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Preface

This text is intended as a graduate level introduction to the new field of ecological
engineering. It is really a book about ecosystems and how they can be engineered
to solve various environmental problems. The Earth’s biosphere contains a tremen-
dous variety of existing ecosystems, and ecosystems that never existed before are
being created by mixing species and geochemical processes together in new ways.
Many different applications are utilizing these old and new ecosystems but with
little unity, yet. Ecological engineering is emerging as the discipline that offers
unification with principles for understanding and for designing all ecosystem-scale
applications. In this text three major principles (the energy signature, self-organiza-
tion, and preadaptation) are suggested as the foundation for the new discipline.

H. T. Odum, the founder of ecological engineering, directly inspired the writing
of this book through his teaching. An important goal was to review and summarize
his research, which provides a conceptual framework for the discipline. Odum’s
ideas are found throughout the book because of their originality, their explanatory
power, and their generality.
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1 Introduction

Ecological engineering combines the disciplines of ecology and engineering in order
to solve environmental problems. The approach is to interface ecosystems with
technology to create new, hybrid systems. Designs are evolving in this field for
wastewater treatment, erosion control, ecological restoration, and many other appli-
cations. The goal of ecological engineering is to generate cost effective alternatives
to conventional solutions. Some designs are inspired by ancient human management
practices such as the multipurpose rice paddy system, while others rely on highly
sophisticated technology such as closed life support systems. Because of the extreme
range of designs that are being considered and because of the combination of two
fields traditionally thought to have opposing directions, ecological engineering offers
an exciting, new intellectual approach to problems of man and nature. The purpose
of this book is to review the emerging discipline and to illustrate some of the range
of designs that have been practically implemented in the present or conceptually
imagined for the future.

A CONTROVERSIAL NAME

A simple definition of ecological engineering is “to use ecological processes within
natural or constructed imitations of natural systems to achieve engineering goals”
(Teal, 1991). Thus, ecosystems are designed, constructed, and operated to solve
environmental problems otherwise addressed by conventional technology. The con-
tention is that ecological engineering is a new approach to both ecology and engi-
neering which justifies a new name. However, because these are old, established
disciplines, some controversy has arisen from both directions. On one hand, the term
ecological engineering is controversial to ecologists who are suspicious of the
engineering method, which sometimes generates as many problems as it solves.
Examples of this concern can be seen in the titles of books that have critiqued the
U.S. Army Corps of Engineers’ water management projects: Muddy Water (Maass,
1951), Dams and Other Disasters (Morgan, 1971), The River Killers (Heuvelmans,
1974), The Flood Control Controversy (Leopold and Maddock, 1954), and The Corps
and the Shore (Pilkey and Dixon, 1996). In the past, ecologists and engineers have
not always shared a common view of nature and, because of this situation, an
adversarial relationship has evolved. Ecologists have sometimes been said to be
afflicted with “physics envy” (Cohen, 1971; Egler, 1986), because of their desire to
elevate the powers of explanation and prediction about ecosystems to a level com-
parable to that achieved by physicists for the nonliving, physical world. However,
even though engineers, like physicists, have achieved great powers of physical
explanation and prediction, no ecologist has ever been said to have exhibited “engi-
neering envy.”
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On the other hand, the name of ecological engineering is controversial to engi-
neers who are hesitant about creating a new engineering profession based on an
approach that relies so heavily on the “soft” science of ecology and that lacks the
quantitative rigor, precision, and control characteristic of most engineering. Some
engineers might also dismiss ecological engineering as a kind of subset of the
existing field of environmental engineering, which largely uses conventional tech-
nology to solve environmental problems. Hall (1995a) described the situation pre-
sented by ecological engineering as follows: “This is a very different attitude from
that of most conventional engineering, which seeks to force its design onto nature,
and from much of conventional ecology, which seeks to protect nature from any
human impact.” Finally, M. G. Wolman may have summed up the controversy best,
during a plenary presentation to a stream restoration conference, by suggesting that
ecological engineering is a kind of oxymoron in combining two disciplines that are
somewhat contradictory.

