according to the solubility product:

	 [ ][ ] .Ca CO K 12
3

2
S

8 4+ − −= = 0 	 (11.9)

It is possible to include also this equation in the double logarithmic dia-
gram as shown in Figure 11.7. The calcium ion line gets a slope of +2 and 
intersects the carbonate line at log C = −4.2. The composition under these 
circumstances is found by a charge balance. The sum of the negative and 
positive ions must balance. In most aquatic systems at pH < 9.0 the domi-
nant cations will be the calcium ions and the dominant anions will be 
hydrogen carbonate ions. It implies that the following equation is valid:

	 2 Ca HCO2
3[ ] [ ]+ −= 	 (11.10)

This corresponds, in Figure 11.7, to pH = 8.4. The carbonate ion concen-
tration is negligible at this pH-value. Notice that in this case where two 
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equilibria are imposed on the system (equilibrium with carbon dioxide 
in the atmosphere and equilibrium with solid calcium carbonate), the 
composition of the water is given and no information of alkalinity is 
needed. The concentration of the carbonate ions must be included in the 
charge balance at higher pH, which is possible by an iteration.

Example 11.2

What is the composition when an open freshwater system is in equilib-
rium with solid calcium carbonate and carbon dioxide at 10−3.41 atm?

Solution

The diagram in Figure 11.7 can be applied.
The process determining the dissolution of calcium carbonate:

	 CaCO s CO H O Ca 2HCO3 2 2
2

3( ) + + → ++ −

The charge balance:

	 2 Ca   H   [HCO ]  2[CO ]  [OH ]2
3 3

2[ ] [ ]+ + − − −+ = + +

With good approximation:

	 2 Ca HCO2
3[ ] [ ]+ −=

	

pH 8 4  HCO 1 M H CO 1 M Ca 5 1 M og

CO

3
3

2 2
5 2 4

3

≈ ≈ ≈ ≈ ⋅− − − + −. ; [ ] ; [ *] ; [ ]

[

0 0 0

22 51 M− −≈] 0

11.4 � Precipitation and Dissolution: Solubility of Hydroxides

The solubility products of hydroxides, oxides, and carbonates have particu-
lar interest in aquatic chemistry because these anions are present in high 
concentrations in natural aquatic systems. The hydroxides are furthermore 
of interest, because they are for most heavy metals very insoluble, which is 
utilized in the treatment of industrial wastewater containing heavy metals. 
As it has been shown in Figure 11.7, it is also possible to apply the double 
logarithmic plot to represent a solubility product. This is also illustrated in 
Figure 11.8, where the solubility of several heavy metal ions as function of 
pH due to precipitation of hydroxides. The solubility products for several 
heavy metal hydroxides are shown in Table 11.3.

In many cases, the cations are able to form hydroxo-complexes with hydroxide 
ions and thereby change the solubility that is found directly from the solubility 
product. The actual reactions for aluminum ions are shown in Figure 11.9. It is 
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illustrated in the figure how to cope with the solubility as a function of pH 
if hydroxo-complexes can be formed. The double logarithmic diagram cor-
responding to the presented procedure is shown in Figure 11.10.

The solubility of iron(III) hydroxide, zinc oxide, and copper oxide can be 
found by the same method. The diagram for iron(III) hydroxide is shown in 
Figure 11.11.

TABLE 11.3

pKs Values at Room Temperature 
for Metal Hydroxidesa

Hydroxide
z = Charge 

of Metal Ions pKs

AgOH(1/2 Ag2O) 1 7.7
Cu(OH)2 2 20
Zn(OH)2 2 17
Ni(OH)2 2 15
Co(OH)2 2 15
Fe(OH)2 2 15
Mn(OH)2 2 13
Cd(OH)2 2 14
Mg(OH)2 2 11
Ca(OH)2 2 5.4
Al(OH)3 3 32
Cr(OH)3 3 32

a	 pKs = − log Ks, where Ks = [Mez+][OH−]z.
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How to make a double logarithmic diagram for the solubility as influenced by hydrolysis/forma-
tion of hydroxo complexes?

	 1.	 Set up a diagram indicating the initial components and how they can react to form 
various species. Example:

Species Al(OH)3 H+ logK*

Al3+ 1 3 8.5
Al(OH)2+ 1 2 3.53
Al OH( )2

+ 1 1 −0.8
Al(OH)3 1 0 −6.5
Al OH( )4

− 1 −1 −14.5

	 2.	 Find the equilibrium constants (log *K1, log *K2, log *K3, log *K4) for the reactions 
between the aluminum hydroxide and one or more hydrogen ions, here exemplified by 
Al(OH)3 + 3H+ <-> Al3+ + 3H2O.

	   *K1 can be found from the solubility product, Ks = [Al3+] [OH−]3:

	 K Al  OH H / H K Ks 1 w= =+ − + +[ ] [ ] [ ] [ ]3 3 3 3 3

	 where Kw is the ion product of water = 10−14 at room temperature.
	 3.	 Plot in a double logarithmic diagram log (species) versus pH by use of the equilibrium 

constants for the formation the considered species. The solubility of Al(III) is the sum 
of all the soluble species, Al3+, Al(OH)2+ etc.

FIGURE 11.9
It is shown how to utilize a double logarithmic diagram, when hydroxo-complexes may be formed.
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11.5 � Solubility of Carbonates in Open Systems

The solubility of calcium carbonate in open aquatic systems has already been 
treated in Section 11.3. Figure 11.12 gives for strontium carbonate, iron(II) 
carbonate, cadmium carbonate, and zinc carbonate the same diagram as 
shown in Figure 11.7 for calcium carbonate.

11.6 � Solubility of Complexes

Complex formation will be covered later in this chapter, but it will be shown 
here how a simple complex formation under simultaneous reaction with a 
compound with very little solubility can enhance the solubility considerably. 
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FIGURE 11.11
The solubility of amorphous iron(III) hydroxide as function of pH is shown. The construction 
of the diagram is as explained for aluminum(III) hydroxide. The solubility of iron(III) hydroxide 
is determined by formation of iron(III) ions and formation of complexes with one, two, or four 
hydroxide ions.
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The calculations are made by adding two suitable reactions and determining 
the equilibrium constant for the total process as the product of the equilib-
rium constants of the two added processes. If the equilibrium constant for 
the total process is high, the solubility will with very good approximation be 
very pronounced. If the equilibrium constant is not very high, the solubility 
is made unknown in a suitable equation.

The method is shown by use of an example; see Example 11.3.

Example 11.3

Find the solubility of iron(III) in a freshwater lake with and without 
presence of 10 μmol citrate/L. The ion strength of the lake water is 0 and 
pH = 9.0. The solubility product of iron(III) hydroxide is 10−24 mol4/L4. 
The formation constant for the complex between citrate and iron(III) at 
pH = 9.0, where citric acid has dissociated all hydrogen ions with good 
approximation, is 1028.
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FIGURE 11.12
Double logarithmic representation of an equilibrium of solid strontium carbonate, iron(II) car-
bonate, cadmium carbonate, and zinc carbonate in an open aquatic system. The composition 
will correspond to the lines where the difference between the concentration of the metal ion 
and hydrogen carbonate is 0.3, corresponding to the equation 2[Me2+] = [HCO3

−].
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Solution

From the solubility product, it is found that the solubility at pH = 9.0 
(the hydroxide concentration is 10−5 M) is 10−9 M. Solubility of iron(III) 
when citrate is present is determined by the reaction

	 Fe OH citrat Fe III citrat-  3OH3
3( ) ( )+ ↔ +− −

and the mass equation yields

	 [ ][ ] [ ] * ( . )Fecitrat- OH / citrat 1 X 1 / 1 X3 3 4 15− − + −= = −0 0 0 0000

	 X/ 1 X 1 19( . )0 0000 0− = +

X must be 10 μM/L with good approximation, which of course also cor-
responds to the concentrations of citrate as it, due to the equilibrium 
constant (10+19), determines how much iron(III) will dissolve.

11.7 � Stability of the Solid Phase

It is not possible, by a comparison of the numerical values of the equilibrium 
constant, to decide which of the two or more solid phases control the solubil-
ity of an ion. It is necessary to determine by calculation which solid phase 
that gives the smallest concentration of the consider ion and it will be the 
solid phase with the highest stability. Example 11.4 illustrates a case study: 
Is it iron(II) carbonate or iron(II) hydroxide that determines the solubility of 
iron(II) in natural water containing carbonate?

Example 11.4

Is it iron(II) carbonate or iron(II) hydroxide that determines the solubil-
ity of iron(II) in natural anoxic water at pH = 6.8 and with an alkalin-
ity of 10−4? The solubility products are 10−10.7 mol2/L2 and 10−14.7 mol3/L3, 
respectively. The pK for hydrogen carbonate is 10.1.

Solution

The iron(II) concentration resulting from solubility of iron(II) carbonate 
and iron hydroxide is determined:

	 FeCO s Fe  CO log K 1 43
2

3
2

s( ) .= + = −+ − 0

	 H  CO  HCO logK  1 13
2

3 2
+ − −+ = − = 0.
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For the process,

	 FeCO  H  Fe  HCO3
2

3+ = ++ + −

the equilibrium constant is found by adding the processes, which implies 
that log *Ks = −0.3. It means that log [Fe2+] = log *Ks − pH − log [HCO3

−] = 
−0.3 − 6.8 − (−4) = −3.1.

	 Fe OH s Fe 2OH log K 14 52
2

s( ) ( ) .= + = −+ −

	
2H 2OH 2H O 2 log K 282 w

+ −+ = − = + .0

For the process,

	 Fe OH s   2H Fe  2H O2
2

2( ) ( ) + = ++ +

the equilibrium constant is found by adding the two processes, which 
implies that log *Ks = 13.5 and log [Fe2+] = log *Ks − 2pH = 0.1.

The calculations show that iron(II) will be present under the given 
condition in the concentration 10−3.1, determined by a solid phase con-
sisting of iron(II) carbonate, with the mineralogical name siderit.

It is possible under the given conditions to find the pH value at which 
iron(II)-hydroxide will become the most stable solid and thereby deter-
mine the iron(II)-solubility. The two expressions for the iron(II)-
concentration yields –0.3 – pH –(−4) = 13.5 – 2pH. At pH = 13.5 + 0.3 − 4 = 9.8, 
will the two solid phases have the same stability, but above this pH 
value iron(II)-hydroxide will determine the iron(II) -solubility. At pH = 9.8 
the solubility of iron(II) is 10−6.1.

11.8 � Complex Formation

Any combination of cations with molecules or anions containing free pairs 
of electrons is named coordination formation. The metal ion is denoted the 
central atom and the anions or the molecules are called the ligands. The atom 
responsible for the coordination is called the ligand atom. If a ligand con-
tains more than one ligand atom and thereby occupies more than one coor-
dination position in the complex, it is referred to as multidentate. Ligands 
occupying one, two, three, four, and so on are named unidentate, bidentate, 
tridentate, tetradentate, and so on. Complex formation with multidentate 
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ligands is called chelation and the complexes are called chelates. Typical 
examples from aquatic chemistry are

Oxalate and ethylenediamine are bidentate
Citrate is tridentate
Ethylenediamine tetraacetate is hexadentate

If there is more than metal ion in the complex, we are talking about poly-
nuclear complexes.

Complex formation takes place according to the following reaction scheme:

	 Me  L  MeLn m n m+ − − ++ → ( )
	 (11.11)

where
Me is a metal
LK is a ligand

The mass equation gives the following expression:

	

[ ]
[ ][ ]

( )MeL
Me L

K
n m

n m

− +

+ − =
	

(11.12)

K is named the stability constant, complexity constant, or formation constant.
The coordination number for a metal is the number of coordination position 

on the metal–positions where the free electron pairs can attach the ligand to 
the metal. Even coordination numbers are most frequently found. Coordination 
numbers for the metal ions most frequently found in aquatic environment are 
listed in Table 11.4.

TABLE 11.4

Coordination Numbers for Metals 
of Interest in Aquatic Chemistry

Metal
Coordination 

Number

Cu+ 2
Ag+ 2
Hg2

2+ 2, 4
Li+ 4
Be2+ 4, 6
Al3+ 4, 6
Fe3+ 4, 6
Cu2+ 4, 6
Ni2+ 4, 6
Hg2+ 2, 4
Fe2+ 6
Mn2+ 4, 6
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11.9 � Environmental Importance of Complex Formation

Complex formation has a great influence on the effects of metal ions on aquatic 
organisms and ecosystems. Complex formation has the following effects:

	 1.	The solubility can be increased

	 MeY S L MeL Y( ) + = + 	 (11.13)

Me represents a metal
Y a sediment
L a ligand that is able to react with the metal ion

	 2.	The oxidation stage of the metal ion may be changed. The mass equation 
constants for the following two processes may differ

	 Me me Men n m+ − − ++ → ( )
	 (11.14)

	 MeL me MeLn n m+ − − ++ → ( )
	 (11.15)

if the stability constant (mass equation) for the two complexes in 
Equation 11.15 are different.

Free metal ions

Adsorbed

Cr

Complexes
HgHg, Cr, Ag
Pb, Ag

Pb, Cu Zn

Zn
Co

Co
Ni

Ni

FIGURE 11.13
Triangle diagram for the form of heavy metal ions in freshwater and salt water. Presence of 
ligands in aquatic systems will generally enhance the transfer of metal ions from sediment, 
soil, and suspended matter to water; but the toxicity will generally be reduced. x, Fresh water; 
o, Salt water.
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	 3.	The metal toxicity may be changed, because the complexes have another 
bioavailability than the metal ions.

	 4.	The ion exchange and adsorption processes of the metal ions may be changed. 
The adsorption isotherms and ion exchange equilibrium constant 
will in far most cases be different for the complexes and the metal 
ions due to the bigger size of the complexes among other properties.

In Figure 11.13, the triangle diagram shows which forms of metal ions are 
usually found in freshwater and saltwater. The difference is due to the high 
salinity (chloride concentration) and ion strength in salt water and the pres-
ence of organic ligands and a higher concentration generally of suspended 
matter in freshwater.

11.10 � Conditional Constant

The complex formation in aquatic systems is often very complicated because 
a number of side reactions (acid–base reactions, precipitations, redox reac-
tions) are possible in addition to the main reaction and the complex forma-
tion. Reactions between metal ions and ligands are often determining the 
release of metal ions from sediment, pH is often determining the strength 
of a complex, and the bioavailability of toxic substances is highly depen-
dent on the form of the compound—complex bound or not, base or acid 
form, and so on. It is therefore of importance to be able to find the concen-
trations of the various forms in aquatic systems under given conditions 
(Alloway and Ayres 1993).

It is possible to consider the side reactions by the application of what is 
called conditional constants. Let us consider the reaction

	 Me L MeLn m n m+ − ++ ↔ ( ) 	 (11.16)

It is assumed that the following side reactions are possible:
A precipitation

	 pMe  nY Me Y sn p
p n

+ −+ ↔ ( ) 	 (11.17)

An acid–base reaction

	 L  H HL HL  H H Lm m m
2

m− + − − − − + − −+ ↔ + ↔( ) ( ) ( );1 1 2

	 (11.18)
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fMe, defined as the ratio between the metal ion concentration and the metal 
concentration including other forms determined by the side reactions, can be 
found from the solubility product, KS, if [Yp−] e is known. If concentrations 
are used, we get

	 [ ] [ ]Y Me Kp n n p
S

− + = 	 (11.19)

	

[ ]
[ ] [ ]

/

/
Me
Me

f
K

Y Me

n

Me
S

1 p

p n p

+

−ʹ
= = ∗

ʹ[ ]
⎡

⎣
⎢

⎤

⎦
⎥

1

	
(11.20)

where the symbol Me′ represents all the metal forms except the complex 
formed by what is considered the main reaction (11.16).

fL, defined as the ratio between Lm− and the ligand concentration includ-
ing other forms determined by side reaction bs, can be found in a similar 
manner:

	

[ ]
[ ]

[ ]
* , ,

[ ]
, ,

[ ]ʹ
= = + + +−

+ + − + −L
L f

H
K K K

H
K * K K

H
m

L

m

1 2 m

m 1

2 3 m

m 21
1

… … KK K K
H
K3 4 m m* , ,

[ ]
…

…+ +
+

	
(11.21)

where L′ symbolizes all ligand forms except the complex formed by the main 
reaction (9.6). K1 to Km are the dissociation constants for the step-wise disso-
ciation of hydrogen ions for the acid HmL.

A reformulation takes place

	

[ ]
[ ][ ]

[ ]
[ ] * * [ ] *

[

)MeL
Me L

K
MeL

Me f L f

MeL

(n m

n m

(n m)

Me L

(

− +

+ −

− +

= =
ʹ ʹ

nn m)

Me L condMe ] L ]
K f f K

− +

ʹ ʹ
= =

]
[ [

*
	

(11.22)

Kcond is denoted the conditional equilibrium constant. If Kcond is known, it is 
possible to find the concentrations of free metal ions and metal complexes by 
the use of the Equations 11.21 and 11.22. Kcond is of course only valid under 
the conditions given by pH and [Yp−]. If however these two concentrations 
are known—the conditions are known—then the usual mass constant calcu-
lations can be carried out using Kcond instead of K.
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The most important equations for calculations of complex formation are 
summarized in Figure 11.14. Notice that K is used for the mass equation con-
stant where one ligand is attached to the metal ion at the time, while ßn is 
used for the reaction between the metal ion and n ligand.

Example 11.5

The biological concentration factor, BCF (BCF = CAlge/Cvand), for cadmium 
in brown algae is 890 L/kg, while the BCFs for cadmium chloro-complexes 
are negligible with good approximation. In the Little Belt in the mid-1980s, a 
concentration of cadmium of 32 μg/L was found in the most contaminated 
areas. The salinity is 1.8% and can with good approximation be considered 
to be entirely sodium chloride. Cadmium forms mono-chloro, di-chloro, 
tri-chloro, or tetra-chloro complexes. The β-values for formation of these 
complexes are 25 M−1, 50 M−2, 32 M−3, and 11 M−4, respectively, by infinite 
dilution. The temperature is presumed 25°C and MNaCl = 58.44 g/mol.

	 a.	 Find the ß-values by the application of Davies equation.
	 b.	 What is the concentration of cadmium in the brown algae?

Solution

Mw(NaCl) = 58.45 g/mol
[Na+] = [Cl−] = m(NaCl)/Mw(NaCl) = 18 g/L/58.45 g/mol = 0.3080 M
I = 0.5 (0.3080 M * 12 + 0.3080 M * 12) = 0.3080 eqv/L
z = 1 ⇒ f1 = 10−0.1477

z = 2 ⇒ f2 = 10−0.5606

ß1 =
ß2 =
ß3 =
ß4 =
[Cd2+] =
Cd- in brown algae = BCF [Cd2+] = 890

Complexation constant, stability constants, formation constant.

	 K1 = [ML]/[M] [L],  K2 = [ML2]/[ML] [L],  K3 = [ML3]/[ML2] [L], etc.

	 ß1 = K1,  ß2 = K1 K2,  ß3 = K1 K2 K3, etc.

K* and ß* symbolize the constants where HL is the reactant (a ligand with only one H is 
considered in his example)

If fL is the fraction of the L-form at a given pH of the total concentration, that is, L + HL = L′, 
the conditional constant

	 K1cond = [ML]/[M] [L′] = fL K1

	 K2cond = [ML2]/[ML] [L′] = fL K2

	 K3cond = [ML3]/[ML2] [L′] = fL K2

Side reactions by M is accounted for in a similar manner.

FIGURE 11.14
Important equations by equilibrium calculations of complex formations.
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Example 11.6

The total concentration of mercury in a lake at pH = 6.5 is deter-
mined to be 0.05 mM. The equilibrium constants for formation of 
Hg(OH)+ and Hg(OH)2

0 by hydrolysis are 10−3.7 M and 10−2.6 M. MHg = 
200.59 g/mol.

	 a.	 At which concentrations can the various forms of mercury (II) 
be found under these circumstances?

	 The LC50 value for Hg2+ ions is 1.2 mg/L for daphnia.
	 b.	 Is the LC50 value exceeded when it is assumed that the hydroxo-

complexes are 100 times less toxic than Hg2+ ions?

Solution

	 a.	 The two reactions forming hydroxo-complexes

	 Hg H O Hg OH  H K  1 M pK 3 72
2 1

3 7
s1

+ + + −+ → + = =( ) ; . . ..0

	 Hg OH  H O Hg OH H K 1 M pK 2 62 2 2
2 6

s2( ) ( ) ; . . ..+ + −+ → + = =0 0

		  At pH = 6.5 is Hg(OH)2
0 the dominating form of mercury (II) 

according to the two equilibrium constants, that is, [Hg(OH)2
0] ≈ 

0.05 mM.
		    The concentrations of [Hg(OH)+] or [Hg2+] are found from 

[Hg(OH)2
0] ≈ 0.05 mM and the equilibrium constants

	 [ ( ) ] [ ( ) ] .Hg OH Hg OH 1 /K 1 M2
pH

2
8 2+ − −= ⋅ =0 0 0

	 [ ] [ ( ) ]Hg Hg OH 1 /K 1 M2 pH
1

11+ + − −= ⋅ =0 0

	 b.	 The hydroxo-complexes are 100 times less toxic; that is, they 
have an LC50-værdi or 0.12 g/L = 0.55 mM

	 The ratio between concentrations and LC50 values are found:

	

( . )
. .

.
1 M 5 mM

mM
M
mM

8.20 0 0
0 55

10
0 0055

0 09 1
11− −+

+ = <

	 The LC50 for daphnia is not exceeded.
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11.11 � Application of Double Logarithmic 
Diagrams to Determine the Conditional 
Constants for Complex Formation

Let us consider a complex formation according to the following reaction 
scheme:

	 Me  L MeL log K Fn m n  m+ − − ++ = =( )

exemplified by (Glycinate = Gly)

	 Fe  Gly  FeGly log K 1 83 2+ − ++ = =− 0.

The conditional constant, Kcond = [FeGly2+]/[Fe′][Gly′]

The following equations can be applied to find the conditional constant as 
function of pH:

	 [ ] [ ( ) ] [ ]Fe Fe III FeGlytotal
2ʹ = +− 	 (11.23)

	 [ ] [ ] [ ] [ ( ) ] [ ( ) ] [ ( ) ]Fe Fe FeOH Fe OH Fe OH Fe OH3 2
2 3 4ʹ = + + + ++ + + +

	 (11.24)

	 [ ] [ ] ( * [ ] * [ ] * [ ] * [ ] )Fe Fe  1 K / H  / H / H / H3
1 2

2
3

3
4

4ʹ = + + + ++ + + + +ß ß ß 	 (11.25)

	 [ ] [ ]Fe Fe /f3
Feʹ = +

	 (11.26)

	 [ ] [ ] [ ]Gly Gly FeGlytotal
2ʹ = +− 	 (11.27)

	 [ ] [ ] [ ] [ ]Gly H Gly Hgly Gly2ʹ = + ++ −−

	 (11.28)

	 [ ] [ ] ( [ ] [ ]Gly Gly  1 H /K H )/K K2
2

1 2ʹ = + +−− + +

	 (11.29)

	 [ ] [ ]Gly Gly /fglyʹ = −−

	
(11.30)

Based upon these equations, it is possible to calculate fFe and fGly as functions 
of pH, provided of course that the various applied mass equations constants 
are known: log *K1 = −3.05, log *ß2 = −6.31, log *ß3 = −13.8, and log *ß4 = −22.7. 
The pK values for H2Gly+ are 3.1 and 9.9.

Figure 11.15 shows the calculation of fFe, fGly, and the product of the two, 
fFe fGly, calculated as a function of pH. Equations 11.25, 11.26 and 11.29, 11.30 
are applied. fFe, fGly, and the product fFe fGly are found at a given pH and the 
conditional constant is calculated as Kcond = K fFe fGly, Kcond has a maximum 
around pH = 3.2. At this pH log Kcond = log K + log fFe fGly = 10.8 − 7.0 = 3.8.
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Example 11.7

	 a.	 By the application of the diagrams shown next, answer the fol-
lowing questions:

	 What is the dominant form of cadmium(II) in water with differ-
ent salinities? MNaCl = 58.44 g/mol.

1 2
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FIGURE 11.15
fFe and fGly and the product ffefGly are found as function of pH by the Equations 11.23 through 11.30.
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	 b.	 What is the LC20 value for blue mussels for total cadmium in 
mg/L, when the following information is available: LC20 for 
Cd2+ ions is 2.5 mg Cd/L, 25 mg Cd/L for the monochloro-
complex, 60 mg Cd/L for the dichloro-complex, 75 mg Cd/L 
for the trichloro-complex, and 120 mg Cd/L for the tetrachloro-
complex. It is presumed that no synergistic or antagonistic 
effect will occur. The salinity can with good approximations 
be referred to sodium chloride, and the specific density of sea 
water is independent of the salinity 1.0 kg/L.

Use the following table to answer the questions:

Salinity

5‰ (Baltic Sea 
200 km North 
of Stockholm)

12‰ (Baltic 
Sea at the 

Island Møn)
20‰ (Kattegat 

by Anholt)

40‰ (The 
Mediterranean 

Sea)

Dominating form 
of Cd(II)

Approximate LC20 
value in mg/L

Solution

	 a.	 Use the diagrams to answer the questions. The answer can be 
found in the table.

	 b.	 For the calculations of LC20,Cd(II),pCl for the four pCl-values 
read on the diagram the α-values. Calculate LC20,Cd(II),pCl as 

1 200

4

2LC LC20,Cd(II),pCl n Cd Cln

n

n/ n= −
=

=

∑ α , [ ]

Salinity

5‰ (Baltic Sea 
200 km North 
of Stockholm)

12‰ (Baltic Sea 
at the Three 

Islands Møn)
20‰ (Kattegat 

by Anholt)

40‰ (The 
Mediterranean 

Sea)

pCl 1.07 0.69 0.47 0.16
Dominating form 
of Cd(II)

CdCl+ CdCl+ og CdCl2
0 CdCl2

0 CdCl2
0 og CdCl3

−

Approximate LC20 
value in mg/L

9.4 mg/L 17.6 mg/L 30.4 mg/L 45.9 mg/L

11.12 � Redox Equilibria: Electron Activity and Nernst’s Law

There is an analogy between acid–base and reduction–oxidation reactions. 
Acid–base reactions exchange protons. Acids are proton donors and bases 
proton acceptors. Redox process reactions exchange electrons. Reductants 
are electron donors and oxidants are electron acceptors. As there are no free 
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hydrogen ions, or protons, there are no free electrons. It implies that every 
oxidation is accompanied by a reduction and vice versa. Like pH has been 
introduced as the proton activity, we may introduce an electron activity 
defined as

	 pe log e= − −{ } 	 (11.31)

where e− is the electron and p as usually is an abbreviation of −log. As free 
electrons do not exist pe should be considered a concept that is introduced to 
set up a parallel to pH and facilitate the calculations of redox equilibria. The 
relationship between pe and the redox potential, E, is

	
pe

F E
2 3RT

=
*

. 	
(11.32)

where
F is Faraday’s number = 96485 C/mol = the charge of 1 mol of electrons
R is the gas constant = 8.314 J/mol K = 0.082057 L atm/mol K

Nernst law

	
E E

RT
nF

ox
red

= °+ log
{ }
{ } 	

(11.33)

may be rewritten by the use of pe0

	
pe

F E
2 3RT

0 =
°*

. 	
(11.34)

to

	
pe pe

n
ox
red

− + ⎛
⎝⎜

⎞
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0 1
log

{ }
{ } 	

(11.35)

This yields furthermore the following relationship between the free energy 
and pe, as ΔG = −En:

	
pe

G
n 2 3RT

pe
G

n 2 3RT
=

−
=

− °Δ Δ
* . * .

0

	
(11.36)

Notice that these equations are applied on the half reaction that an oxidant 
takes up an electron, which is transferred to a reductant. A redox process, 
however, requires, as pointed out previously, that another reductant is avail-
able to deliver the electron and thereby this reductant is changed to the cor-
responding oxidant.
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Equation 11.36 implies that the following relationship between pe and the 
equilibrium constant, K, for the half reaction, in which the electron takes 
part, is valid:

	
pe

n
log K0 =

1

	
(11.37)

As illustration of the application of these equations, the following reaction 
is considered:

	 Fe  e  Fe3 2+ − ++ = 	 (11.38)

The standard redox potential corresponding to the {ox} = {red} = 1 for this 
process can be found in any table of standard redox potentials to be 0.77 V by 
room temperature. It means

	
E 77; pe

F 77
2 3 R 298

t 25 C°= = = °.
* .

. * *
( )0

00

	
(11.39)

	
log K n pe 1= = =* *

.
.

.0 0 77
0 059

13 0
	

(11.40)

where log K = log ({Fe2+}/{Fe3+}{e−}).
If, for instance, in an acidic solution [Fe3+] = 10−3 and [Fe2+] = 10−2, we 

get, applying concentrations instead of activities as a reasonable good 
approximation,

	
pe pe

n
ox
red

= + ⎛
⎝⎜

⎞
⎠⎟

= + =0 1
13 1 0 1 12 0log

{ }
{ }

* log . .
	

(11.41)

The equations that are applied to make the redox calculations are summa-
rized in Figure 11.16.

Example 11.8

Find the pe value for a natural aquatic system at pH = 7.0 and in equilib-
rium with the atmosphere (partial pressure of oxygen = 0.21 atm). What 
is the ratio {Fe2+} to {Fe3+} in the water?

Solution

The following process determines the redox potential:

	 0.5O 2H  2e  H O2 2+ + =+ −
	 (11.42)

In tables, it is possible to find that log K for this process is = 41.56—or 
the standard redox potential can be found and log K calculated based 
upon Eo.

It means that pe0 = 41.55/2 = 20.78
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pe pe 5 log p H 2 78 5 log 21 1  O2
2 14= + √ = + √ ×

=

+ −0 00 0 0 0 0. ( { } ) . . ( . ).

  2 78 5 14 34 13 610 0. . ( . ) .+ − =

This pe value is determining all ratios between oxidants and reductants, 
because the oxygen concentration in water in equilibrium with the atmo-
sphere will inevitably have a constant concentration determined by the 
partial pressure of 0.21 atm. Therefore,

	
13 61

1
13 0 00. log

[ ]
[ ]

. .= = + = +
+

+pe pe
n

Fe
Fe

log10
3

2
61

	
(11.43)

The ratio {Fe2+} to {Fe3+} ≈ 4.0 (Figure 11.17).

11.13 � pe as Master Variable

Equation 11.35 can be used to set up a graphical presentation in a double 
logarithmic diagram of a redox process. How is for instance the ratio {Fe2+} 
to {Fe3+} changed with changing redox potential or pe? Obviously, at low pe 
the reductant will be dominating and at high pe the oxidant will be domi-
nating. When pe = pe0 the two forms will be equal. The double logarithmic 
diagram is therefore very similar to the double logarithmic diagram applied 
for acid–base reactions. A double logarithmic diagram for {Fe2+} and {Fe3+} is 
shown in Figure 11.17.

Redox equations:

	 E = Eo + 2.3 RT/nF (log {ox}/{red})

or

	 pe = peo + 1/n (log {ox}/{red})

	 ΔGo = − Eo nF = − RT ln K = 2.3 RT log K = 2.3 RT n peo

Notice that when the composition, that is, {ox}/{red} is given, the redoxpotential E or pe can 
be found.

Freshwater in equilibrium with the atmosphere (oxygen partial pressure 0.21 atm) will 
have the following pe:

	 pe = 20.78 + 0.5 log (0.21)0.5 {H+}2)

From the pe value the ratio between any redox pair in freshwater is determined.

FIGURE 11.16
Summary of the most important equations to calculate redox potential, pe and the equilibrium 
constant.
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11.14 � Examples of Relevant Processes 
in the Aquatic Environment

An aqueous solution at a given pH and a given pe determines the partial 
pressure of hydrogen and oxygen according to the following redox processes:

	

2H  2e  H g log K  the process is reference to 
the r

2
+ −−+ = =( ) (0

eedox potential scale) 	 (11.44)

	

2H O 2e H g OH log K 28 combine water s ion 
product 

2 2+ = + = −− −( ) (2 ʹ
11  with process 11 44140– ( . )) 	

(11.45)

	 O g 4H 4e 2H O log K 83 1 4 20.78;2 2( ) . ( )+ + = =+ − ⋅ 	 (11.46)

	 O g 4e 2H 4OH2 2( ) + + =− O −
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FIGURE 11.17
Double logarithmic diagram for the redox process Fe3+ + e− = Fe2+.
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It implies that we obtain the following relationships between the partial 
pressure and pH and pe:

	 log pH 2pH 2pe2 = 0 – – 	 (11.47)

	 log pO 83 1  4pH  4pe2 = − + +. 	 (11.48)

If on the other side the partial pressure of oxygen can be considered constant 
and in equilibrium with aqueous solution and pH is given, the pe value can 
be found from Equation 11.48.

Manganese is present in aquatic systems as manganese dioxide (s) and 
manganese ions according to the following redox potential:

	 MnO s   4H  2e Mn  2H O2
2

2( ) + + → ++ − +

	 (11.49)

The concentration of manganese ions is determined by the redox 
potential for the aqueous solution. If the redox potential is determined 
by the partial pressure of oxygen in equilibrium with the aqueous solu-
tion, we obtain the following equation to determine the manganese ion 
concentration:

	
pe 13 6 2 42 5log

H
Mn

4

2= = +
+⎛

⎝⎜
⎞

⎠⎟+. . .
[ ]

[ ]
0 0

	
(11.50)

	 ⇓

	 log Mn   2 2 42 13 6 7 4 14 42[ ] ( . . ) . .+ = ⋅ − − = −0 	 (11.51)

Iron(II) is often under anaerobic conditions present in sediment and soil as 
iron(II) sulfide. If the sediment or soil is exposed to air, the following oxida-
tion process takes place:

	 2FeS s   2H O  7O  2FeSO  2H SO2 2 2 4 2 4( ) + + = + 	 (11.52)

	 4FeSO  O  2H SO  2Fe SO  2H O4 2 2 4 2 4 3 2+ + = +( ) 	 (11.53)

	 Fe SO 6H O 2Fe OH s 3H SO2 4 3 2 3 2 4( ) ( ) ( )+ = + 	 (11.54)
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These processes involve formation of sulfuric acid, and extreme low pH 
values may occur as a result of these processes. Simultaneously, the solid 
iron(II) sulfide is replaced by the solid iron(III) hydroxide.

Formation of iron(II) sulfide under anaerobic conditions may also mobilize 
phosphate stored in the sediment of aquatic systems. If sulfide is formed as a 
result of a low redox potential, the following process will take place:

	 FePO s HS e FeS s HPO4 4
2( ) ( )+ + = +− −

	 (11.55)

Chlorine is widely used as a disinfectant in aqueous solutions. Chlorine dis-
proportionates (the same compound goes up and down in oxidation state)

	 Cl  H O  HOCl  H  Cl2 2+ = + ++ −
	 (11.56)

The effect of chlorine is associated with the formation of HOCl which is a 
strong oxidant that is able to damage the enzyme system of bacteria. The 
hypochlorite ion OCl− does not have this effect, which implies that pH is a 
determining factor for the disinfection effect of an aquatic chlorine solution. 
pK for HOCl at room temperature is 7.2. A pH above 8.0 is therefore not rec-
ommendable when chlorine is applied as a disinfectant.

11.15 � Redox Conditions in Natural Waters

It is often convenient to consider the redox potential in natural aquatic sys-
tems, where it is presumed that pH = 7.0. A symbol pe0(w) is applied for these 
calculations. a is analogous to pe0, except that the activities of protons and 
hydroxide ions correspond to natural water at pH = 7.0. This implies that the 
following expression between pe0(w) and pe0 is valid:

	 pe w pe  5 n log Kw
0 0 0( ) .= + 	 (11.57)

where n is the number of moles of protons exchanged per mole of electrons.
0.25 O2(g) + H+ + e− = 0.5 H2O has a pe0 value of 13.75. The corresponding 

pe0(w) is therefore 20.75.
A table of pe0(w) values may be used to determine whether a system will 

tend to oxidize equimolar concentrations of any other system, which would 
require that it would have higher pe0(w). Sulfate/sulfide has, for instance, a 
pe0(w) = −3.5, while CO2/CH2O has pe0(w) = −8.20. Sulfate is accordingly able 
to oxidize CH2O in natural water.
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Example 11.9

The air in immediate contact with a wetland has a partial pressure of 
carbon dioxide and methane on 100 and 250 Pa, respectively. There is 
equilibrium between the water in the wetland and the air above the wet-
land. pH in the wetland is 7.0. The temperature is 25°C.

	 1.	 Find pe and the redox potential for the water in the wetland, when 
pe0(w) for the carbon dioxide/methane redox equilibrium is –4.13

	 2.	 What is the ratio iron(III) to iron(II) in the water? pe0 for 
Fe3+/Fe2+ is 13.0

	 3.	 How much will it change the redox potential (pe) if pH is 
changed from 7.0 to 7.6?

	 4.	 At a later stage it is found that pH is 7.2 and the redox poten-
tial is –0.23 V. Is methane produced under these conditions in 
detectable amounts?

Solution

	 1.	 pe = pe0(W) + 1/8(log pCO2/pCH4) = −4.13 + 0.125 log (100/250) 
= −4.18 EH = 0.05895 * (−4.18) = −0.246

	 2.	 −4.18 = 13.0 + log Fe3+/Fe2+; [Fe3+]/[Fe2+] = 10−17.2

	 3.	 0.125 log (10−7.6/10−7.0)8 = −0.6
	 4.	 The redox potential implies that 1/8 (log pCO2/pCH4) >> 0

Example 11.10

In the lagoon of Venice, sulfate may be transformed to free sulfur in hot 
weather with no or little wind. pe for this redox reaction is 6.03.

	 1.	 What is pe under these conditions? pH is measured to be 7.5. 
A 10 mM concentration of sulfate is assumed.

	 2.	 What is the ratio [Fe3+]/[Fe2+] under these conditions? pe0 for 
Fe3+/Fe2+ is 13.0.

Solution

	 1.	 pe = 6.03 + log [SO4
2−]1/6[H+]4/3 = − 4.3

	 2.	 −4.3 = 13.0 + log [Fe(III)]/[Fe[II)] [Fe(III)]/[Fe[II)] = 10−17.3

Figure 11.18, named as redox staircase, can be used in the same manner to 
decide which oxidants are able to oxidize which reductants. pe0 values for var-
ious redox pairs at four different pH are shown. The oxidants placed higher in 
the figure can oxidize the reductants placed lower in the figure. At the same 
time, the figure indicates the pe value corresponding to the present at an equi-
librium of a given redox pair. If we know for instance that oxygen is present 
at a normal concentration around 8–10 mg/L in an aquatic ecosystem, it will 
inevitably imply that pe must be around 13.75 and that the other redox pair 
must adjust their ratio according to this pe value. Notice that pe0 for Fe3+/Fe2+ 
is independent of pH, because no protons participate in the redox reaction.
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Finally, the redox staircase indicates which oxidant will be used for oxida-
tion under given circumstances. If pe is around 13–15 and pH = 7.0, oxygen 
will be applied as oxidant before iron(III), nitrate, etc. When oxygen has been 
used Fe3+ will be used before nitrate and sulfate, etc. This is a parallel to the 
titration of a mixture of acids with a base. The strongest acid will be neutral-
ized first, then the second strongest acid, and so on.

It is interesting that the sequence of oxidants (oxygen is used as oxidant 
before iron(III), which is used before nitrate, which is used before sulfate, 
which is used before carbon dioxide) also is the sequence that gives the high-
est energy efficiency (most kJ for formation of ATP and thereby most exergy; 
see also Jørgensen 2012). This is shown in Table 11.5.

11.16 � Construction of pe–pH Diagrams

The equations for pe obtained from Equations 11.47 and 11.48

	 pe pH 5 log pH2= − – .0 	 (11.58)

	 pe 2 78 pH 25 log pO2= +0 0. .− 	 (11.59)

can be plotted in a pH–pe diagram; see Figure 11.19. The diagram gives the 
following important information: above the upper line, water is an effective 
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FIGURE 11.18
pe0 values for the most common redox pair in aquatic systems are shown for four different 
pH-values.
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TABLE 11.5

Yields of kJ and ATP’s per mole of Electrons, Corresponding 
to 0.25 mol of CH2O Oxidized

Reaction kJ/mol e− ATP’s/mol e−

CH2O + O2 → CO2 + H2O 125 2.98
CH2O + 0.8NO3

– + 0.8H+ → CO2 + 0.4N2 + 1.4H2O 119 2.83
CH2O + 2MnO2 + H+ → CO2 + 2Mn2+ + 3H2O 85 2.02
CH2O + 4FeOOH + 8H+ → CO2 + 7H2O + Fe2+ 27 0.64
CH2O + 0.5SO4

2– + 0.5H+ → CO2 + 0.5HS– + H2O 26 0.62
CH2O + 0.5CO2 → CO2 + 0.5CH4 23 0.55

The released energy is available to build ATP for various oxidation processes of 
organic matter at pH = 7.0°C and 25°C.
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FIGURE 11.19
Diagram represents the equilibria between water and oxygen (upper line) and between water 
and hydrogen (lower line).
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reductant (forming oxygen), and below the lower line, water is an effective 
oxidant, producing hydrogen. Aquatic systems in equilibrium with the oxy-
gen in the atmosphere will have a pe = f(pH) as the upper line. Under these 
normal aerobic conditions, oxygen is an oxidant and hydrogen is a reductant.

pe–pH diagrams illustrate which are the components that will prevail 
under given conditions, that is, at given pe and pH. It is therefore advanta-
geous to construct pe–pH diagrams for the most commonly found elements 
in aquatic systems to be able to determine quickly which form of the consid-
ered element is stable under the prevailing conditions. At the same time, the 
pe–pH diagram gives a good overview of the possible processes where both 
redox processes and acid–base reactions can take place. Figure 11.19 gives 
the information for the two elements oxygen and hydrogen. Example 11.11 
gives the pe–pH diagram for the sulfur system.

Example 11.11

Construct a diagram considering that sulfur can be found in natural 
aquatic ecosystem as sulfate, as sulfur (s), and as hydrogen sulfide (g) in 
equilibrium with aqueous solution of hydrogen sulfide. The following 
redox reactions can be found in the literature:

	 SO 8H 6e S s 4H O pe 6 34
2

2
− + −+ + = + =( ) .0 0

	 SO 1 H 8e H S aq 4H O pe 5 124
2

2 2
− + −+ + = + =0 0( ) .

	 S s 2H 2e H S aq pe 2 42( ) ( ) .+ + = =+ − 0 0

	 HSO  7H 6e S s 4H O pe 5 74 2
− + −+ + = + =( ) .0 0

	 SO 9H 8e HS 4H O pe 4 254
2

2
− + − −+ + = + =0 .

Hydrogen sulfate has pK = 2.0 and hydrogen sulfide has pK = 7.0

The total concentration of the soluble sulfur species is 0.01 M.

Solution

Based upon the shown reactions, it is possible to obtain the following 
equations for the pe–pH diagram:

	 pe 6 3 1/6 log SO 8/6 pH4
2= + −. [ ]0 − ⋅

	 pe 5 12 1/8 log SO / H S aq 1 /6 pH4
2

2= + ⋅ −. ([ ] [ ( )]) − 0

	 pe 2 4 1/2 log H S pH2= − ⋅. [ ]0 −

	 pe 5 7 1/6 log HSO 876 pH4
2= + −. [ ]0 ⋅ − 
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	 pe 4 25 1/8 log SO / H S aq 9/8 pH4
2

2= + −. ([ ] [ ( )])⋅ −

	 log SO / HSO / H S aq pH 24
2

4
2

2([ ] [ ] [ ( )]) .− − = −− 0

	 ⋅ = −−log HS / H S aq pH 72([ ] [ ( )]) .− 0

These equations can easily be plotted in a pe–pH diagram; see Figure 11.20.
Where only one soluble species is included in the equation the con-

centration 0.01 M is applied. Where two soluble species are included, for 
instance, equation number 2, they are both assumed to be 0.005 M. The 
resulting diagram is shown in Figure 11.20.

Figure 11.21 shows another example, namely, the pe–pH diagram for 
iron. It is constructed by the same method as Figures 11.19 and 11.20.

11.17 � Redox Potential and Complex Formation

Figure 11.22 shows how it is possible to calculate the pe0 value for two dif-
ferent oxidation states of metal complexes. It is possible to go from Me2+ to 
MeL2+ by the processes (1) + (3) or by the processes (2) + (4) and these two 
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pathways must necessarily give the same result with respect to the overall 
equilibrium between Me2+ and MeL2+. The equilibrium constants for the 
two pathways are therefore equal. The equilibrium constant for two suc-
cessive processes are the product of the equilibrium constants for the two 
processes:

	 npe  log K log K  npe0 0+ = ʹ + ʹ 	 (11.60)
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FIGURE 11.21
pe–pH diagram for iron.

npe0+ log K = log K΄ + npé 0

when pe0, log K and log K΄
are known, pé 0 can be determined. 
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It is possible to go from Me3+ to MeL2+ by the processes (1) + (3) or by the processes (2) + (4), 
and the two pathways must necessarily give the same result with respect to the equilibrium 
between Me3+ and MeL2+. It implies that npe0 + log K = log K′ + npe′0.
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As seen from this equation, if the highest oxidation state has the strongest 
complex, pe0 will be reduced by addition of the corresponding ligand, and 
vice versa, if the lowest oxidation state has the strongest complex, the pe0 will 
be increased by addition of the ligand.

Example 11.12

The complexity constants for formation of Fe3+-hydroxo-complexes by 
hydrolysis at room temperature are, for mono-, di-, tri-, or tetra- hydroxo-
complexes, the so-called *ß-values, 10−2.2, 10−5.7, 10−15.6, and 10−21.6, respectively.

The complexity constants for formation of fluoride complexes for Fe3+ 
at room temperature are

	 Fe  F FeF log 5 23 2
1F

+ − ++ = = . ß

	 Fe  2F FeF log 9 23
2 2F

+ − ++ = =ß .

	 Fe  3F FeF log 11 93
3 3F

+ −+ = =0 .ß

Iron(II) does not form complexes with fluoride and the possible hydroxo- 
complexes are much weaker than the corresponding complexes for Fe3+, 
and they can therefore be neglected. pe0 for the following process

	 Fe  e  Fe3 2+ − ++ =

is 13.00 at the room temperature.

	 a.	 Find the pe value at equal concentrations of iron(II) and iron(III), 
pH = 5.0 and a fluoride concentration of 0.01 M.

	 b.	 Which iron(III) complexes are strongest by these conditions?

Solution

	 a.

	 a Fe /Fe III3
0 = +[ ] ( )

	

= + + +

+ + +

+ + +

+ −

1/ 1 / H / H / H

/ H  F   

1 2
2

3
3

4
4

1F

( * [ ] * [ ] * [ ]

* [ ] [ ]

ß ß ß

ß ß ß22F
2

3F
3F  F[ ] [ ] )− −+ ß

	 = + + + + + + +− −1/ 1  1  1  1  1  1  1  12 8 4 3 6 1 6 3 2 5 2 5 9( ). . . . . . .0 0 0 0 0 0 00

	 = × = × − 1/9 7 1 1 3 15 6. .0 0 0

	 pe 13 log Fe / Fe 13 log 1 /1 73 2 6= + = + =+ + −. [ ] [ ] . .00 00 0 00

	 b.	 From the expression for α0 = [Fe3+]/Fe(III), it can be seen that the 
dihydroxo, difluoride, and trifluoride complexes are contribut-
ing most to the formation of complexes.
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12
Future of Limnology and Aquatic Ecology 
as a Tool for Management of Inland Waters

12.1 � Our Demand to Limnology and Aquatic Ecology

Limnology as all ecological sciences is an inclusive science, incorporating 
into the studies of ecological dynamics of lakes, rivers, reservoirs, wetlands, 
and ponds the physical, chemical, and biological data. The sustainability of 
the inland water resources; the recovery of the water quality of degraded 
lakes, rivers, and reservoirs; and the protection of critical freshwater ecosys-
tems are dependent on the profound knowledge of limnology and aquatic 
ecology. The future of limnology meets two basic challenges: (1) to incor-
porate vigorously the watershed approach into the study of inland water 
ecosystems in order to evaluate the dynamics of the terrestrial/aquatic inter-
actions in space and time Likens (1992) and (2) to integrate social, economic, 
and environmental data into the limnological database in order to broaden 
the scope of the analysis and help to create an integrated approach to water 
management.

One of the most important developments to enhance the role of limnol-
ogy in this integrated water management is the building up of capacity 
to promote predictions and to provide a basis to build predictive models 
(Håkanson and Peters 1995). All the main problems of today, related to the 
degradation of inland freshwater ecosystems, such as eutrophication, acidi-
fication, metal contamination, and wastewater (industrial and domestic) dis-
posal need a scientific understanding, a technical approach, and a predictive 
capacity in order to anticipate changes in species composition, evaluate the 
loss of ecosystem services, and estimate the economic consequences of the 
impacts. By introducing the limnological research in a broader and dynamic 
ecosystem problem, sensitivity analysis can be consolidated and the fluxes 
of nutrients and contaminants can be predicted. For example, limnological 
studies were a key component in the environmental impact assessment of 
tropical and subtropical reservoirs (Tundisi and Straskraba 1999, Tundisi 
et al. 2008, Tundisi 2010). The changes in engineering projects for reservoirs 
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taking into account limnological data (Kennedy 1999, Kennedy et al. 2003) 
are examples of this use of limnology in the design and operation of reser-
voirs. The several water quality problems and technological efforts to control 
and operate reservoirs in South America and North America were, in part, 
solved with the application of limnological data and by long-term studies 
(Tundisi and Matsumura-Tundisi 2003).

The evaluation of recovery costs of lakes, rivers, and reservoirs can also 
require considerable inputs of limnological data when the desirable water 
quality of the freshwater ecosystem is based on limnological information.

To conclude, limnological studies can not only have a scientific value and 
usefulness, but, if the scope of the science is broadened, its use should be 
much more effective for societal needs and economic measures. A better 
understanding of the ecosystem networks allows access to a better under-
standing of the behavior of the ecosystems and their reactions to pertur-
bations that are very important for development of a better environmental 
management. Thereby, it is feasible to develop a predictive capability on the 
response of the ecosystems to changes in forcing functions (Jørgensen and 
Svirezhev 2004). Limnology can also have a strong role on science educa-
tion and education of general public, since public participation is one of the 
bottlenecks to the improvement of inland water correction and recovery 
(Tundisi 2010).

Chapter 19 presents the use of models in environmental management of 
inland waters and here it is emphasized that the use of models acts as a 
tool to synthesize our knowledge—both the theoretical knowledge and our 
observations. With a good synthesis in hand we can make better manage-
ment decisions. Consequently, the more ecological knowledge we have about 
aquatic ecosystems, the better models will we be able to develop and the 
more predictive power will the model be able to offer the environmental 
management.
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13
Impacts on Watersheds 
and Inland Aquatic Ecosystems

13.1 � Environmental Problems, Their Sources, 
and Evaluation of Impacts

Continental aquatic ecosystems, coastal lagoons, and estuaries are subject 
to several environmental problems and impacts as a consequence of human 
activities. These impacts can be permanent and cumulative, periodic, or as 
a pulse due to accidental occurrences such as oil spills or discharges of con-
taminants from industrial and agricultural activities. There are two main 
sources of impacts: nonpoint sources, originating from several processes 
in the watersheds, or point sources such as effluents of industries or urban 
discharges of insufficiently treated domestic wastewater. Another nonpoint 
source of impacts is the atmospheric contribution as particulate matter or 
dissolved substances in rainwater. For example, acid rain originates from 
the processes of accumulation of H2S or SOx in the atmosphere (Jørgensen 
et al. 2005). Besides the intensification of the sources and the magnitude of 
impacts on continental aquatic ecosystems, coastal lagoons, and estuaries, 
it is fundamental to understand the fate of the pollutants and contaminants 
in the aquatic ecosystems including their possible accumulation in the food 
chain (see the use of mass balances in Chapter 9 to quantify this impor-
tant process). It is also relevant in the identification and study of impacts to 
clarify effects on the ecosystem services. For example, the eutrophication or 
toxic metal contamination can affect water supply and other (multiple) uses 
of water. The impact on ecosystem services has indirect or direct effects on 
the regional economy; for example, by accumulation of toxic metals in the 
sediment or in the water, fisheries may be affected. Recreation and tourism, 
which are, in many regions of the world, a major source of economic and 
social development, may also be impaired by eutrophication. For loss of eco-
system services and general degradation of rivers, reservoirs, estuaries, and 
coastal waters see Straskraba and Tundisi (1999).

This evaluation of the impacts (and the resilience or buffer capacity of the 
ecosystems to cope with them) should include not only the biogeochemical 
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aspects but also the ecosystem services. The evaluation of impacts from the 
economic point of view should also include the cost of recovery of the eco-
system function or ecosystem service.
Thus, the following criteria can be applied to impact assessment (quantifica-
tion and qualification of impacts):

•	 Nature of the impact
•	 Location and spatial scale of impact
•	 Temporal scale of the impact (short, medium, and long term)
•	 Reversibility/irreversibility
•	 Relevance for the applied ecosystem services—low/medium/high
•	 Magnitude—low/medium/high

Tools for impact assessment need to be implemented at regional scale and it 
is also necessary to develop predictive models that develop scenarios about 
the effects of impacts. Indirect and direct effects have in this context to be 
considered. It is also important to consider the links of the impacts with 
biogeophysical, economic, and social processes. One of the recent trends in 
environmental impact assessment is to analyze the human health hazards 
associated with pollution; see Jørgensen (2000), where the ERA (environmen-
tal risk assessment) and the human health risk assessment are presented in 
parallel. Chemical pollution is a threat to public health and this has to be 
included in the impact assessment of water quality degradation. Water qual-
ity and sanitation are intrinsically linked to patterns of land use such as mas-
sive urbanization and food production by more or less intensive agricultural 
developments with application of pesticides and herbicides and deforesta-
tion (Confalonieri et al. 2010).

13.2 � Impacts

Figure 13.1 gives an overview of the most important impacts on watersheds 
and aquatic ecosystems, including their consequences and links.

The impacts on the watersheds and continental aquatic ecosystems 
are therefore diverse with several origins and many consequences (short, 
medium, and long term). Table 13.1 shows a list of impacts and their conse-
quences on watershed and aquatic ecosystem.

All the impacts in Table 13.1 have economic consequences for the water-
shed, imply qualitative or quantitative changes of the water resources, 
and increase the health hazards for the human population. The aquatic 
ecosystems and the water quality are the ultimate recipients of these impacts. 
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Therefore, a monitoring procedure that detects the intensity and relevance 
of the impacts and their persistence is recommended. Real-time moni-
toring is an important innovation because it allows for rapid assessment 
anticipating impacts on the physics and chemistry of the water. Biological 
monitoring with the use of biological indicators is a very important addi-
tional procedure with special importance for bottom macroinvertebrates 
(Tundisi and Matsumura-Tundisi 2008) and diatoms (Bere and Tundisi 
2009, 2011).

TABLE 13.1

Impacts and Consequences on Watershed and Aquatic Ecosystems

Deforestation
Nutrient input (nitrogen, phosphorus) and eutrophication from agriculture
Sediment load from runoff
Extensive agriculture and soil use
Air pollution and atmospheric contamination
Toxic metal contamination
Acidification
Biodiversity changes due to toxicity
Biodiversity changes due to introduction of exotics species
Reservoir construction
Organic pollution (persistent organic pollutants)
Removal of wetlands
River degradation (channel construction, reservoir construction)
Flood plain degradation
Thermal pollution
Fish stock depletion
Oil pollution
Discharge of untreated urban wastewater and eutrophication
Industrial waste disposal
Toxic waste disposal
Salinization (in semiarid reservoirs)
Increased turbidity
Loss of volume of water by increased siltation and mechanical filling of lake basin
Increased bacterial contamination and formation of clay organic bacteria aggregates 
(Lind and Dayalos Lind 1999, Jørgensen et al. 2005)

Waterborne diseases
Increased health risk for human population

Sources:	 Tundisi, J.G. and Straskraba, M., Theoretical Reservoir Ecology and Its 
Applications, IIE, São Carlos, Brazil, 585 pp., 1999; Jimenez, B.E.C., La con-
taminacion ambiental en México, Limusa-Noruega Editores, Inst. Eng. UNAM, 
México, 913pp., 2001; Jørgensen, S.E. et al., Lake and Reservoir Management, 
Development in Water Sciences, Vol. 54, Elsevier, Amsterdam, the 
Netherlands, 502pp., 2005; Tundisi, J.G. and Matsumura-Tundisi, T., 
Limnologia, Oficina de textos, São Paulo, Brazil, 632pp., 2008.
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ILEC, International Lake Environment Committee, has defined six water qual-
ity and quantity problems for lakes, rivers, and reservoirs (Jørgensen et al. 2005):

	 1.	Acidification: pH gets too low, often due to acidic rain—it means that 
air pollution is not controlled sufficiently.

	 2.	Eutrophication: Very high concentration of phytoplankton due to very 
high discharge of nitrogen and phosphorus from both point and 
nonpoint sources.

	 3.	Siltation: Water becomes too turbid due to very high erosion in the 
watershed.

	 4.	Water level changes: Very high consumption of water or it can be said 
no respect for the mass conservation principle.

	 5.	Very high concentrations of toxic substances: Concentrations of toxic 
organic substances and heavy metals increase due to an uncontrolled 
discharge of toxic substances from both point and nonpoint sources.

	 6.	Loss of biodiversity: Reduction of the biodiversity due to pollution or 
introduction of exotic species.

These six problems are caused by an excessive use of water, overuse of land, 
and/or increased and uncontrolled emissions, which again are rooted in the 
increasing urbanization, population growth, and industrialization; see Figure 13.2. 
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FIGURE 13.2
(See color insert.) ILEC has formulated six problems for lakes, rivers, and reservoirs, which 
are due to an excessive water use, overuse of land, and increased emissions. The problems 
are as shown in the figure rooted in the increased urbanization, population growth, and 
industrialization.
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This  means that the problems are direct consequences of the development. It 
implies that a complete solution of the problems requires that we shift to a more 
sustainable development, including the use of more holistic and integrated envi-
ronmental management; see Chapter 14.

The identification and applications of ecological models and indicators (see 
Chapters 18 and 19) are a first step in the process of evaluating and assessing 
impacts (including their intensity and persistence). However, ecotoxicologi-
cal studies are necessary in order to further evaluate the consequence of the 
impacts and their direct and indirect effects on organisms and communities 
(see Jørgensen et al. (2005) and Jørgensen and Fath (2011)).

13.3 � Impacts of Climatic Change on Aquatic Ecosystems

The Intergovernmental Panel on Climatic Change (IPCC) concludes in 
their third evaluation report (IPCC 2001a) that the average temperature 
of the atmosphere has increased by 0.6°C ± 0.2°C during the twentieth 
century.

The global models of IPCC have shown that between 1900 and 2100 the 
global temperature can increase between 1.4°C and 5.8°C, dependent on the 
political decisions about the out phasing of fossil fuel. A higher tempera-
ture rise is therefore expected for the present century than the one detected 
for the twentieth century (Marengo 2006). There are evidences that extreme 
events such as droughts, flooding, large-scale and continuous rainfall, and 
cyclones will happen more frequently and that it will affect many terrestrial 
and aquatic ecosystems around the world with consequences on the human 
health, death losses, and the economy (IPCC 2001b).

In the aquatic ecosystems, several impacts as consequences of the cli-
matic changes will inevitably occur. The water temperature of lakes and 
reservoirs can increase and maintain for longer periods the thermal strati-
fication and the chemical stratification. This can stimulate the cyanobacte-
ria blooms that will be more intense and have longer duration (Paerl and 
Hussmann 2008). Deterioration of surface water sources can increase the 
costs of treatment for production of potable water (Tundisi et al. 2010). The 
aquatic biota and the biodiversity will also be affected by these changes. 
Particularly, the increase in water temperature, and the increase of the 
discharge will have a significant effect. Increase in the discharge due 
to changes in the hydrological cycle can increase the turbidity of rivers, 
lakes, and reservoirs, affecting the primary productivity of phytoplank-
ton, fish production, and dissolved oxygen concentration. For example, in 
the La Plata basin the impact of the cold fronts on lakes and reservoirs 
can be changed with consequences on the phytoplankton and zooplankton 
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succession, the organization of the food chain, and the sediment–water 
interactions (Tundisi et al. 2004, 2010). The synergy between the impacts of a 
higher temperature of the atmosphere and water due to global changes and 
the transformation of the watersheds under the influences of the impact 
(deforestation, extensive soil use for food production, industrialization, 
and urbanization) have to be considered. Therefore, future studies have to 
demonstrate and quantify the links and the ecosystem dynamics under the 
joint influences of all the forcing functions at atmospheric and watershed 
levels (Tundisi and Matsumura-Tundisi 2008, Bicudo et al. 2010).
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14
Integrated Ecological and 
Environmental Management

14.1  Introduction

Integrated ecological and environmental management means that the 
environmental problems are viewed from a holistic angle considering the 
ecosystem as an entity and considering the entire spectrum of solutions 
including all possible combinations of proposed solutions. The integra-
tion in this context means that all the available tools and possibilities are 
taken into account and that all the problems are considered simultane-
ously. The experience gained from environmental management in the last 
40 years has clearly shown that it is important not to consider solutions of 
single problems but to consider all or at least all major problems associated 
with a considered ecosystem simultaneously and evaluate all the solu-
tion possibilities proposed by the relevant disciplines at the same time 
or, expressed differently, to observe the forest and not the single trees. 
The experience has clearly underlined that there is no alternative to an 
integrated management at least not on a long-term basis. Fortunately, as 
it will be presented in this chapter, new ecological subdisciplines have 
emerged and they offer tool boxes to perform an integrated ecological and 
environmental management.

The presentation in this chapter is based on Jørgensen and Nielsen 
(2012), where a general procedure to perform integrated environmental 
and ecological management has been proposed. This chapter presents this 
procedure with indications of how to use it particularly for management 
of inland water ecosystem. The application of the procedure is therefore 
focusing mainly on lakes, ponds, and reservoirs (abbreviation L); rivers and 
streams (abbreviation R); wetlands (abbreviation W); and lagoons and estu-
aries (abbreviation E).
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14.2  Ecological and Environmental Management Procedure

Present-day integrated ecological and environmental management consists 
of seven steps:

	 1.	Define the problem.
	 2.	Determine the ecosystems involved.
	 3.	Find and quantify all the sources to the problem. It is often beneficial 

to do so by the use of mass balances.
	 4.	Set up a diagnosis to understand the relation between the problem 

and the sources.
	 5.	Determine all the tools we need to implement to solve the problem.
	 6.	 Implement the selected solutions.
	 7.	Follow the recovery process for instance by the use of a monitoring 

program.

When an environmental problem has been detected, it is necessary to deter-
mine and quantify the problem and all the sources to the problem. It requires 
the use of chemical, biological, physical, and analytical methods coupled even-
tually with a monitoring program. To solve the problem, a clear diagnosis has 
to be developed: what are actually the problems that the ecosystems are fac-
ing? and what are the relationships between the sources and their quantities 
and the determined problems? Or expressed differently, to what extent do 
we solve the problems by reducing or eliminating the different sources to the 
problems? The erection of mass or energy balances for the relevant compo-
nents and elements is beneficial in this context. Chapter 9 gives the physical 
considerations that are needed to set up the balances.

A holistic integrated approach is needed in most cases because the problems 
and the corresponding ecological changes in the ecosystems are most often very 
complex, particularly when several environmental problems are interacting. It is 
therefore essential to know the focal ecosystem, its processes, and its reactions 
to changes. It is furthermore necessary to draw on freshwater ecology/limnol-
ogy when an environmental management strategy has to be developed. The first 
nine chapters of this handbook give the background knowledge that is needed 
to understand freshwater ecosystems and their reactions to pollutants. The envi-
ronmental problems of the main inland water ecosystems are listed. Only the 
main problems and the main sources are mentioned to get a proper overview of 
the environmental problems. The main environmental problems are

For lakes and reservoirs (L) (supplement with the illustration in Figure 13.2),

	 1.	Eutrophication is caused by very high nutrient concentrations—
often phosphorus but could also be nitrogen. The main source is 
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mostly wastewater but drainage water from agricultural areas is 
often contributing significantly to the problem.

	 2.	Acidification is caused by industrial pollution or more often by 
acidic precipitation. It was a major problem is northern Europe and 
in the northeastern part of United States 25–40 years ago, but the 
problem is reduced significantly today due to air pollution abate-
ment. The problem is, however, increasing in the industrial parts 
of China. Environmental chemical calculations are needed to find 
proper solutions to this problem. Chapters 10 and 11 give the chemi-
cal basis for these calculations, which are relatively easy to carry out 
by the use of aquatic environmental chemistry.

	 3.	Siltation is caused by a very high concentration of suspended 
matter in the inflowing tributaries due to a very high erosion 
upstream.

	 4.	Changing water levels is caused by a very high withdrawal of water 
from the lake or reservoir or their rivers. The classical example is the 
Aral Lake. It is a question about respecting the mass balance prin-
ciple, which makes the abatement strategy very simple, although it 
often has very significant social implications.

	 5.	Discharge of toxic substances is either due to insufficient treatment 
of industrial wastewater or due to discharge of pesticides from agri-
culture. The latter is often caused by an extensive use of pesticides or 
by drainage of wetlands, which otherwise could have been used as 
buffer zones. Heavy metals can occur in many different forms that 
have different toxicity. It is therefore important to be able to find the 
concentrations of the various heavy metal forms to be able to man-
age the problem properly. Chapters 11 and 12 give the basic environ-
mental chemistry that present how the calculations of the relevant 
concentrations can be made.

	 6.	Overfishing, which is caused by a lack of fishing regulations. In 
principle, a model should be used to give information about a sus-
tainable fishery.

	 7.	 Introduction of alien species. It is often caused by an accidental 
introduction of alien species but can also be a result of a wrongly 
managed plant, for instance, when the Nile Perch was introduced to 
Lake Victoria.

For rivers and streams (R),

	 1.	Oxygen depletion is most often caused by discharge of insufficiently 
treated wastewater, by discharge of polluted drainage water from 
industries or agriculture, or by an uncontrolled erosion. High fish 
mortality may be a consequence. The biodiversity is also reduced 
due to a low oxygen concentration.
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	 2.	Too much and/or too dense vegetation, which is a result of discharge 
of too much nutrients either from wastewater or from agriculture 
drainage water.

	 3.	Toxic substances—the sources are the same as for lakes and reser-
voirs, see the aforementioned Point 5.

	 4.	Drainage of riparian wetlands, which implies that the buffer zones 
along the shore of the rivers and streams are removed, significantly 
reduced or damaged. The result is that all the human activities on 
land get a significant (negative) influence on the water quality.

	 5.	Drainage of riparian wetlands means usually that the river or stream 
eliminate their meanders and get a straight flow. It implies often sig-
nificantly reduced diversity.

For wetlands (W),

	 1.	Drainage of wetlands means often more or less complete elimina-
tion of the wetlands and thereby loss of the many ecosystem services 
that wetlands can offer. It is often due to wrong political decisions, 
where the idea is to provide more agriculture land. These decisions 
are often shortsighted and do not consider the long-term negative 
effects of eliminating the wetlands, including their ability to reduce 
the probability for flooding.

	 2.	Toxic substances—the source is the same as for lakes and reservoirs.
	 3.	 Impact from urban activities will often partially destroy wetlands 

and reduce the possibilities to apply the wetland services to the ben-
efit of the society.

For lagoons and estuaries (E),

	 1.	Eutrophication is caused by very high nutrient concentrations—
could be both nitrogen and phosphorus or both simultaneously or 
shifting between the two nutrients. The main sources are wastewa-
ter and drainage water from agricultural or urban areas.

	 2.	Oxygen depletion is most often caused by discharge of insufficiently 
treated wastewater, by discharge of polluted drainage water from 
industries or agriculture, or by an uncontrolled erosion. High fish 
mortality may be a consequence. The biodiversity is also reduced 
due to a low oxygen concentration in lagoons and estuaries.

	 3.	Toxic substances—the source is the same as for lakes and reservoirs.

When the first green wave started in the mid-1960s, the tools to answer 
the mentioned questions associated with the seven steps of the manage-
ment procedure were not yet developed. We could carry out the first 
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three points on the previously shown list, but had to stop at Point 4 and 
could at that time only recommend to eliminate the source completely or 
closed to completely by the methods that were available at that time—it 
means by environmental technology. This tool box has of course more to 
offer today—a wider spectrum of methods and more effective methods. 
The  tool box of environmental technology will be presented in the next 
chapter—Chapter 15.

Due to the development of several new ecological subdisciplines, it is 
today, however, possible to accomplish all the seven points. Next, we will 
present the tool boxes that we can apply today to carry out particularly the 
Points 4 and 5. They are the result of the emergence of six new ecological 
subdisciplines: For a better diagnosis we have developed: ecological model-
ing, ecological indicators, ecological services. Ecological modeling is pre-
sented in Chapter 19, and Chapter 18 covers ecological indicators. Ecological 
service can be considered an indicator as shown in Costanza et al. (1992), 
Jørgensen (2010) and in Jørgensen et al. (2004 and 2010). For a better solu-
tion we have today ecological engineering (also denoted ecotechnology), 
cleaner production, and environmental legislation. These three tool boxes 
will be presented. Chapter 16 covers cleaner technology and Chapter 17 gives 
an overview of ecological engineering. Environmental legislation will not 
be covered in this volume, because it is different from country to country 
and it would therefore be difficult to give a good overview in relatively 
few pages.

14.3 � Tool Boxes Available Today to Develop 
an Ecological–Environmental Diagnosis

A massive use of ecological models as an environmental management tool 
was initiated in the early seventies. The idea was to answer the question 
what is the relationship between a reduction of the impacts on ecosystems 
and the observable, ecological improvements. The answer could be used to 
select the pollution reduction that the society would require and could effort 
economically. Ecological models were developed already in the 1920s by 
Steeter-Phelps and Lotka Volterra (see for instance Jørgensen and Fath [2011]), 
but in the 1970s, a much more consequent use of ecological models started 
and many more models of different ecosystems and different pollution prob-
lems were developed. Today we have practically for all combinations of eco-
systems and environmental problems at least a few models available. The 
journal Ecological Modeling was launched in 1975 with an annual publica-
tion of 320 pages and about 20 papers. Today, the journal publishes 20 times 
as many papers. It means that ecological modeling has been adopted as a 
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very powerful tool in ecological–environmental management to cover par-
ticularly Point 4 in the integrated ecological and environmental manage-
ment procedure proposed in the introduction of this chapter. An overview 
of the models available for management of inland water ecosystems will be 
given in Chapter 19, but for those interested in a more detailed information 
about the appropriate models to be applied can refer to Jørgensen (2011) and 
Jørgensen and Fath (2011).

Ecological models are powerful management tools but they are not always 
easily developed. They require in most cases good data, which are resource 
and time consuming to provide. About 20 years ago, it was therefore pro-
posed to use another tool box that required less resources to provide a diag-
nosis, namely, ecological indicators (see for instance Costanza et al. [1992]). 
Ecological indicators can be classified as shown in Table 14.1 according to 
the spectrum from a more detailed or reductionistic view to a system or 
holistic view (see Jørgensen [2002]). The reductionistic indicators can for 
instance be a chemical compound that causes pollution or specific key spe-
cies. A holistic indicator could for instance be a thermodynamic variable or 
the biodiversity. The indicators can either be measured or they can be deter-
mined by the use of a model. In the latter case, the time consumption is of 
course not reduced by the use of indicators instead of models, but the models 
get a more clear focus on one or more specific state variable, namely, the 
selected indicator, which best describes the problem(s). In addition, indica-
tors are usually associated with very clear and specific health problems of 
the ecosystems, which of course is beneficial in environmental management. 
Jørgensen et al. (2004 and 2010) give a comprehensive overview of ecologi-
cal indicators including ecological services that can be applied to assess the 
ecosystem health. Chapter 18 gives a brief overview of the ecological indica-
tors most frequently applied to assess the ecosystem health of inland-water 
ecosystems. Furthermore, the use of ecosystem services as diagnostic tool is 
also discussed in the following text.

The last 10–15 years, the services offered by the ecosystems to the society 
have been discussed and it has been attempted to calculate the economic 
values of these services (Costanza et al. 1997). A diagnosis could be devel-
oped that would focus on the services actually reduced or eliminated due 
to environmental problems. Another possibility of using ecological ser-
vices to assess the environmental problems and their consequences could 

TABLE 14.1

Classification of Ecological Indicators

Level Example

Reductionistic (single) indicators PCB, Species present/absent
Semiholistic indicators Odum’s attributes
Holistic indicators Biodiversity/ecological network
“Superholistic” Thermodynamic indicators as ecoexergy and emergy
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be to determine the economic values of the overall ecological services 
offered by the ecosystems and then compare them with what is normal 
for the type of ecosystems considered. Jørgensen (2010) has determined 
the values of all the services offered by various ecosystems by the use 
of the ecological holistic indicator eco-exergy expressing the total work 
capacity. It is a good measure of the total amount of ecological services as 
all services require a certain amount of free energy, that is, energy that 
can do work, to be carried out. The values published in Jørgensen (2010) 
are shown in Table 14.2 and can be used for the previously indicated com-
parison. The eco-exergy is found as the sum of the β-values times the 
biomass. The β-values express the information the different ecosystem 
components are carrying (see Jørgensen et al. [2005] and Jørgensen [2012]). 
The average β-values for the various ecosystems are based upon the liv-
ing components that are present in typical ecosystems representing the 
various types of ecosystems.

Assessment of the values of the ecosystem services may also be coupled 
to sustainability, because it is crucial to maintain the many ecosystem ser-
vices on which the society is dependent. Environmental management sce-
narios, preferably developed by ecological models, are tested by means of 
the ecological sustainability trigon (EST); see Marques et al. (2009). The use 
of eco-exergy as indicator to find the value of the ecosystem services in 
this context is beneficial, because the development of sustainability can be 
determined as maintenance of the total work capacity that is at our dis-
posal (Jørgensen 2006).

TABLE 14.2

Work Capacity Used to Express the Ecosystem Services for Various 
Types of Ecosystemsa

Ecosystem
Biomass 

(MJ/m2 year)
Information Factor 

(β-Value)
Work Capacity 

(GJ/ha year)

Desert 0.9 230 2,070
Open sea 3.5 68 2,380
Coastal zones 7.0 69 4,830
Coral reefs, estuaries 80 120 960,000
Lakes, rivers 11 85 93,500
Coniferous forests 15.4 350 539,000
Deciduous forests 26.4 380 1,000,000
Temperate rainforests 39.6 380 1,500,000
Tropical rainforests 80 370 3,000,000
Tundra 2.6 280 7,280
Croplands 20.0 210 420,000
Grassland 7.2 250 18,000
Wetlands 18 250 45,000

a	 It is calculated as biomass *the information factor.
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Assessment of the ecosystem services is frequently using ecological indica-
tors. The indicators are followed by the use of models and models can determine 
the reduced or lost ecological services of ecosystems. The three diagnostic tool 
boxes, ecological models, ecological indicators, and ecological services are, in 
other words, closely related and obviously the use of all three tool boxes will give 
the most complete diagnosis and image of the health of an ecosystem. On the 
other hand, the resources available for environmental management are always 
limited, which means that it is hardly possible to apply all three tool boxes in all 
cases, but it is necessary in many cases to make a choice. If an ecological model is 
developed, anyhow, to be able to give more reliable prognoses, it is of course nat-
ural to apply the developed model and it may be beneficial in addition to select 
one or a few indicators to focus more specifically on a well-defined problem. 
If a model is not available but a monitoring program is applied, it would natu-
rally direct the observations to encompass the state variables that can be applied 
to assess the indicators that are closely related to the defined health problems. 
If the society is dependent on specific ecological services of the ecosystem, it 
would be natural to assess to what extent these services are reduced or lost, 
maybe supplemented with health indicators that are particularly important for 
the maintenance of these services. The choice of tool boxes is therefore a ques-
tion about the available resources and the specific case and problem.

14.4 � Tool Boxes Available Today to Solve 
the Environmental Problems

The tool box environmental technology was the only methodological disci-
pline available to solve the environmental problems 45 years ago when the 
first green waves started in the mid-1960s. This tool box was only able to 
solve the problems of point sources but sometimes but not always at a very 
high cost. Today, this tool box has more tools and often more cost moderate 
tools than it had 30–40 years ago Fortunately, we have today additional tool 
boxes that can solve the problems of the diffuse or nonpoint pollution or 
find alternative solutions at lower costs when the environmental technology 
would be too expensive to apply. As for the diagnostic tool boxes, these new 
tool boxes are developed on basis of new ecological subdisciplines.

To solve environmental problems, we have today four tool boxes:

	 1.	Environmental technology
	 2.	Ecological engineering, also denoted as ecotechnology
	 3.	Cleaner production (technology) and under this heading we would 

also in this context include industrial ecology
	 4.	Environmental legislation
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Environmental technology was available by the emergence of the first green 
waves about 45 years ago. Since, several new environmental–technological 
methods have been developed and all the methods have been streamlined 
and are generally less expensive to apply today. Chapter 15 will give an over-
view of the environmental technological methods that are available to solve 
the aquatic ecosystem problems. We have today a wide spectrum of appli-
cable methods, as the chapter will demonstrate. It is possible in principle to 
solve all water problems associated with point sources.