The challenge for ecologists and engineers alike is to break down the stereotypes
of ecology and engineering and to combine the strengths of both disciplines. By
using a “design with nature” philosophy and by taking the best of both worlds,
ecological engineering seeks to develop a new paradigm for environmental problem
solving. Many activities are already well developed in restoration ecology, appro-
priate technology, and bioengineering which are creating new designs for the benefit
of man and nature. Ecological engineering unites many of these applications into
one discipline with similar principles and methods.

The idea of ecological engineering was introduced by H. T. Odum. He first used
the term community engineering, where community referred to the ecological com-
munity or set of interacting species in an ecosystem, in an early paper on microcosms
(H. T. Odum and Hoskin, 1957). This reference dealt with the design of new sets
of species for specific purposes. The best early summary of his ideas was presented
as a chapter in his first book on energy systems theory (H. T. Odum, 1971). This
chapter outlines many of the agendas of ecological engineering that are suggested
by the headings used to organize the writing (Table 1.1). Thirty years later, this
chapter is perhaps still the best single source on principles of ecological engineering.
H. T. Odum pioneered ecological engineering by adapting ecological theory for
applied purposes. He carried out major ecosystem design experiments at Port Aran-
sas, Texas (H. T. Odum et al., 1963); Morehead City, North Carolina (H. T. Odum,
1985, 1989); and Gainesville, Florida (Ewel and H. T. Odum, 1984), the latter two
of which involved introduction of domestic sewage into wetlands. He synthesized
the use of microcosms (Beyers and H. T. Odum, 1993) and developed an accounting
system for environmental decision making (H. T. Odum, 1996). Models of ecolog-
ically engineered systems are included throughout this book in the “energy circuit
language” which H. T. Odum developed. This is a symbolic modeling language
(Figure 1.1) that embodies thermodynamic constraints and mathematical equivalents
for simulation (Gilliland and Risser, 1977; Hall et al., 1977; H. T. Odum, 1972,
1983; H. T. Odum and E. C. Odum, 2000).

William Mitsch, one of H. T. Odum’s students, is now leading the development
of ecological engineering. He has strived to outline the dimensions of the field
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(Mitsch, 1993, 1996; Mitsch and Jorgenson, 1989), and he has established a model
field laboratory on the Ohio State University campus for the study of alternative
wetland designs (see Chapter 9).

Thus, although ecological engineering is presented here as a new field, it has
been developing for the last 30 years. The ideas initiated by H. T. Odum are now
appearing with greater frequency in the literature (Berryman et al., 1992; Schulze,
1996). Of note, a journal called Ecological Engineering was started in 1992, with
Mitsch as editor-in-chief, and two professional societies have been formed (the
International Ecological Engineering Society founded in 1993 and the American
Ecological Engineering Society founded in 2001).

TABLE 1.1
Headings from Chapter 10 in Environment, Power and Society
That Hint at Important Features of Ecological Engineering

The network nightmare

Steady states of planetary cycles

Ecological engineering of new systems

Multiple seeding and invasions

The implementation of a pulse

Energy channeling by the addition of an extreme

Microbial diversification operators

Ecological engineering through control species

The cross-continent transplant principle

Man and the complex closed systems for space

Compatible living with fossil fuel

How to pay the natural networks

The city sewer feedback to food production

Specialization of waste flows

Problem for the ecosystem task forces

Energy-based value decisions

Replacement value of ecosystems

Life-support values of diversity

Constitutional right to life support

Power density

Summary

Source: From Odum, H. T. 1971. Environment, Power, and Society. John Wiley & Sons,
New York.
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RELATIONSHIP TO ECOLOGY

Because ecological engineering uses ecosystems to solve problems, it draws directly
on the science of ecology. This is consistent with other engineering fields which