There is and has been, however, an urgent need for other alternative meth-
ods to be able to solve the entire spectrum of environmental problems at an 
acceptable cost. The environmental management today is more complicated 
than it was 45 years ago because of the many more tool boxes that should be 
applied to find the optimal solution and because global and regional envi-
ronmental problems have emerged. The use of tool boxes and the more com-
plex situation today is illustrated in Figure 14.1.

The tool box containing ecological engineering methods has been 
developed since the late seventies. Ecological engineering is defined as 
design of sustainable ecosystems that integrate human society with its 
natural environment to the benefit of both (Mitsch and Jørgensen 2004). 
It is an engineering discipline that operates in ecosystems, which implies 

Environmental 
technology Ecological modeling

EcosystemsMan

Environmental 
legislationCleaner 

technology, 
sustainable 

development Global problems: 
green house e�ect 

ozone layer 
rain forest  
(acid rain)

Ecological 
engineering/ 

ecotechnology

FIGURE 14.1
Solutions of environmental problems can today apply four tool boxes: environmental technology, 
ecotechnology, cleaner technology, and environmental legislation. Ecological models can be 
applied to select the needed methods of environmental technology and ecotechnology. The 
environmental management today is further complex due to global pollution problems such as 
the decrease of the ozone layer and the greenhouse effect.
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that it is based on both design principles and ecology. The tool box con-
tains four classes of tools:

	 1.	Tools that are based on the use of natural ecosystems to solve envi-
ronmental problems (for instance, the use of wetland to treat agricul-
tural drainage water)

	 2.	Tools that are based on imitation of natural ecosystems (for instance, 
construction of wetlands to treat wastewater)

	 3.	Tools that are applied to restore ecosystems (for instance, restoration 
of lakes by the use of biomanipulation)

	 4.	Ecological planning of the landscape (for instance, the use of 
agroforestry)

The introduction of ecological engineering has made it possible to solve many 
problems that environmental technology could not solve, first of all non-
point pollution problems and a fast restoration of deteriorated ecosystems. 
Chapter 17 will give an overview of the ecological engineering methods that 
we can apply to solve the aquatic environmental problems, particularly the 
freshwater problems.

Some environmental problems, however, cannot be solved without a more 
strict environmental legislation, and for some problems, a global agreement 
may be needed to achieve a proper solution, for instance, by out phasing the 
use of freon to stop or reduce the destruction of the ozone layer. Notice that 
also environmental legislation requires an ecological insight to assess the 
required reduction of the emission that is needed through introduction of 
the environmental legislation.

As the environmental legislation has been tightened, it has been more and 
more expensive to treat industrial emissions, and the industry has of course 
considered whether it was possible to reduce the emission by other methods at 
a lower cost. That has led to development of what is called cleaner production, 
which means the idea to produce the same product on a new method that would 
give a reduced emission and therefore less costs for the pollution treatment. New 
production methods have been developed by the use of innovative technology 
that has created a completely new method to produce the same product with 
less environmental problems. Other emission reductions have been developed 
by the use of ecological principles on the industrial processes, for instance, recy-
cling and reuse. In many cases it has also been possible to achieve a reduction of 
the environmental problems by identification of unnecessary waste. Industrial 
ecology could after the author’s opinion be defined as the use of ecological prin-
ciple in the production such as recycling, reuse, and holistic solutions to achieve 
a high efficiency in the general use of the resources. Industrial ecology is today, 
however, used to cover the use of waste from one production in another pro-
duction. Some use even the word industrial ecology, when trees are planted in 
industrial areas, which of course is not very innovative.
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Today, we have by the four tool boxes a possibility to solve any environ-
mental problem and often at a moderate cost and sometimes even at a cost 
that makes it beneficial to solve the problem properly. As is the case for the 
diagnostic tool boxes, also the tool boxes with problem solution tools are 
rooted in recently developed ecological subdisciplines that are named after 
the following tools: ecological engineering, environmental legislation, and 
cleaner technology.

14.5  Follow the Recovery Process

Environmental management is only complete if the environmental prob-
lem and the ecosystem are followed carefully after the tool boxes have been 
applied. It is usually not a problem because it is a question of providing the 
observations needed to follow the prognoses of the

	 1.	Eventually developed ecological model
	 2.	The selected ecological indicators
	 3.	The recovery of the ecological services of the ecosystem (which can 

be done by focusing on a specific service or on the values of all the 
ecological services offered by the ecosystem)

14.6 � Implementation of the Presented Ecological 
and Environmental Management Procedure 
in Practice on Inland Water Ecosystems

It is strongly recommended to apply the presented procedure in practical 
management of aquatic ecosystems. A few remarks are, however, needed to 
consider in this context. These considerations are presented in this section.

Ecosystems are living systems, and do not react in the same predictable 
manner as rigid physical systems. In fact, ecosystems have often exhibited 
surprising reactions to changed impacts, which obviously complicates envi-
ronmental management considerations. A deeper understanding of systems 
ecology, therefore, is a prerequisite for a more ecologically sound environ-
mental management approach, which is one of threads unifying this chapter. 
The state of an ecosystem is obviously dependent on the forcing functions 
that result in impacts on it. The history of the ecosystem, however, is also 
important in assessing the possible reactions to a changed water quality or 
other type of impact. It can be shown that the same impact on, for instance, 
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a lake (e.g., the same total phosphorus concentration in lake water) may result 
in two different responses, depending on the structure of the system, which 
again is determined by the history of the system. This important reaction of 
ecosystems is touched upon in the following text and will also be further 
treated in Chapter 19, where the use of structurally dynamic models often is 
needed to be able to capture the possible reactions of ecosystems.

Many failures in freshwater management can be explained by the omission 
of the ecological consideration of the water body. As an example, an ecosys-
tem resists changes, with a tendency to try to maintain its existing structure. 
A reduction in external forcing functions (e.g., a pronounced reduction in 
the phosphorus load entering a lake from wastewater discharges) is often 
not sufficient to restore a lake or reservoir. If the structure of the food web 
in the water body is adapted to a high phosphorus input, it will require very 
pronounced reductions in the phosphorus load to shift to a mesotrophic or 
oligotrophic condition. Thus, biomanipulation is an alternative to support 
the system in its efforts to shift to another food web structure. In this con-
text it is absolutely necessary to consider the storage of nutrients and other 
pollutants during the implementation of a management strategy. Significant 
quantities of nutrients and other pollutants may be stored in the lake bot-
tom sediments. If less-polluted water flows into a lake as a result of proper 
wastewater treatment, nutrients stored in the sediments may be released if 
appropriate chemical conditions exist in the water layers at the bottom of the 
lake and can significantly delay its restoration. This internal pollutant source 
often may be very significant, dominating for an extended period over exter-
nal pollutant.

The importance of internal pollution sources is closely related to the proper 
timing of effective management strategies. Because an ecosystem has the abil-
ity to reduce the impacts of pollutant inputs by various accumulation processes, 
accumulation in the sediment being one of the most significant, it becomes very 
important to reduce the pollution sources at an early stage. Environmental 
management efforts in Denmark clearly illustrate how a good management 
strategy, applied at the wrong time, can lead to significant increases in pollu-
tion abatement costs. An ambitious environmental management strategy was 
launched in Denmark in 1976, with the goal of letting the ecosystem deter-
mine the best restoration strategy. Consequently, it was necessary to make 
plans about the use of all aquatic ecosystems. Could discharge of wastewater 
be tolerated? What were the recreational values of the various aquatic ecosys-
tems? Did some ecosystems have a particular scientific value? Which ecosys-
tems were valuable as water resources? Many more questions became evident. 
To answer these crucial questions required more than 7 years of interactions 
between the different levels in the political hierarchy, from the communities to 
the government, which resulted in excellent environmental plans, but no pol-
lution abatement. The Gordian Knot was cut in 1986, when it was decided that 
all Danish wastewater treatments should meet certain standards, including a 
biochemical oxygen demand (BOD5 ≤ 10 mg/L, total phosphorus concentration 
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≤1.5 mg P/L, and a total nitrogen concentration ≤8 mg N/L). In addition, it was 
possible to assess even more strict requirements for particularly important or 
vulnerable ecosystems (e.g., lakes of important recreational value). This goal 
was subsequently widely applied in Danish lake management efforts. The 
result was that the entire environmental strategy in Denmark was quite suc-
cessful—except for the timing. These measures should have been taken 7–9 
years earlier! The consequences were that 7–9 additional years of phosphorus 
(and nitrogen) discharges accumulated in the Danish lakes, making it consid-
erably more difficult to find a management strategy able to return the lakes to 
the conditions prevailing 30–50 years earlier. A specific example of this failure 
is Arresø in Zealand, Denmark’s largest lake. The lake is very shallow, with a 
maximum depth of 4 m, which obviously accentuates the importance of nutri-
ents accumulated in the lake sediments. If a proper environmental manage-
ment had been implemented in the mid-1970s, the condition of the lake today 
would have been close to its condition in the 1950s. However, because of the 
aforementioned delay of 7–9 years, so much additional phosphorus had accu-
mulated in the sediments that it will take more than 100 years to bring the lake 
back to its previous conditions based solely on reduction of its phosphorus 
load. In fact, it will be necessary to remove the upper 0.5 m of the lake bottom 
sediment to significantly reduce the internal phosphorus load, which will cost 
as much as U.S.$ 60–80 million based on a sediment surface area of 41 km2.

As this example illustrates, ecosystem restoration can be very expensive. 
It is usually best, therefore, to develop and implement good environmental 
planning at an early stage, in order to be able to also take preventive mea-
sures that would eliminate the problems of phosphorus accumulation, as 
well as heavy metals and persistent organic chemicals, in freshwater sedi-
ments. A proper environmental planning also would help identify the pollu-
tion priorities that a good strategy should address.

Many developing countries lack the economic resources to undertake 
appropriate environmental management programs. Nevertheless, the reality 
is that proper environmental planning can be carried out at a fraction of the 
costs of major pollution abatement programs. It is strongly recommended, 
therefore, that developing countries undertake environmental planning 
efforts at an early stage. This will facilitate their assigning a proper priority 
to the various steps in the environmental management planning process, 
and also to make better use of preventative measures, which will work to 
enhance the possibilities of moderate-cost solutions over the long term.

As with other ecosystems, inland water ecosystems are “open systems.” 
Thus, it is not sufficient to consider only the water basin in a management 
regime. Indeed, it is also essential to consider the entire watershed in order to 
include all the pollution sources in the management considerations, which is 
very consistent with the idea behind integrated environmental management. 
It is often much more cost-effective, for example, to reduce the concentra-
tion of a pollutant at its source—a solution that can only be identified by 
considering the watershed as one combined, holistic system. Further, there 
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are usually many more possible solutions to the environmental problems 
when we attempt to optimize a large, combined lake–watershed system, 
than focusing only on the lake itself. Including the entire watershed in envi-
ronmental management considerations is of particular importance for devel-
oping countries, which generally have fewer resources to devote to pollutant 
abatement efforts than do the developed countries.

The use of ecological modeling has become much more important over 
the last 35 years, due to a need for quantification in ecology and environ-
mental management. This is probably the only significant tool available for 
obtaining a quantitative overview of complex ecosystems such as lakes, 
rivers, wetlands, lagoons, or reservoirs, which is a prerequisite for select-
ing an optimum solution to the complex problems facing them. Because 
solutions to the entire spectrum of environmental problems require quan-
titative estimation methods to assist in identifying a realistic trade-off 
between ecological and economic concerns, it is not surprising that eco-
logical models have been used increasingly in environmental management 
efforts. Chapter 19 provides an overview of models in environmental man-
agement of freshwater systems.

From this introductory discussion, several important recommendations may 
be deduced, as summarized in the following six points:

•	 Expect that a proper environmental strategy will require a wide 
spectrum of approaches and techniques.

•	 Expect that proper environmental management will require the 
application of a combination of end-of-the-pipe technologies (envi-
ronmental technology), ecotechnology, cleaner technology, and 
environmental legislation.

•	 Correct timing in applying the various steps in environmental man-
agement efforts is extremely important; thus, it is recommended that 
a comprehensive environmental management plan be developed at 
a very early stage, in order to be able to use the available resources in 
the most optimal manner.

•	 It is usually very beneficial, particularly from an economic per-
spective, to consider prevention, rather than correction, primarily 
because it is often very costly to restore heavily-degraded lakes.

•	 Because of the complexity of ecosystems and their problems, 
proper ecological knowledge about ecosystems is a prerequisite 
for ecologically sound environmental management programs; this 
is the only reasonable method for avoiding unexpected ecosystem 
responses.

•	 Optimum solutions to environmental management problems are 
best obtained if the entire lake–watershed ecosystem is taken into 
consideration in developing and implementing management actions.
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14.7 � Conclusions about Integrated Environmental and 
Ecological Management of Inland Water Ecosystems

From the review of the up-to-date integrated environmental management, it 
is possible to conclude the following:

	 1.	 It is recommended to use the three diagnostic tool boxes to under-
stand the environmental problems properly.

	 2.	The three diagnostic tool boxes can also be applied to follow the 
development of an environmental and ecological problem—including 
an eventual recovery process.

	 3.	Eco-exergy is a useful indicator as it expresses sustainability and the 
total amount of ecological services offered by an ecosystem. See also 
Chapter 18, where an overview of applicable ecological indicators in 
freshwater management will be presented.

	 4.	 Integrated environmental management based on the use of the three 
diagnostic tool boxes and considering all sources of the problem 
requires the use of all four “problem solving” tool boxes:

	 a.	 Environmental technology
	 b.	 Ecotechnology
	 c.	 Cleaner technology, including industrial ecology
	 d.	 Environmental legislation
		  A combination of the tools from all the four tool boxes should always 

be considered.
	 5.	The integrated up-to-date environmental management requires the use 

of the seven presented tool boxes and would not be possible if these tool 
boxes were not developed as a result of recently emergent ecological sub-
disciplines: ecological modeling, ecological engineering, application of 
ecological indicators, cleaner technology, and industrial ecology. These 
ecological subdisciplines are therefore crucial for the environmental 
management of today and they form an indispensable bridge between 
ecology and environmental management—between the basic science 
of ecology and its application in practical environmental management.
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15
Application of Environmental 
Technology in the Environmental 
and Ecological Management

15.1  Introduction

It is possible to distinguish between pollution from point sources and from 
nonpoint sources. Environmental technology, which was already widely 
applied in environmental management 40–50 years ago, is covering the tech-
nological methods that are able to solve almost exclusively pollution prob-
lems from point sources. Impact on aquatic ecosystems from point sources is 
originated from discharge of wastewater. Wastewater discharges into inland 
water ecosystems are man-controlled forcing functions of crucial importance 
for the water quality. It is, however, possible in many situations to control it 
completely, either by water diversion or by wastewater treatment methods. 
Water diversion, however, results in another downstream water body that 
has to cope with the pollutant load. Thus, treating the wastewater properly 
should be considered a generally more acceptable solution to the problem. 
This gives rise to two questions, namely,

	 1.	 Is it possible to solve all pertinent wastewater problems?
	 2.	What is understood by a proper wastewater treatment?

The water pollution problems associated with municipal and industrial 
wastewaters include their content of

•	 Nutrients causing eutrophication
•	 Biodegradable organic matter causing oxygen depletion
•	 Bacteria and virus effecting the sanitary quality of water, which is 

of particular importance when the water is used for bathing, swim-
ming, and drinking purposes
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•	 Heavy metals, mainly lead, zinc, and cadmium, from gutters; heavy 
metals from fungicides and other agricultural chemicals; and a wide 
range of other heavy metals in minor concentrations

•	 Refractory organic matter, originating from industries and hospi-
tals, the use of pesticides, and even the use of a wide spectrum of 
household articles

15.2  Wastewater Treatment: An Overview

Tables 15.1 and 15.2 provide an overview of a wide range of wastewater treat-
ment methods, their efficiencies, and their costs. Clearly, there is with good 
approximation a method available to virtually solve any of the mentioned 
problems.

Industrial wastewaters can cause the same water pollution problems as 
municipal wastewater plus a few more. In addition, they can also contain 
toxic organic and/or inorganic compounds, (particularly heavy metals and 
persistent organic pollutants). However, it is necessary to solve at the source 
the problems associated with industrial wastewater that can hardly be 
solved with municipal wastewater treatment methods. It is also the general 
legislation all over the world today that industries are obliged to treat the 
wastewater before discharge to the public sewage system. In many countries, 
the practice of the polluter having to pay the system has forced the indus-
tries to solve their pollution problems to keep the production costs low. The 
major portion of toxic substances is therefore today removed by the indus-
tries, at least in the industrialized countries. They would only have been 
partially removed, if at all, at municipal wastewater treatment plants and/or 
could contaminate the sludge produced at municipal wastewater treatment 
plants, thereby eliminating the possibility of the use of the sludge as a soil 
conditioner.

The removal of high concentrations of biodegradable organic matter 
at the source is strongly recommended, since it is usually much more 
cost-effective to remove these components, at least partially, when they 
are present in high concentrations. High concentrations of biodegradable 
organic matter are found in wastewater from slaughterhouses, starch fac-
tories, fish industries, dairies, and canned food industries. The removal 
of x% of BOD5 costs as a rule of thumb the same independent on the level 
of BOD5. It means that 1 kg of BOD5 can be removed at a much lower 
price from wastewater with a high BOD5, for instance, wastewater from 
slaughterhouses, starch factories, fish industries, dairies, and canned 
food industries.

The listed methods often are used in combinations of two or more 
steps to obtain the overall removal efficiency required by the most 
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TABLE 15.1

Survey of Generally Applied Wastewater Treatment Methods

Method Pollution Problem Efficiency
Costs 

(US$/100 m3)

Mechanical treatment Suspended matter removal 0.75–0.90 3–5
BOD5 reduction 0.20–0.35

Biological treatment BOD5 reduction 0.70–0.95 25–40
Flocculation Phosphorus removal 0.3–0.6 6–9

BOD5 reduction 0.4–0.6
Chemical 
precipitation

Phosphorus removal 0.65–0.95 10–15

Al2(SO4)3 or FeCl3 Reduction of heavy metal 
concentrations

0.40–0.80

BOD5 reduction 0.50–0.65
Chemical 
precipitation

Phosphorus removal 0.85–0.95 12–18

Ca(OH)2 Reduction of heavy metal 
concentrations

0.80–0.95

BOD5 reduction 0.50–0.70
Chemical 
precipitation and 
flocculation

Phosphorus removal
BOD5 reduction

0.9–0.98
0.6–0.75

12–18

Ammonia stripping Ammonia removal 0.70–0.95 25–40
Nitrification Ammonium is oxidized to 

nitrate
0.80–0.95 20–30

Active carbon 
adsorption

COD removal (toxic 
substances)

0.40–0.95 60–90

BOD5 reduction 0.40–0.70
Denitrification after 
nitrification

Nitrogen removal 0.70–0.90 15–25

Ion exchange BOD5 reduction (e.g., proteins) 0.20–0.40 40–60
Phosphorus removal 0.80–0.95 70–100
Nitrogen removal 0.80–0.95 45–60
Reduction of concentrations 10–25

Chemical oxidation 
(e.g., with Cl2)

Oxidation of toxic compounds 0.90–0.98 60–100

Extraction Heavy metals and other toxic 
compounds

0.50–0.95 80–120

Reverse osmosis Removes pollutants with high 
efficiency, but is expensive

100–200

Disinfection methods Reduction of microorganisms High, can hardly 
be indicated

6–10

Ozonation + active 
carbon adsorption

Removal of refractory 
compounds

0.5–0.95 100–120
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cost-moderate solution. The methods can also be applied in combination 
with cleaner technology (Chapter 16) and/or ecotechnology (Chapter 17). 
Because wastewater treatment often is costly, it is advisable in the plan-
ning phase to examine all possible combinations of treatment options in 
order to identify the most feasible and appropriate one.

Many existing municipal wastewater treatment plants were con-
structed years or decades ago, and may not meet today’s higher standards. 
Nevertheless, upgrading existing wastewater treatment plants is possible, 
and may be more cost-moderate than building new ones (Novotny and 
Somlyódy 1995, van Loosdrecht 1998). Because the funding allocated to pol-
lution abatement often is limited, the overall effect of upgrading wastewater 
treatment plants that can be upgraded with sufficient efficiency will be to 
the benefit of the environment. An attractive solution is often to introduce 
tertiary treatment by chemical precipitation and flocculation in an existing 
mechanical–biological treatment plant, with the addition of chemicals and 
flocculants before the primary sedimentation phase. The installation costs 
for this solution are minor, and the additional running costs are limited to 
the costs of chemicals. The result is an 85%–95% removal of phosphorus at 
low cost. Similarly, nitrification and denitrification, ensuring an 80%–85% 
removal of nitrogen, can be realized with the installation of additional capac-
ity for biological treatment (the overall water retention time in the plant is 
increased by 4–12 h, depending on the standards and composition of the 
wastewater), which is considerably less costly than installation of a com-
pletely new treatment plant. For details, see Hahn and Muller (1995) and 
Henze and Ødegaard (1995).

The second question refers to the selection of the right standards for the 
treated wastewater. Any removal efficiency of any pertinent parameters 
(BOD5, nutrients, bacteria, viruses, toxic organic compounds, color, taste, and 
heavy metals) is possible to obtain with a suitable combination of the avail-
able treatment methods. However, what removal efficiencies are needed in 
the focal case? Because wastewater treatment is costly, the maximum allow-
able concentrations should not be set significantly lower than the lake or res-
ervoir receiving the effluents can tolerate. The ban of phosphate detergents 
to decrease phosphorus concentrations in municipal wastewater treatment 
plant effluents is a point to consider in this context, as the treatment costs 
can be reduced considerably by introduction of phosphorus-free detergents. 
On the other hand, it might be even more expensive to install an insufficient 
treatment plant. Thus, the potential effects of a wide range of possible pol-
lutant inputs on water quality and on the entire lake or reservoir should be 
assessed, as the basis for selecting an acceptable option. This will require a 
quantification of the impacts of various possible pollutant inputs, consider-
ing a wide range of solutions. All processes and components affected signifi-
cantly by the impacts should be included in the quantification. It is usually 
very helpful to develop a water quality/ecosystem model and use it properly 
to assist in the selection of specific environmental treatment methods. It is 
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important to emphasize that a model has an uncertainty in all its predictions 
that must be considered in making a final decision. Thus, it is essential to use 
safety factors to the benefit of the environment, in order to ensure that the 
selected treatment methods will have the anticipated effects. If the uncer-
tainty is not taken into account for the sake of economy, as it is unfortunately 
often done, the investment may be wasted because the foreseen recovery of 
the freshwater ecosystem will not be realized.

Application of the methods identified in Tables 15.1 and 15.2 gives only 
approximate results, and the indications should therefore be used with cau-
tion. However, first estimates, such as those shown in the tables, are useful 
for evaluations of various alternative solutions to wastewater pollution prob-
lems. The biological treatment may either be an activated sludge plant or a 
trickling filter.

The cost of treating 100 m3 of wastewater is also based on approximate indi-
cations, because they vary from place to place, as the costs of labor are very 
different in and are highly dependent on the size of the wastewater treat-
ment plant. The costs are calculated as the running costs (electricity, labor, 
chemicals, and maintenance), plus 10% of the investment to cover interest 
and annual appreciation. The annual water consumption of one person in an 
industrialized country corresponds to approximately 100 m3.

A problem in many developing countries is the relatively high cost of 
wastewater treatment. Although this cost might justify diversion of the 
wastewater, the application of “soft technology”—“ecotechnology”—also 
should be considered. Some corresponding methods will be touched on in 
the following sections, but proper planning at an early phase, and consider-
ing all predictable problems, offers the widest range of cost-effective possi-
bilities and may allow prevention of the pollution problems before they will 
occur.

Corrections at a later stage, when pollution has already degraded the 
water quality and associated ecosystems, are possible, but will always be 
more expensive than the costs of proper wastewater treatment at an early 
stage. This is due in part to the fact that the accumulation of pollutants in a 
lake over time will always cause additional problems and, therefore, result 
in additional costs. Thus, pollution prevention at an early stage is better than 
curing pollution at a later stage. Removal of phosphorus from wastewater at 
an early stage, for example, is always beneficial since the surplus phosphorus 
will accumulate in the lake sediments to a large extent and allow its remo-
bilization back into the water column under certain chemical conditions in 
the water body.

Model studies are able to reveal how long it may require to restore a lake, 
or how much higher phosphorus removal efficiency will be required to com-
pensate for each year that implementation of an appropriate phosphorus 
removal technology is postponed. However, it is not unusual that implemen-
tation of a phosphorus removal technology a few years later than it was first 
feasible may delay the restoration of a lake by one or more decades, due to 
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the fact that the additional phosphorus accumulated in the sediments may 
significantly increase the quantity of phosphorus in the water column.

Important pollution sources may be reduced if the liquid waste and sludge 
land disposal is avoided or minimized. For municipal areas, two options are 
used to decrease the hydraulic load of wastewater treatment plants:

	 1.	Decreasing water use, thereby saving water and producing smaller 
volumes of polluted water.

	 2.	Separating storm water from municipal domestic waste, with a simi-
lar result. One result of these options is that the capacity of wastewa-
ter treatment plants can be kept smaller, achieving significant cost 
savings.

New approaches have emerged in regard to sustainable development. For 
instance, serious consideration is being given to separate toilets in some loca-
tions, which collect urine separately from feces, thereby allowing utilization 
of the septic urine as fertilizer.

The selection of proper wastewater treatment methods for point sources of 
pollution is summarized in the following points:

•	 Develop models for the impacts of the wastewater on freshwater 
ecosystems, considering the impacts on the water quality and the 
entire lake ecosystem.

•	 Apply the model to identify the maximum allowable pollutant con-
centration in the treated wastewater. Any uncertainty associated 
with the model predictions should be reflected in identifying the 
lower maximum allowable concentrations.

•	 Select the combination of available treatment methods able to meet 
the standards at the lowest costs without impacting the proper oper-
ation of the plant.

•	 If the investment needed for a proper solution to a problem cannot 
be provided, the application of cost-moderate technology that will 
reduce the accumulation of pollutants in the lake should be consid-
ered. Any measures taken at an early stage will reduce the costs at 
a later stage.

15.3  Municipal Wastewater

The composition of domestic sewage varies surprisingly little from place 
to place, although it to a certain extent reflects the economic status of the 
society.
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A typical composition of municipal wastewater including BOD5, COD, sus-
pended matter, and nutrients is shown in Table 15.3.

Most industrialized countries require a treatment of municipal waste-
water. The standards vary for the European Union, the United States, 
Canada, Australia, New Zealand, and Japan, but generally a reduction of 
BOD5 to about 10 mg/L, a reduction of nitrogen to about 10 mg/L, and a 
reduction of the phosphorus concentration to 1–2 mg/L are required. To 
obtain the required reductions, a combination of the methods presented 
in Section 15.2. The combinations of methods applied for treatment of 
municipal wastewater are presented in the next section and it will be 
demonstrated that it is possible by a suitable combination of methods to 
meet practically all realistic effluent standards.

15.4 � Combinations of Methods for the Treatment 
of Municipal Wastewater (Reduction of BOD5)

Models are used increasingly to design and to optimize wastewater treat-
ment methods. For details on the applied models, refer to Jørgensen (2011), 
which has a comprehensive chapter devoted to models of wastewater treat-
ment systems.

There is a number of different possible designs of biological treatment 
plants; see Jørgensen (2000).

TABLE 15.3

Typical Composition of Municipal Wastewater (mg/L)

Constituent Soluble Particulate Total

BOD5 100–200 50–100 150–300
COD 200–500 100–200 200–700
Ammonium-N 20–40 0 20–40
Nitrate-N 5–20 0 5–20
Organic nitrogen 0 5–20 25–60
Suspended matter — 40–80 40–80
Carbohydrates 20–40 10–15 30–55
Amino acids 10–15 15–25 25–40
Fatty acids 0 50–80 50–80
Surfactants 10–20 5–10 15–30
Creatinine 3–5 0 3–5
Phosphorus 2–4 4–10 6–14

Source:	 From Principles of Pollution Abatement, Jørgensen, 
S.E., 520 pp., 2000, from Elsevier.
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The use of mechanical–biological wastewater treatment is a classical 
method or rather the combination of the two methods. Figure 15.1 gives the 
flow chart of a classical mechanical-activated sludge plan as it is generally 
used all over the world. The processes involve screening, a separation of 
grease and sand in the grit chamber, a primary settling, an aeration step, 
followed by sedimentation. Chlorine is often added before discharge to the 
receiving water, particularly when it is used for swimming and bathing. 
The sludge is most often digested anaerobically, which gives a production of 
biogas. In the activated sludge plant, a rapid adsorption and flocculation of 
suspended matter take place. Organic matter is oxidized and decomposed. 
Sludge particles are dispersed and settled by the secondary settling. The 
processes are conceptualized in Figure 15.2.

Oxidation ditches, see Figure 15.3, can replace the activated sludge plant 
and the secondary settling. The rotor provides the aeration to oxidize the 
organic matter. The influent and the rotor are stopped usually during the 
night when the inflow is low anyhow to allow settling. The supernatant 
is withdrawn through an effluent launder. The retention time is usually 
2–5 days.

Air

2

3

Chlorine

Anaerobic 
digestion

Secondary 
settling

Aeration 
tank

Primary 
settling

Grit 
chamber

1

Screen

Sludge

FIGURE 15.1
Flow diagram of a conventional activated sludge plant. It is widely used to treat municipal 
wastewater. Number 1 is untreated municipal wastewater, which would have a BOD5 of about 
150–300 mg/L, total nitrogen of about 25–45 mg/L, and total phosphorus of about 6–12 mg/L. 
The mechanical treatment (sample at point 2) will reduce BOD5 and total N by about 25%–40%, 
while the reduction of total phosphorus will be minor. The totally treated wastewater (point 3) 
will have BOD5 of about 10–15 mg/L, while the nitrogen is reduced 35%–50% only and the 
phosphorus concentration about 10%–20% only.
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A trickling filter is a bed packed with rocks, although recently plastic 
media (celite pellets; Sorial et al. 1998) or bioblocks with a high surface 
area due to high porosity are also applied. They require substantially less 
space than the stone packed trickling filter. They have usually a specific 
surface on 100 m2/m3 or more. It is at least two times the specific surface 
of the trickling filter packed with rocks. The media is covered by a slimy 
microbiological film. The wastewater is passed through the bed and oxy-
gen and organic matter diffuse into the film, where oxidation occurs. 
Recirculation improves the removal efficiency. A flow chart of a treatment 
plant combining a trickling filter and an activated sludge plant is shown 
in Figure 15.4. The alternative ecotechnological methods are lagoons and 

Soluble
BOD5

O2 O2

Biological
cells

Endogenous
metabolism
of biological

cells

E�uent

Sludge
Non-degradable

material

Volatile
suspended

solid

CO2
H2O

soluble organic
residues

FIGURE 15.2
Processes characteristic for the biological treatment.

Outflow

Wall

Aeration
rotor

Inflow

FIGURE 15.3
Oxidation ditch.
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waste stabilization ponds. Various solutions based on natural and con-
structed wetlands are covered in Chapter 6 and 17.

Physical–chemical methods have been proposed to replace mechanical–
biological treatment, for instance, the so-called AWT system, which is based 
on the application of a combination of mechanical treatment, precipitation, 
adsorption on activated carbon, and sand filtration; see Figure 15.5.

It has been considered to recover proteins and grease to cover at least 
partially the costs of the treatment of wastewater from slaughterhouses, 
fish  industries, starch factories, and other foodstuff industries. Figure 15.6 
shows a method that has been applied in several, but still relatively few cases.

Influent

Chemical
added

Filter

E�uent

Activated
carbon

2

4

1

3

FIGURE 15.5
AWT system consisting of mechanical treatment, chemical precipitation, settling, adsorption on 
activated carbon, and filtration. The method is not used very much. It has the advantage that it 
is easier to control but it is also more expensive both with respect to investment and operation.

Cl2

Screen

Future treatment of sludge

Trickling
	lter

Grit 
chamber

Secondary 
settling

Aeration
tank

Primary
settling

FIGURE 15.4
Treatment of municipal wastewater, combining trickling filter and activated sludge treatment.
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If the wastewater has a high concentration of grease, oil, and fat, it is possi-
ble to apply a flotation unit to separate water and suspended matter. It offers 
therefore an alternative to sedimentation. A portion of water is pressurized 
by 3–10 atm, and when this water is returned to the normal atmospheric 
pressure in the flotation unit, air bubbles are created. The air bubbles attach 
themselves to particles and the air–solute mixture rises to the surface, where 
it can be skimmed off, while the clarified water is removed from the bottom 
of the flotation unit. Figure 15.7 shows a flotation unit. Usually the reten-
tion time in a flotation unit is three to six times less than for a settling unit, 
which means that a significant volume reduction is obtained. Flotation has 
therefore most frequently replaced the sedimentation in slaughterhouses, 
fish industries, and oil industries.

E�uent

Air compressor

Tank

In�uent

FIGURE 15.7
Flotation unit.

Recovery of proteins (+grease) 

Sludge

Flocculation

Precipitant

Screening

lon
exchange

CI2

Elution
liquid

Settling

FIGURE 15.6
Recovery of proteins and grease from the wastewater discharge from the foodstuff industries 
is possible by a combination of precipitation and ion exchange. The recovery pays partially for 
the treatment of the wastewater by this process.
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15.5 � Methods for the Treatment of Municipal Wastewater 
(Reduction of Phosphorus Concentration)

Nutrient removal is most frequently carried out by chemical precipitation, 
often combined with mechanical–biological treatment. The chemical pre-
cipitation can be applied at three different points in the mechanical–biological 
plant as shown in Figure 15.8. Sometimes both direct precipitation and post-
treatment is applied, which together with sand filtration makes it possible 
to obtain a concentration of 0.1 mg P/L or less in the effluent. In many cases 
where such a low phosphorus concentration is needed for particular sen-
sitive receiving waters (mainly lakes), this double precipitation is a very 
attractive method, because it is relatively cost moderate compared with other 
alternatives. Without the sand filtration and only a single precipitation, it is 
usually relatively easy to obtain a concentration of phosphorus in the efflu-
ent between 1.0 and 1.5 mg/L.

Aluminum sulfate, various polyaluminates, calcium hydroxide, and 
iron (III) chloride can be applied as chemicals for the precipitation. The 
amount of hydrated lime or calcium hydroxide needed for the precipita-
tion is usually 2.5–6 times higher than for the aluminum and iron com-
pounds, because a high efficiency of the precipitation requires a pH of 10.0 

(c)

Chemical
From sec.

sedimentation
Flocculation

Tertiary
sedimen-

tation

Cl2?

Sand trap

Sand trap

(a)

(b)

Chemical

Chemical

Flocculation

Prim.
sedimen-

tation

Sec.
sedimen-

tation

Biological
treatment

+sec.sedimentation

Sedimen-
tation

Activated
sludge plant

Cl2?

FIGURE 15.8
Precipitation by aluminum sulfate or other aluminum compounds, iron (III) chloride, and 
calcium hydroxide is able to reduce the phosphorus concentration in wastewater signifi-
cantly. The precipitation is applied often in combination with mechanical–biological treat-
ment and can be carried out after the sand trap: (a) direct precipitation, before the activated 
sludge plan; (b) simultaneous precipitation or after the mechanical–biological treatment; and 
(c) posttreatment.
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or higher, which—but it dependents of the hardness of the water—is not 
possible without the indicated amount of calcium hydroxide. For a hardness 
of 15–30 hardness degrees, the amount is 100–480 mg calcium hydroxide/L. 
It would usually give an efficiency of 90%–95% precipitation of the phos-
phorous compounds, which is slightly better than for most precipitations 
with aluminum and iron compounds. The disadvantage of precipitation 
with lime is the high pH, which makes adjustment of the pH necessary. 
Carbon dioxide produced by incineration of the sludge or solid waste can be 
used for this purpose. If the sludge is incinerated, it is possible partially to 
recycle the calcium hydroxide and thereby reduce the costs of precipitation 
chemicals. Recycling three to five times is possible and afterward it can be 
applied as fertilizer, as it has a relatively high phosphorus concentration. 
A flow chart with direct precipitation and recycling of calcium hydroxide is 
shown in Figure 15.9.

If the sludge after calcium hydroxide precipitation cannot be incinerated, 
an adjustment of pH is needed before anaerobic digestion or aerobic sludge 
treatment. Heavy metals are removed more effectively by the use of calcium 
hydroxide than by aluminum and iron compounds. Lead, copper, and chro-
mium are removed with a very high efficiency by all the mentioned precipi-
tation chemicals, while only calcium hydroxide would give a high removal 
efficiency for cadmium and zinc.

Sand
trap

Water pH control

Sedimen-
tation

Co2

Ca(OH)2

Sedimen-
tation

Sedimen-
tation

Sludge
incineration

Fertilizer

60%–80% recirculation of CaO

pH-
control

Biological
treatment

FIGURE 15.9
Chemical precipitation with partial recirculation of calcium hydroxide and use of carbon diox-
ide from incineration of the sludge for pH adjustment. (From Principles of Pollution Abatement, 
Jørgensen, S.E., 520 pp., 2000, from Elsevier.)
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The amount of aluminum and iron compounds can be found from Figures 
15.10 and 15.11 or by the use of the following equation based on Freundlich 
adsorption isotherms:

	

( )
*

C C
n

a Co b−
=

where
Co is the initial concentration of phosphorus (mg P/L)
C is the final concentration
n is the dose of chemical expressed as mg Al or mg Fe/L
a and b are characteristic constants that can be found in Table 15.4
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3
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9

FIGURE 15.10
Addition of iron (III) as f(P-concentrations) at different P-concentrations in the effluent.
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FIGURE 15.11
Addition of aluminum salts as f(P-concentrations) at different P-concentrations in the effluent.



300 Handbook of Inland Aquatic Ecosystem Management

A more rapid flocculation, precipitation, and settling can be obtained by 
addition of synthetic organic polymeric flocculants. They may either be cat-
ionic polyelectrolytes, anionic polyelectrolytes, or nonionic polymers. It is 
hardly possible to indicate which polymeric flocculant would give the best 
result, as the ionic characteristics of municipal wastewater vary signifi-
cantly. It is recommended to test at least the various types of polyflocculants 
from case to case. The optimum design of a flocculator before the settling 
of the precipitated material should be based on a mathematical model; see 
Dharmappa et al. (1993) and Thomas et al. (1999).

It is possible to remove phosphorus by biological treatment. Activated 
sludge systems with anaerobic and aerobic zones in sequence have been 
developed to achieve a higher phosphorus removal. The system is called 
EDPR (enhanced biological phosphorus removal). The shift between aerobic 
and anaerobic conditions activates the microorganisms to take up consid-
erably more phosphorus than under aerobic conditions, particularly if the 
wastewater contains relatively high concentrations of easily biodegradable 
organic matter. With a P/BOD5 ratio of more than 20, a phosphorus removal 
of 80%–90% can be obtained.