FIGURE 1.1 Symbols from the energy circuit language. (Adapted from Odum, H. T. 1983.
Systems Ecology: An Introduction. John Wiley & Sons, New York. With permission.)
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also are based on particular scientific disciplines or topics (Table 1.2). The principles
and theories of ecology are fundamental for understanding natural ecosystems and,
therefore, also for the design, construction, and operation of new ecosystems for
human purposes. The ecosystem is the network of biotic (species populations) and
abiotic (nutrients, soil, water, etc.) components found at a particular location that
function together as a whole through primary production, community respiration,
and biogeochemical cycling. The ecosystem is considered by some to be the funda-
mental unit of ecology (Evans, 1956, 1976; Jørgensen and Muller, 2000; E. P. Odum,
1971), though other units such as the species population are equally important,
depending on the scale of reference. The fundamental nature of the ecosystem
concept has been demonstrated by its choice as the most important topic within the
science in a survey of the British Ecological Society (Cherrett, 1988), and E. P.
Odum chose it as the number one concept in his list of “Great Ideas in Ecology for
the 1990s” (E. P. Odum, 1992). Reviews by Golley (1993) and Hagen (1992) trace
the history of the concept and provide further perspective.

Functions within ecosystems include (1) energy capture and transformation, (2)
mineral retention and cycling, and (3) rate regulation and control (E. P. Odum, 1962,
1972, 1986; O’Neill, 1976). These aspects are depicted in the highly aggregated
P–R model of Figure 1.2. In this model energy from the sun interacts with nutrients
for the production (P) of biomass of the system’s community of species populations.
Respiration (R) of the community of species releases nutrients back to abiotic
storage, where they are available for uptake again. Thus, energy from sunlight is
transformed and dissipated into heat while nutrients cycle internally between com-
partments. Control is represented by the external energy sources and by the coeffi-
cients associated with the pathways. Rates of production and respiration are used
as measures of ecosystem performance, and they are regulated by external abiotic
conditions such as temperature and precipitation and by the actions of keystone
species populations within the system, which are not shown in this highly aggregated
model. Concepts and theories about control are as important in ecology as they are
in engineering, and a review of the topic is included in Chapter 7.

Ecosystems can be extremely complex with many interconnections between
species, as shown in Figure 1.3 (see also more complex networks: figure 6 in
Winemiller, 1990 and figure 18.4 in Yodzis, 1996). Boyce (1991) has even suggested
that ecosystems “are possibly the most complex structures in the universe.” Charles

TABLE 1.2
The Matching of Disciplines from the Sciences with Disciplines of 
Engineering, Showing the Correspondence between the Two Activities

Scientific Field or Topic Engineering Field

Chemistry
Mechanics
Electricity
Ecology

Chemical engineering
Mechanical engineering
Electrical engineering
Ecological engineering
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Elton, one of the founders of modern ecology, described this complexity for one of
his study sites in England with a chess analogy below (Elton, 1966; see also Kangas,
1988, for another chess analogy for understanding ecological complexity):

In the game of chess, counted by most people as capable of stretching parts of the
intellect pretty thoroughly, there are only two sorts of squares, each replicated thirty-
two times, on which only twelve species of players having among them six different
forms of movement and two colours perform in populations of not more than eight of
any one sort. On Wytham Hill, described in the last chapter as a small sample of
midland England on mostly calcareous soils but with a full range of wetness, there are
something like a hundred kinds of “habitat squares” (even taken on a rather broad
classification, and ignoring the individual habitat units provided by hundreds of separate
species of plants) most of which are replicated inexactly thousands of times, though
some only once or twice, and inhabited altogether by up to 5000 species of animals,
perhaps even more, and with populations running into very many millions. Even the
Emperor Akbar might have felt hesitation in playing a living chess game on the great
courtyard of his palace near Agra, if each square had contained upwards of two hundred
different kinds of chessmen. What are we to do with a situation of this magnitude and
complexity? It seems, indeed it certainly is, a formidable operation to prepare a
blueprint of its organization that can be used scientifically.