15.6 � Methods for the Treatment of Municipal Wastewater 
(Reduction of Nitrogen Concentration)

A combination of nitrification and denitrification can reduce significantly the 
nitrogen concentration in the effluent. The applied chemical processes are

	 NH  2O NO  H O  2H4 2 3 2
+ − ++ → + +

	 4NO  5C  H O 5HCO  2N  H3 2 3 2
− − ++ + → + +

TABLE 15.4

Constants in Freundlich Adsorption 
Isotherms for Aluminum Sulfate 
and Iron (III) Chloride

Precipitation with a b

Aluminum sulfate 0.63 0.2
Iron (III) chloride 0.26 0.4

With good approximation the constants 
for aluminum sulfate can also be applied 
for other aluminum compounds.
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The ammonium is oxidized to nitrate and the nitrate is used to oxidize organic 
matter under anaerobic conditions—here indicated just as C. Thereby the 
nitrate is reduced to dinitrogen, which is released to the atmosphere, where 
there is about 78% dinitrogen and a minor addition of dinitrogen is therefore 
harmless.

Effective nitrification occurs when the sludge age is greater than the recip-
rocal rate of constant for the nitrifying microorganisms (Bernhardt 1975). 
The sludge age is defined as X/ΔX, where X is the mass of sludge in the sys-
tem and ΔX is the sludge yield per unit of time. Usually the time unit applied 
is 24 h. The relationship between nitrification efficiency in percentage and 
the sludge age is shown in Figure 15.12.

The nitrification process is a two-step process. First, ammonia is oxidized 
to nitrite by Nitrosomonas. Second, nitrite is oxidized to nitrate by Nitrobacter. 
The optimum pH range for nitrification is 6.7–7.0 (Groeneweg et al. 1994). 
The oxygen concentration for nitrification has to be at least 2 mg/L. Heavy 
metal ions are toxic to nitrification at rather low concentrations. Toxic levels 
of about 0.2 mg/L are reported for chromium, nickel, and zinc. The nitrifica-
tion process is sensitive to temperature, and an Arrhenius expression can 
be applied:

	 Kn (rate constant 1 24 h) = 0.18 * 1.128 (temperature  15)/ ∧ −

The denitrification takes place by a number of heterotrophic bacteria 
present in activated sludge. Anaerobic conditions are absolutely required. 
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Nitrification efficiency as a function of sludge age.
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The optimum pH for this process is about 7.0. About three times as much 
BOD5 as nitrate-N both expressed in mg/L should be applied to ensure ade-
quate denitrification. The process can be realized even at high concentrations 
of nitrate or at high salinities (Jørgensen 2000). Addition of organic carbon—
for instance methanol—has been proposed to ensure a proper denitrifica-
tion, but it is of course not an attractive method to apply. Alternatives are

	 1.	To switch between aerobic and anaerobic conditions; it is called 
alternative operation (for more details see Diab et al. 1993, Halling-
Sørensen and Jørgensen 1993)

	 2.	To recycle a patty of the wastewater containing nitrate after the treat-
ment is complete

Both methods are working properly. Other possibilities are the use of zeo-
lite ion exchange material to obtain simultaneous nitrification and denitri-
fication (Halling-Sørensen and Jørgensen 1993), the use of electrolysis for 
denitrification (Islam and Suidan 1998), and the use of activated carbon to 
enhance the denitrification (Sison et al. 1996).

Ammonia can be removed by blowing air through the wastewater. The 
process is called stripping and the equipment shown in Figure 15.13 can be 
used. It is of course required that the pH is sufficiently high to ensure that 

Waste water in

Air out

Air in

Waste water out

FIGURE 15.13
Sketch of a stripping tower is shown.
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it is the gas ammonia that is present. The equilibrium between ammonium 
and ammonia can be expressed by the following equation:

	
pH pK log

ammonia
ammonium

= +
[ ]

[ ]

where pK is 9.3.
The efficiency of the process is dependent on (1) pH, (2) temperature, 

(3) amount of air relative to the amount of water, and (4) stripping tower height. 
The Figures 15.14 and 15.15 show how these factors influence the efficiency.

The cost of stripping is relatively low, but the process has three crucial 
limitations:

	 1.	 It is practically impossible to work at temperatures lower than 7°.
	 2.	Deposition of calcium carbonate can reduce the efficiency or even 

block the tower.
	 3.	After the ammonia removal, pH is high and must be adjusted to 8.0 

or below.

Ammonia can be removed by chlorination and adsorption on activated 
carbon. Chlorine can oxidize ammonia to NH2Cl, NHCl2, and NCl3 and the 
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FIGURE 15.14
Stripping efficiency as a function of temperature and pH.
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activated carbon is able to adsorb the chloramines formed by these oxida-
tion processes. By the adsorption process, it is most likely that dinitrogen 
and chloride ions are formed. In the order of ten parts by weight of chlorine 
are required for each part of ammonium-N. As the wastewater may typi-
cally contain 30 mg ammonium-N/L, 300 mg/L of chlorine is required. It 
would give a cost of at least $0.1/m3 to cover only the chlorine. When the 
capital costs and the costs of recovery of activated carbon are added, the 
total costs per cubic meter may easily reach $0.3. The method has therefore 
not found a wide application due to the high costs. The method has how-
ever a high removal efficiency even if the ammonium concentration is low. 
Chlorination followed by active carbon adsorption can therefore be used 
as the last treatment for removal of ammonium, where very low concentra-
tions are required in the effluent.

Ion exchange by the use of the natural clay material clinoptilolite can be 
used for removal of ammonium ions (Halling-Sørensen and Jørgensen 1993). 
Clinoptilolite has a high selectivity for ammonium ions. About one third 
to one half of the ion exchange capacity, which is about 1.5 eqv./L, can be 
obtained for uptake of ammonium ions. It means that l L of clinoptilolite will 
be able to remove 1.5 * 14/3 g of ammonium-N = 7 g ammonium-N.

Ion exchange has furthermore been applied to remove nitrate from drink-
ing water. A general anion exchanger is applied. It has an ion exchange 
capacity of about 2.5–3.0 eqv./L, but the selectivity is not very high. It is how-
ever not necessary to remove the nitrate ions completely but to reduce the 
concentrations to the regional standards for nitrate in drinking.
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FIGURE 15.15
Efficiency of stripping process versus m3 air/m3 water ratio for three different tower depths 
and tower height. The three tower depths are 4 m (insufficient), 6.7 m, and 8 m. Tower height of 
7–8 m is recommended.
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15.6.1  Recycling of Municipal Wastewater

By a combination of the available treatment methods, it is possible to recycle 
municipal wastewater—it means produce drinking water from municipal 
wastewater. The recycling takes about 8–10 days from toilet to water tap so 
to say. All drinking water is in principle recycled. It takes nature normally a 
couple of thousand years to recycle water in average, which of course much 
better ensures a good water quality than a recycling with a duration of only 
8–10 days. Recycling of wastewater has been applied in Pretoria and South 
Africa and in Windhoek, Namibia, due to insufficient supply of natural 
water for production of potable water. In Pretoria, a treatment consisting of 
the following steps is applied: mechanical–biological treatment, aeration, 
lime precipitation, ammonia stripping, sand filtration, chlorination, adsorp-
tion on activated carbon, and a second chlorination. The plant in Windhoek 
has the same steps except no ammonia stripping.
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16
Application of Cleaner Technology in 
Environmental and Ecological Management

16.1 � Introduction

Cleaner technology or production implies that changes in the processes are 
made within a production plant with the result that the emitted pollution 
is reduced. When the industries are forced to reduce their discharge of pol-
lutants, they are of course considering either to apply a cost-moderate treat-
ment method for their waste or the alternative—to change the production 
to application of methods that would imply a reduction of the discharge of 
pollutants. Major advantages are inherent in this approach that can benefit 
the producer. Aside from reducing the expenses of fees for creating pollu-
tion, considerable savings of energy, water, and various materials used in 
the production process may also be obtained. There are numerous examples 
on a change of the production methods—both major changes and minor 
changes—may imply not only reduced discharge of pollutants but also sav-
ing of production costs for instance by introduction of recycling. So, the 
interest in this method for the industries is primarily the possibilities to save 
considerable amounts of money, although its value in helping solve environ-
mental problems also plays a role.

An even wider approach analyzes the whole production and application 
process, namely, the life cycle analysis of a product—as it is often expressed 
from cradle to grave. The production of a product is analyzed, with the goal of 
minimizing wastes over the entire production cycle, starting with the mining 
of raw materials through its use and finally to the destruction of the final prod-
uct after use. This effort usually exceeds the capabilities of a given producer, 
demanding instead the synchronization of efforts by several enterprises. The 
environment has profited greatly in recent efforts of this kind, by wise and 
progressive industry leaders able to increase their competitive capabilities. It 
is often of great values for industries and enterprises to have a green image.

Industrial enterprises face increasing costs of raw materials, energy, water, 
and pollution fees and face increased pressure by environmental groups 
to reconsider their production methods and seek to retain competitiveness 
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while also demonstrating good will toward environmental protection. 
In  addition to automation, this goal can be obtained by the recirculation 
of materials and water inside the production plants, by energy saving, by 
better space organization of the process, and by the minimization of trans-
port. All these elements are important for protecting water quality, since the 
processes of material extraction, transportation, and energy production are 
causes of pollution, and the quantity and degree of pollution of the water 
leaving the plant is decisive with regard to the water returned as effluent 
back to the plant. One scientifically rooted procedure with broad positive 
consequences for plant efficiency and competitiveness, as well as for water 
quality, that is favored by large international trusts is the life cycle evaluation 
of products or environmental life cycle assessment (Hauschild and Wenzel 2000).

The evaluation process in life cycle analysis consists of following a product 
throughout its entire life cycle, from its creation to its disposal. The production 
stages covered with this analysis include mining raw materials, processing for 
basic chemicals or metals, transportation, production of final materials needed 
for the product, production of the final product, packaging and distribution, 
the fate and environmental consequences of the product when it is used, and, 
finally, the disposal of the remains or unused parts (e.g., the fate of packing 
materials, nonfunctioning parts, or nonrepairable damaged products). Each 
step is evaluated with regard to the economy of the product, including the 
needs for materials, energy, and water, and the environmental consequences 
of decisions at each step are estimated, as a means of identifying the cheapest, 
most efficient, and least polluting option. Many factories that have implemented 
this evaluation have found considerable savings and a resulting increase in 
competitiveness. This is typically accompanied by a considerable savings in 
water and energy resources and a corresponding reduction in pollution. Thus, 
it is hoped that this procedure will become widely used and will benefit water 
quality. Because of increased water circulation within a factory, the quantity of 
the effluents is reduced, too. Effective, specialized pretreatment can be used, 
sometimes with the regeneration of some substances, which further reduces 
the pollutant load to the effluent or city wastewater treatment plant.

Considerable water quality improvement can also be obtained by citizens in 
their daily life on the basis of this approach, including the following:

•	 Water quality managers must stress the usefulness of clean production 
and product life cycle analysis, working to facilitate such evaluations. 
Local water management councils can be very helpful in this direction.

•	 Saving energy has positive consequences for water quality, as 
energy generation causes environmental degradation, including 
water pollution.

•	 Saving of water in households improves water quality, since existing 
wastewater treatment plants function better with less entering wastes, 
and there is less need for upgrading, renovation, and new construction.
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16.2 � Application of Life Cycle Analyses 
and Cleaner Technology

Figure 16.1 shows the flows of material and energy in the history of a product 
(Jørgensen 2000), from raw material to final disposal as waste. P indicates the 
emission of point pollution and NP covers the nonpoint pollution.

The number of products in the modern technological society is not known 
exactly, but it is probably in the order of 108. All these products emit pol-
lutants to the environment during their production, their transportation 
from producers to users, during their applications, and in the final disposal 
as waste. The core problem in environmental management is: How can we 
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(See color insert.) Arrows show mass and energy flows. The thin black arrows are point sources 
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analyses are able to reveal where in the history of the product the waste actually takes place and 
it will make it possible to change the production and the product the recorded quantities of waste.
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control these pollutants properly? The answer is that we have to use a wide 
spectrum of methods. Figure 16.1 illustrates where the different technolo-
gies can be applied. Environmental technology (Chapter 15) offers a wide 
spectrum of methods that are able to remove the pollutants from point 
sources. Cleaner technologies, however, explore the possibilities to recycle 
by-products and final waste or change completely the production meth-
ods to achieve a reduced overall emission. The key question here is: Could 
we produce our products by more environmentally friendly methods? The 
ISO 14000 series are among the most important tolls in the application of 
cleaner technology (Haucshild and Wenzel 2000).

Ecotechnology and its potential for implementation of environmental solu-
tion of nonpoint sources pollution will be presented in much more detail 
in the next chapter. Environmental legislation is hardly possible to cover 
in this volume, because the legislation is very different from country to 
country, although some very few general features of this tool were given in 
Chapter 14. We will, however, in the next section touch on the application of 
green taxes, because it will encourage the industries to apply cleaner tech-
nology to a higher extent. Green taxes could be called a powerful political 
instrument to reduce pollution.

16.3 � Recycling and Reuse: Green Tax

Industries and farms apply recycling and reuse to the extent to which it is 
profitable, directly by reduction of costs or indirectly by the market value of 
a green image (Jørgensen 2006). Figure 16.2 illustrates the possibilities.

The profit, P, of the production is

	 P  S RM C W= – – – 	 (16.1)

where
S is the sales price
RM is the cost of raw material + energy
C is the production costs
W is the costs of treating the waste

Reuse is profitable if

	 U O  W− + ≥ 0 	 (16.2)

where
U is the income by reuse sale
O is the cost of making the reuse possible
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Recycling is profitable if

	 RC F  W− + ≥ 0 	 (16.3)

where
RC is the value of the recycled raw material
F is the recycling costs
W is as previously mentioned the costs of discharging the waste

In some cases, it may be possible to add the value of the green image to the 
left sides of (16.2) and (16.3).

Generally, the costs of discharging waste have increased considerably dur-
ing the last decades, sometimes due to the introduction of “the polluter pays 
principle.” Therefore, we have seen an increased interest by the companies 
and the agriculture to recycle or reuse. If we on top of the real costs would 
add a green tax, the motivation for recycling and reuse could even increase.

Income tax is the dominant tax form in many countries in the industrial 
world. It was introduced more than 100 years ago, when the state needed 
more money for the increasing demand for a series of tasks that we found 
it naturally that the modern state would undertake. The principle was in 
most cases that the biggest incomes should bear the biggest burden and the 
tax scale was therefore in most countries progressive. Labor is, however, not 
the limiting factor for our production and its continuation in the future. On 
the contrary—in most states, unemployment is a major problem. It is also 
absurd that the more you are working for the society, the more you are 
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FIGURE 16.2
Production has almost always waste in addition to the product. The waste may be discharged 
to the environment, reused somewhere else, or recycled, which would save raw material and 
perhaps energy.
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paying in tax, while the tax on capital income in most countries has a lower 
tax rate. Nonrenewable and partly renewable raw materials are or are going 
to be the limiting factor in our production. In addition, we have seen that as 
the gross national product (GNP) is increasing, the environment is gradually 
deteriorated due to increased discharge of waste. Recycling and reuse would 
solve these problems and both reuse and recycling require labor in one form 
or another, which implies that also the unemployment problem would be 
reduced by introduction of recycling and reuse (Figure 16.3).

We could enhance the application of recycling and reuse by increasing the 
costs of raw materials and of waste discharge by introduction of a green tax on 
raw materials and waste discharge as shown in Figure 16.2. If we add a green 
tax G1 on raw materials including nonrenewable energy sources and on waste 
discharge G2, the Equations 16.2 and 16.3 would change to the following:

Reuse is now profitable if

	 U O  W  G2– + + ≥ 0 	 (16.4)

Recycling becomes profitable if

	 RC F  W  G1  G2− + + + ≥ 0 	 (16.5)

Clearly, reuse and recycling can easily be made attractive by a suitable green 
tax G1 and G2.

Raw materials + energy
Green tax G1, here

Green tax
G2, here

Product

Waste

Recycling

Reuse/other use Waste 
discharge

Production 

FIGURE 16.3
Production has almost always waste in addition to the product. The total global amount of raw 
materials, particularly if the raw materials are nonrenewable, are limited. Therefore, introduc-
tion of green tax on raw material (G1) and/or on waste discharge (G2) will enhance the motiva-
tion to recycle and reuse.
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Green tax should of course not be considered a new additional tax, but 
should replace the income tax. That may even reduce O and F in (16.4) and 
(16.5) and make it even more attractive to recycle and reuse, which is the 
motivation behind the introduction of the green tax. It is possible to find 
numerous examples of the positive effect of green tax or even of “the polluter 
pays principle.” All industries in Denmark have reduced their relative water 
consumption considerably during the last decades due to a high cost for dis-
charge of wastewater. Particularly the breweries have been able successfully 
to reduce their water consumption. Carlsberg uses, for instance, about three 
times less water per volume of beer brewed today than 30 years ago.

Europe and most countries all over the world have introduced a signifi-
cant green tax on gasoline. The result is that the gasoline consumption per 
kilometer is considerably lower in these countries than in the United States 
where there is no corresponding green tax on gasoline. Denmark has, for 
instance, for a long time had a green tax on oil and electricity and the result 
is that the energy consumption per capita in Denmark is half the energy 
consumption in the United States although the United States and Denmark 
have approximately the same GNP/capita. So, clearly introduction of green 
tax implies a reduction of the consumption.

It is, however, necessary to introduce a green tax on all raw materials and 
on all discharges of waste to provoke a major increase of the sustainability. 
Many European countries have lately discussed the possibilities to decrease 
the income tax, because the income tax will inevitably decrease the employ-
ment. The effect on employment and sustainability would be even more pro-
nounced by a transfer of tax from income tax to green tax. Most governments 
are, however, conservative and hesitate to make changes. The reduction of 
income tax and the increase of green taxes can, however, be made gradually 
over a period of 10–15 years, for instance, to avoid the changes that would 
impose significant net income changes for a part of the population, which 
may be the result of very major changes in the tax structure.

When it becomes more attractive to recycle or reuse, industrial cooperative 
network will inevitably be formed to reduce the costs. Self-organization and 
self-regulation by the industries and the enterprises will lead to recycling, 
reuse, and formation of industrial networks with increased possibilities of 
reuse and recycling.

When the society has reached a certain level of development, it is impor-
tant that the further development is focusing on development of better com-
munication and cooperation networks, more information and knowledge, 
and better exchange of the information and the know-how. This is character-
istic for what we denote the information society.

So, the conclusion is that cleaner technology has an enormous potential 
as pollution reducing factor and the potential is reinforced considerably by 
introduction of green taxes—it means by a political involvement using eco-
nomic factors is slightly better. The industries will inevitably use the possibil-
ities of all available technologies, environmental technology, ecotechnology, 
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and cleaner technology, provided they can see the advantages of these appli-
cations by the reduction of the production cost, by reduction of waste fees, or 
by achievement of a more green image.

The possibilities of using cleaner technology in any scale in the industry 
are almost unlimited. The experience has shown that a systematic assess-
ment of the mass and energy balance for an industry inevitably will lead 
to pollution reductions at no cost or even sometimes with economic benefit 
for the industry. Due to the wide spectrum of possibilities, it will not be 
possible to cover here all the possibilities of using cleaner technology in 
the industry.

The most significant possibilities to use cleaner technology in agriculture 
should, however, be mentioned:

	 1.	Analysis of the nitrogen and phosphorous compounds in the soil to 
determine more accurately how much fertilizer is necessary to use 
and when it is most beneficial to use it

	 2.	Use of biological methods to replace the use of pesticides
	 3.	General use of organic farming
	 4.	Controlled use of particularly selected medicine for domestic ani-

mals, for instance, antibiotics that will decompose fast in the soil and 
therefore be less harmful

	 5.	Adjust the fodder composition to the optimum for the domestic ani-
mals and for the optimum composition of the manure to be used as 
natural fertilizer

The possibilities to recycle and reuse are enhanced if industrial or agricul-
tural productions cooperate in a network. The important property known 
from ecosystem, operation in networks, can be implemented in indus-
tries by building a network of several industries. This would facilitate of 
course—as always for larger systems—the possibilities to find a better 
matter and energy (or rather work energy or exergy; see Chapter 18) effi-
ciency, understood as the entire efficiency = sum of all outputs (products)/
the sum of all inputs. The use of industrial networks has been tested in the 
Danish town Kalundborg, and the network (see Jørgensen 2006 for further 
details) is shown in Figure 16.4. The network makes it possible to utilize 
what is waste in one production as raw material in other industries, which 
makes the use of industrial networks a strong application of the cleaner 
technology idea.

It is of course possible to use the network idea also in agriculture and an 
example from Germany will be shown as illustration of the use of cleaner tech-
nology in agriculture. The example is “die Hermannsdorfer Landwerkstätte in 
Glonn” (abbreviated as LHL), which was founded in 1986. It is situated close to 
München. It is a farm based on sustainability principles. The characteristics of 
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the farm and calculation of the use of work energy (exergy; see Chapter 18 for 
more details, as exergy is used as an ecological indicator) of this agricultural 
system will be presented next according to Vestergaard (2005).

The characteristics of LHL can be summarized in the following points:

	 1.	The principles of organic farming are applied.
	 2.	All distributions are locally ensuring that waste of energy for transporta-

tion and conservation is avoided and all products are tasteful and fresh, 
when delivered to the customers.

	 3.	The local network of skilled workers, customers, and others is utilized. 
Modern technology (provided nonlocally) is utilized but only if it 
has clear advantages. The various production units are linked in a 
symbiotic ecological network, which facilitates the possibilities to 
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316 Handbook of Inland Aquatic Ecosystem Management

obtain a high efficiency of material and direct exergy (work energy) 
use; see Figure 16.5. The selection of products and their quality is a 
result of a dialogue between LHL and the consumers.

	 4.	A wide spectrum of animal and vegetable products is produced.
	 5.	LHL encompasses a slaughterhouse, a bakery, a dairy, a brewery, and a 

restaurant.
	 6.	LHL works with nature not against nature, because it uses nitrogen fixa-

tion, hedgerows, and a natural mosaic of the landscape.
	 7.	The energy supply is based on biogas, wind energy, and sun energy. The 

water supply is to a high extent covered by collection of rain water, 
and the wastewater is treated by constructed wetlands and reused 
to a high extent.
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    Bakery
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  Domestic animals

Plant production

Waste water
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Market

Households

Flow of material
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FIGURE 16.5
Material flows (full line arrows) and energy flows (dashed lines arrows) in the LHL. The figure 
illustrates that LHL forms a symbiotic ecological network that facilitates the possibilities to 
obtain high efficiencies for the use of material and direct exergy, that is, it yields a high overall 
exergy efficiency.
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Vestergaard (2005) has shown how the eight below mentioned sustainability 
criteria are followed.

	 1.	The negative feedback principle. The use of fertilizers is limited to the avail-
able natural fertilizers from the animals and nitrogen fixation. The ani-
mal production is entirely based on the feed available in the region.

	 2.	The production is reasonable constant. No quantitative growth.
	 3.	The function is to deliver the desirable food items to the local population. 

A dialogue with the local population ensures that the right products 
are produced.

	 4.	LHL works with nature not against nature, because it uses nitrogen fixa-
tion, hedgerows, and a natural mosaic in the landscape.

	 5.	The multiple use is applied in the energy supply. Waste heat from power 
stations and from refrigerating plants is used for room heating and 
collection of rain water is used for watering cattle and for irrigation.

	 6.	Recycling is applied to the highest possible extent. Any waste product is 
considered a raw material and is wherever possible applied in the pro-
duction. All the waste products from the slaughterhouse, the brewery, 
the dairy, and the restaurant are used as animal food or fertilizers. 
The constructed wetland used for wastewater treatment is harvested. 
Solid waste is sorted and used in the power plant as fuel, as animal 
food, as fertilizer, or reused directly or used for biogas production.

	 7.	Symbiosis. The animal production is of course in symbiosis with the plant pro-
duction by use of manure as fertilizer and the plants as food for the animals. The 
waste from the slaughterhouse, the brewery, and the dairy is used for 
biogas production that is applied for electricity production in the power 
plant. The residues from the biogas are used as fertilizers (compare 
with the Chinese agriculture presented and discussed in Chapter 7). 
The production units are linked in a symbiotic ecological network that 
yields a higher efficiency for the use of exergy and matter than it is pos-
sible for the individual production units. This is shown in Figure 16.5. It 
is attempted as it is shown to close all cycles of matter and energy.

	 8.	LHL works like nature and in harmony with nature, because it uses nitro-
gen fixation, hedgerows, and a natural mosaic of the landscape. LHL has 
high diversity and the components are working symbiotically. A bio-
logical design is to a certain extent applied.

Vestergaard (2005) has calculated the exergy efficiency = exergy of products/
exergy of inputs and resources efficiency = exergy of products/emergy used. 
Emergy is the amount of solar energy used (see Chapter 18 for further infor-
mation). The results are shown in Table 16.1. The table contains also infor-
mation about the percentage of animal production, because the production 
of animal products is not surprisingly more energy expensive than plant 
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products. IEA indicates for comparison the same efficiencies for a normal 
western European (industrialized) agriculture. It has a slightly higher ani-
mal production than LHL, but far from sufficient to explain the enormous 
difference in efficiencies. A comparison of exergy stored/emergy input 
for different ecosystems shows that nature is much more effective to store 
exergy in its structure than man-controlled or man-influenced systems per 
unit of solar energy (Bastianoni and Marcehttini 1997).

The difference in exergy efficiency between LHL and LDK (almost a factor 9!) 
is explained by the use of artificial fertilizers, pesticides, import of animal 
food, use of ground water, and a significant transportation of the products 
for LDK.

Generally, it is possible to conclude from this short overview of cleaner 
technology that it offers many possibilities to reduce pollution problems of 
aquatic ecosystems by cost moderate methods.
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TABLE 16.1

Comparison LHL with IEA 
(Industrialized European Agriculture)

Factor LHL LDK

Exergy efficiency 2.64 0.3
Resource efficiency 3.8 × 10−5 1.6 × 10−6

% Animal products 29.2 33.6
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17
Application of Ecotechnology in Ecosystem 
Management of Inland Waters

17.1 � Ecotechnology: Definition and Classification

What is ecotechnology or ecological engineering? Mitsch and Jørgensen (2003) 
defined ecological engineering as the design of sustainable ecosystems that 
integrate human society with its natural environment for the benefit of both. 
It requires, on the one hand, that we understand nature and ensure a sus-
tainable development of natural resources and ecosystems and, on the other 
hand, that we make use (but not abuse) of natural resources to the benefit 
of the human society. Thus, our inevitable interactions with nature must 
be made under the comprehensive consideration of the sustainability and 
balance of nature.

Ecotechnic is another often applied word, but which also encompasses the 
development of all types of “soft” technology applied in society, in addi-
tion to ecotechnology or ecological engineering. These types of technology 
are often based on ecological principles (e.g., all types of cleaner technology), 
particularly if they are applied to solve an environmental problem. The 
use of ecological principles in the development of technology is denoted as 
industrial ecology. Recently UNEP and UNESCO have introduced two other 
terms relevant to this discussion:

•	 Phytoremediation—the use of plants in ecological engineering (e.g., 
using wetlands to treat wastewater pollutants or for removing toxic 
substance from contaminated soil)

•	 Ecohydrology—the use of a combination of ecological and hydro-
logical principles to obtain ecologically sound environmental 
management

Both phytoremediation and ecohydrology are subdisciplines within the dis-
cipline ecological engineering—or ecotechnology, which is often used syn-
onymously with ecological engineering.
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Ecological engineering may be based on one or more of the following four 
classes of ecotechnology:

	 1.	Ecosystems are used to reduce or solve a pollution problem that 
otherwise would be (more) harmful to other ecosystems. A typical 
example is the use of wetlands for wastewater treatment.

	 2.	Ecosystems are imitated or copied to reduce or solve a pollution 
problem, leading to constructed ecosystems. Examples are fish-
ponds and constructed wetlands for treating wastewater or diffuse 
pollution sources.

	 3.	The recovery of ecosystems after significant disturbances. Examples 
are coal mine reclamation and restoration of lakes and rivers.

	 4.	The use of ecosystems for the benefit of humanity without destroying the 
ecological balance (i.e., the utilization of ecosystems on an ecologically 
sound basis). Typical examples are the use of integrated agriculture and 
development of organic agriculture; this type of ecotechnology finds 
wide application in the ecological management of renewable resources.

The rationale behind these four classes of ecotechnology is illustrated in 
Figure 17.1. It is noted that ecotechnology or ecological engineering operates 
in the environment and its ecosystems. It is in this domain that ecological 
engineering has its toolbox.

Section 17.2 is covering Classes 1 and 2, including the use of wetlands in 
ecotechnology (see, however, also Chapter 6), while Section 17.3 presents 
Class 3. Class 4 is at least partially covered under cleaner technology.

Illustrative examples of all four classes of ecological engineering may be 
found in situations where ecological engineering is applied to replace envi-
ronmental engineering or environmental technology, mainly because the 
ecological engineering methods offer often an ecologically more acceptable 

Society

Environment/ecosystems/surrounding  
natureType 1: ecosystems

are used to treat 
waste

Type 3: ecosystems are recovered

Type 2: ecosystems 
are constructed to 

treat waste

Type 4: ecologically sound planning 
of the use of ecosystems

FIGURE 17.1
Illustration of the four types of ecological engineering.
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solution than environmental technology. There are, however, also situations 
where ecological engineering is the only method that can offer a proper solu-
tion to a problem. This does not imply that ecological engineering should 
replace environmental engineering completely. On the contrary, the two 
technologies should work hand-in-hand to solve environmental manage-
ment problems, better than they could do if applied individually.
Examples of ecotechnology/ecological engineering of Classes 1 and 2 are 
given to illustrate the concepts.

Class 1 may be illustrated by wetlands utilized to reduce diffuse nutrient 
loads to lakes. This problem cannot be solved by environmental technology.

The application of constructed wetlands to cope with diffuse pollution is 
a good example of ecological engineering Class 2. Again, this problem can-
not be solved by environmental technology. The application of subsurface 
wetlands also denoted root zone plants for treating small quantities of waste-
water is another example of Class 2 ecological engineering, in which the envi-
ronmental technological solution is replaced by an ecotechnological solution.

Sound solutions in environmental management of lakes and reservoirs 
will often imply the use of a combination of environmental and ecological 
technology. The first tool is often used to solve the problem of point pol-
lution and the second to solve the problem of nonpoint pollution and for 
restoration of lakes and reservoirs. Figure 17.2 gives an example of the use 

Withdrawal of water
Water treatment

Removal of phosphorus
by precipitation
before discharge

Stream

Stream

Lake

Constructed
wetland

Hypolimnion water is
removed by siphoning

FIGURE 17.2
(See color insert.) Control of lake eutrophication, illustrating a combination of chemical pre-
cipitation for phosphorus removal from wastewater (environmental technology), a wetland to 
remove nutrients from the inflow (ecotechnology, Class 1 or 2), and siphoning of nutrient-rich 
hypolimnetic water downstream (ecotechnology Class 3).
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of a combination of methods, namely, environmental technology for the 
treatment of wastewater and the use of a constructed wetland to reduce the 
nonpoint pollution from agriculture and brought to the lake by a tributary. 
Simultaneously, restoration of the lake is applied. The restoration methods 
will as mentioned previously be covered in Section 17.3.

17.2 � Application of Class 1 and Class 2 
Methods in Ecotechnology

Wetlands are probably the ecosystems that have received most attention in 
ecological engineering efforts, for the following reasons:

	 1.	Wetlands have been drained on a very large scale in Europe, North 
America, and in many other countries, mostly because of the expan-
sion of agricultural land areas. It is recognized today that wetlands 
are important for reducing the probability for flooding, and as buffer 
zones between nature and human activities, including agriculture.

	 2.	Constructed wetlands can be used to treat wastewater. This is of 
particular interest in developing countries because (1) these treat-
ment plants are cost moderate, at least where the cost of land is 
modest; (2) they have higher pollutant removal efficiencies than con-
structed wetlands in the temperate zone, due to the warm climate 
characterizing many developing countries, where they have also 
been applied to treat wastewater from small villages far away from 
the main sewage system; and (3) they require only minor mainte-
nance, because they are as natural systems that are self-designing 
and self-regulating.

	 3.	According to ecological engineering principles, the use of wet-
lands—natural or constructed—is the best means of removing 
nonpoint source pollutants, particularly those originating from the 
agricultural use of fertilizers and pesticides.

Nonpoint or diffuse environmental pollutants will inevitably flow toward 
lakes, rivers, and/or coastal aquatic ecosystems. However, a transition 
zone (denoted ecotone) is able to transform and/or adsorb such pollutants 
partially or entirely (see Figure 6.2). Figure 17.3 shows a riparian wetland 
along a river in Malaysia. It is easy to understand that the dense vegetation 
along the river is an excellent buffer zone for pollutants coming from land. 
Thus, ecotones will significantly reduce the overall irreversible effects 
on the aquatic ecosystems. The most important processes—which also 
explain the benefits of using constructed wetlands for treating wastewater 
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or for recovering previously drained wetlands—may be summarized as 
follows (reference again to Figure 6.1):

	 1.	Nitrate is denitrified by the anaerobic conditions in the wetlands. 
Accumulated organic matter in the wetland converts nitrate to free 
nitrogen (e.g., see Chapter 6).

	 2.	Clay mineral is able to adsorb ammonium and metal ions.
	 3.	Organic matter is able to adsorb metal ions, pesticides, and phospho-

rus compounds. Metal ions form complexes with humic acids and 
other polymer organic substances, which significantly reduces the 
toxicity of these ions.

	 4.	Biodegradable organic matter is decomposed aerobically or anaero-
bically by the microorganisms in the transition zone.

	 5.	Pathogens are outcompeted by the natural microorganisms in the 
transition zone.

	 6.	Macrophytes can take up heavy metals with high efficiency. Although 
other toxic substances may also be removed by macrophytes, it is not 
possible to provide any general rule regarding their removal efficiency.

	 7.	Toxic organic compounds will be decomposed, to a certain extent, by 
anaerobic processes in wetlands, dependent on the biodegradability 
of the compounds and the wetland water retention time.

FIGURE 17.3
(See color insert.) Riparian wetland in Malaysia. The dense vegetation along the river is 
adsorbing much of the pollution coming from land.
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	 8.	Phosphorus sorption by soil with a high total metal content. Among 
the four major metal ions (magnesium, calcium, iron, and aluminum), 
calcium has the strongest correlation to the phosphorus sorption 
capacity. High pH values also imply an increasing sorption capac-
ity to soil with high metal content. This relationship between high 
calcium content and high pH on the one hand, and high phosphorus 
sorption capacity on the other hand, may be utilized in constructing 
artificial wetlands. It is often beneficial to transport a soil with high 
phosphorus sorption capacity to the wetland under construction, 
which may increase the phosphorus removal capacity by more than 
one magnitude (e.g., as much as 1–3 g P/kg soil can be obtained with 
200–600 g of total metal/kg soil).

The denitrification potential of wetlands is often surprisingly high. As much 
as 2000–3000 kg of nitrate–nitrogen can be denitrified per ha of wetland per 
year, dependent on the hydraulic conditions (see Mitsch and Jørgensen 2003). 
This is of great importance for protecting lakes, since significant quantities 
of nitrate are generated and released from agricultural activities. As much 
as 100 kg nitrate-N/ha may be found in the drainage water from inten-
sive agricultural areas. Since denitrification is accompanied by a stoichio-
metric oxidation of organic matter, significant amounts of organic matter 
also are removed by this process, which may make the agricultural land 
less fertile. The phosphorus bound as organic matter, or adsorbed to the 
organic matter, however, may be released by these processes (Jørgensen 
and Bendoricchio 2001). Thus, these processes should be examined care-
fully and quantitatively in each case, including consideration of whether the 
released phosphorus will flow toward a lake or toward groundwater. These 
two possibilities should be considered in developing management strategies.

It should be underlined that the adsorption capacity of the transition zone 
offers significant protection against pollution from toxic substances, includ-
ing metals and toxic organic substances (primarily pesticides originating 
from agricultural activities). The ratio of the concentration of heavy metals 
or pesticides in organic matter to the concentration in water at equilibrium is 
strongly dependent on the composition of the organic matter. It is, however, 
usually between 50 and 5000, indicating the transition zone has an enor-
mous binding capacity for these pollutants.

Ecotones serve as a buffer zone not only for pollutants but also for species 
present in the adjacent ecosystems. Thus, preservation of wetlands at the 
lake and river shoreline may be crucial for maintenance of biodiversity in a 
lake ecosystem—a function that should not be overlooked by a manager in 
developing an appropriate management strategy.

The importance of wetlands adjacent to aquatic ecosystems has resulted in 
the cessation of wetland drainage in many countries, as well as the restora-
tion of previously drained wetlands. The construction of artificial wetlands 
offers a solution for addressing diffuse pollution originating from agriculture, 



325Application of Ecotechnology in Ecosystem Management of Inland Waters

septic tanks, and other sources (examples are given in Mitsch and Jørgensen 
2003). Legislation in the United States, for example, does not allow wetlands 
to be drained, unless another wetland of the same size is installed elsewhere.

Construction of artificial wetlands is an attractive, cost-effective solution to 
pollution from diffuse sources and even wastewater. First of all, wetlands are 
able to cope with nitrogen and heavy metal pollution from these sources. It 
is essential, however, to ensure proper planning on placement of an artificial 
wetland, since their effectiveness depends on their hydrology (i.e., they should 
be covered by water most of the year and should have sufficient water reten-
tion time to allow them to take care of key pollution problems) and the land-
scape pattern (i.e., they should protect the most vulnerable ecosystems, which 
often are lakes and reservoirs). Thus, as previously mentioned, it is important 
to ensure that the wetlands do not release other components (e.g., phosphorus).

Emergent types of plants proposed for use in constructed wetlands include 
cattails, bulrush, reeds, rushes, papyrus, and sedges. Submerged species can 
be applied in deep-water zones. Species previously used for such purposes 
include coontail or horn wart, redhead grass, widgeon grass, wild celery, and 
water milfoil.

It also should be kept in mind that, in most cases, a wetland will reduce 
the water budget because of evapotranspiration (Mitsch and Jørgensen 2003). 
However, wetlands also reduce the wind speed at the water surface, thereby 
potentially also reducing the evaporation. It is important to consider these 
factors in planning for artificial wetlands. Finally, it should not be forgotten 
that development of an artificial wetland takes time. In most cases, it will 
require 2–4 years for an artificial wetland to obtain sufficient plant coverage 
and biodiversity to be fully operational. However, it is clear from the experi-
ence gained in the relatively few constructed wetlands that application of 
models for a wetland, encompassing all the processes reviewed earlier, as 
well as for the lake, is mandatory, if positive results are to be expected.

Wetlands encompassing the so-called root zone plants also may be uti-
lized as wastewater treatment facilities. This application of soft technology 
seems particularly advantageous for application in developing countries, 
due to its moderate cost.

The self-purification ability of wetlands has found wide application as a waste-
water treatment method in several developing countries (China, Philippines, 
Burma, India, and Thailand). Constructed wetlands in the tropic regions gen-
erally exhibit a higher efficiency than wetlands in the temperate regions, due 
mainly to the higher photosynthetic and microbiological activity of the former. 
In addition, seasonal variations in the pollutant removal capacity of constructed 
wetlands in the tropical regions are generally much smaller than for the 
temperate regions. Constructed wetlands in the northern part of Europe in the 
winter period (December–February), for example, have a capacity for removing 
nitrogen or COD (expressed as kg N or kg COD removed/ha 24 h), which may 
be less than 30% of the summer capacity. This implies that constructed wet-
lands in the temperate zone must be constructed with an overcapacity, relative 
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to the average situation, in order to be able to meet the required efficiency dur-
ing the winter period. These differences between constructed wetlands in 
tropic regions and temperate regions explain why it usually is more expensive 
to use constructed wetlands in the temperate zone.

The use of floating species of aquatic plants for wastewater treatment 
also has been proposed. Different types of duckweed and water hyacinths 
(Eichhornia crassipes) have been applied as an alternative to waste stabiliza-
tion ponds. Use of water hyacinths, however, requires strict control, since 
they can easily be spread widely as a nuisance aquatic weed whose growth 
can get completely out of control.

Water hyacinths are able to absorb the inorganic nitrogen and phosphorus 
brought in by sewage and decomposed from organic pollutants by microor-
ganisms. Experiments in China, for example, showed that an average yield 
of up to approximately 10 kg/m2 may be obtained during the growing period 
(May–November). Such production is able to absorb 1500–3600 kg of nitrogen, 
150–500 kg of phosphorus and 100–250 kg of sulfur/ha (see Mitsch and Jørgensen 
2003). The water hyacinths, with microorganisms and organic pollutants 
attached or coagulated on the root surfaces, are harvested to serve as feed in fish 
culture ponds, duck farms, pig farms, and oxen farms. During May–November, 
the concentrations of COD, total nitrogen, ammonium, total phosphorus, and 
orthophosphate were less than half the concentrations in the inlet. On the other 
hand, when the water hyacinths were absent during December–April, the dif-
ferences in the COD, nitrogen, and phosphorus concentrations between the inlet 
and outlet were very small. In tropical areas, it may be possible to obtain the 
removal efficiencies indicated earlier for a wetland with floating plants.

Models are widely used to design surface and subsurface wetlands, or to 
recover wetlands. It is recommended, however, that before a model is used, 
some “back of the envelop calculations” be made to get a first estimation of 
the wetland capacity for removing various pollutants, particularly nutrients 
and organic matter.

The following equation may be applied to surface wetlands to estimate the 
nitrogen removal (Jørgensen 2000):

	

N
No

kt= −exp( ) 	 (17.1)

where
N is the nitrogen concentration in the effluent
No is the nitrogen concentration in the influent
k is the rate constant (typically 0.2–0.6 1/24 h) dependent on the plant den-

sity (i.e., 0.2 at 3 t/ha, 0.5 at 10 t/ha, and 0.6 at 20 t/ha)
t is the retention time (days)

Equation (17.1) assumes harvest of the plants on at least an annual basis. The 
removal of BOD5 can be estimated at 50 kg–250 kg/ha, dependent on the 
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plant density (from 3 to 20 t/ha). The phosphorus removal is about 5–10 times 
lower than the nitrogen removal, based on at least an annual plant harvest. 
The equations referred to have been developed for water hyacinth–based 
surface wetlands in tropic regions. However, they also can be used—as they 
only give a first estimation—for other types of surface wetlands in the tropi-
cal region. In the temperate zone, the estimations should be reduced on the 
basis of the climate (i.e., the number of months of the plant growing season).

Many heavy metals present in very low concentrations in water are con-
centrated and accumulated in water hyacinths. However, the heavy metal 
enrichment in this plant varies with its aquatic habitat. Water hyacinths with 
high residual quantities of heavy metals obviously cannot be used as fodder, 
limiting the application of this ecological engineering approach for treating 
water polluted by organic pollutants (mainly municipal wastewater).

The root zone plant or subsurface wetland has found its application in 
treating small volumes of municipal wastewater far from the main sewage 
system in industrialized countries, or for more general wastewater treatment 
in developing countries. The decomposition of organic matter and denitrifi-
cation usually do not cause any problems, provided the plant is 2–10 m2 per 
person equivalent, dependent on the climatic conditions. Phosphorus is only 
removed with an efficiency not exceeding 10%–20% by a subsurface wetland. 
However, with the addition of iron chloride, the removal efficiency may be 
increased to 80% or more, due to precipitation of iron phosphate. It is also 
possible to increase the phosphorus removal efficiency by using soil with a 
high phosphate adsorption capacity (e.g., calcium or iron rich soil).

Constructed subsurface wetlands or root zone plants are currently 
designed beneficially with the use of models that have been calibrated on the 
basis of observations from other constructed wetlands in the same climatic 
conditions. A rough, first estimate of BOD-removal can be obtained with the 
following equations, which should/could be applied to get some idea of the 
needed area before the model is applied (Jørgensen 2000):

	

C
Co

K * V
Q

=
⎛
⎝⎜

⎞
⎠⎟

exp
−

	 (17.2)

	 Qw + −p b*d* HC* i 	 (17.3)

where
C and Co are the BOD5 or COD concentration of the inflowing water and 

treated water, respectively
K is the rate constant (1/24 h)
V is the volume (m3) of plant (depth 0.4–1.0 m)
Q is the waste flow expressed in m3/24 h
Qw + p is the flow rate of wastewater plus rain, often estimated to be three 

to four times Q
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b is the width of the plant
d is the depth (0.5–1.0 m)
HC is the hydraulic conductivity of the soil
i is the slope in cm/m

K is estimated to be 0.2–0.5 at approximately 20°C for root zone plants and 
constructed wetlands. K at temperature t can be estimated from the follow-
ing equation:

	 Kt K *
t− −20 1 06 20. ( ) 	 (17.4)

17.3 � Ecotechnology: Restoration Methods

The most important restoration methods are listed next with a brief descrip-
tion of their application, advantages, and disadvantages. Most restoration 
methods are applied on lakes and reservoirs, although they also may be 
applied on other freshwater ecosystems.

	 1.	Diversion of wastewater has been extensively used, often to replace 
wastewater treatment. Discharge of effluents into an ecosystem 
which is less susceptible than the one used at present is, as such, a 
sound principle, which under all circumstances should be consid-
ered, but quantification of all the consequences has often been omit-
ted. Diversion might reduce the number of steps in the treatment 
but cannot replace wastewater treatment totally, as discharge of 
effluents, even to the sea, always should require at least mechanical 
treatment to eliminate suspended matter. Diversion has often been 
used with a positive effect when eutrophication of a lake has been 
the dominant problem. Canalization, either to the sea or to the lake 
outlet, has been used as solution in many cases of eutrophication. 
However, effluents must be considered as a freshwater resource. If it 
is discharged into the sea, effluent cannot be recovered; if it is stored 
in a lake, after sufficient treatment of course, it is still a potential 
water resource. It is far cheaper to purify eutrophic lake water to an 
acceptable drinking water standard than to desalinate seawater.

		    Diversion is often the only possibility when a massive discharge 
of effluents goes into a susceptible aquatic ecosystem (a lake, a river, 
a fjord, or a bay). The general trend has been toward the construc-
tion of larger and larger wastewater plants, but this is quite often 
an ecologically unsound solution. Even though the wastewater has 
received multistep treatment, it will often still have a large amount 
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of pollutants relative to what the ecosystem can absorb, and the more 
massive the discharge is at one point, the greater the environmental 
impact will be. If it is considered that the canalization is often a sig-
nificant part of the overall cost of handling wastewater, it might often 
turn out to be a both better and cheaper solution to have smaller 
treatment units with individual discharge points. Although diver-
sion is not considered an ecotechnological method based on sound 
ecological principles, a number of successful applications of diver-
sion has been reported in the limnological literature. The most fre-
quently quoted case is probably the restoration of Lake Washington 
resulting from diversion of the wastewater.

	 2.	Removal of superficial sediment can be used to support the recovery 
process of very eutrophic lakes and of areas contaminated by toxic 
substances (for instance, harbors). This method can only be applied 
with great care in small ecosystems due to the stirring up of sus-
pended matter. Sediments have a high concentration of nutrients 
and many toxic substances, including trace metals. If a wastewater 
treatment scheme is initiated, the storage of nutrients and toxic sub-
stances in the sediment might prevent recovery of the ecosystem due 
to exchange processes between sediment and water. Anaerobic con-
ditions might even accelerate these exchange processes; this is often 
observed for phosphorus, as iron(III) phosphate reacts with sulfide 
and forms iron(II)-sulfide by release of phosphate. The amount 
of pollutants stored in the sediment is often very significant, as it 
reflects the discharge of untreated wastewater for the period prior to 
the introduction of a treatment scheme. Thus, even though the reten-
tion time of the water is moderate, it might still take a very long time 
for the ecosystem to recover.

		    The removal of sediment can be made mechanically or by use of 
pneumatic methods. The method is, however, costly to implement 
and has therefore been limited to smaller ecosystems. Maybe the 
best-known case of removal of superficial sediment is Lake Trummen 
in Sweden—40 cm of the superficial sediment was removed. The 
transparency of the lake was improved considerably but decreased 
again due to the phosphorus in overflows from storm-water basins. 
Probably, treatment of the overflow after the removal of superficial 
sediment would have been needed.

	 3.	Uprooting and removal of macrophytes have been widely used in 
streams and also to a certain extent in reservoirs, where macro-
phytes have caused problems in the turbines. The method can, in 
principle, be used wherever macrophytes are a significant result of 
eutrophication. A mass balance should always be set up to evalu-
ate the significance of the method compared with the total nutrient 
input. Collection of the plant fragments should be considered under 
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all circumstances. A simultaneous removal of nutrients from efflu-
ents should also be considered.

	 4.	Coverage of sediment by an inert material is an alternative to removal 
of superficial sediment. The idea is to prevent the exchange of 
nutrients (or maybe toxic substances) between sediment and water. 
Polyethylene, polypropylene, fiberglass screen, or clay is used to 
cover the sediment surface. The general applicability of the method 
is limited due to the high costs, even though it might be more mod-
erate in cost than removal of superficial sediment. It has only been 
used in a few cases and a more general evaluation of the method is 
still lacking.

	 5.	Siphoning of hypolimnetic water is more moderate in cost than Methods 
2 and 4. It can be used over a longer period and thereby gives a pro-
nounced overall effect. The effect is dependent on a significant dif-
ference between the nutrient concentrations in the epilimnion and 
the hypolimnion, which, however, is often the case if the lake or the 
reservoir has a pronounced thermocline. This implies, on the other 
hand, that the method will only have an effect during the period of 
the year when a thermocline is present (in many temperate lakes 
from May to October/November), but as the hypolimnetic water 
might have a concentration fivefold or higher than the epilimnetic 
water, it might have a significant influence on the nutrients budget to 
apply the method anyhow. The method is used in combination with 
environmental technology and wetlands in Figure 17.2.

		    If there are lakes or reservoirs downstream, the method can-
not be used, as it only removes, but does not solve the problem. 
A possibility in such cases would be to remove phosphorus from 
the hypolimnetic water before it is discharged downstream. The 
low concentration of phosphorus in hypolimnetic water (maybe 
0.5–1.0 mg/L) compared with wastewater makes it almost impos-
sible to apply chemical precipitation. However, it will be feasible 
to use ion exchange, because the capacity of an ion exchanger is 
more dependent on the total amount of phosphorus removed and 
the flow than on the total volume of water treated. Figure 17.4 illus-
trates the use of siphoning for restoration of Lake Bled in Slovenia. 
Figure 17.5 shows a schematic drawing of siphoning hypolimnic 
water followed by removal of phosphate from the hypolimnic water 
by ion exchange/adsorption.

		    Several lakes have been restored by this method, mainly in Austria, 
Slovenia, and Switzerland, with significant decrease of the phospho-
rus concentration as a result. Generally, the decline in the total phos-
phorus concentration in epilimnion is proportional to the amount of 
total phosphorus removed by siphoning and to the time the process 
has been used. The method has relatively low costs and is relatively 
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effective, but the phosphorus must of course as already underlined 
be removed from hypolimnetic water before it is discharged, if there 
are other lakes downstream.

	 6.	Flocculation of phosphorus in a lake or reservoir is another alter-
native. Either aluminum sulfate or iron(III)-chloride can be used. 
Calcium hydroxide cannot be used, even though it is an excellent 
precipitant for wastewater, as its effect is pH-dependent and a pH 
of  9.5 or higher is required. The method is not generally recom-
mended as (1) it is not certain that all flocs will settle and thereby 
incorporate the phosphorus in the sediment and (2) the phosphorus 
might be released from the sediment again at a later stage.

FIGURE 17.4
(See color insert.) Siphoning of hypolimnic water in the Lake Bled, Slovenia.

�ermocline

Hypolimnion

Epilimnion

Column with activated
aluminum oxide

FIGURE 17.5
Application of siphoning and ion exchange of hypolimnetic water. The dotted line indicates 
the thermocline. The hypolimnetic water is treated by activated aluminum oxide to remove 
phosphorus.



332 Handbook of Inland Aquatic Ecosystem Management

	 7.	Circulation of water can be used to break down the thermocline. This 
might prevent the formation of anaerobic zones, and thereby the 
release of phosphorus from sediment.

	 8.	Aeration of the lake sediment is a more direct method to prevent 
anaerobic conditions from occurring. Aeration of highly polluted 
rivers and streams has also been used to avoid anaerobic conditions. 
Pure oxygen has been used in the Danish Lake Hald and in Lake 
Fure close to Copenhagen, instead of air. The water quality of the 
lake has been permanently improved since the oxygenation started.

	 9.	Regulation of hydrology has been extensively used to prevent floods. 
Lately, it has also been considered as a workable method to change 
the ecology of lakes, reservoirs, and wetlands. If the retention time 
in a lake or a reservoir is reduced with the same annual input of 
nutrients, eutrophication will decrease due to decreased nutrient 
concentrations. Another possibility is to use a variable retention 
with the shortest retention time from shortly before to shortly after 
the spring and summer blooms. In most cases, the eutrophication 
can be reduced in the order of 20%–35% by this method, but the 
result is case dependent. The role of the depth, which can be regu-
lated by use of a dam, is more complex. Increased depth has a posi-
tive effect on the reduction of eutrophication, but if the retention 
time is increased simultaneously, the overall effect cannot generally 
be quantified without the use of a model. The productivity of wet-
lands is highly dependent on the water level, which makes it highly 
feasible to control a wetland ecosystem by this method.

	 10.	Application of wetlands or impoundments as nutrient traps in front of 
a lake could be considered as an applicable method, wherever the 
nonpoint sources are significant. It is known that wetlands effec-
tively remove nitrogen by denitrification. Removal of phosphorus by 
adsorption is also a possibility. Both nitrogen and phosphorus can 
be removed more effectively if the wetland is harvested at the fall.

	 11.	Shading by use of trees at the shoreline is a cost-effective method, 
which, however, only can give an acceptable result for small lakes 
due to their low area/circumference ratio.

	 12.	Biomanipulation can only be used in the phosphorus concentration 
range from about 50 to 130 μg/L dependent on the lake. In this 
range, two ecological structures are possible. This is illustrated in 
Figure 17.5. When the phosphorus concentration initially is low and 
increases, zooplankton is able to maintain a relatively low phyto-
plankton concentration by grazing. Carnivorous fish is also able to 
maintain a low concentration of planktivorous fish which implies 
relatively low predation on zooplankton. At a certain phosphorus 
concentration (about 120–150 μg/L), zooplankton is not any longer 
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able to control the phytoplankton concentration by grazing and 
as the carnivorous fish (for instance, Nile perch or pike) is hunt-
ing by the sight, and the turbidity increases, the planktivorous fish 
become more abundant, which involves more pronounced preda-
tion on zooplankton. In other words, the structure is changed from 
control by zooplankton and carnivorous fish to control by phyto-
plankton and planktivorous fish. When the phosphorus concentra-
tion decreases from a high concentration the ecological structure 
is initially dominated by phytoplankton and planktivorous fish. 
This structure can, however, be maintained until the phosphorus 
concentration is reduced to about 50 μg/L. There are therefore two 
possible ecological structures in the phosphorus range of approxi-
mately 50–130 μg/L. Biomanipulation (de Bernardi and Giussani 
1995) can be used in this range—and only in this range—to make a 
“short cut” by removal of planktivorous fish and release carnivorous 
fish. If biomanipulation is used above 130 μg P/L, some intermediate 
improvement of the water quality will usually be observed, but the 
lake will sooner or later get the ecological structure corresponding 
to the high phosphorus concentration, that is, a structure controlled 
by phytoplankton and planktivorous fish. Biomanipulation is a rela-
tively cheap and effective method provided that it is applied in the 
phosphorus range where two ecological structures are possible. de 
Bernardi and Giussani (1995) give a comprehensive presentation of 
various aspects of biomanipulation. Simultaneously, biomanipula-
tion makes it possible to maintain relatively high biodiversity which 
does not change the stability of the system, but a higher biodiver-
sity gives the ecosystem a greater ability to meet future, unforeseen 
changes without changes in the ecosystem function.

		    There is a number of cases where biomanipulation has been suc-
cessful, but only if the phosphorus loading was reduced simulta-
neously and the total phosphorus concentration is below 130 μg/L, as 
mentioned earlier. Biomanipulation is denoted a top-down approach, 
because a regulation of the top trophic level, the carnivorous fish, is 
assumed to an effect on the first trophic level, the phytoplankton. 
This is in contrast to the bottom-up approach, which is the regu-
lation of the nutrient concentration by the use of wastewater treat-
ment to reduce the discharge of nutrients. The two approaches, both 
bottom-up and top-down, have to been applied simultaneously in 
most cases of practical environmental management. This statement 
is in most cases completely in accordance with the results presented 
in Figure 17.6.

		    The results in this figure can be explained theoretically by use of 
eco-exergy as goal function in a eutrophication model (Jørgensen 
and de Bernardi 1998). Lake Annone, Italy, and Lake Søbygaard, 
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Denmark, represent two cases, where clear improvements in algal 
biomass and total phosphorus were observed. The zooplankton con-
centration increased significantly in both cases and simultaneously 
with a decrease in the phytoplankton concentration. Both cases 
were modeled by a structurally dynamic model (see Jørgensen and 
de Bernardi 1998, Jørgensen 2002).

		    For shallow lakes, a corresponding hysteresis takes place between 
submerged vegetation and phytoplankton (Scheffer et al. 2001). The 
two structures are between about 0.1 mg and 0.25 mg P/L both a pos-
sible solution to the prevailing conditions, provided that phospho-
rus is the limiting element for plant growth. Submerged vegetation 
is preferable, because it provides what is denoted as a clear water 
stage (see Figure 17.7). The selection of structure is dependent on 
the history (Zhang et al. 2003). A eutrophied lake with phytoplank-
ton blooms and a concentration between 0.1 mg and 0.25 mg P/L can 
therefore be recovered by planting submerged vegetation.

	 13.	Biological control methods. Water hyacinths and other macrophytes are 
pests in many tropic lakes, reservoirs, and lagoons. Many methods 
have been tested to abate this pollution problem. The best method 
tested up to now seems to be the use of beetles, that is, a biologi-
cal control method. The method has given at least partial success in 
Lake Victoria.
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FIGURE 17.6
Hysteresis relation between nutrient level and eutrophication measured by the phytoplankton 
concentration is shown. The possible effect of biomanipulation is shown. An effect of bioma-
nipulation can only be expected in the range approximately 50–150 μg P/L. Biomanipulation 
can hardly be applied successfully above 150 μg/L (see also de Bernardi and Giussani 1995, 
Jørgensen and de Bernardi 1998).
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Biological control has also been used as removal process for heavy metals. 
Freshwater mussels can be applied for cadmium clearance. Lemna trisulca is 
able to accumulate as much as 3.8 mg cadmium/g dry weight.

Previously, algicides were applied to reduce the eutrophication of lakes. 
It is not recommended today due to the toxic effect of algicides. In this con-
text, it should also be mentioned that addition of calcium hydroxide to lakes 
and rivers has been applied as restoration method for the adjustment of pH 
in acidified lakes, particularly in the regions, where acid rain has caused a 
significant decline of the pH.

17.3.1 � Selection of Restoration Methods

It is not possible to give general recommendations to which restoration to 
apply in a specific case. Most restoration problems are associated with eutro-
phication, and it is necessary in each individual case to use a eutrophication 
model to assess the effect of the restoration method and compare the effects 
and the costs to decide which method gives most “pollution abatement” for 
the money. It is with other words necessary to set up a cost/benefit analysis.

The following modifications in the eutrophication model must be carried out 
to account for effect resulting from the application of the restoration method:

	 1.	Diversion: the forcing functions (a) input of nutrients but also (b) the 
hydraulic retention time will be changed.

	 2.	Removal of superficial sediment implies that the sediment contains 
less phosphorus and nitrogen, which will of course change the 
release rate of these nutrients from the sediment to the water phase.

FIGURE 17.7
(See color insert.) Shallow lake with dominance of submerged vegetation is named a clear 
water stage.
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	 3.	Removal of macrophytes corresponds to a removal of the amount of 
phosphorus and nitrogen in the harvested plants.

	 4.	Coverage of sediment by inert material will have the same effect as 
(2) but will in many cases be more cost moderate particularly for 
deeper lakes.

	 5.	Siphoning of hypolimnic water corresponds in the model to removal 
of more nutrient (the concentration in hypolimnion to replace the 
concentration in epilimnion) with the out flowing water. It is of 
course necessary to examine what the effect of the higher nutrient 
concentration will be down streams. If there are other lakes down-
stream it is inevitably that the nutrient must be removed which is 
possible by a number of methods. For instance, for phosphorus can 
be used adsorption on activated aluminum oxide and/or precipita-
tion of phosphate with aluminum sulfate, iron(III) chloride, or poly-
aluminates (see Figures 17.2 and 17.5). This method is obviously only 
applicable to lakes with a thermocline at least for part of the year.

	 6.	Flocculation of phosphorus in the water phase implies that the 
phosphorus is once removed from the water phase to the sediment. 
Usually, it is necessary to apply this method several times.

	 7.	and 8. Circulation and aeration of hypolimnion implies that the 
release rate of phosphorus and nitrogen from the sediment to 
the water phase is changed. Aerobic conditions usually imply that 
the release rate is lower particularly for phosphorus than under 
anaerobic conditions.

	 9.	Changes of the hydrology mean that the forcing function hydraulic 
retention time in the model becomes shorter.

	 10.	Construction of a wetland to cope with the nonpoint pollution of nutri-
ents implies that the input of nutrients is reduced corresponding to 
the removal of nutrients by the wetland. The forcing functions in the 
model expressing the input of nutrients are changed correspondingly.

	 11.	Shading by the use of trees change the photosynthetic activity in the 
lake. The forcing function, solar radiation, in the model is reduced 
corresponding to the shading effect.

	 12.	Biomanipulation is often a cost-moderate method with a good effect, 
provided as mentioned previously that the phosphorus concentra-
tion is in the range about 50–130 μg P/L when removal of planktivo-
rous fish is actual and in the range of about 100–250 μg P/L when 
plantation of submerged vegetation is actual.

Numerous eutrophication models have been published in the literature (see 
Jørgensen and Bendoricchio 2001, Jørgensen 2011, Jørgensen and Fath 2011). 
It is of course necessary to apply a model with a complexity that is balanced 
with the problem, the ecosystem and the data.
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17.4 � Selection of the Most Appropriate Methods or 
Combination of Methods in Environmental and Ecological 
Management: A Conclusion of Chapters 14 through 17

It is presumed, as previously pointed out, that the problems associated with 
the freshwater ecosystem have been defined not only qualitatively but also 
quantitatively and all sources of pollution have been determined and mea-
sured. Moreover, it is assumed that a model or at least mass balance consid-
erations have been applied to assess how much the focal pollutants have to 
be reduced to achieve the desirable water quality preferably by application 
of ecological indicators. It is recommended to go through all the possible 
methods mentioned in this chapter and in the two previous chapters and 
see which methods we could use to solve the defined problem(s). The list 
should of course include all methods mentioned in Chapters 14–17 includ-
ing the reestablishment of wetlands, ecotones, and littoral zones. The next 
step would be to select not only the applicable methods but also the possible 
combinations of these methods, as a combination of methods often may 
offer an environmentally better or more cost-moderate solution. In this con-
text, it is extremely important to include all the sources of pollution in the 
discussion about suitable solution methods. It is furthermore important that 
no methods or combinations of methods are excluded from the list before it 
is clear that they are not useful to solve the given pollution problem.

The described considerations will lead to a list of possible solutions and 
the next step is of course to calculate the costs of the solutions. Having all 
the needed information about the possible solutions, it is not only a ques-
tion about selecting the most cost-moderate method, but it is necessary to 
answer for all the possible methods and combination of methods the follow-
ing questions:

	 1.	What are differences for the possible methods in their short-term 
and long-term effects? Time is an important factor as different meth-
ods may require different amounts of time to obtain an acceptable 
result.

	 2.	Are there additional benefits by the various methods, such as for 
instance local interests?

	 3.	Have the solution methods other socioeconomic implications? Which?
	 4.	 If the economic resources are limited, would it be possible to obtain 

almost the same effect by a considerably more cost-moderate method?
	 5.	Are there other additional advantages and disadvantages associated 

with the proposed solutions?

After the discussion of these questions, it will be possible to conclude on 
which method or combination of methods would be advantageous to use.
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17.5 � Example to Illustrate the Selection 
of Pollution Abatement Methods

The treatment of the wastewater discharged to Lake Glumsø, situated 70 km 
south of Copenhagen, Denmark, had of course to follow the general legisla-
tion for the treatment of wastewater in Denmark and the European Union. 
Therefore, removal of 95% of the BOD5, 90% of the phosphorus, and 85% 
of the nitrogen is established. The question was, however, which methods 
should be used to cope with the problems of nonpoint pollution to supple-
ment the wastewater treatment. The drainage area of Lake Glumsø consists 
of mainly agricultural areas. The volume of the lake is about 1 million m3 
(depth 2 m and a surface area of about 500,000 m2).

Table 17.1 gives the result of a comparison of the effect and cost of five 
ecotechnological methods, using the model presented in Jørgensen and 
Bendoricchio (2001) and Jørgensen and Fath (2011). The lake was very eutro-
phied but the wastewater has since 1983 been diverted to the River Sus, 
which is downstream the lake. Before 1983 was the primary production about 
1000–1100 g C/m2 year, while it was reduced to about 500 g C/m2 year during 
the period 1983–1988. The lake has a retention time of about 6 months, which 
implies that the period 1983–1988 corresponds to about 10 times exchange of 
the water. The transparency was in the same period increased from 18 cm at 
spring and summer blooms to about 60 cm. Maximum chlorophyll a concen-
tration was reduced from about 850 to 360 μg/L as a result of the diversion. 
Encouraged by these results, the community considers various restoration 
methods.

TABLE 17.1

Comparison of Restoration Methodsa

Method

Effects Found by a 
Eutrophication Model

Investment 
Million $

Running Costs 
1000 $/year

Primary Prod. 
(g C/m2 year)

Max. 
Chlorophyll a 

(μg/L)

Without restoration 500 360 0 0
Coverage of sediment 320 350 1 0
Removal of sediment 320 350 3.5 0
Precipitation of P in lake 460 360 0.6 0
Wetland 210 270 1.0 15
Twenty-five percent 
reduction of retention time

400 350 0.6 20

a	 See also Mitsch and Jørgensen (2003).



339Application of Ecotechnology in Ecosystem Management of Inland Waters

The effects were compared by the applied eutrophication model. The result of 
this investigation is summarized in Table 17.1, where the effects of the third 
year after the restoration that has been applied are shown. Biomanipulation 
was of course not considered because the phosphorus concentration was not 
sufficiently low. The results clearly indicate that erection of a wetland would 
give the best results. It would be possible to increase the minimum trans-
parency from 60 cm to about 0.9 m and reduce the primary production 210 g 
C/m2 year from about 500 g C/m2 year at a cost that is relatively moderate in 
an industrialized country.

17.6 � Conclusions

A wide spectrum of possible solutions that can be recommended to 
reduce lake pollution problems, particularly eutrophication, is available 
today. In most cases, it is, however, necessary to apply a combination of 
methods that may be based on environmental legislation, cleaner tech-
nology, environmental technology, and ecotechnology. The selection of 
the best combination of all the available methods should be made on the 
basis of a quantification of the problem preferably by development of a 
well-balanced ecological model of the freshwater system (see Chapters 
14 and 19).
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18
Application of Ecological Indicators 
in Environmental Management 
of Freshwater Ecosystems

18.1 � Introduction

If there is a conflict between different interests in the selection of a management 
strategy for an aquatic ecosystem, it is necessary to solve the possible conflicts 
by a brainstorming meeting. An alternative would be to develop a mediated or 
institutionalized model (see Chapter 19), which as a step in the development of 
the model presumes such brainstorming meetings. Models are synthesizing 
tools. Without a model, it will hardly be possible to overview the problems and 
the roots of the problems in the society in relation to the possible solutions, the 
development of the drainage area, and the weighting of different interests.

For all the possible solutions to the environmental problems, it is recom-
mended to check if the following points are fully considered:

	 1.	Are the water withdrawals and diversion managed?
	 2.	 Is water pollution controlled and prevented now and in the future?
	 3.	 Is the fishery managed sustainable?
	 4.	 Is the ecosystem biodiversity conserved?
	 5.	Are invasive species controlled?
	 6.	Are health risks prevented?
	 7.	Are garbage and litter controlled?

Provided that all the needed information would be available, it should be pos-
sible to develop a model that is able to tell the users what management plan is 
best able to solve the problems to the highest possible extent under the given 
financial constraints. The model will be able to make prognoses for different 
management plans and for different future development (see Chapter 19). 
It would of course require a very careful selection of the model, which is dis-
cussed in Chapter 19 and in Jørgensen (2011) and Jørgensen and Fath (2011).



342 Handbook of Inland Aquatic Ecosystem Management

It is furthermore recommended to select a number of ecological indica-
tors. The current use of indicators should be integrated in the manage-
ment mechanism for the sustainable use of freshwater ecosystems and 
their resources. The model will be able to give the user information about 
the future values for the ecological indicators when a given plan is fol-
lowed. By selection of good indicators, it is therefore possible to follow to 
what extent the management plan is successful, which enable a current 
adjustment of the management plan.

18.2 � Tools to Synthesize and Overview: Models and Indicators

All aquatic ecosystems are complex systems and their management is a com-
plex issue. It is therefore necessary to apply a synthesizing and overview-
ing tool to be able to come up with a close to optimal management strategy. 
Fortunately, mathematical models have been developed during the last three 
to four decades to the level of today, where the models can be used to get 
a good overview of the management conditions and at the same time—
provided that a good database is available—set up prognoses for the applica-
tion of different management strategies. Ecological/environmental models of 
today are powerful management tools and it can therefore be recommended 
to apply models to support the management decisions (Jørgensen 2011).

In the last 20 years or so, it has been increasingly common to apply ecologi-
cal indicators to assess the ecosystem health. The idea is basically that the 
indicators summarize quantitatively the information about possible prob-
lems, for instance, for freshwater ecosystems: eutrophication, acidification, 
declining water level, toxic substances, endangered species, biodiversity, etc., 
and the general conditions of the focal ecosystem.

It is crucial for the success of the management that the selected model and 
the selected indicators fit to the available database, the problem, and the 
characteristics of the ecosystem (area, depth, retention time, and hydrody-
namics). The selection of models and indicators is therefore an important 
step that requires contemplations.

Based upon the answers to the seven aforementioned questions, it should 
be possible to select a good model and a good set of indicators. Notice that 
it is hardly possible to get a good picture of ecosystem conditions by two to 
four indicators. In most cases, up to about 10 indicators are probably needed 
to assess the ecosystem health and to follow how the environmental strategy 
will be able to reduce or eliminate the problems as a function of time. In 
most cases, a selection of very specific indicators, for instance, concentration 
of a specific toxic substance or the concentration of chlorophyll a, is needed, 
but they should in most cases be supplemented with holistic or semiholistic 
indicators, for instance, biodiversity, annual production/biomass, or even 
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thermodynamic indicators. The discussion on the seven questions listed 
previously will probably in many cases lead to the selection of a medi-
ated or institutionalized model; see Chapter 19. The answers to these seven 
questions form the first stage of the development of a mediated model. It is 
important that a team of modelers, managers, and local scientists participate 
in the selection also of a standard model or an expert model and discuss 
which one to select among the several possible including which complexity 
to select and in this context also to decide on the need for a supplement of 
the available database.

18.3 � Ecological Indicators: Application and Classification

The ecological indicators applied today in different context, for different eco-
systems, and for different problems can be classified on eight levels from 
the most reductionistic to the most holistic indicators. The book Handbook of 
Ecological Indicators for the Assessment of Ecosystem Health by Jørgensen et  al. 
(2010) gives a very comprehensive overview of the applied ecological indica-
tors on all levels. A short overview of the eight levels of indicators is presented.

Ecological indicators were introduced in the environmental management 
to take “the temperature and pulse” on ecosystems. The results of environ-
mental management can of course be followed easily when we are dealing 
with a specific problem. If we are focusing on the solution of the eutrophica-
tion problem for instance, we will follow the primary production, the con-
centration of phytoplankton, the concentrations of phosphorus and nitrogen, 
and the transparency, but all five state variables can of course be considered 
as indicators. When several problems are of our concern and the problems 
are interactive, we need to use a wider spectrum of ecological indicators to 
follow the result of our management.

The use of ecological indicators may be compared with the use of indica-
tors by our doctor when he wants to assess our health. He will measure the 
pulse, the temperature, the blood pressure etc. He will use the values of the 
indicators to set up a diagnosis and later he will use the indicators to be 
able to assess the progress I our health. The use of ecological indicators is 
based on the same idea when we are applying them to assess the ecosystem 
health. Similar to the use of indicators for human health, it is necessary to 
use a spectrum of indicators, which may be simple to select when one clearly 
defined problem is in focus. It is however more difficult to select a set of 
good indicators when the diagnosis is not assessed or, as mentioned earlier, 
several problems are interacting.

The ecological indicators applied today in different context, for different eco-
systems, and for different problems can be classified on eight levels from the 
most reductionistic to the most holistic indicators. The book Handbook of Ecological 
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Indicators for the Assessment of Ecosystem Health (EHA) by Jørgensen et al. (2010) 
gives a very comprehensive overview of the applied ecological indicators on all 
levels. Ecological indicators for EHA do not include indicators of the climatic 
conditions, which in this context are considered entirely natural conditions.

Level 1 covers the presence or absence of specific species. The best known appli-
cation of this type of indicators is the saprobic systems (Hynes 1970), which 
classify streams in four classes according to their pollution by organic matter 
causing oxygen depletion: oligosaprobic water (unpolluted or almost unpol-
luted), beta-mesosaprobic (slightly polluted), alpha-mesoprobic (polluted), 
and poly-saprobic (very polluted). This classification was originally based on 
observations of species that were either present or absent. The species that 
were applied to assess the class of pollution were divided into four groups: 
organisms characteristic of unpolluted water, species dominating in pol-
luted water, pollution indicators, and indifferent species. Records of fish in 
European rivers have been used to find by ANN (artificial neural network) 
a relationship between water quality and presence (and absence) of fish spe-
cies. The result of this examination has shown that presence or absence of 
fish species can be used as strong ecological indicators for the water quality.

Level 2 uses the ratio between groups of organisms. A characteristic example is 
Nygaard Algae index.

Level 3 is based on concentrations of chemical compounds. Examples are assess-
ment of the level of eutrophication on basis of the total phosphorus concen-
tration assuming that phosphorus is the limiting factor for eutrophication. 
When the ecosystem is unhealthy due to too high concentrations of specific 
toxic substances the concentration of one or more focal toxic compounds is 
of course a very relevant indicator For example, the PCB contamination of 
the Great North American Lakes has been followed by recording the concen-
trations of PCB in birds and in water. It is often important to find a concen-
tration in a medium or in organisms where the concentration can be easily 
determined and has a sufficiently high value that is magnitudes higher than 
the detection limit, which facilitates a clear indication.

Level 4 applies concentration of entire trophic levels as indicators, for instance, 
the concentration of phytoplankton (as chlorophyll a or as biomass per m3) 
is used as indicator for the eutrophication of lakes. A high fish concentration 
has also been applied as indicator for a good water quality or birds as indica-
tor for a healthy wetland ecosystem.

Level 5 uses process rates as indication, for instance, primary production determina-
tions are used as indicator for eutrophication either as maximum g C/(m2 day) 
or g C/(m3 day) or g C/(m2 year) or g C/(m3 year). A high annual growth of 
trees in a forested wetland is used as indicator for a healthy forested wetland 
ecosystem and a high annual growth of a selected population may be used as 
indicator for healthy environment. A high mortality in a population can on the 
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other side be used as indication of an unhealthy environment. High respira-
tion may indicate that an aquatic ecosystem has tendency to oxygen depletion.

Level 6 covers composite indicators as, for instance, represented by many of 
E.P. Odum’s attributes; see Table 18.1 The early stage corresponds for lakes 
and reservoirs to a vulnerable, nonsustainable stage and the mature stage to 
a sustainable stage. Examples are biomass, respiration/biomass, respiration/
production, production/biomass, and ratio primary producer/consumers. 
E.P. Odum uses these composite indicators to assess whether an ecosystem 
is at an early stage of development or a mature ecosystem.

TABLE 18.1

Differences between Initial Stage and Mature Stage Are Indicateda

Properties Early Stages Late or Mature Stage

A Energetic
P/R ≪1 or ≫1 Close to 1
P/B High Low
Yield High Low
Specific entropy High Low
Entropy production per 
unit of time

Low High

Exergy Low High
Information Low High

B Structure
Total biomass Small Large
Inorganic nutrients Extrabiotic Intrabiotic
Diversity, ecological Low High
Diversity, biological Low High
Patterns Poorly organized Well organized
Niche specialization Broad Narrow
Size of organisms Small Large
Life cycles Simple Complex
Mineral cycles Open Closed
Nutrient exchange rate Rapid Slow
Life span Short Long

C Selection and homeostatis
Internal symbiosis Undeveloped Developed
Stability (resistance to 
external perturbations)

Poor Good

Ecological buffer capacity Low High
Feedback control Poor Good
Growth form Rapid growth Feedback controlled
Growth types R-strategists K-strategists

a	 A few attributes are added to those published by Odum (1969, 1971).
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Level 7 encompasses holistic indicators such as resistance, resilience, buffer capac-
ity, biodiversity, all forms of diversity and size, and connectivity of the ecolog-
ical network, turnover rate of carbon, nitrogen, etc., and of energy. As it will 
be discussed in the next section, high resistance, high resilience, high buffer 
capacity, high diversity, big ecological network with a medium connectivity, 
and normal turnover rates are all indications of a healthy ecosystem.