A variety of different measures have been used to evaluate ecological complexity,
depending on the qualities of the ecosystem (Table 1.3). The most commonly used
measure is the number of species in the ecosystem or some index relating the number
of species and their relative abundances. Complexity can be overwhelming and it
can inhibit the ability of ecologists to understand ecosystems. Therefore, very simple
ecosystems are sometimes important and useful for study, such as those found in
the hypersaline conditions of the Dead Sea or Great Salt Lake in Utah, where high
salinity stress dissects away all but the very basic essence of ecological structure

FIGURE 1.2 Basic P–R model of the ecosystem. “P” stands for primary production and “R”
stands for community respiration.
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and function. E. P. Odum (1959) described the qualities of simplicity in the following
quote about his study site in the Georgia saltmarshes:

The saltmarshes immediately struck us as being a beautiful ecosystem to study func-
tionally, because over vast areas there is only one kind of higher plant in it and a
relatively few kinds of macroscopic animals. Such an area would scarcely interest the

FIGURE 1.3 Diagram of a complex ecosystem. (From Abrams, P. et al. 1996. Food Webs:
Integration of Patterns and Dynamics. Chapman & Hall, New York. With permission.)
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field botanist; he would be through with his work in one minute; he would quickly
identify the plant as Spartina alterniflora, press it, and be gone. Even the number of
species of insects seems to be small enough so that one has hopes of knowing them
all, something very difficult to do in most vegetation. … The strong tidal fluctuations
and salinity variations cut down on the kinds of organisms which can tolerate the
environment, yet the marshes are very rich. Lots of energy and nutrients are available
and lots of photosynthesis is going on so that the few species able to occupy the habitat
are very abundant. There are great masses of snails, fiddler crabs, mussels, grasshoppers
and marsh wrens in this kind of marsh. One can include a large part of the ecosystem
in the study of single populations. Consequently, fewer and more intensive sampling
and other methods can be used. … In other words the saltmarsh is potentially to the
ecologist what the fruit fly, Drosophila, is to the geneticist, that is to say, a system
lending itself to study and experimentation as a whole. The geneticist would not select
elephants to study laws and principles, for obvious reasons; yet ecologists have often
attempted to work out principles on natural systems whose size, taxonomic complexity,
or ecological life span presents great handicaps.

The science of ecology covers several hierarchical levels: individual organisms,
species populations, communities, ecosystems, landscapes, and even the global scale.
To some extent the science is fragmented because of this wide spectrum of hierar-

TABLE 1.3
Selected Indices for Estimating Different Conceptions of Complexity of 
Ecosystems

Index Description

Richness diversity
(E. P. Odum, 1971)

S where S = number of species

Shannon–Weaver diversity
(E. P. Odum, 1971)

– � (ni/N) log (ni/N) where ni = importance value for each species 
N = total of importance values

Pigment diversity
(Margalef, 1968)

D430/D665 where D430 = optical absorption at 430 
   millimicrons 
 D665 = optical absorption at 665 
   millimicrons

Food web connectance
(Pimm, 1982)

L/[S(S–1)/2] where L = actual number of links in a food web
S = number of species in a food web

Forest complexity 
(Holdridge, 1967)

(S)(BA)(D)(H)/1000 where S = number of tree species
BA = basal area of trees (m2/ha)
D = density of trees (number of 

stems/ha)
H = maximum tree height (m)

Ascendency
(Ulanowicz, 1997)

where T = total system flow
Tij = flow of energy or materials from 

trophic category i to j
Tkj = flow from k to j
Tim = flow from i to m

T
Tij

Ti, j

TijT

Tkjk
Timm

�
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�

	






�

�

�
�

�
� �

log



Introduction 9

chical levels (Hedgpeth, 1978; McIntosh, 1985), and antagonistic attitudes arise
sometimes between ecologists who specialize on one level. This situation is often
the case between those studying the population and ecosystem levels. For example,
some population ecologists do not even believe ecosystems exist because of their
narrow focus on the importance of species to the exclusion of higher levels of
organization. These kinds of antagonistic attitudes are counterproductive, and con-
scious efforts are being made to unify the science (Jones and Lawton, 1995; Vitousek,
1990). Ulanowicz (1981) likens the need for unification in ecology to the search for
a unified force theory in physics (for gravitational, electromagnetic, and intranuclear
forces), and he suggests network flow analysis as a solution. However, as noted by
O’Neill et al. (1986): “Ecology cannot set up a single spatiotemporal scale that will
be adequate for all investigations.” In this regard, scale and hierarchy theories have
been suggested as the key to a unified ecology (Allen and Hoekstra, 1992), but even
this approach does not fully cover the discipline. Clearly, ecological engineers need
more than just information on energy flow and nutrient cycles. Knowledge from all
hierarchical levels of nature is required, and a flexible concept of the ecosystem is
advocated in this book (Levin, 1994; O’Neill et al., 1986; Patten and Jørgensen,
1995; Pace and Groffman, 1998). Ecosystem science has become highly quantitative
with the development of generalized models and relationships (DeAngelis, 1992;
Fitz et al., 1996). Although not completely field tested and verified, this body of
knowledge provides a basis for rational design of new, constructed ecosystems.
Using analogies from physics, perhaps these models will fill the role of the “ideal
gases” (Mead, 1971) or the “perfect crystals” that May (1973, 1974a) indicated in
the following quote: “… in the long run, once the ‘perfect crystals’ of ecology are
established, it is likely that a future ‘ecological engineering’ will draw upon the
entire spectrum of theoretical models, from the very abstract to the very particular,
just as the more conventional branches of science and engineering do today.” In this
text several well-known ecological models (such as the logistic population growth
equation and the species equilibrium from island biogeography) are used throughout
to provide a quantitative framework for ecological engineering design.

As a final aside to the discussion of the relationship of ecology to ecological
engineering, an interesting situation has arisen with terminology. Lawton and others
have begun referring to some organisms such as earthworms and beavers (Gurney
and Lawton, 1996; Jones et al., 1994; Lawton, 1994; Lawton and Jones, 1995) as
being “ecosystem engineers” because they have significant roles in structuring their
ecosystems. While this is an evocative and perhaps even appropriate description,
confusion should be avoided between the human ecological engineers and the organ-
isms ascribed to similar function. In fact, this is an example of the fragmentation of
ecology since none of the authors who discuss animals as ecosystem engineers seem
to be aware of the field of human ecological engineering.

RELATIONSHIP TO ENGINEERING

The relation of ecological engineering to the overall discipline of engineering is not
well developed, probably because most of the originators of the field have been
primarily ecologists rather than engineers. This situation is changing rapidly but to
a large extent the early work has been dominated by ecology. Ecological engineering
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draws on the traditional engineering method but, surprisingly, this method is rela-
tively undefined, at least as compared with the scientific method. The contrast
between science and engineering may be instructive for understanding the method
used by engineers:

“Scientists primarily produce knowledge. Engineers primarily produce
things.” (Kemper, 1982)

“Science strives to understand how things work; engineering strives to make
things work.” (Drexler, 1992)

“The scientist describes what is; the engineer creates what never was.” (T.
von Karrsan, seen in Jackson, 2001)

Thus, engineering as a method involves procedures for making useful things. This
is confirmed by a comparison of definitions (Table 1.4). It is interesting to note that
most of these definitions refer to engineering as an art and, to many observers,
engineering can best be described as what engineers do, rather than by some formal
set of operations arranged in a standard routine. McCabe and Eckenfelder (1958)
outline the development of a hybrid “engineering science” in the following quote:

Engineering, historically, originates as an art based on experience. Empiricism is
gradually replaced by engineering science developed through research, the use of
mathematical analysis, and the application of scientific principles. Today’s emphasis
in engineering, and in engineering education, is, and should be, on the development
and use of the engineering science underlying the solution of engineering problems.