Level 8 indicators are thermodynamic variables, which we may call superholis-
tic indicators as they try to see the forest through the trees and capture the 
total image of the ecosystem without inclusion of details. Such indicators 
are exergy, eco-exergy or work capacity, emergy, entropy production, power, 
mass, and/or energy system retention time. The economic indicator cost/
benefit (which includes all ecological benefits—not only the economic ben-
efits of the society) belongs also to this level.

18.4 � Emergy and Exergy

It is needed here to give the definition for emergy and exergy or eco-exergy, 
because these concepts have been used in previous chapters with reference 
to this chapter.

Emergy was introduced by Odum (1983) and attempts to account for the solar 
energy required for formation of an organism or a product by multiplying their 
actual energy content by their solar energy transformation ratios. The more 
transformation steps there are between the two kinds of energy, solar energy 
and energy content of the organism or the product, the greater the quality and 
the greater is the solar energy required to produce one unit of energy (J) of 
that type. Embodied energy or emergy flows are, as seen, from this definition, 
determined by the biogeochemical energy flow into an ecosystem component, 
measured in solar energy equivalents. The stored emergy, Em, per unit of area 
or volume to be distinguished from the emergy flows can be found from

	
Em i ci

i

i n

=
=

=

∑Ω *
1

	 (18.1)

where
Ωi is the quality factor = transformity (seJ/J), which is the conversion to 

solar equivalents, as illustrated in Table 18.2
ci is the concentration expressed per unit of area or volume

Exergy is defined as the amount of work (=entropy-free energy) a system can 
perform when it is brought into thermodynamic equilibrium with its envi-
ronment (Jørgensen 2011, 2012). For ecosystems, the environment is the next 
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ecosystem and it is therefore necessary to assume another reference system 
when we are using exergy for natural systems. In that case, we apply a refer-
ence environment that represents the same system (ecosystem) but at ther-
modynamic equilibrium, which means that all the components are inorganic 
at the highest possible oxidation state and homogeneously distributed in the 
system (no gradients). It is illustrated in Figure 18.1.

As the chemical energy embodied in the organic components and the 
biological structure contribute far more to the exergy content of the system, 
there seems to be no reason to assume a (minor) temperature and pressure 
difference between the system and the reference environment. Under these 
circumstances, we can calculate the exergy, which we will name eco-exergy 
to distinguish from the exergy applied in technology for power plants, as 
coming entirely from the chemical energy.
According to this definition, eco-exergy density becomes

	
Ex RT c

c
c

ML Ti
i

ioi=0

i=n

= =∑ − −ln [ ]1 2 	 (18.2)

where
R is the gas constant
T is the temperature of the environment, while ci is the concentration of 

the ith component expressed in a suitable unit, for example, for phyto-
plankton in a lake ci could be expressed as mg/L or as mg/L of a focal 
nutrient

cio is the concentration of the ith component at thermodynamic equilibrium
n is the number of components

TABLE 18.2

Embodied Energy Equivalents for Various Types of Energy

Type of Energy/Item
Embodied Energy Equivalents 

or Transformity (seJ/J)

Solar energy 1.0
Winds 315
Gross photosynthesis 920
Coal 6,800
Tide 11,560
Electricity 27,200
Kinetic energy of spring flow 7,170
Detritus 6,600
Gross plant production 1,620
Net plant production 4,660
Herbivores 1,27,000
Carnivores 4,090,000
Top carnivores 40,600,000
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cio is very low for living components because the probability that living com-
ponents are formed at thermodynamic equilibrium is very low. It implies that 
living components get a high exergy. cio is not zero for organisms but will cor-
respond to a very low probability of forming complex organic compounds spon-
taneously in an inorganic soup at thermodynamic equilibrium. cio on the other 
hand is high for inorganic components, and although cio still is low for detritus, 
it is much higher than that for living components. It can be shown (Jørgensen 
et al. 2010) that ß = RT ln ci/cio in Equation 18.2 is very closely correlated to the 
free energy (energy that can work) of the amino acid sequences that are deter-
mining the composition of the enzymes. The enzymes control the life processes.

Table 18.3 gives an overview of the exergy of various organisms expressed 
by the weighting factor ß that is introduced to be able to cover the exergy for 
various organisms in the unit chemical exergy detritus equivalent per unit 
of volume or unit of area (we find the exergy density). The following equa-
tion can be applied:

	

Ex total-density c

as detritus equivalents at the tempe

i i

i 1

N

− =
=

∑β

( rratureT 3 K= 00 )

Ecosystem at temperature T 
and pressure p

Reference system: the same 
system at the same temperature 

and pressure but at thermodynamic
equilibrium

Work capacity = Eco-exergy =
i=0

mi is the amount of component i

   of component i in the ecosystem
μio is the corresponding chemical

                  potential at thermodynamic equilibrium

∑

where

μi is the chemical potential

i=n

mi (μi – μio)

FIGURE 18.1
Exergy content of the system is calculated in the text for a system relative to a reference envi-
ronment of the same system at the same temperature and pressure but as an inorganic soup 
with no life, biological structure, information, or organic molecules.
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TABLE 18.3

ß-Values = Exergy Content Relative to the Exergy of Detritus and 
ß-Values = Eco-Exergy Content Relative to the Eco-Exergy of Detritus

Organisms Plants Animals

Detritus 1.00
Viroids 1.0004
Virus 1.01
Minimal cell 5.0
Bacteria 8.5
Archaea 13.8
Protists (algae) 20
Yeast 17.8

33 Mesozoa, placozoa
39 Protozoa, amoeba
43 Phasmida (stick insects)

Fungi, moulds 61
76 Nemertina

91 Cnidaria (corals, sea anemones, jelly fish)
Rhodophyta 92

97 Gastrotricha
Prolifera, sponges 98

109 Brachiopoda
120 Plathyhelminthes (flatworms)
133 Nematoda (round worms)
133 Annelida (leeches)
143 Gnathostomulida

Mustard weed 143
165 Kinorhyncha

Seedless vascular plants 158
163 Rotifera (wheel animals)
164 Entoprocta

Moss 174
167 Insecta (beetles, flies, bees, wasps, 

bugs, ants)
191 Coleoidea (Sea squirt)
221 Lepidoptera (butter flies)
232 Crustaceans
246 Chordata

Rice 275
Gymnosperms (incl. pinus) 314

310 Mollusca, bivalvia, gastropoda
322 Mosquito

(continued)
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The ß-value embodied in the biological/genetic information is found on 
the basis of the genome that determines the amino acid sequences of the 
various organisms (see Jørgensen 2012). Detritus has, in accordance with 
the previously shown equation, the ß-value = 1.0. By multiplication of the 
result obtained by the previously shown Equation by 18.7, the exergy can 
be expressed in kJ per cubic meter or square meter assuming, because the 
chemical energy (free energy, work energy, exergy) of detritus is 18.7 kJ/g.

18.5 � Selection of Ecological Indicator

The selection of the ecological indicators should be based on the following 
criteria:

	 1.	Relevant, meaning that it would cover the problem, the use, and the 
characteristics of the lake or reservoir. It is, for instance, important 
that the indicators focus on nonpoint sources if the lake problems 
are dependent on nonpoint sources.

	 2.	Simple and easily understood by laymen to allow the laymen to fol-
low the water quality and other improvements. It is important that 
all stakeholders participate in the selection of the indicators.

	 3.	Scientifically justifiable to ensure that the indicators are selected 
not only on basis of what is easily “sold” to the politicians and the 
population, but also on basis of what is important from an ecological 
evaluation of the problem.

	 4.	Quantitative, because it will make it easier to express the possible 
progress in water quality and ecosystem health.

TABLE 18.3 (continued)

ß-Values = Exergy Content Relative to the Exergy of Detritus and 
ß-Values = Eco-Exergy Content Relative to the Eco-Exergy of Detritus

Organisms Plants Animals

Flowering plants 393
499 Fish
688 Amphibia
833 Reptilia
980 Aves (Birds)

2127 Mammalia
2138 Monkeys
2145 Anthropoid apes
2173 Homo sapiens

Source:	 Jørgensen, S.E. et al., Ecol. Model., 185, 165, 2005a.
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	 5.	Sensitive to possible changes in the water quality and ecosystem 
health to be able to express actual improvements by the selected eco-
logical indicators.

	 6.	Acceptable in terms of costs.
	 7.	Cover all relevant and actual problems of the entire drainage basin 

of the lake, river, estuary, or reservoir.

Before the ecological indicators are selected, it is recommended to answer 
the following questions:

	 1.	What do we know about the problem of the aquatic ecosystem quali-
tatively as well as quantitatively? The selection of the indicators will 
inevitably be different when the problems are known and not known, 
because in the latter case a diagnosis is needed by the use of indicators.

	 2.	Which aspects of environmental management must be included to 
cover the problems to the extent that they are known?

	 3.	Which indicators will be able to cover the relevant and actual prob-
lems of the lake or reservoir?

The selection should at least in the first hand encompass rather too many 
than too little indicators, because it is more easy to see after the use the 
redundant indicators. All stakeholders (interested in a sustainable develop-
ment of the ecosystem) should usually be involved in the selection of indica-
tors. After the selection of a handful or more indicators each of them should 
be tested for the aforementioned seven criteria, which probably will imply 
that the number of selected indicators is reduced.
For the various environmental problems of freshwater ecosystems, the 
immediate selection of indicators is straight forward:

	 1.	Eutrophication: The transparency, which is easily understood by lay-
men, should pr be supplemented by indication of phytoplankton 
concentration as biomass mg/L or as chlorophyll a in mg/m3. Also 
the maximum primary production as mg C/((m3 or m2) 24 h) and/or as 
g C/((m3 or m2) year) would be very informative, although it is prob-
ably not the most understandable indicators for laymen.

	 2.	Toxic substances: The concentration of the toxic substance in the water, 
sediment, and organisms late in the food chain. Due to biomagnifi-
cation, it is recommended to use the concentration in carnivorous 
fish or in birds, when the concentration in the water is low and there-
fore very uncertain.

	 3.	Siltation: Transparency and concentration of suspended matter in the 
water. It is recommended to determine the total amount of silt flow-
ing to the lake per unit of time.



352 Handbook of Inland Aquatic Ecosystem Management

	 4.	Water level: The water depth supplemented with calculations of the 
total volume of water in the lake as function of time. It may also be 
relevant to follow the oxygen concentration.

	 5.	Acidification of freshwater ecosystems: pH, alkalinity, and pH-buffer 
capacity of the water.

	 6.	 Introduction of exotic species: The concentration of the introduced spe-
cies and all the species that are influenced directly by the introduced 
species. For instance, when the Nile Perch was introduced in Lake 
Victoria it would have been relevant to follow also the concentration 
of Tilapia and Haplochromis.

For all environmental management problems, it may be relevant and rec-
ommendable to follow the biodiversity. Odum’s attributes (see Table 18.1), 
including the thermodynamic indicators are very informative, and although 
they are not fully understandable by laymen, they may be important for 
environmental managers. At least some of this group of indicators should 
therefore be included in the selection of indicators.

18.6 � Case Study

Lake Fure is close to Copenhagen and has therefore a high recreational 
value. Recently, a restoration project focusing particularly on the eutrophi-
cation was realized and the question in this context was: Which indicators 
should be selected to follow the restoration project? The questions relevant 
for the selection of indicators in this case are clear:

	 1.	How can the reduction in the eutrophication, resulting from the res-
toration project, be followed closely?

	 2.	How would it be possible to indicate and follow the recreational 
value of the lake, which is very important?

It was decided to select the following indicators to follow the reduction in the 
eutrophication: transparency, primary production, concentration of chloro-
phyll a, concentration of the phytoplankton determined by filtration as the 
suspended matter from 1 to 60 mm, total P, dissolved P, total N, dissolved 
ammonium-N, dissolved nitrate-N, and the concentration of zooplankton. 
All these variables were determined currently anyhow, which means that 
it was not an additional cost to use these indicators, but more a question of 
presenting the data as graphs and selecting the most representative data for 
the public. Many of these indicators are state variables in a eutrophication 
model, which was available as management tool.
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The recreational value was considered a question of maintaining the lake 
and the surrounding forests as close as possible to natural ecosystems. It was 
therefore decided to follow the biodiversity of (1) fish in the lake, (2) birds in 
the surrounding forests, and (3) zooplankton in the lake.

Lake Fure is situated 12–18 km from the center of Copenhagen and has a 
great recreational value; see Figure 18.2. The lake has an area of 9.9 km2 and 
is the deepest lake of Denmark with a maximum depth of 39 m. The lake has 
therefore a thermocline from mid-May to the beginning of November. It is 
used for swimming, boating, sailing, and angling. Many people are jogging, 
biking, or walking in the forests and wetland areas surrounding the lake, 
while enjoying the beautiful lake sceneries. The lake water is not used for 
production of drinking water or for transport and the commercial fishery is 
minor and economically insignificant. The lake has almost only recreational 
value. The wastewater discharged during the 1950s and 1960s and early 1970s 
was mechanically biological treated but without nutrient removal. The lake 
was therefore gradually becoming more and more eutrophied after the Second 
World War and up to 1972. The transparency was early in the twentieth cen-
tury measured to be 5 m when it was at the annual minimum (mid-May or 
early August), while it was determined to be 1.2 m in the beginning of the 
1970s. In 1972, it was decided either to treat the wastewater by a very effec-
tive removal of nitrogen (about 80%–85%) and phosphorus (98%–99%) or to 
discharge to the sea by a 10 km pipeline. Two of the three municipalities, that 
were discharging treated wastewater to the lake, decided to apply the pipeline 
solution. The retention time of the water in the lake (volume 100 million m3) 
was in the 1960s 16 years and after the discharge of most of the wastewater to 

FIGURE 18.2
(See color insert.) Lake Fure.
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the sea in 1972 it was increased to 20–22 years. It implies that the full recovery 
of the lake after the measures taken in 1972 was estimated to take in the order 
of 60–65 years. It was mainly due to the significant amount of phosphorus 
accumulated in the sediment of the lake during the 1950s and 1960s when 
wastewater without removal of nutrients was discharged to the lake.

The annual external phosphorus loading in the 1960s was about 33 t, which 
was reduced to 3.0 t in 1972 and later to 2.0 t by construction of more storm 
water basin capacity. The internal loading from sediment, however, was 
in 1997 determined to be about 12.5 t P/year. The idea to restore the lake 
faster by one or more ecotechnological methods came up around year 2000. 
In this context, a model and ecological indicators were selected to follow the 
development of the eutrophication. The following eight questions (see also 
JØrgensen et al. 2005b) listed earlier will be used to understand the selection:

	 1.	The lake problems are eutrophication and the slow restoration time 
after the treatment of wastewater commenced. The minimum trans-
parency (usually in May and/or August) was since 1972 and up to 
year 2002—a period of 30 years—only increased from about 1.2 to 
2.0 m. Could ecotechnological methods be used to accelerate the res-
toration and which methods should be selected in accordance with a 
cost/benefit criteria?

	 2.	The lake is deep with one main tributary (river) and several minor 
streams. The hydrology is relatively simple although a part of the 
lake is shallow. In this part, submerged vegetation was dominant 
earlier before the Second World War.

	 3.	The nutrient source was definitely the internal sources—the nutri-
ent accumulated in the sediment. It was measured in 2004 still to be 
more than 7 t P/year.

	 4.	The lake has an enormous recreational value due to its adjacency to 
Copenhagen (1.5 million inhabitants). There are no other socioeconomic 
implications and the relationship to the problem (eutrophication) is 
simple—swimming, boating, and sailing is more unpleasant when the 
transparency is low. Also the angling suffers from the eutrophication. 
In August, when occasionally there is blue–green blooms, swimming is 
not allowed. It would therefore be very beneficial to reduce the eutro-
phication, increase the transparency, and avoid the blue–green bloom.

	 5.	The amount of data available for the development of a good model is 
almost overwhelming. The lake has been investigated limnologically 
since 1890. The observations are therefore not limiting the selection 
of a proper eutrophication model.

	 6.	The following ecotechnological methods could be considered: 
removal of sediment, aeration of hypolimnion during the summer, 
biomanipulation (removal of planktivorous fish), and siphoning of 
the hypolimnic water.
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	 7.	The model should be able to assess the reduction in eutrophication 
and increase in water transparency as function of time for the four 
ecotechnological methods mentioned under (6) including combina-
tions of these methods.

	 8.	A reduction of blue–green algae bloom and an increased transpar-
ency would be an advantage for the use of the lake for all recre-
ational activities.

Based upon these answers to the eight core questions, it was decided to apply 
the International Environmental Technology Center (IETC)-United Nations’ 
Environmental Program (UNEP) structurally dynamic model to cover the 
development of the deep and shallow areas of the lake. The resources avail-
able for the development of models were limited and it was therefore decided 
to use a standard model. A tailored, not too complex, model focusing particu-
larly on the sediment water exchange of phosphorus by the application of the 
different ecotechnological methods was, however, also developed to get more 
accurate assessment of the development of the internal phosphorus loading.

It was decided to use biomanipulation and aeration of the lake. Removal 
of sediment would be too expensive due to the depth of the lake. Siphoning 
of hypolimnic water had complex implications because two lakes down-
stream would be affected. The restoration project was launched in April 
2004. The results of the model were published (Gurkan et al. 2006). The main 
results indicate that the internal phosphorus loading is reduced from about 
7.2 t/year in 2003 to about 2 t in year 2006 and to less than 1 t in year 2009–
2010. It was therefore according to the model results expected that the res-
toration project would have a major effect on the water quality of the lake.

As indicators to interpret the model results and follow the lake restoration 
were selected: transparency, chlorophyll a, number of days with blue–green 
bloom occurrence, zooplankton (to see if the biomanipulation was successful) and 
exergy/biomass to assess that the lake developed toward reduced concentration 
of primitive organisms (phytoplankton, blue–green algae), and a higher concen-
tration of zooplankton and carnivorous fish (see also JØrgensen et al. 2005b).
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19
Application of Ecological Models in 
Management of Aquatic Inland Ecosystems

19.1  Models as Tools in Ecological Management

As already mentioned in Chapter 18, models are powerful management tools 
that can synthesize and integrate our knowledge about the environmental 
problems of ecosystems. It should be emphasized that models not only inte-
grate the knowledge based on observations (data) but also are able to include 
in the synthesis our scientific knowledge, knowledge about allometric prin-
ciples, knowledge about food items and food chains, and so on. Models 
can be applied to answer relevant environmental management problems—
how will the ecosystem be changed if these and these forcing functions 
(ecosystem impacts) are changed? It is therefore clear that aquatic ecosystem 
management without models would be almost impossible. Models are an 
indispensable tool in environmental management in general.

The next section will present institutionalized and mediated models, 
which are particularly strong management tools. The third section will 
discuss the model selection, but the bulk of this chapter presents to the 
reader models applicable to various management problems, with a focus 
on eutrophication models, toxic substance models, and then successively 
on models of acidification, wetlands, and fisheries. Special attention is 
given to one management option, biomanipulation. The complex water 
quality models most commonly used are discussed later in the chapter. 
Finally, recent models dealing with environmental risk assessment and 
considering structurally dynamic changes of ecosystems, denoted SDMs, 
are discussed.

How to go modeling, an applicable model procedure, the modeling ele-
ments, and an overview of available model types can be found in Jørgensen 
and Fath (2011) or in other textbooks of ecological modeling. Jørgensen (2011) 
gives an overview of available ecological models, of which many are devel-
oped for freshwater ecosystems. Jørgensen (2011) is therefore a useful sup-
plement to this chapter.
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19.2  Institutionalized or Mediated Modeling

There are hundreds of ecological–environmental models of aquatic ecosystems 
available in the literature. It is, however, better to develop a tailored model for 
a given environmental problem for a considered aquatic ecosystem. Every eco-
system is different and the environmental problems are different in the sense 
that they have different implications for different ecosystems and for the local 
population dependent on the natural resources of the freshwater ecosystems. 
The tailored model can be developed by an expert team, this model is denoted 
as an expert model, or by a brainstorming meeting of all local stakeholders 
together with a model team. This latter type of model is denoted mediated/
institutionalized models. The experience shows, however, that both standard 
(nontailored) models and expert models are often not applied at least not suf-
ficiently to set up management plans, because they are not accepted by the local 
organization as an integrated part of their environmental management and 
they do not for most of the models consider the relevant socioeconomic aspects. 
The very best is therefore to develop a mediated or institutionalized model that 
is step by step developed and accepted by the local stakeholders together with 
a very few nonlocal modeling experts. The following procedure can be applied:

	 1.	Arrange a 1 week brainstorming where the modelers, the NGOs, the 
local scientists, and managers formulate the problem and the charac-
teristics of the ecosystem and how the problems associated with the 
ecosystem interfere with other local environmental-economic-social 
problems. A multidisciplinary and interdisciplinary team is needed. 
An overview of the knowledge about the ecosystem is also provided.

	 2.	The result of the workshop is a conceptual diagram of the model 
that includes the other interfering local problems. It cannot be 
excluded that two or more models are needed to solve the complex 
of problems. It cannot be excluded that supplementary knowledge 
and observation are needed.

	 3.	The modeling team develops an easy-to-go software for the model 
according to the conceptual diagram.

	 4.	The model and its possibility as supporting tool in the lake manage-
ment are demonstrated by the modelers for the entire brainstorming 
team. The entire team works with the models together for at least 
3 days.

	 5.	The managers and other personnel that should be able to run the 
models are trained (probably 4–10 days dependent on the model 
complexity) in the use of the model.

	 6.	The entire team has an annual or biannual meeting to discuss 
the application of the model and possible minor modifications of 
the model.
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The following questions arise generally as a result of model development:

•	 How is it possible to consider all the different aspects of the problem 
and its solution, when many aspects of the problem are considered?—
it may be different natural science aspects, for instance, geology, 
zoology, botany, and chemistry, or it may even be a combination of 
environmental, economic, and social aspects of the problem.

•	 The answer is by implementing a very wide spectrum of expertise 
in the modeling team, but it gives rise to the next obvious question, 
how to ensure a good cooperation of the team members, when they 
represent many different disciplines and therefore many different 
opinions and “languages”?

•	 How is it possible to consider all relevant ecosystem properties at the 
same time?

•	 How is it possible to integrate insights from many different disci-
plines as for instance ecology, economy, and social science or even 
different disciplines of natural sciences?

•	 How can we ensure that all important stakeholders are included in 
the modeling process?

•	 How is it possible to integrate impacts and knowledge at different 
scales?

•	 How is it possible to understand the very root of the problems and 
their sources and have this understanding reflected in the modeling 
and the final model result?

•	 How is it possible to build the best of a consensus among the differ-
ent opinions and disciplines?

Institutionalized or mediated modeling (abbreviated IMM) can give the answer 
to these questions. The institutionalized modeling process is described in 
detail in the following text. The main idea is to represent without exception all 
stakeholders, policymakers, managers, and scientists that have knowledge and 
ideas about the problem, the system, and the possible solutions in the modeling 
procedure. The model is developed as a result of an integrated brainstorming 
meeting, where all ideas, opinions, disciplines, and knowledge are represented. 
For most development of mediated models, but of course dependent on the 
complexity of the problem and the system, several days are required to reach a 
satisfactory model that can be used as a tool to solve the problem. The advan-
tages of IMM are that (partly taken from Van den Belt 2004)

	 1.	The level of shared understanding increases.
	 2.	A consensus is built about the structure of a complex problem for 

a complex system, because all interests are represented in the step-
wise model development.
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	 3.	The result of the modeling process, the model, serves as a tool to dis-
seminate the insights gained by the modeling procedure.

	 4.	The effectiveness of the decision making is increased, because the medi-
ated model makes it possible for the policymakers and the stakeholders 
to see the consequences of the action plans over longer time scales.

	 5.	Team building is developed parallel to the model development.
	 6.	The process is emphasized over the product.
	 7.	The state-of-the-art knowledge is captured, organized, and 

synthesized.

It is characteristic for a team developing a mediated model that what could 
be denoted “groupiness” is increased because

	 1.	The individual members perceive clearly that they are a part of the 
group.

	 2.	The members become oriented toward a common goal.
	 3.	 Interaction between group members take place.
	 4.	The interdependence is realized and acknowledged.
	 5.	A structure of roles/status and norms is built.

19.3  Model Selection

Standard models are available to solve the most basic aquatic ecosystem 
problems, for instance, eutrophication, water level problems, acidification, 
oxygen depletion, etc. Still it is better to tailor the model according to the 
combination of observations, data, problem, and ecosystem characteristic. 
Expert models are more expensive to apply than standard models because 
they are more time consuming. Development of mediated models based 
on brainstorming meetings will inevitably cost more than application of 
standard models or even more than expert models due to the cost of the 
brainstorming meetings. In most cases, however, institutionalized/mediated 
models are good investment because the models are applied and accepted by 
the local organization and they consider the link to other local environmen-
tal and socioeconomic problems and are therefore proposing more holistic 
and sustainable solutions to the environmental problems.

Which model to apply among the standard models is to a high extent 
a question about the database, the problem, and the characteristics of the 
lake. This question is discussed next on basis of a brief overview of the 
available models. A comprehensive overview of models can be found in 
Jørgensen  et  al. (2005), Jørgensen and Fath (2011), and Jørgensen (2011). 
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Table 19.1 gives an overview and synthesizing results of different environ-
mental strategies and different model complexity.

The cost indicated in the table is a range, where the higher values should 
be valid for large ecosystems with a complex hydrodynamics and the lower 
values for relatively smaller ecosystems with a simple hydrodynamics. The 
cost indicated is only for the model development, but includes for the tai-
lored models the cost of the meetings leading to the model. If the database is 
insufficient the cost of updating the database must of course be added to the 
overall costs. The costs for the standard models are mainly manpower for 
the calibration and validation of the model and organization of the database 
to be accessible for the model. For the expert models, the cost includes the 
cost of expert meeting and expert time and for the mediated models, the cost 
includes also the brainstorming meetings.

UNEP–IETC offers downloadable standard models of different complexity 
for lakes and reservoirs:

	 1.	A one layer model that is based on four variables only (total nitrogen 
in the water phase, total phosphorus in the water phase, phospho-
rus in the sediment, and nitrogen in the sediment). The model is 
not able to offer a high accuracy of the prognoses but can be devel-
oped based on a limited database. The model is not considering 
two or more layers, but it is possible to account for the formation of 
a thermocline by a correction factor. Chlorophyll-a concentration, 
zooplankton concentration, productivity, fish concentration, and 
transparency can all be calculated based upon general correlations. 
It means that the calculations of course have a relatively high stan-
dard deviation.

	 2.	A two layer model that gives better prognoses but also requires a 
much more comprehensive database.

TABLE 19.1

Possible Model Strategies

Model Database Required
Cost (103 
Dollars)

Tailored expert model, high complexity Comprehensive 400–1000
Tailored mediated model, high complexity Comprehensive 500–1200
Tailored expert model, medium complexity At least for the st. variables 300–600
Tailored mediated model, medium complexity At least for the st. variables 350–700
Tailored expert simple model Small 100–250
Tailored mediated simple model Small 120–300
Standard model, complex Comprehensive 100–250
Standard model, medium complexity At least for the st. variable 50–150
Standard model, simple Small 25–75
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	 3.	A structurally dynamic model (SDM) for deep lakes that considers adap-
tations and shifts in species composition. It is easier to use than (2) 
because it contains facilities to automatically calibrate some of the 
model parameters. It is recommended to use this standard model 
instead of (2). It can capture the structural changes as a result of bio-
manipulation and other ecotechnological restoration methods.

	 4.	A structurally dynamic model for shallow lakes, that is also easier to use 
than (2). It is able to cover the structural changes that may result from 
competition between submerged vegetation and phytoplankton.

If eutrophication or acidification is the problem, and it is not possible to pro-
vide sufficient economy for the development of a mediated or institutional-
ized model, it is recommendable to use a standard or expert model, but it is 
very important that the selection is made by a meeting between local scien-
tists, local managers, and model experts. It is, however, the best long-term 
solution as indicated earlier to develop a mediated/institutionalized model.

Table 19.1 gives an overview of the model possibilities and gives some 
first guidance on which model to apply in which case. Follow, how-
ever, the discussion of the selection problem presented later to make the 
final decisions together with the information summarized in Table 19.1. 
Compare the cost of the model with the economic importance of the eco-
systems, including the values of the ecosystem services. If the ecosystem 
is large and of great local importance, it would most probably be the best 
long-term solution to invest more money in a proper management model 
including the erection of a suitable database that is able to support the 
model. The cost of developing a good model for a given case is often 1% or 
less of the economic value of the lake. In other words, if we avoid a more 
than 1% mistake in our management decisions by using a good model, we 
have more than paid for the model. If the freshwater ecosystem is only 
important for a limited population, and it is a smaller ecosystem, it may 
be sufficient to use a standard model and in some cases where the needed 
observations are not available for a complex standard model, a simple 
model seems to be the best selection at least in the first hand. For instance, 
when eutrophication is the problem for a lake, the aforementioned one 
layer model will most probably be able to do the job in the first hand. It is 
always beneficial to apply a model, which is easily accessible. The results 
can often be used to make a better model selection afterward because the 
unanswered questions are revealed.

Models are being used increasingly in environmental management, 
primarily because they are the only tools able to quantitatively relate the 
impacts on an ecosystem with the consequences for the state of the ecosys-
tem. Aquatic ecosystem models have been developed particularly during the 
last few decades, and it is not surprising they have found a wide application 
in aquatic ecosystem management.
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The extensive use of mathematical models in water quality management 
can be seen from the survey by Alasaarela et al. (1993). They assembled ques-
tionnaires from 100 institutions. The results document the use of 105 mod-
els applied in 800 situations and requiring approximately 500 person work 
years. The average modeling team consisted of four persons.

The field of ecological and environmental modeling has developed rapidly 
during the last two to three decades due essentially to the following factors:

•	 The development of computer technology, enabling us to handle 
very complex mathematical systems.

•	 A general understanding of pollution problems, including the 
knowledge that a complete elimination of all pollution (“zero dis-
charge”) is not feasible, but rather that a proper pollution control 
with often limited economic resources requires serious consider-
ations of the influence of various pollution impacts on ecosystems.

•	 Our knowledge of environmental and ecological problems has 
increased significantly. We have particularly gained more knowl-
edge about quantitative relations in ecosystems, and between eco-
logical properties and the environmental factors.

The goal of this chapter is to demonstrate to managers of aquatic ecosystems, 
limnologists, chemists, sanitary engineers, and other interested parties of the 
possibilities that mathematical modeling offers as a tool to support management 
decisions. More technical modeling issues are discussed by other researchers, 
including Jørgensen (1992), Orlob (1983, 1984), Straskraba and Gnauck (1985), 
Jørgensen (1994, 2011), Chapra (1997), and Jørgensen and Fath (2011).

19.4 � Models as a Strong Management Tool: 
Problems and Possibilities

A management problem to be solved often can be formulated as follows: If 
certain forcing functions (management actions) are varied, what will be their 
influence on the state of an ecosystem? The model is used to answer this ques-
tion or, in other words, to predict what will change in a system when the con-
trol functions that are managed by humans are varied over time and space.

Typical control functions are the consumption of fossil fuel, regulation of 
water level in a river by a dam, discharge of pollutants, or fisheries policy.

It is important that, to a certain extent, the manager should take part in the 
entire development of a management model, since he will ultimately define 
the modeling objectives and select the modeling scenarios. The success of 
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the application of a management model, to a large degree, is dependent on an 
open dialogue between the modeler and the manager.

A further complexity is the construction of ecological–economic models. 
As we gain more experience in constructing ecological and economic models, 
more and more of them will be developed. It often is feasible to find a rela-
tion between a control function and economic parameters. If a lake is a major 
water resource, an improvement in its water quality will inevitably result in a 
reduction in the treatment costs of drinking water if the same water quality is 
to be provided. It is also possible to sometimes relate the value of a recreational 
area to the number of visitors, and to how much money they spend on aver-
age in the area. In many cases, however, it is difficult to assess a relationship 
between the economy and the state of an ecosystem. For example, how can we 
assess the economic advantages of an increased transparency in a water body? 
Ecological–economic models are useful in some cases, but should be used with 
caution, and the relations between the economy and environmental conditions 
critically evaluated, before the model results are applied.

Data collection is the most expensive component of model construction. 
For many lake models, it has been found that needed data collection com-
prises 80%–90% of the total model costs. Because complex models require 
much more data than simple ones, the selection of the complexity of environ-
mental management models should be closely related to the costs involved 
in the environmental problem to be solved.

Thus, it is not surprising that development of the most complex environ-
mental management models have generally been limited to large ecosys-
tems, where the economic involvement is great.

The predictive capability of environmental models can always be improved 
in a specific case by expansion of the data collection program, and by a cor-
respondingly increased model complexity, provided that the modelers are 
sufficiently skilled to know in which direction further expansion of the entire 
program must develop to order to improve the model’s predictive capabilities.

The relation between the economy of the project and the accuracy of the 
model is presented in the form shown in Figure 19.1. The reduction in the dis-
crepancy between model predictions and reality is lower for the next dollar 
invested in the project, because the log (cost) versus difference between model 
results and observations gives a straight line. But it is also clear from the shape 
of the curve that the associated errors can hardly be completely eliminated. 
All model predictions have a standard deviation associated with them. This 
fact is not surprising to scientists, but it often is not understood or appreciated 
by decision makers, to whom the modeler typically presents his or her results.

Engineers use safety factors to assure that a building or a bridge will last 
for a certain period of time, with a very low probability of breakdown, even 
under extreme conditions. No reputable engineer would propose using 
a smaller, or no, safety factor to save some concrete and reduce the costs. 
The  reason is obvious: Nobody would want to take the responsibility for 
even the smallest probability of a building or bridge to collapse.
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When decision makers are going to make decisions on environmental 
issues, the situation is strangely different. Decision makers in this situation 
want to use the standard deviation to save money, rather than assuring a 
high environmental quality under all circumstances. It is the modeler’s duty, 
therefore, to carefully explain to the decision maker all the consequences of 
the various decision possibilities. A standard deviation of a prognosis for an 
environmental management model can, however, not always be translated 
into a probability, because we do not know the probability distribution. It 
might be none of the common distribution functions, but it is possible to use 
the standard deviation qualitatively or semiquantitatively, translating the 
meaning of the model results by the use of words. Civil engineers are more 
or less in the same situation and have been successful in the past convincing 
decision makers of appropriate steps to be taken in various situations. There 
is no reason that environmental modelers cannot do the same.

It is often advantageous to attack an environmental problem in the first place 
with the use of simple models. They require much fewer data, and can give the 
modeler and decision maker some preliminary results. If the modeling project 
is stopped at this stage for one or another reason, a simple model is still better 
than no model at all, because it will at least give a survey of the problem.

Simple models, therefore, are good starting points for the construction of 
more complex models. In many cases, the construction of a model is carried 
out as an iterative process, and a step-wise development of a complex struc-
turally dynamic model may be the result. As previously mentioned, the first 

Log (cost of model development)

FIGURE 19.1
More a modeler invests in a model and in data collection, the closer he or she will come to 
realistic predictions. However, the modeler will always gain less for the next dollar invested 
and will never be able to give completely accurate predictions. With good approximations, log 
(costs) versus the difference between model results and observations is a straight line, cor-
responding to an exponentially decreasing difference with an increasing investment in the 
model development.
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step is development of a conceptual model. It is used to get a survey of the 
processes and state variables in the ecosystem of concern. The next step is 
development of a simple calibrated and validated model. It is used to estab-
lish a data collection program for a more comprehensive effort closer to the 
final selected version. However, the third model will often reveal specific 
model weaknesses, the elimination of which is the goal of the fourth version 
of the model. At first glance, this seems to be a very cumbersome procedure. 
However, because data collection is the most expensive part of modeling, 
constructing a preliminary model for optimization of the data collection 
program will ultimately require fewer financial resources.

A first, simple mass balance scheme is recommended for biogeochemical 
models. The mass balance will indicate what possibilities exist for reducing 
or increasing the concentration of a chemical or pollutant, which is a crucial 
issue for environmental management.

Point sources of pollution are usually easier to control than anthropogenic 
nonpoint sources, which, in turn, are more easily controlled than natural 
pollutant sources, as shown in Table 19.2. Distinction can be made between 
local, regional, and global pollutant sources. Because the mass balance indi-
cates the relative quantities from each source, it is possible to identify which 
sources should receive the initial attention (e.g., if a nonpoint regional source 
of pollutants is dominant, it would be pointless to concentrate first on elim-
inating small, local point sources, unless the latter also might have some 
political influence on regional decisions). Table 19.3 gives an overview of the 
spectrum of eutrophication models that have been developed on basis of 
the GlumsØ Model. The table shows how the various versions of the model 
includes different processes, which may be of importance in different case 
studies. The table illustrates therefore also the generality of eutrophication 
models.

It has already been recognized that the modeler and the decision maker 
should communicate with each other. It is recommended, in fact, that 
the decision maker be invited to follow the model construction process 
from its very first phases, in order to become acquainted with the model 
strength and limitations. It also is important that the modeler and the 
decision maker together formulate the model objectives and interpret the 

TABLE 19.2

Examples of Sources of Water Pollutants

Source Examples

Point sources Wastewater (nitrogen, phosphorus, biochemical oxygen 
demand); sulfur dioxide from fossil fuels; discharges of toxic 
substances from industries

Nonpoint man-made sources Agricultural use of fertilizers; deposition of lead from 
vehicles; contaminants in rain water

Nonpoint natural sources Runoff from natural forests
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model results. Holling (1978) has demonstrated how such teamwork can 
be developed and used phase by phase. Although his recommendations 
are not reiterated here, it is recommended that a modeling team should 
acquaint themselves well with the procedures outlined by him. The con-
clusions are clear: The modeler and decision maker should work together 
in all phases of the modeling exercise. Having the modeler first build a 

TABLE 19.3

Survey of Eutrophication Studies Based upon the Application 
of a Modified Glumsø Model

Ecosystem Modification Levela

Glumsø, version A Basic version 7
Glumsø, version B Nonexchangeable nitrogen 7
Ringkøbing Firth Boxes, nitrogen fixation 5
Lake Victoria Boxes, thermocline, other food chain 4
Lake Kyoga Other food chain 4
Lake Mobuto Sese Seko Boxes, thermocline, other food chain 4
Lake Fure Boxes, nitrogen fixation, thermocline 7
Lake Esrom Boxes, Si-cycle thermocline 4
Lake Gyrstinge Level fluctuations, sediment 

exposed to air
4–5

Lake Lyngby Basis version 6
Lake Bergunda Nitrogen fixation 2
Broia Reservoir Macrophytes, 2 boxes 2
Lake Great Kattinge Resuspension 5
Lake Svogerslev Resuspension 5
Lake Bue Resuspension 5
Lake Kornerup Resuspension 5
Lake Søbygaard SDM 7
Lake Balaton Adsorption to suspended matter 2
Roskilde Fjord Complex hydrodynamics 4
Lagoon of Venice Ulva/Zostera competition 6
Lake Annone SDM 6
Lake Balaton SDM 6
Lake Mogan, Ankara Only P cycle, competition 

submerged vegetation/
phytoplankton + SDM

6

Stadsgraven, Copenhagen Four to six interconnected basins 
(level 6: 93)

5

Internal lakes of Copenhagen Five to six interconnected basins 5

a	 Level 1: Conceptual diagram selected. Level 2: Verification carried out. Level 3: 
Calibration using intensive measurements. Level 4: Calibration of entire 
model. Level 5: Validation. Object function and regression coefficient are 
found. Level 6: Validation of a prognosis for significant changed loading or 
development of SDM (structurally dynamic model; see Section 19.10). Level 7: 
Validation of a prognosis and development of SDM.
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model and then transfer it to a decision maker accompanied by a small 
report on the model is not recommended.