TABLE 1.4
Comparisons of Definitions of Engineering

Definition Reference

The art and science of applying the laws of the natural sciences to 
the transformation of materials for the benefit of mankind

Futrell, 1961

The art of directing the great sources of power in nature for
the use and convenience of man

1828 definition cited
in Ferguson, 1992

The art and science by which the properties of matter and the 
energies of nature are made useful to man

Burke, 1970

The art of applying the principles of mathematics and
science, experience, judgment, and common sense to make
things which benefit people

Landis, 1992

The art and science concerned with the practical application
of scientific knowledge, as in the design, construction, and
operation of roads, bridges, harbors, buildings, machinery,
lighting and communication systems, etc.

Funk & Wagnalls, 
1973

The art or science of making practical application of the
knowledge of pure sciences

Florman, 1976
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The critical work of engineering is to design, build, and operate useful things.
Although different people are usually involved with each phase of this sequence,
there is a constant feedback to the design activity (Figure 1.4A). Thus, it may be
said that design is the essential element in engineering (Florman, 1976; Layton,
1976; Mikkola, 1993). Design is a creative process for making a plan to solve a
problem or to build something. It involves rational, usually quantitatively based,
decision making that utilizes knowledge derived from science and from past expe-
rience. A protocol is often used to test a design against a previously established set
of criteria before full implementation. This protocol is composed of a set of tests of
increasing scale (Figure 1.4B), which builds confidence in the choice of design
alternatives. Horenstein (1999) provides a comparison of qualities of good vs. bad
design that indicates the basic concerns in any engineering project (Table 1.5). A
number of books have been written that describe the engineering method with a
focus on design (Adams, 1991; Bucciarelli, 1994; Ferguson, 1992; Vincenti, 1990),
and the work of Henry Petroski (1982, 1992, 1994, 1996, 1997a) is particularly
extensive, including his regular column in the journal American Scientist.

Although design may be the essential element of engineering, other professions
related to ecological engineering also rely on this activity as a basis. Obviously,
architecture utilizes design intimately to construct buildings and to organize land-
scapes. As an example, Ian McHarg’s (1969) classic book entitled Design with
Nature has inspired a generation of landscape architects to utilize environmental
sciences as a basis for design. Design with Nature is now a philosophical stance that
describes how to interface man and nature into sustainable systems with applications
which range from no-till agriculture to urban planning. Another important precursor
for ecological engineering is Buckminster Fuller’s “Comprehensive Anticipatory
Design Science,” which prescribes a holistic approach to meeting the needs of
humanity by “doing more with less” (Baldwin, 1996; Edmondson, 1992; Fuller,
1963). Finally, many hybrid architect-scientist-engineers have written about ecolog-

FIGURE 1.4 Views of the role of design in engineering. (A) The sequence of actions in
engineering. Design is continually evaluated by comparison of performance in relation to
design criteria. (B) Increasing scales of testing required for development of a successful
design.

A

B
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ically based design which is fundamentally relevant for ecological engineering (Orr,
2002; Papanek, 1971; Todd and Todd, 1984, 1994; Van Der Ryn and Cowan, 1996;
Wann, 1990, 1996; Zelov and Cousineau, 1997). These works on ecological design
are perhaps not sufficiently quantitative to strictly qualify as engineering, but they
contain important insights necessary for sound engineering practice.

The relationship between ecological engineering and several specific engineering
fields also needs to be clarified. Of most importance is the established discipline of
environmental engineering. This specialization developed from sanitary engineering
(Okun, 1991), which dealt with the problem of treatment of domestic sewage and
has traditionally been associated with civil engineering. The field has broadened
from its initial start and now deals with all aspects of environment (Corbitt, 1990;
Salvato, 1992). Ecological engineering is related to environmental engineering in
sharing a concern for the environment but differs from the latter fundamentally in
emphasis. There is a commitment to using ecological complexity and living ecosys-
tems with technology to solve environmental problems in ecological engineering,
whereas environmental engineering relies on new chemical, mechanical, or material
technologies in problem solving. A series of joint editorials published in the journal
Ecological Engineering and the Journal of Environmental Engineering provide
further discussion on this relationship (McCutcheon and Mitsch, 1994; McCutcheon
and Walski, 1994; Mitsch, 1994). Hopefully, ecological and environmental engineer-
ing can evolve on parallel tracks with supportive rather than competitive interactions.
In practice, closer ties may exist between ecological engineering and the established
discipline of agricultural engineering. As noted by Johnson and Phillips (1995),
“agricultural engineers have always dealt with elements of biology in their practices.”
Because ecology as a science developed from biology, a natural connection can be
made between ecological and agricultural engineering, using biology as a unifying
theme. At the university level, this relationship is being strengthened as many
agricultural engineering departments are broadening in perspective and converting
into biological engineering departments.