Communication between the decision maker and the modeler can be facil-
itated in many ways, and it often is the primary responsibility of the modeler 
to do so. If a model is built as a menu system, it might be possible to teach 
the decision maker how to use the model in only a few hours, thereby also 
increasing his or her understanding of the model and its results. If an inter-
active approach is applied, it is possible for the decision maker to visualize 
a wide range of possible decisions. The effect of this approach is increased 
by the use of various graphic methods to illustrate the best possible decision 
in regard to what happens with the use of various management strategies. 
Under all circumstances it is recommended that time be invested in devel-
oping a good graphic presentation of the model results to a decision maker. 
Even if he or she has been currently informed about a model project through 
all its phases, the decision maker will not necessarily understand the back-
ground and assumptions of all the model components. Thus, it is important 
that the model results, including the main assumptions, shortcomings, and 
standard deviations underlying them, are carefully presented with the use 
of an illustrative method.

It is clear that we are not yet sufficiently advanced in environmen-
tal modeling efforts to solely use model results to define management 
programs, even utilizing expert systems and decision-support systems. 
A  model should never be used in this way by a decision maker, but 
rather should be considered one useful tool in the management decision-
making process. This implies that modeling results should be clearly and 
illustratively presented, and be considered a significant component in 
discussions about selecting specific courses of action. Other elements to 
be considered in such discussions would include potential side effects, 
interpretation of model predictions, and the implications of the accuracy 
of the prognosis.

A good environmental model can be a powerful tool in the decision-
making process for management actions. A wide range of environmental 
problems has been modeled to varying degrees over the last 10–15 years. 
They have generally been of important assistance to decision makers. With 
the continuing rapid growth in the use of environmental models, the situ-
ation will only improve in the future. However, we have not achieved the 
same level of experience for all environmental problems.

The use of models in environmental management is definitely growing. 
They have been widely used in several European Countries, in North America, 
and in Japan. Further, environmental agencies in more and more countries 
are making use of model applications. Through such journals as Ecological 
Modelling and the International Society for Ecological Modelling (ISEM), it is pos-
sible to follow the progress in the field. This “infrastructure” of the modeling 
field facilitates communication and accelerates the exchange of experiences, 
thereby enhancing the growth of the entire field of ecological  modeling. 
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It appears there will soon be a need for a model “bank” or database, where 
users can obtain information about existing models, their uses, character-
istics, etc. At the same time, it is not possible to readily transfer a model 
from one case study to another, as is reiterated in this book. It is furthermore 
even difficult to transfer a model from one computer to another unless it 
is exactly the same type of computer. However, it is often very helpful to 
learn from experiences of others involved in similar modeling situations in 
other parts of the world. Journals such as those mentioned earlier facilitate 
such exchanges.

The issue of the generality of models also deserves discussion. Few models 
have been used on multiple case studies, in order to gain wide experience 
on this important matter. The eutrophication model presented by Jørgensen 
and Fath (2011) has been used on a wide range of lakes in the temperate and 
the tropical zone, as well as for shallow and deep lakes, and even fjords. The 
experience gained in these case studies is illustrative, but does not neces-
sarily represent general properties of models. A further discussion on the 
generality of models is presented later in this chapter.

It should not be forgotten in this context that models have always been 
applied in science. The difference between present and previous models 
is that today, with modern computer technology, we are able to work with 
very complex models. At the same time, however, it is a continuing tempta-
tion to construct models that are too complex. It is easy to add more and 
more equations and state variables to a computer program, but much harder 
to get the data needed for calibration and validation of the model. Even 
if very detailed knowledge about a problem is available, it is not possible 
to develop a model capable of accounting for the complete input–output 
behavior of a real ecosystem and being valid for all frames (Ziegler 1976). 
This type of model is called ‘the base model’ by Ziegler, and it would be 
very complex and require such a large number of computational resources 
that it would be almost impossible to simulate. The base model of a problem 
in ecology will never be fully known because of the complexity of natural 
ecosystems and our inability to observe all its states. Thus, a model may be 
made more realistic, up to a point, by adding more connections. However, 
addition of new parameters after that point is reached does not contrib-
ute further to an improved simulation capacity. Indeed, more parameters 
imply more uncertainty because of the possible lack of information about 
the flows the parameters quantify.

For a given quantity of data, the addition of new state variables or param-
eters beyond a certain model complexity does not increase our ability to 
model an ecosystem but only adds to the unaccountable uncertainty. The 
question that can be formulated in relation to this problem is how can we select 
the complexity and the structure of the model to assure the optimum for knowledge 
gained or the best answer to the question posed by the model?

Costanza and Sklar (1985) have examined 88 different models and were 
able to show that the theoretical discussion behind these considerations 
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actually is valid in practice; see Figure 19.2. Selection of the right degree of 
complexity is of great importance for environmental and ecological models. 
Jørgensen and Fath (2011) present methods that could be used to select the 
complexity in a specific case. However, the selection will always require that 
the application of these methods is combined with a good knowledge of the 
system being modeled. The methods must work hand-in-hand with an intel-
ligent answer to the question.

Which components and processes are most important for the problem 
of concern? Know the ecosystem and the problem being addressed before 
a model is selected, including the model complexity. Thus, the conclusion: 
A proper overview and a holistic picture of a given ecosystem are crucial for 
the right selection of the model complexity. Some details are of course needed 
to understand how the ecosystem works at the system level. Thus, the addi-
tional conclusion is therefore that, although we can never know everything 
about an ecosystem needed to make a complete model (i.e., with inclusion 
of all details). However, good, workable models that expand our knowledge 
of ecosystems can be produced, particularly because of their properties as 
systems. Ulanowicz (1979) points out that a correct, very precise predictive 

16

12

8

Eff
ec

tiv
en

es
s

4

0
0 20

Articulation

Almost 50% of the examined
models are in this area

40

FIGURE 19.2
Plot of articulation index versus effectiveness = articulation * certainty for the models reviewed 
by Costanza and Sklar (1985). Articulation is expressing complexity as number of state vari-
ables + 0.1 * number of boxes + 0.01 * time steps. Certainty = 1/uncertainty = 1/standard devia-
tion found by the validation. As almost 50% of the models were not validated, they had an 
effectiveness of 0. These models are not included in the figure but are represented by the line 
effectiveness = 0. Notice that almost another 50% of the models have a relatively low effective-
ness due to too little articulation and that only one model had too high articulation, which 
implies that the uncertainty by drawing the effectiveness frontier as shown in the figure is 
high at articulations above 25.
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model cannot be constructed. Thus, it would often be most fruitful to build 
a model that illustrates general trends, taking into account the probabilistic 
nature of the environment.

Further, models are, and can be applied, as management tools (e.g., see 
Straskraba and Gnauck 1985, Jørgensen 1986, Chapra and Canale 1991). All 
in all, models should be considered as tools—to provide an overview of 
complex ecosystems. For a complex system, a few interactive state variables 
already make it impossible to get an intuitive or logical overview on how 
the system reacts to perturbations or other changes. In such cases, models 
are good tools to help obtain an overview or picture of the properties of an 
ecosystem on the systems level.

There are only two possibilities for getting around the dilemma rooted 
in the model complexity issue: either limit the number of state variables in 
the model or describe the system by the use of holistic methods and models, 
preferably by using higher-level scientific laws. The tradeoff for the modeler is 
between knowing much about little, or little about much!

More complex models require more data and more knowledge about the 
ecosystem. They imply higher costs, but they should be justified by the 
importance of the pollution study. Thus, it is recommended to proceed in 
a step-wise manner toward a more complex learning from simpler models 
before the complex model is constructed. A procedure for this step-wise 
development is presented and discussed in Jørgensen and Fath (2011).

Another crucial problem is associated with model generality. Can a model, 
used in, for instance, one lake, be used unchanged for other case studies? 
The answer is not a simple yes or no. However, experience shows that sim-
pler models can be used more generally than more complex models. They 
contain a description of the basic processes characterizing aquatic ecosys-
tems (e.g., nutrient uptake by phytoplankton, which is dependent on the 
nutrient concentration, the concentration of phytoplankton, and mineral-
ization of detritus). The more complex models inevitably will contain more 
site-specific process descriptions, which may not be important for all lake 
and reservoir case studies. Thus, more complex models will generally have 
to be modified from case to case. This is illustrated in Tables 19.2 and 19.3, 
in which the experience gained with the general use of an eutrophication 
model containing 17–20 state variables is presented.

Problems of interest for management of aquatic inland ecosystems include 
(1) eutrophication, (2) ecotoxicological effects, (3) acidification, (4) fishery 
management, (5) the oxygen concentration and possibly oxygen depletion, 
(6) management of wetland processes, (7) the bacteriological quality of water, 
and (8) hydrodynamic problems related to water discharge or to the use of 
water for cooling or production of drinking water.

All eight of these problems have been modeled extensively. Table 19.4 
provides an overview of the modeling activity for each of these eight 
problems and a couple of other problems associated with aquatic ecosys-
tems, on a scale from 0 to 5, where 5 means very intense modeling efforts, 
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4—intense modeling effort, 3—some modeling effort, 2—a few models have 
been studied, 1—one or a few studies with not well calibrated or validated 
models, and 0—no modeling efforts have been done. The table indicates that 
all eight problems have been modeled to relatively high extent. The same 
scale is applied in Table 19.5, which gives an overview of the modeling effort 
for different aquatic inland water ecosystems: lakes (and reservoirs), rivers 
and streams, wetlands, and lagoons.

Thus, a spectrum of models is available for all the mentioned problems 
and for the seven aquatic inland ecosystems listed in Table 19.5. The selection 
of the appropriate complexity dictated by the problem, the characteristics of 
the ecosystems, and the quality and quantity of the available data, as dis-
cussed is crucial for the modeling results.

The first step in selecting a model for a specific case is clear specification of 
the goals for which the model will be used. The selected model must be one 

TABLE 19.4

Models of Environmental Problems of Freshwater Ecosystems

Problem
Modeling 

Effort

Oxygen balance 5
Eutrophication 5
Heavy metal pollution, all types of ecosystems 4
Pesticide pollution of freshwater ecosystems 4
Other toxic compounds include. ERA 5
Endangered species (includes population dynamic models) 3
Ground water pollution 5
Acid rain 5
Consequences of climate changes 4
Fishery models 5
Bacteriological water quality 3
Hydrodynamic problems 5

TABLE 19.5

Models of Freshwater Ecosystems

Ecosystem
Modeling 

Effort

Rivers 5
Lakes, reservoirs, ponds 5
Wetlands 5
Lagoons 5
Arctic ecosystems 1–2
Wastewater systems 5
Estuaries 5
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intended to answer the questions of interest, as defined by the lake manager. 
Another consideration in selecting a model is the specific data available for 
use with the model. Using most advanced models is impossible, for example, 
if the quantity and quality of the water inflows have not been measured. 
In some cases, it may be possible to obtain data required for the model, but 
this inevitably involves expenditures of money and time, since most lake 
inflows vary considerably over time. The availability of personnel skilled in 
the use of models also can be a significant limitation. Learning the model-
ing procedure, and understanding the applied basis for model development, 
can be both difficult and time consuming. Thus, appropriate model selection 
requires balancing the importance of the problem, the money and the time 
needed to be invested in the model development, the available personnel, 
and the existence of appropriate models.

As emphasized in previous sections, models only provide a gross simplifi-
cation of reality. Thus, caution is always necessary when considering model 
results. Moreover, three levels of uncertainties influence the use of even the 
best model (Hilborn 1987), including

•	 Noise—the natural variability that occurs sufficiently frequently to 
be routine (various sampling schemes and statistical analyses are 
required to accommodate this uncertainty)

•	 The state of nature that is not well known
•	 Surprises—unanticipated events (flexible management strategies 

cope with unanticipated events more effectively than rigid, dog-
matic strategies)

These uncertainties are inherent in any complex system, and may occur in 
any specific case. By proper use of validation techniques, it is possible in 
most cases to quantify the uncertainty, which is very valuable for the inter-
pretations of the model predictions.

Models useful for water quality management may be classified as follows:

•	 Simple static calculation models consisting of algebraic equations or 
graphs. These models are based predominantly on the statistical 
elaboration of data sets, sometimes large ones. Thus, they are limited 
by the extent of the materials covered in the analysis. For example, 
many models based on empirical relationships between phosphorus 
and chlorophyll presented in the literature. Examples are the models 
provided by Thornton et al. (1999) for estimating nonpoint source 
pollution loads.

•	 Complex dynamic models providing analysis of the timing of water 
quality conditions. Several of the models presented in the next 
sections belong to this class, and represent a wide spectrum of 
complexity.
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•	 Geographical information systems (GIS) used for problems requiring 
spatial resolution. This is typical for estimating pollutant loads, par-
ticularly for nonpoint source pollution. The basis of GIS is comput-
erized maps and procedures for entry and treatment of spatial data. 
For example, a specific watershed can be included in the database 
and corresponding pollution sources indicated. Through the use 
of models (usually more complex dynamic models), the expected 
pollution input can be calculated. Several attempts to apply GIS in 
watershed management have emerged in recent years.

•	 Prescriptive models can be used to calculate water quality conditions 
without indicating appropriate management options for a given 
situation. By means of scenario analysis, it is possible to test man-
agement alternatives and to predict the potential consequences of 
water quality. This can be useful in selecting the most appropriate 
management possibilities. These models are based either on simple 
static calculations or dynamic simulations, depending on whether a 
time-independent or time-dependent solution is required.

•	 Optimization models incorporate selection procedures to choose the 
most suitable option based on a set of criteria. Such models, which 
are often based on complex dynamic models, can allow simulta-
neous analysis of several management alternatives or goals. The 
major component of an optimization model is called a goal func-
tion, which is a function the user seeks to minimize or maximize 
critical water quality variables (e.g., oxygen concentration in a lake) 
or the money spent on attaining a specified level of water quality 
improvement. Optimization with constraints means that some, or 
all, of the management parameters are limited (i.e., they are forced 
to remain within specified limits due to natural conditions, man-
agement limitations, etc.). The following examples illustrate these 
kinds of constraints:

	 a.	 Inflow phosphorus levels cannot be reduced more than the capa-
bilities of treatment plants or other available reduction methods.

	 b.	 It is impossible to mix a water body beyond its greatest depth; 
thus, there is a natural depth of mixing.

	 c.	 There are no feasible reasons to reduce the chlorophyll concen-
trations, or increase the oxygen concentrations, above a certain 
limit.

The standard optimization procedure is used when a management decision 
involves only one variable (e.g., reservoir outflow) and is determined by 
one characteristic of this variable (e.g., outflow rate by turbines). The goal 
in this case, for example, can be to keep the reservoir water level within 
certain limits. Multiparameter optimization also concerns one variable, 
although the optimal performance is searched for in a multidimensional 
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parameter space. It can be asked, for example, to what extent should the 
bottom outflow gate of the reservoir be opened, and a turbine run, to keep 
the water level in the reservoir within certain limits. The constraints are 
given by the maximum capacity of the bottom outlets and the turbines 
and by the minimum and maximum flow rates prescribed for the river 
downstream of the reservoir. The model formulation with respect to water 
quality, for example, may be retaining some water quality variables below 
a certain limit, while also modifying several parameters characterizing 
the use of various management options. As an example, the model GIRL 
OLGA is intended for making dynamic, time-dependent estimates of the 
best combination of the time sequence of using five different management 
options, each characterized by one parameter that can be manipulated 
within certain limits. Multivariable optimization simultaneously takes into 
account several variables. Examples would include keeping the oxygen 
concentration, quantity of algae, and content of organic matter in a lake 
within certain limits. Multigoal optimization is the most complex, with 
several goals having to be simultaneously achieved. In this latter case, a 
compromise set is sought, rather than a unique optimal solution, with the 
model user driven to make a proper selection. A combination of multipa-
rameter, multivariable, and multigoal formulation also is possible, although 
such a solution has not yet been attempted for water quality modeling. Up 
to the present time, more complex formulations have generally been used 
to address water quantity problems (e.g., optimal operation of a reservoir 
cascade). Nevertheless, progress in developing optimization techniques is 
moving forward rapidly, and useful water quality formulations will doubt-
less be available in the future. Table 19.6 provides a listing of optimization 
water quality management models.

TABLE 19.6

Optimization of Water Quality Management Models

Dynamic optimization of eutrophication by phosphorus removal. Used for a Japanese lake 
(Matsumura and Yoshiuki 1981)

Optimal control by selective withdrawal (Fontaine 1981)
Optimizing reservoir operation for downstream aquatic resources. Applied on Lake Shelbyville, 
Illinois, United States (Sale et al. 1982)

GIRL OLGA for cost minimization of eutrophication abatement, using time-dependent 
selection from five management options (Kalceva et al. 1982, Schindler and Straskraba 1982). 
Applied on several reservoirs in the Czech Republic

Stochastic optimization of water quality (Ellis 1987)
COMMAS for prediction of environmental multiagent system (Bouron 1991)
DELWAG-BLOOM-SWITCH for management of eutrophication control of shallow lakes 
(Van der Molen et al. 1994)

GFMOLP, a fuzzy multiobjective program for the optimal planning of reservoir watersheds 
(Chang et al. 1996)
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It is emphasized that optimization procedures only allow to select among the 
possibilities included in the model and are limited by the validity of the model, 
including its assumptions and formulations and its imposed constraints.

Thus, the model conclusions should be used with caution, with the user 
considering the model limitations, possible inadequacies, and possible insuf-
ficiency of input data. The model can be run before any decision is taken and 
several alternatives investigated. Alternatively, the model can be connected 
to automatic devices that activate water quality management options. As 
examples, chlorophyll concentrations and meteorological variables can be 
automatically recorded and put into a computer model. Short-term predic-
tions by the model can be used to switch water mixing devices on or off, or 
to specify the intensity of phosphorus purification.

•	 Expert systems use qualitative and quantitative expressions to guide 
the model user toward relevant answers to complex water quality 
questions. The major advantage of expert systems is their ability 
to consider qualitative characteristics, in addition to quantitative 
characteristics, and to handle complex decision rules. The name of 
this model group originated from the basis in which these answers 
are obtained, namely, the judgment of experts in a given field. An 
interactive mode is available in which the user interacts with the 
computer software, selecting questions offered by the computer, 
obtaining answers, and answering the questions. Each expert sys-
tem is devoted to a particular problem. They are called empty expert 
systems or expert shells directed to handling the knowledge base, which 
is the specific decision tree on what to do, how to decide in the given 
instance, etc. A general review of expert systems applicable to dif-
ferent environmental problems is provided by Hushon (1990), Davis 
(1993), and Davis and Guariso (1994).

•	 Decision support systems (DSS) represent a further extension of 
expert systems. They incorporate other computer software prod-
ucts relevant for a specific water quality decision problem for 
which the system was constructed (e.g., simple models, simulation 
models, optimization models, and GIS systems). A graphics pack-
age that generates explanatory drawings and texts can be an inte-
gral part of DSS, and all the model types mentioned earlier can 
be incorporated in the system. The entire decision support system 
is driven by questions offered by the computer and answers pro-
vided by the model user.

DSS were named for their ability to support decisions. They are not intended to 
make decisions. Wise, experienced people must always make the final decisions. 
In order to make acceptable decisions, however, people need varying amounts 
of information that often is not easily obtainable. For complex systems such as 
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water quality systems, it is difficult to preview the consequences of different 
options because there are many nonlinear relationships and complicated inter-
actions among their components (Loucks and da Costa 1991, Simonovic 1996).

DSS is a tool that provides managers with the necessary information 
regarding the potential consequences of various management decisions. 
DSS uses both the experiences of numerous experts and the capabilities of 
the computer to rapidly calculate many complex relationships. The inter-
active function allows the user to assess the various versions of decisions 
under different possible situations.

19.5  Eutrophication Models

As eutrophication is one of the most important problems of freshwater eco-
systems, it is not surprising that particularly many eutrophication models 
have been developed. They represent a particularly wide spectrum of com-
plexity. Table 19.7 reviews the eutrophication models representing the spec-
trum of complexity and the characteristics of the models (i.e., the number 
of state variables, the nutrients considered, the number of lake segments, 
or number of water layers, whether constant stoichiometric or independent 
nutrient cycles were applied, whether the model has been calibrated and val-
idated, the number of case studies to which the model has been applied, etc.). 
It is assumed, particularly for the most complex models, that some modifica-
tions from case to case are needed to reflect specific lake conditions or prop-
erties (also see discussion in Section 19.4 on model generality).

As seen in Table 19.7, the model complexity is wide and the models include 
a different number of submodels. Three possible core submodels that should 
be considered for inclusion in the model are presented here. The character-
istics of each case study, as discussed previously, should determine whether 
these three submodels should be included or not. They represent typical 
considerations for selecting the complexity for eutrophication models.

TABLE 19.7

Spectrum of Eutrophication Models

From 1 to more than 40 state variables
P, N, C, and Si considered as nutrients
From 1 to 7 layers—with or without thermocline
From 1 to many boxes or segments
Some have been calibrated and validated and even prognoses has been validated
Stoichiometric and nonstoichiometric description of phytoplankton growth, 
that is, dependent or independent cycling of nutrients

From 1 to many case studies
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The application of independent nutrient cycles inevitably increases the 
complexity of the model, as this situation requires that nitrogen, phospho-
rus, carbon, and perhaps silica should be included as state variables in each 
trophic level. In most models that include independent nutrient cycles, how-
ever, only one state variable is considered for zooplankton and fish. The 
application of independent nutrient cycles implies that the growth of phyto-
plankton is described as a two-step process as follows:

•	 Phytoplankton nutrient uptake, in accordance with Monod’s kinetics
•	 Phytoplankton growth determined by the internal substrate 

concentration

This complication obviously requires that the underlying data are of suf-
ficient quality and quantity. Di Toro (1980) has shown that the application 
of independent nutrient cycles is particularly important when the model is 
used for shallow, very eutrophic lakes. In contrast, this complication can be 
omitted for deep, mesotrophic or oligotrophic lakes.

Because lake bottom sediments accumulate nutrients, it is important to 
describe quantitatively the processes determining the mass flows from 
sediment to water. This is of particular importance, when the mass flows 
sediment → water are significant compared with the other mass flows. As 
the relative amount of nutrients stored in the sediment is most significant 
for shallow, eutrophic lakes, the more detailed description presented later 
should almost always be included in models for such types of lakes.

The sediment–water submodel attempts to answer the following crucial 
question: To what extent will accumulated compounds in the sediment 
be redissolved into the lake water? Because these processes are important 
for lake eutrophication, the phosphorus and nitrogen exchange processes 
between mud and water have been extensively studied. Chen and Orlob 
(1975) ignored the exchange of nutrients between mud and water; as pointed 
out by Jørgensen et al. (1975), this will inevitably give a false prognosis. 
Ahlgren (1973) applied a constant flow of nutrients between sediment and 
water, and Dahl-Madsen and Strange-Nielsen (1974) used a simple first-order 
kinetic to describe the nutrient exchange rate.

A more comprehensive submodel (Figure 19.3) for the exchange of phos-
phorus has been developed by Jørgensen et al. (1975). The settled material, S, 
is divided into Sdetritus and Snet; the first being mineralized by microbiological 
activity in the lake, and the latter being the material actually transported to 
the sediment. Snet can also be divided into two flows as follows:

	 S  S  Snet net s net e= +, , 	 (19.1)

where
Snet,s is the flow to the stable nonexchangeable sediment
Snet,e is the mass flow to the exchangeable unstable sediment



379Application of Ecological Models in Management

Correspondingly, the nonexchangeable, Pne, and exchangeable, Pe, phos-
phorus concentrations, both based on the total dry matter in the sediment, 
also can be distinguished. Increases in the stabilized sediment can be found 
by numerous methods. The analysis of lead isotopes, for example, is a fast 
and reliable method.

The exchangeable phosphorus is similarly mineralized to detritus in a 
lake, and a first-order reaction gives a reasonably good description of the 
conversion of Pe into interstitial phosphorus, Pi.

Finally, the interstitial phosphorus, Pi, will be transported by diffusion 
from the pore water in the sediment to the lake water. This process, which 
has been studied by Kamp-Nielsen (1975), can be described by means of the 
following empirical equation (valid at 7°C):

	 Phosphorus release 1 21 P P 1 7 mg P/m dayi s
2= − −. ( ) . ( ) 	 (19.2)

where Ps is the dissolved phosphorus in the lake water.
This submodel of water–sediment exchange was validated in three case stud-

ies (Jørgensen et al. 1975), based on examining sediment cores in the laboratory. 
Kamp-Nielsen (1975) has added an adsorption term to these equations.

A similar submodel for sediment nitrogen release has been developed 
by Jacobsen and Jørgensen (1975). The nitrogen release from sediment is 
expressed as a function of the nitrogen concentration in the sediment and 
the temperature under both aerobic and anaerobic conditions.

Figure 19.4 shows a sediment profile from these examinations, illustrating 
the interpretation of the profile that can be used in the model to distinguish 
between exchangeable and nonexchangeable sediment phosphorus.

S

Sedimentation

Water

Sediment

Sdetritus

PS

Resuspension

Di�usionSnet

Pe PiPne

FIGURE 19.3
Submodel of the phosphorus exchange between sediment and water. The model distinguish 
between Pne—nonexchangeable phosphorus—and Pe—exchangeable phosphorus. The latter is 
decomposed microbiologically and yields the interstitial phosphorus Pi, which by diffusion is 
transferred from sediment to water.
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Grazing of phytoplankton by zooplankton (Z) and the predation of zoo-
plankton by fish (F) are both expressed by a modified Monod expression, 
which considers a threshold concentration, KT, below which grazing or the 
predation does not occur. The expression for phytoplankton grazing by zoo-
plankton (see Jørgensen and Fath 2011) is expressed as follows:

	
μ μZ Z

Phyt KT
Phyt KMmax=

−
+

( )
( )

	 (19.3)

where KM is the Michaelis–Menten constant.
A zooplankton carrying capacity often must be introduced to give a better 

simulation of zooplankton and phytoplankton. Although carrying capacities 
are often observed in ecosystems, the need to introduce them in this case may 
be due to a too-simple representation of the grazing process. Phytoplankton 
might not be grazed, for example, by all the zooplankton species present, and 
some zooplankton species might use detritus as a food source. The zooplank-
ton growth rate, mZ, is computed in accordance with these modifications as

	 μ μZ Z FPH FT2 F2CKmax= ⋅ 	 (19.4)

where
FPH is the expression in Equation 19.3
FT2 is a temperature regulation expression
F2CK is the accounts for the carrying capacity
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FIGURE 19.4
Typical profile of phosphorus in sediment. A corresponds to the nonexchangeable phosphorus 
and B to the exchangeable phosphorus. The phosphorus amount indicated as C can be decom-
posed microbiologically and be transferred as phosphorus in the pore water of the sediment 
to the water phase.
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Now,

	
F2CK

CK ZOO
CK

=
−

	 (19.5)

where CK is the carrying capacity.
If the data are not sufficient to include the three important submodels 

presented earlier or other relevant submodels that an individual case study 
might require, it is recommended that the needed data be obtained with an 
intensive measuring effort that can provide high-quality data for the specific 
time period when the eutrophication processes are most dynamic.

An intensive measuring period, with several sets of measurements each 
week during the spring and summer bloom period, can first of all be applied 
to improve parameter estimation, which is often a focal problem in develop-
ing ecological models. The experience from conducting intensive measuring 
periods has identified the following advantages:

•	 Different optional expressions of simultaneously limiting factors were 
tested, and only two gave an acceptable maximum growth rate for phy-
toplankton and an acceptable low standard deviation. (1) Selection of 
the most limiting factor by using a min-expression (for further details 
see JØrgensen and Fath (2011) and (2) averaging the limiting factors).

•	 The previously applied expression for the influence of temperature 
on phytoplankton growth gave unacceptable parameters, with stan-
dard deviations that were too high. A better expression was intro-
duced as a result of the intensive measuring period.

•	 It was possible to improve the parameter estimation, which gives 
more realistic values for some parameters. Whether this would give 
an improved validation when observations from a period with drastic 
changes in the nutrients loading are available could not be determined.

•	 The other expressions applied for process descriptions were confirmed.

It is important to validate models against another set of measurements. A typical 
validation for a model with a medium to high complexity, developed on basis of 
good data, would yield a standard deviation of about 15%–35%. It means that the 
difference between one observation and the corresponding model result would 
be 15%–35%. As the overall image of the annual variation of eutrophication in 
a freshwater ecosystem would be based on several hundred comparisons—let 
us say 400 sets of observations of state variables and the corresponding model 
results—the standard deviation for the annual image would be the square root 
of 400 or 20 times less than the standard deviation for one comparison—it means 
it would be about 1%–1.8%, which is an acceptable validation.

A prognosis for the development of eutrophication in Lake Glumsø (the 
validation results referred to in the previous text are based on this case study) 
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by different removal efficiencies for phosphorus, nitrogen, or phosphorus 
and nitrogen simultaneously have been made. The validation of this prog-
nosis is presented here to illustrate the reliability of prognoses made on the 
basis of well-developed eutrophication models.

It was previously stated that nitrogen removal had little or no effect on the 
lake, while phosphorus removal would give substantial reductions in the 
phytoplankton concentration. The results of two cases are summarized in 
Table 19.8 as follows:

Case A: The treated waste water has a concentration of 0.4 mg P/L, corre-
sponding to about 92% removal efficiency, which should be achieved with 
proper chemical precipitation.

Case B: The treated wastewater has a concentration of 0.1 mg P/L, correspond-
ing to about 98% removal efficiency, which will require chemical precipita-
tion, for example, in combination with ion exchange.

As seen in Table 19.8, the water quality will improve significantly in accor-
dance with the predictions. Case B, with a 98% removal of phosphorus, is 
obviously preferred. In the third year, Case B will give a reduction in pro-
duction from 1100 to 500 g C/m2 year, with the water transparency increas-
ing from a minimum value of 20–60 cm. The ninth year would even result 
in reduction of the production to 320 g C/m2 year, corresponding to almost 
a mesotrophic lake, which is an acceptable improvement for a shallow lake 
situated in an agricultural area.

The prognosis gives a pronounced effect of 98% phosphorus removal, 
which could therefore be recommended to the appropriate environmental 
authorities. Further improvements after nine years should not be expected 
with this case study.

Conveyance of the wastewater also was considered but has the following 
disadvantages:

•	 It is slightly more expensive than the Case B solution, taking inter-
ests, depreciation, and running costs into consideration.

•	 The phosphorus is not removed but only transported to the down-
stream Susaa River where its effects have not been considered.

TABLE 19.8

Model Predictions in Two Cases for Concentrations of Treated 
Wastewater: Case A: 0.4 mg P/L; Case B: 0.1 mg P/L

Third Year Ninth Year

Case A Case B Case A Case B

g C/m2 Year 650 500a 500 320a

Minimum transparency (cm) 50 60 60 75

a	 An error of 3% on this value could be expected if the validation 
results hold.
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•	 The sludge produced at the biological treatment plant will be less 
valuable as a soil conditioner, since the phosphorus concentration 
will be lower than when phosphorus removal is included.

•	 The freshwater is not retained in the lake from which it could have 
been reclaimed, if needed, after storage for some time. Freshwater is 
not presently a problem in this area, but it is foreseen that it might 
be in 20–40 years.

In spite of these observations, the community in this case study chose to 
convey its wastewater to the Susaa River, due to a preference for traditional 
methods. The pipeline was constructed in 1980 and began operations in 
April 1981, which has enabled a validation of the presented prognosis.

Lake Glumsø was ideal for these studies of model application due to its 
limited depth and size, but also because a reduced nutrient input to the lake 
could be foreseen. The limited retention time (about 6 months) makes it real-
istic to obtain a validation of a prognosis within a relatively short time inter-
val (a few years). On April 1, 1981, the direct input of wastewater to the lake 
was stopped. Because the capacity of the sewage system is still too small, 
however, a minor input of mixed rain water and wastewater is discharged 
into the lake from time to time through an upstream tributary. Thus, the 
phosphorus loading is not reduced by 98% but rather only by 88% (deter-
mined by a phosphorus balance). The prognosis in Case A, therefore, can be 
used for comparison.

During the third year after the reduction in phosphorus load occurred, 
a pronounced effect on the lake was observed. Table 19.9 compares some 
of the most important data of the prognosis. It also includes data obtained 
during the first 2 months of the third year. The table identifies errors as ± for 
g C/m2 day and chlorophyll maximum (mg/m3) based on the validation. For 
the prognosis values, the results from the validation (8% for production and 
15% for phytoplankton concentration) are used to determine standard devia-
tions. For the measured values, an error of 10% was estimated.

The lake was previously dominated by Scenedesmus. After the convey-
ance of the wastewater, it was dominated by diatoms, which have a lower 
optimum temperature and, therefore, typically bloom earlier in the spring 
than Scenedesmus. This seems to explain the discrepancy between the pre-
dicted and measured values regarding this parameter. The model, there-
fore, might improve its predictions if it was possible to account for shifts 
in species composition. Results published by Jørgensen (1981), Jørgensen 
and Mejer (1981a,b), Jørgensen (1992) indicate this would be possible by 
application of models named “structurally dynamic models”(SDMs); see 
Section 19.10 and Jørgensen and Fath (2011). They have given very promis-
ing results and the application of SDM will therefore be presented later 
in this chapter. In the Lake Glumsø case, however, since diatoms take up 
silica, it could probably also be necessary to introduce a silica cycle into 
the model.
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The other production and chlorophyll values are well predicted except the 
spring production in the second year (Table 19.9). The predictions of mini-
mum transparency are acceptable, as they show a difference of 5 cm or less. 
The general trends in the nutrient concentrations exhibit a good correlation 
between predicted and measured values.

This case study shows that it is possible to make reliable predictions 
using eutrophication models, provided that data of sufficient quality and 
quantities are available. On the other hand, an attempt should always be 
made to develop an eutrophication model, even if the available data are 
not sufficient to construct a complex model, because the model results 
can be used to compare different management strategies with an indica-
tion of the uncertainty resulting from the validation. If the uncertain-
ties are not acceptable, the model can be used to assess the weak points 
and help identify modifications that should be introduced to improve the 
model results.

Thus, the model can be considered a tool that is able to synthesize the 
knowledge available on a lake ecosystem of concern and, by following the 
recommendations in Section 19.4, should be able to obtain the best possible 
model predictions under given circumstances.

TABLE 19.9

Comparison of Model Prognosis and Measured 
Data

Prognosis Measurement

(Case A, 
92% P Reduction)

Approximately 
88% Reduction

Minimum transparency

First year 20 cm 20 cm
Second year 30 25
Third year 45 50

g C/m2 · day, maximum

First year 9.5 ± 0.8 5.5 ± 0.5
Second year

(Spring) 6.0 ± 0 5 11 ± 1.1
(Summer) 4.5 ± 0.4 3.5 ± 0.4
(Autumn) 2.0 ± 0.2 1.5 ± 0.2

Third year
(Spring) 5.0 ± 0.4 6.2 ± 0.6

Chlorophyll in spring, mg/m3, maximum

First year 750 ± 112 800 ± 80
Second year 520 ± 78 550 ± 55
Third year 320 ± 48 380 ± 38
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19.6  Toxic Substance Models

Over approximately the last 25 years, models of toxic substances have 
emerged as a result of the increasing interest in the environmental manage-
ment of toxic substances that can cause water pollution. Toxic substance mod-
els attempt to model the fate and/or effects of toxic substances in ecosystems. 
Toxic substance models are most often biogeochemical models because they 
attempt to describe the mass flows of the toxic substances being considered. 
There also are models of population dynamics, which include the influence 
of toxic substances on the birth rate, growth rate, and/or mortality and, 
therefore, should also be considered toxic substance models.

Toxic substance models have some characteristic properties:

•	 The need for parameters to cover all possible toxic substance models 
is great, because the modern society is using about 100,000 differ-
ent chemicals. Thus, general estimation methods are widely used. 
Methods based on the chemical structure of chemical compounds 
are developed: the so-called QSAR and SAR methods.

•	 The safety margin should be high, for example, when expressed as 
the ratio between the actual concentration and the concentration 
that gives undesired effects.

•	 The possible inclusion of an effect component, which relates the out-
put concentration to its effect. It is easy to include an effect component 
in the model. However, it is often a problem to find a well-examined 
relationship upon which to base it. Rather, it will require the use 
of good knowledge of the properties, particularly the toxicological 
properties for the component of concern.

•	 The possibility and need of simple models due to points 1 and 2, and 
to our limited knowledge of the processes, parameters, sublethal 
effects, and antagonistic and synergistic effects.

The decision regarding which model class to apply is based on the eco-
toxicological problem that one wishes to solve with the model. However, 
it often is only the toxic substance concentration in one trophic level that 
is of concern. This includes the zero trophic level, which is understood 
to be the medium—for aquatic ecosystem it means the water. Figure 19.5 
shows a model of copper contamination in a freshwater ecosystem as an 
example. The main concern is the ionic copper concentration in the water, 
since it might reach a toxic level for the plants including phytoplankton. 
Zooplanktons, fishes, and mammals are much less sensitive to copper con-
tamination, so the initial concern focuses on the concentration level harm-
ful to phytoplankton. However, only the ionic form of copper is toxic, and, 
therefore, it is necessary to model the partitioning of copper in ionic form, 
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complex-bound form, and adsorbed form (which easily can be done by the 
use of aquatic chemistry; see Chapters 10 and 11). The exchange between 
copper in the water phase and in the sediment also is included because the 
sediment is able to accumulate relatively large amounts of heavy metals. 
The amount released from the sediment may be significant under certain 
circumstances (e.g., under low pH).

The acknowledgement of the uncertainty is of great importance for 
all models, but it is particularly important for ecotoxicological models. 
It may be taken into consideration either qualitatively or quantitatively. 
Another problem is where does one take the uncertainty into account? 
Should the economy or the environment benefit from the uncertainty? 
Unfortunately, most decision makers up to now have used the uncer-
tainty to the benefit of the economy. This is a completely unacceptable 
approach, since the same decision makers would, for example, never con-
sider whether uncertainty should be used for the benefit of the economy 
or the strength of a bridge in a civil engineering project. Table 19.10 gives 
an overview of a number of ecotoxicological models applied in aquatic 
ecosystem management.

Ecotoxicological models are widely used to perform environmental risk 
assessments (ERA). This is of particular interest for lakes, reservoirs, and 
rivers that are used for drinking water supplies or for which the fisheries 
are significant. ERA typically answers questions such as what is the risk of 
contaminating drinking water or fish for a given application of pesticides in 
an agricultural project adjacent to a lake or reservoir?

Copper ions Copper complexes

Adsorbed copper Copper
in sediment

1

2

1

2
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FIGURE 19.5
Model of aquatic copper contamination. Copper ions are the most crucial state variables, 
because copper ions are toxic to plants including phytoplankton, while ionic copper is much 
less toxic to zooplanktons, fishes, and mammals. The model gives the interactions between 
four forms of copper that are the state variables of the model: copper ions, copper complexes 
(with chloride, humic acid, and amino acids), copper adsorbed to suspended matter, and cop-
per in the sediment. The transfer processes between the four state variables determine the 
copper ion concentration that determines the toxicity of the water.
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TABLE 19.10

Examples of Ecotoxicological Lake Models

Toxic Substance Model Characteristics References

Cadmium Food chain as in an 
eutrophication model

Thomann et al. (1974)

Mercury Six state variables: water, 
sediment, suspended matter, 
invertebrates, plants, and fishes

Miller (1979)

Vinyl chloride Chemical processes in water Gillet (1974)
Heavy metals Concentration factor, excretion, 

bioaccumulation
Ayoma et al. (1978)

Lead Hydrodynamics, precipitation, 
toxicity of ionic lead on algae, 
invertebrates, and fishes

Lam and Simons (1976)

Radionuclides Hydrodynamics, decay, uptake 
and release by various aquatic 
surfaces

Gromiec and 
Gloyna (1973)

Polycyclic aromatic Transport, degradation, 
bioaccumulation hydrocarbons

Bartell et al. (1984)

Cadmium, PCB Hydraulic overflow rate 
(settling), sediment interactions, 
steady state food chain 
submodel

Thomann (1984)

Hydrophobic organic Gas exchange, sorption/
desorption, hydrolysis 
compounds, photolysis, 
hydrodynamics

Schwarzenbach and 
Imboden (1984)

Mirex Water–sediment exchange 
processes, adsorption, 
volatilization, bioaccumulation

Halfon (1984)

Toxins (aromatic 
hydrocarbons, Cd)

Hydrodynamics, deposition, 
resuspension, volatilization, 
photooxidation, decomposition, 
adsorption, complex formation, 
(humic acid)

Harris et al. (1984)

Persistent organic chemicals Fate, exposure, and human 
uptake

Paterson and 
Mackay (1989)

pH, calcium and aluminum Survival of fish populations Breck et al. (1988)
Pesticides and surfactants Fate in rice fields Jørgensen et al. (1997)
Toxicants Migration of dissolved toxicants Monte (1998)
Growth promoters Fate, agriculture Jørgensen et al. (1998)
Toxicity Effect on eutrophication Legovic (1997)
Pesticides Mineralization Fomsgaard (1997)
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19.7  Acidification Models

Lake acidification is caused by acid rain, which originates from emissions of 
sulfur and nitrogen oxides into the atmosphere. Thus, assessment of acidifica-
tion for management purposes requires a chain of models, linking the emis-
sions to the atmospheric pollution, to the effects of acid rain on soil chemistry 
in the catchment area, and further to the pH changes in the freshwater eco-
systems. In this context, only the last submodels of the chain (i.e., freshwater 
ecosystem models and soil models) will be mentioned. The other models are 
mentioned in Jørgensen (2011) Handbook of Ecological Modes Used in Ecosystem 
and Environmental Management. See also more details of the other models in 
the model chain in Alcamo et al. (1990) and Jørgensen et al. (1995).

Several models have been developed to translate emissions of sulfur and 
nitrogen compounds into changes in soil chemistry (in the first hand to 
changes in the pH of soil water). Kauppi et al. (1984) used knowledge about 
buffer capacity and velocity to relate the emissions to soil water pH. A critical 
pH value of 4.2 is usually applied to interpret the results. From the results of the 
atmospheric deposition, it is possible to estimate the acid load in equivalents of 
hydrogen ions per square meter per year. In the European model, RAINS, the 
acid load is computed from the deposition after accounting for forest filtering 
and atmospheric deposition of cations (for details, see Alcamo et al. 1990).

The soil map of the world classifies European soils into 80 soil types. 
The fraction of each soil type within each grid element is computerized to 
an accuracy of 5%. The resolution of the European RAINS model is such 
that each grid element includes one to seven soil types, with a mean num-
ber of  2.2. The model goal is to keep track of the development of soil pH 
and buffer capacity, which is possible by aquatic chemical calculations; see 
Chapters 10 and 11. Further development of soil models is still needed, as 
the soil model must be considered the weakest model in the chain of models.

It can be concluded that models of soil processes and chemical composi-
tions of soil water, including the concentrations of various ions and pH of 
the drainage water, are complex. It is not the intention here to present the 
models in detail—they are far too complex to do so—but rather to mention 
the difficulties and a few of the basic ideas behind them. Further details can 
be found in the references given in this section.

Henriksen (1980) and Henriksen and Seip (1980) developed an empirical 
model for the relationship between lake and river water pH and sulfur load. 
They plotted related values of pH and sulfur loads for a given catchment 
area with specific sensitivities for acidification. The resulting curves look like 
a titration curve. Sulfur load of less than 0.7 or even 0.5 g/m2 year is needed 
to insure a pH of 5.3 or higher in sensitive areas, which means areas with a 
low buffer capacity of the water.

These simple empirical approaches are used without consideration of the 
drainage water. Weathering processes, however, can be incorporated in the 
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empirical approaches, although the results have little generality since they 
are based on regression analysis of local measurements. The presented mod-
eling approach has been used on Scandinavian lakes with good results.

Most biological models of lake acidification focus on fish. On the basis of data 
from 719 lakes, Brown and Salder (1981) developed an empirical model relating 
the fish population to the pH of the water. From their study lakes in southern 
Norway, they found that a 50% reduction of the sulfate emissions will give an 
average increase in pH of 0.2, which will only improve the fish populations in 
9% of the lakes. However, a criticism of the model is that it underestimates the 
relationship between the reduction of sulfate emissions and pH.

Muniz and Seip (1982) developed another empirical model in which they 
distinguished between lakes of different conductivity. Chen et al. (1982) 
developed a very comprehensive pH-effect model, which considers the 
effects on all levels in the food chain and the total effects on the ecosystem.

In Sections 11.1 through 11.3, it is shown how it is possible relatively easy 
by a double logarithmic plot to find pH and buffer capacity for natural waters 
even in equilibrium with carbondioxide in the atmosphere.

19.8  Wetland Models

Nitrogen and phosphorus balances have shown that agriculture and other 
nonpoint sources contribute significantly to the eutrophication problem. 
These mass balance results imply that environmental technology alone is not 
sufficient to cope with nonpoint pollutant sources but must be supplemented 
with other methods. The results of comparative studies have shown that the 
use of wetlands is often a very effective method for reducing pollution (see 
also Chapters 6 and 17).

Mitsch (1976, 1983) provided a more comprehensive review of wetland 
models than we can present here. He distinguished between energy/nutri-
ent models, hydrological models, models of spatial ecosystem, models of tree 
growth, process models, causal models, and regional energy models. Mitsch 
and Jørgensen (1988) also reviewed several types of wetland models.

A nitrogen balance for agricultural regions revealed that nitrogen from non-
point sources plays a major role in lake pollution and that a solution to the 
eutrophication problem of freshwater and marine ecosystems cannot be real-
ized without solving the problems associated with nonpoint sources of pol-
lution. The entire spectrum of ecological engineering methods identified in 
Chapter 17 has been implemented in various cases to solve the problems. As 
indicated earlier, the methods may have different effects in different situations, 
depending on the actual mass balance and general properties of the lake or 
reservoir in question. In this context, there obviously is a need for a model that 
can be used to make predictions on the nutrient removal capacity of a wetland 
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on the basis of certain information about an existing or a planned wetland. The 
goal is to develop as general a model as possible. However, because ecological 
models only have a certain generality, it is necessary to distinguish between the 
general relations and the more site-specific parameters and forcing functions. 
Thus, it is not possible to achieve a complete generality for wetland models.

Jørgensen and Fath (2011) present a relatively general wetland model that 
is able to predict nitrogen removal by wetlands. A wide spectrum of wetland 
models has been proposed lately (e.g., see Jørgensen et al. 1995, Jørgensen 2011). 
The various models that only focus on nitrogen removal can easily be expanded 
to also cover heavy metal and phosphorus removal by adsorption. A simple 
adsorption isotherm can be added, and consider the removal of phosphorus 
and nitrogen by harvest at day m of the wetland. The climatic information 
and some site-specific properties of the focal wetland(s) (e.g., content of organic 
matter, plant species, and hydraulic conductivity of the soil) must be assessed 
before a calibration, a validation, and a prediction with the use of the model 
can occur. The model software SubWet that can be applied to design con-
structed wetland has already been mentioned in Chapter 6. The details of this 
model are uncovered in JØrgensen and Fath (2011).

19.9  Fisheries Models

Augmented exploitation of freshwater fish resources by angling and com-
mercial fishery and the deterioration of water quality have stimulated the 
concern about the depletion of fish stocks in freshwater ecosystems, particu-
larly lakes, rivers, and reservoirs.

This reality has intensified the development of models which take into 
account the effects of fishery and water quality on the fish population. 
Models with a wide spectrum of complexity attempt to provide a manage-
ment tool to assess an optimum fishery strategy.

For lakes with important commercial fisheries, landing records are often avail-
able for periods of multiple decades and may open the possibilities to develop a 
statistical fisheries model. However, a statistical model generally does not take 
into account a number of important factors, such as interactions among species, 
water quality, and changes in the concentrations of fish food. A statistical model 
would build on the assumption that present and past properties of the environ-
ment and the fish populations will be maintained. Statistical models will not be 
discussed further here, primarily because they do not consider the influences 
of water quality. It should be mentioned, however, that the International Lake 
Environment Committee (ILEC) and UNEP have developed software for a sim-
ple eutrophication model with four state variables, which also computes the fish 
population with a simple regression equation relating primary production and 
the fish population. Further details see also Section 19.3.
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The simplest approach assumes that the entire fish population is homo-
geneous and does not consider the population dynamics and related age 
structure, which is essential for fishing policy. The more complex approaches 
consider the influences of water quality on the population dynamics and the 
age structure of the fish populations. A couple of simple fishery models with 
harvest are presented in Jørgensen and Fath (2011).

19.10  Structurally Dynamic Models

Our present models are built on generally rigid structures and a fixed set 
of parameters. No change or replacement of components is usually possi-
ble. However, we also need to introduce parameters (properties) which can 
vary according to changing general conditions for the state variables (com-
ponents). The idea currently is to test whether a change of the most crucial 
parameters produces a higher so-called goal function of the system and, if 
so, to use that set of parameters.

As indicated in the introduction to this section, models that can account 
for change in species composition, and for the ability of the species 
(i.e.,  the  biological components of the models) to change their properties 
(i.e.,  to adapt to the prevailing conditions imposed on them), are called 
structural dynamic models. They may also be called the next or fifth generation 
of ecological models, in order to underline that they are radically different 
from previous modeling approaches and can do more, including describing 
changes in species composition.

It could be argued that the ability of ecosystems to replace current species 
with others that are better adapted to the ecosystem can be addressed by 
constructing models that incorporate all possible species for the entire study 
period. However, there are two essential disadvantages. First, such models 
become very complex, since they will contain many state variables for each 
trophic level. Thus, many more of them need to be calibrated and validated, 
which will introduce a high uncertainty and render application of the model 
very case specific (Nielsen 1992a,b). In addition, the model will still be rigid 
and not replicate the ecosystem property of parameters that are continuously 
changing without changing species composition (Fontaine 1981).

Several goal functions have been proposed, but only a few models have 
been developed that can account for change in species composition or for 
the ability of the species to change their properties within some limits. 
Straskraba (1979) used maximization of biomass as the governing principle 
(the goal function). The model adjusts one or more selected parameters, in 
order to achieve maximum biomass at every instance. A modeling software 
routine is included which computes biomass for all possible combinations 
of parameters within a given realistic range. The combination that gives the 
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maximum biomass is selected for the next time step, etc. However, the bio-
mass cannot be used in models with more trophic levels. Adding the biomass 
of fish and phytoplankton together, for example, will lead to biased results.

The thermodynamic variable, exergy, or to emphasize its application in 
ecology, eco-exergy, has been used most widely as a goal function in ecologi-
cal models. This thermodynamic concept is defined in Section 18.4. There 
are two pronounced advantages of eco-exergy as a goal function compared 
to entropy and maximum power (Odum 1983). These are that (1) it is defined 
far from thermodynamic equilibrium and (2) it is related to state variables 
that are easily determined or measured. One of lake case studies based on 
the SDM approach is discussed in the following.

Eco-exergy expresses work capacity. Eco-exergy assumes a reference envi-
ronment representing the considered ecosystem but at thermodynamic equi-
librium, see Section 18.4.

Eco-exergy measures the difference between free energy (given the same 
temperature and pressure) of an ecosystem compared with the same system 
as a dead homogenous system without gradients and without life. Survival 
implies the maintenance of biomass, while growth means its increase. Eco-
exergy is needed to construct biomass, which then possesses eco-exergy 
(work capacity) transferable to support other processes. Thus, survival and 
growth can be measured by the use of the thermodynamic concept eco-
exergy, which may be understood as the free energy relative to the ecosystem at 
thermodynamic equilibrium.

Darwin’s theory of natural selection (1859), therefore, may be reformulated 
in thermodynamic terms and expanded to an ecosystem level as follows: The 
prevailing conditions of an ecosystem steadily change. The system will continuously 
select those species (organisms) that contribute most to the maintenance or even to 
the growth of the eco-exergy (work capacity) of that system.

Notice that the thermodynamic translation of Darwin’s theory requires 
populations to possess properties of reproduction, inheritance, and variation. 
The selection of species that contribute most to the eco-exergy of the sys-
tem under the prevailing conditions requires that there are sufficient indi-
viduals with different properties for selection to take place. Reproduction 
and variation must be high and, once a change has taken place, it must be 
conveyed to the next generation via better adaptation. It is also noted that a 
change in exergy is not necessarily ≥0 but rather depends on the resources of 
the ecosystem. However, the previous proposition claims that an ecosystem 
attempts to reach the highest possible eco-exergy level under the given cir-
cumstances with the available genetic pool (Jørgensen and Mejer 1977, 1979). 
It is not possible to measure eco-exergy directly. However, it is possible to 
compute it if the composition of the ecosystem is known.

The total eco-exergy of an ecosystem cannot be calculated exactly, as we 
cannot measure the concentrations of all the components or determine all pos-
sible contributions to the eco-exergy of an ecosystem. If we calculate the eco-
exergy of a fox, for instance, the previously shown calculations will only give 
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the contributions coming from the biomass and the information embodied 
in the genes, but what is the contribution from the blood pressure, the sexual 
hormones, and so on? These properties are at least partially covered by the 
genes, but is that the entire story? We can calculate the contributions from the 
dominant components, for instance, by the use of a model or measurements, 
that cover the most essential components for a focal problem. The difference in 
eco-exergy by comparison of two different possible structures (species com-
position) is here decisive in the development of SDMs. Moreover, eco-exergy 
computations give always only relative values, as the eco-exergy is calculated 
relatively to the reference system. Notice that the definition of eco-exergy is 
very close to free energy. Eco-exergy is, however, a difference in free energy 
between the system and the same system at thermodynamic equilibrium. The 
reference system used is different for every ecosystem according to the defi-
nition of eco-exergy. In addition, free energy is not a state function far from 
thermodynamic equilibrium. Consider for instance the immediate loss of free 
energy (or let us use the term eco-exergy as already proposed to make the 
use of the concepts more clear) when an organism dies. A microsecond before 
the death the information can be used and after the death the information 
is worthless and should therefore not be included in the calculation of eco-
exergy. Therefore, eco-exergy cannot be differentiated.

It is possible to distinguish between the contribution to the exergy of infor-
mation and of biomass (Svirezhev, 1998). pi defined as ci/A, where
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is the total amount of matter in the system is introduced as a new variable 
in Equation 18.2
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As A ≈ Ao, exergy becomes a product of the total biomass A (multiplied 
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where pi and pio are probability distributions, a posteriori and a priori to an 
observation of the molecular detail of the system. It means that K expresses 
the amount of information that is gained as a result of the observations.
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Table 19.4 gives an overview of the eco-exergy of various organisms expressed 
by the weighting factor ß = RTK (see Equations 19.7 and 19.8) that is introduced 
to be able to cover the exergy for various organisms in the unit detritus equiva-
lent or chemical exergy equivalent per unit of volume or unit of area.

We find the exergy density as follows:
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See also the introduction of this equation in Section 18.4. The ß-value embodied 
in the biological/genetic information is found on basis of (19.7) and (19.8) by 
adding the chemical and biological contributions to calculate the eco-exergy. 
Detritus has, in accordance with the equation, the ß-value = 1.0. By multiplica-
tion of the result obtained by (19.9) by 18.7, the exergy can be expressed in kJ per 
cubic meter or square meter assuming that (19.9) is giving g detritus equivalent.

ß = RTK is found from (1) the knowledge of the entire genome for 11 organ-
isms and (2) for a number of other organisms by use of a correlation between 
various complexity measures and the information content of the genome 
(see Jørgensen et al. 2005). The values of ß for various organisms have been 
discussed in “Ecological Modelling” by several papers, but the latest published 
values in Jørgensen et al. (2005) are probably coming closest to eventually 
true ß-values. The previous ß-values were generally lower but the relative 
values between two organisms have not been changed very much by the 
recently published ß-values. As the ß-values have been used consequently 
as relative measures, the previous results obtained by exergy calculations 
are therefore still valid. Weighting factors defined as the exergy content rela-
tively to detritus may be considered quality factors reflecting how developed 
the various groups are and to which extent they contribute to the exergy due 
to their content of information which is reflected in the computation. This is 
completely according to Jørgensen (2012). The ecosystem theory presented in 
this reference uses Boltzmann’s equation to express the amount of work, W, 
that is embodied in the thermodynamic information

	 W RT M ML T= −ln ( )2 2 	 (19.10)

where M is the number of possible states among which the information has 
been selected. M is as seen for species the inverse of the probability to obtain 
spontaneously the amino acid sequence valid for the enzymes controlling 
the life processes of the considered organism.

Notice that the ß-values are based on eco-exergy expressed in detri-
tus equivalents per g of biomass, because by multiplication by the bio-
mass concentration per liter you will obtain the eco-exergy in detritus 
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equivalents per liter. The ß-values express therefore the specific eco-exergy, 
which is equal to RTK, where K is Kullbach’s measure of information. R is 
8.34 J/mol K or 8.34 kJ 10−8/g, presuming an average molecular weight of 105 
for the enzymes controlling the life processes. It can be shown that ß er is 
proportional to the free energy of the amino acids in the enzymes of vari-
ous organisms (see Jørgensen et al. 2010). Three amino bases in the genome 
determine the selection of one amino acid among 20 possible. The number 
of amino acids in the right sequence can therefore also be used to find the 
information content.

It means that the ß-values or the specific eco-exergy in detritus equivalents

	 = = =− −RTK  8 34  3   1  ln2   AMS/18 7  4  1  AMS8 6. * * * . . * *00 0 0 00 0 	 (19.11)

where AMS is the number of amino acids in a coded sequence and ln 20 = 3.00.
Virus has coded about 2500 amino acids. The ß-value is therefore only 1.01. 

The smallest known agents of infectious disease are short strands of RNA. 
They can cause several plant diseases and are possibly implicated in enig-
matic diseases of man and other animals. Viroid cannot encode enzymes. 
Their replication relies therefore entirely on enzyme systems of the host. 
Viroid has typically a nucleotide sequence of 360, which means that they 
would be able to code for 90 amino acids, although they are not translated. 
The ß-value can therefore be calculated to be 1.0004. It can be discussed of 
course whether viroid should be considered as a living material.

Eco-exergy calculated by use of the previously shown equations for eco-
systems has some shortcomings:

	 1.	We have made some although minor approximations in the equa-
tions presented earlier.

	 2.	We do not know the non-nonsense gene and the details of the entire 
genome for all organisms.

	 3.	We calculate only in principle the exergy embodied in the proteins 
(enzymes), while there may be other components of importance for the 
life processes that maybe or should be included. These components 
are, however, contributing less to the exergy than the enzymes and the 
information embodied in the enzymes control the formation of these 
other components, for instance, the hormones. It cannot be excluded 
that these components will contribute to the total exergy of the system.

	 4.	We do not include the eco-exergy of the ecological network when we 
calculate the eco-exergy for an ecosystem. If we calculate the exergy 
of models, the network will always be relatively simple and the con-
tribution coming from the information content of the network is 
therefore minor, but the information content of real ecological net-
work may be significant due to their high complexity.
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	 5.	We will always use a simplification of the ecosystem, for instance, by 
a model or a diagram or similar. This implies that we only calculate 
the exergy contributions of the components included in the simpli-
fied image of the ecosystem. The real ecosystem will inevitably con-
tain more components which are not included in our calculations.

It is therefore proposed that the exergy found by these calculations always 
should be considered a relative minimum eco-exergy index to indicate that there 
are other contributions to the total exergy of an ecosystem, although they 
may be of minor importance. In most cases, however, a relative index is suf-
ficient to understand and compare the reactions of ecosystems, because the 
absolute exergy content is irrelevant for the reactions and cannot be deter-
mined due to the extremely high complexity. It is in most cases the change 
in eco-exergy that is of importance to understand the ecological reactions.

The weighting factors presented in Table 19.5 have been applied successfully 
to develop several SDMs. The relatively good results in application of the weight-
ing factors, in spite of the uncertainty of their more exact values, seems only to 
be explicable by the robustness of the application of the factors in modeling and 
other quantifications. The differences between the factors of the microorgan-
isms, the vertebrates, and invertebrates are so clear that it seems not to be impor-
tant whether the uncertainty of the factors is very high—the results are robust.

The last pages have presented the theoretical background for the application 
and development of SDMs; for more details see Jørgensen and Fath (2011) and 
Jørgensen (2012). SDMs are important tools in environmental management, 
as they account for current changes of species composition and the proper-
ties of the organisms in the focal ecosystem. The idea of the new generation 
of models, SDMs, is to find a new set of parameters (limited for practical rea-
sons to the most crucial ones, i.e., the most sensitive ones) better suited to the 
prevailing conditions of the ecosystem, as defined in the Darwinian sense by 
the ability of the species to survive and grow. As indicated earlier, this may be 
measured by the use of eco-exergy (Jørgensen and Mejer 1977, 1979, Jørgensen 
1986, 1992, 2002, 2012). Figure 19.6 illustrates the proposed modeling proce-
dure, which has been applied in the cases presented hereafter.

The use of eco-exergy calculations continuously to vary parameters has 
been employed in 25 case studies of biogeochemical modeling. Two of these 
cases (Søbygaard Lake and Fure Lake) are described next as an illustration of 
what can be achieved with this approach in modeling freshwater ecosystems.

Søbygaard is a shallow lake (depth of 1 m) with a short retention time (15–20 
days). The phosphorus nutrient load was significantly lowered in 1982, from 30 g 
to 5 g P/m2 year. However, the decreased load did not result in reduced nutrient 
and chlorophyll concentrations during the period 1982–1985, because of internal 
loading of stored nutrients in the sediment (Jeppesen et al. 1989, 1990).

Radical changes were then observed during the period 1985–1988. 
Recruitment of planktivorous fish was significantly reduced during the 
interval 1984–1988 because of a very high pH. The zooplankton increased 
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and the phytoplankton decreased in concentration, while the average sum-
mer chlorophyll-a concentration reduced from 700 μg/L in 1985 to 150 μg/L 
in 1988. The phytoplankton population even collapsed during shorter peri-
ods because of extremely high zooplankton concentrations.

Simultaneously, phytoplankton species increased in size. Their growth 
rates declined and higher settling rates were observed (Jeppesen et al. 1990). 
In other words, this case study illustrates that pronounced ecosystem struc-
tural changes were caused by biomanipulation-like events. However, the pri-
mary production was not higher in 1985 than in 1988 because of pronounced 
self-shading by smaller algae. Thus, it was very important to include a self-
shading effect in the model. Simultaneously, sloppier feeding of zooplankton 
was observed, with a shift from Bosmina to Daphnia taking place.

Find as much information about
parameters in the literature as possible.

Select most important parameters
by sensitivity analysis leading to

parameter vector P. Use literature to
indicate parameter ranges.

Test all combinations of the elements
in the parameter vector ±x%. By

n elements it means that 3n combina-
tions should be tested. Select the

combination that yields the highest
eco-exergy after y days.

Use this combination for the next
y days. Test, however, again all com-
binations of  the selected parameters

 ±x%. Select now the combination
 that gives the highest eco-exergy

after 2 y days.

1.

2.

3.

Repeat steps 2 and 3 and continues.

FIGURE 19.6
Procedure used for the development of SDMs is shown. SDMs have been developed success-
fully in 23 cases. The observed structural changes have been predicted by the model with an 
acceptable standard deviation that is general for ecological modeling. The state variables are 
in addition generally predicted with a smaller standard deviation than for the same ecological 
models not considering structural changes.
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The model contains six state variables, all of which represent forms of 
nitrogen, including fish, zooplankton, phytoplankton, detritus nitrogen, 
soluble nitrogen, and sedimentary nitrogen. The model equations are given 
in Table 19.11. Because nitrogen is the limiting nutrient for eutrophication 
in this particular case, it may be sufficient to only include this element in 
the model.

The aim of the study is to describe, by use of a structural dynamic 
model, the continuous changes in the most essential parameters, using the 

TABLE 19.11

Model Equations for Søbygaard Lake

fish = fish + dt * (−mort + predation)
INIT (fish) = 6
na = na + dt * (uptake − graz − outa − mortfa − settl 
− setnon)
INIT (na) = 2
nd = nd + dt * (−decom − outd + zoomo + mortfa)
INIT (nd) = 0.30
ns = ns + dt * (inflow − uptake + decom − outs + diff)
INIT (ns) = 2
nsed = nsed + dt * (settl − diff)
INIT (nsed) = 55
nz = nz + dt * (graz − zoomo − predation)
INIT (nz) = 0.07
decom = nd * (0.3)
diff = (0.015) * nsed
exergy = total_n * (Structural-exergy)
graz = (0.55) * na * nz/(0.4 + na)
inflow = 6.8 * qv
mort = IF fish > 6 THEN 0.08 * fish ELSE 0.0001 * fish
mortfa = (0.625) * na * nz/(0.4 + na)
outa = na * qv
outd = qv * nd
outs = qv * ns
pmax = uptake * 7/9
Predation = nz * fish * 0.08/(1 + nz)
qv = 0.05
setnon = na * 0.15 * (0.12)
settl = (0.15) * 0.88 * na
Structural-exergy = (nd + nsed/total_n) * (LOGN(nd + nsed/
total_n) + 59) + (ns/total_n) * (LOGN(ns/total_n) − 
LOGN(total_n) ) + (na/total_n) * (LOGN(na/total_n) + 60) + 
(nz/total_n) * (LOGN(nz/total_n) + 62) + (fish/total_n) * 
(LOGN(fish/total_n) + 64)
total_n = nd + ns + na + nz + fish + nsed
uptake = (2.0 – 2.0 * (na/9) ) * ns * na/(0.4 + ns)
zoomo= 0.1 * nz
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procedure shown in Figure 19.6. The data from 1984–1985 were used to cali-
brate the model. The two parameters that were intended to change for the 
period 1985–1988 received the following values:

Maximum phytoplankton growth rate 2.2/day
Phytoplankton settling rate 0.15/day

The state variable, fish nitrogen, was kept constant at 6.0 mg N/L dur-
ing the calibration period. During the period 1985–1988, however, an 
increased fish mortality was introduced to reflect the increased pH. Thus, 
fish stock was reduced to 0.6 mg N/L—notice the equation “mort = 0.08 if 
fish > 6 (may be changed to 0.6) else almost 0.” A time step of t = 5 days 
and x% = 10% was applied. This means that nine runs were needed for 
each time step in order to select the parameter combination that gives the 
highest eco-exergy. Changes in parameters from 1985 to 1988 (summer) 
are summarized in Table 19.12. It  may be concluded that the proposed 
procedure (Figure 19.6) can approximately simulate the observed change 
in ecosystem structure.

The maximum phytoplankton growth rate is reduced by 50% from 
2.2/day to 1.1/day, approximately in accordance to the increase in size. It was 
observed that the average size was increased from a few 100 to 500–1000 μm3, 
a factor of 2–3 (Jeppesen et al. 1989). This would correspond to a specific 
growth reduction by a factor f = 22/3 − 32/3 according to the allometric prin-
ciples (Peters 1983).

Thus,

	
The growth rate in 1988

The growth rate in 1985
f

= 	 (19.12)

where f is between 1.58 and 2.08. In the previous table, the value of 2.0 is found 
with the use of the structurally dynamic modeling approach. Jeppesen et al. 
(1989, 1990) observed that settling was 0.2 m/day (range 0.02–0.4) during 1985, 
but 0.6 m/day (range 0.1–1.0) in 1988. Using the structural dynamic modeling 
approach, the increase was found to be 0.15 m to 0.45 m/day, a slightly lower 

TABLE 19.12

Parameter Combinations Giving the 
Highest Exergy

Maximum Growth 
Rate (Day−1)

Settling Rate 
(m/Day)

1985 2.2 0.15
1988 1.1 0.45
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set of values. However, the phytoplankton concentration as chlorophyll a 
was simultaneously reduced from 600 to 200 μg/L, approximately in accor-
dance with observations.

In this case, it may be concluded that structurally dynamic modeling gave 
an acceptable result. Validation of the model, and the procedure in relation to 
structural changes, was positive. Of course, the approach is never better than 
the model applied, and the model presented here may be criticized for being 
too simple and not accounting for changes in zooplankton.

For further elucidation of the importance of introducing parameter 
shifts, an attempt was made to run data for 1985 with parameter com-
binations for 1988 and vice versa. These results (Table 19.13) show that 
it is of great importance to apply the appropriate parameter set to given 
conditions. If those for 1985 are used for 1988, significantly less exergy 
is obtained, and the model behaves chaotically. The parameters for 1988 
used under 1985 conditions give significantly less eco-exergy. Experience 
mentioned previously in this chapter shows that models can be applied to 
explain why biomanipulation may work under some circumstances and 
not others. Qualitatively, the results can be used to explain that hysteresis 
exists over an intermediate range of nutrient loadings, so that biomanipu-
lation has worked properly over this range, but not above or below it. See 
also Chapter 17.

Another hysteresis behavior obtained with the use of SDMs for lakes have 
recently been published (Zhang et al. 2003a,b). It focuses on the structural 
change between a dominance of submerged vegetation and phytoplankton 
in shallow lakes. The model results show that between about 100 and 250 μg 
P/L both structures can exist—they show hysteresis in this range. This result 
is in accordance with observations from many shallow lakes (further details 
see Jørgensen and Fath 2011, Jørgensen 2012).

Ecosystems are very different from physical systems due mainly to their 
enormous adaptability. Thus, it is crucial to develop models that are able to 
account for this property in order to derive reliable model results. The use 
of eco-exergy as goal functions to cover the concept of fitness seems to offer 
a good possibility for developing a new generation of models, which is able 
to consider the adaptability of ecosystems and to describe shifts in species 
composition. The latter advantage is probably the most important, because a 

TABLE 19.13

Eco-Exergy and Stability by Different 
Combinations of Parameters and Conditions

Year Parameter 1985 Conditions 1988

1985 75.0—Stable 39.8 (average)—Violent 
fluctuations, chaos

1988 38.7—Stable 61.4 (average)—Only 
minor fluctuations
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description of the dominant species in an ecosystem is often more essential 
than assessing the level of the focal state variables.

The structurally dynamic approach has also recently been used to cali-
brate eutrophication models. It is known that the different phytoplankton 
and zooplankton species are dominant in different periods of the year. Thus, 
a calibration based upon one parameter set for the entire year will not cap-
ture the succession that did take place over the year. By using eco-exergy 
optimization to capture the succession (i.e., the parameter giving the best 
survival for phytoplankton and zooplankton over the year), it has been pos-
sible to improve the calibration results (see Jørgensen 2002).

The structurally dynamic modeling approach generally has been most 
widely applied in eutrophication models. A recent software package named 
Pamolare launched by the International Lake Environment Committee 
(ILEC) and the United Nations Environment Programme’s International 
Environment Technology Centre (UNEP-IETC) also contains a structur-
ally dynamic model, in addition to a conventional two-layer model; see also 
Section 19.3. A test of this model has shown that it is calibrated and validated 
faster than the conventional two-layer model included in the package and 
gives better results, understood as a smaller standard deviation.

In other words, models are an appropriate tool in our efforts to understand 
the results of structural changes to ecosystems. In addition to the use of a 
goal function, it also is possible to base the structural changes on knowl-
edge, for example, of what conditions under which specific classes of phy-
toplankton are dominant. This knowledge can be used to select the correct 
combination of parameters, as well illustrated by Reynolds (1992, 1998). That 
the combined application of expert knowledge and the use of eco-exergy as 
a goal function will offer the best solution to the problem of making models 
work more in accordance with the properties of real ecosystems cannot be 
ruled out. Such combinations would draw upon the widest possible knowl-
edge at this stage.

Lake Fure (see Figure 19.7) is the deepest lakes in Denmark. It has a surface 
area of 941 ha and an average depth of 13.5 m. It consists of two ecologically 
different parts that are connected: the main basin, which is the large and 
deep part with an average depth of 16.5 m and the maximum depth of 37.7 m, 
and the shallow small part, which is called Store Kalv and has a mean and a 
maximum depth of 2.5 and 4.5 m, respectively. The lake is situated 12–17 km 
from the center of Copenhagen and has therefore great recreational value.

The eutrophication of the lake increased significantly in the 1950s and 
1960s due to growing populations in the suburbs north of Copenhagen. 
The wastewater was treated mechanically and biologically but there was 
no removal of nutrients. It was therefore decided in the late 1960s to take 
measures to reduce the eutrophication. In 1970, it was decided that the three 
municipalities discharging wastewater to the lake could either choose to 
treat the wastewater effectively by removal of nutrients or pump the waste-
water to the sea. A maximum phosphorus concentration of 0.2 mg/L and a 
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maximum nitrogen concentration of 8 mg/L were required for the treated 
wastewater if the municipality would select the treatment solution. One of 
the three municipalities selected the treatment solution, while the two other 
municipalities preferred to pump the mechanically, biologically treated 
water to the sea. A model developed at that time showed that the treatment 
solution was the best solution for the lake due to a faster recovery of the lake. 
The lake had a water retention of approximately 16 years, and the pumping 
of round 2 million m3 to the sea prolonged the retention to about 21 years, 
which implied of course a slower reduction of eutrophication.

The nutrient balances of the lake in 1972 just before the implementation of 
the aforementioned solution are shown in Figure 19.8. The measures taken 
reduced the phosphorus and nitrogen discharge to the lake by wastewater to 
less than 1 t and about 3 t, respectively. The three other sources of nutrients, 
drainage water, storm water overflow, and precipitation were unchanged. 
During the period from 1972–2000, the municipalities were able to reduce 
the other sources slightly as it can be seen in Figure 19.9 showing the nutrient 
balances for year 2000. The nutrient input from storm water was reduced by 
enlarging the storm water capacity. Notice, however, that the internal load-
ing was not reduced, which is at least partly due to long retention time. It 
belongs to the story that the two municipalities that preferred to pump the 
wastewater to the sea in the early 1970s and did not accept the model result 
that the treatment solution would give a faster recovery were forced in 1986 
to include nitrogen and phosphorus removal in the wastewater treatment 
due to introduction of maximum standard for discharge of all wastewater, 
even waste water discharge directly to the sea.

FIGURE 19.7
Lake Fure with high recreational value situated 12–17 km from Copenhagen in Denmark.
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Lake

Storm water
2 t P/year

10 t N/year

Drainage water
1 t P/year

100 t N/year

Rain water
0.5 t P/year
2.5 t N/year

Waste water
30 t P/year

100 t N/year

Internal loading
10 t P/year
20 t N/year

FIGURE 19.8
Nutrient balances in year 1972 before the loading of nutrients from wastewater was reduced.

Lake

Storm water
1 t P/year
5 t N/year

Drainage water
0.5 t P/year

100 t N/year

Rain water
0.5 t P/year
 2.5 t N/year

Waste water
0.5 t P/year
20 t N/year

Internal loading
10 t P/year
20 t N/year

Fure Lake year 2000

FIGURE 19.9
Nutrient balances in year 2000.
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Lake

Storm water
0.5 t P/year
2.5 t N/year

Drainage water
0.5 t P/year

100 t N/year

Rain water
0.5 t P/year
 2.5 t N/year

Waste water
0.5 t P/year
20 t N/year

Internal loading
1 t P/year

10 t N/year

Fure Lake year 2010

FIGURE 19.10
Nutrient balances according to the result of the SDM. The internal loading is reduced due 
mainly to the aeration of the hypolimnion. The phosphorus and nitrogen loading from storm 
water is reduced due to increase of the storm water capacity.

TABLE 19.14

Changes in Important State Variables from Year 2000 to 
2010 according to the Results of the SDM Applied due to 
Restoration Project (Aeration of Hypolimnion, 
Biomanipulation, and Increased Storm Water Capacity)

State Variable Year 2000 Year 2010

Total P mg/L 0.18–0.25 0.02–0.07
Chl. a maximum (early Aug.) mg/L 0.044 0.022
Transparency minimum (early Aug.) m 2.2 3.6
Zooplankton mg d.w./L 0.8 1.8
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Shortly after year 2000 it was decided to use restoration methods to recover 
the lake faster. Two restoration methods were proposed:

	 1.	Aeration of the hypolimnion by oxygen from late April to late 
October when the lake had a thermocline. The release of phosphorus 
from the sediment would thereby be reduced significantly.

	 2.	Biomanipulation by massive removal of planktivorous fish.

The restoration of the lake started in 2003. An SDM was developed in year 
2005; see the paper by Gurken et al. (2006). An SDM was naturally to apply 
in this case as structural changes were expected due to reduced internal 
loading, the removal of a significant part of the planktivorous fish, and fur-
ther increase of the storm water capacity. The model was used for prognosis 
about the water quality in year 2010. Figure 19.10 shows the application of the 
model results on the nutrient balance and Table 19.14 shows the changes in 
the important state variables from 2004 to 2010 according to the prognosis 
made by the SDN model of Pamolare.
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