TABLE 1.5
Dimensions of Engineering Design

Good Design Bad Design

Works all the time Works initially, but stops working after a short time

Meets all technical requirements Meets only some technical requirements

Meets cost requirements Costs more than it should

Requires little or no maintenance Requires frequent maintenance

Is safe Poses a hazard to user

Creates no ethical dilemma Fulfills a need that is questionable

Source: Horenstein, M. N. 1999. Design Concepts for Engineers. Prentice Hall, Upper Saddle
River, NJ. With permission.
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DESIGN OF NEW ECOSYSTEMS

Ecological engineers design, build, and operate new ecosystems for human purposes.
Engineering contributes to all of these phases but, as noted above, the design phase
is critical. While the designs in ecological engineering use sets of species that have
evolved in natural systems, the ecosystems created are new and have never existed
before. Some names have been coined for the new ecosystems including “domestic
ecosystems” (H. T. Odum, 1978a), “interface ecosystems” (H. T. Odum, 1983), and
“living machines” (Todd, 1991). The new systems of ecological engineering are the
product of the creative imagination of the human designers, as is true of any
engineering field, but in this case the self-organization properties of living systems
also make a contribution. This entails a natural selection of species appropriate for
the boundary conditions of the design provided by the designer. Thus, ecologically
engineered systems are the product of input from the human designer and from the
system being designed, through the feedback of natural selection. This quality of
the design makes ecological engineering a unique kind of engineering and an intel-
lectually exciting new kind of applied ecology.

Many practical applications of ecological engineering exist, though often with
different names (Table 1.6). The applications are often quite specific, and only time
will tell if they will eventually fall under the general heading of ecological engi-
neering. All of the applications in Table 1.6 combine a traditional engineering
contribution to a greater or lesser extent, such as land grading, mechanical pump
systems, or material support structures, with an ecological system consisting of an
interacting set of loosely managed species populations. The best known examples
of ecological engineering are those which require an even balance of the design
between the engineering and the ecological aspects.

Environmental problem solving is a goal of ecological engineering, but only a
subset of the environmental problems that face humanity can be dealt with by
constructed ecosystem designs. Most amenable to ecological engineering may be
various forms of pollution cleanup or treatment. In these cases, ecosystems are
sought that will use the polluted substances as resources. Thus, the normal growth
of the ecosystem breaks down or stabilizes the pollutants, sometimes with the
generation of useful byproducts. This is a case of turning problems into solutions,
which is an overall strategy of ecological engineering. Many examples of useful
byproducts from ecologically engineered systems are described in this book.

An ecological engineering design relies on a network of species to perform a
given function, such as wastewater treatment or erosion control. The function is
usually a consequence of normal growth and behavior of the species. Therefore,
finding the best mix of species for the design of a constructed ecosystem is a
challenge. The ecological engineer must understand diversity to meet this challenge.
Diversity is one of the most important concepts in the discipline of ecology (Huston,
1994; Patrick, 1983; Rosenzweig, 1995). Table 1.7 compares two ecosystems in
order to illustrate the relative magnitudes of local species diversity. Globally, there
are over a million species known to science, and estimates of undescribed species
(mostly tropical rainforest insects) range up to 30 million (May, 1988; Wilson, 1988).
Knowledge of taxonomy is critical for understanding diversity. This is the field of
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biology that systematically describes the relationships between species, including a
logical system of naming species so that they can be distinguished.

Biodiversity is a property of nature that has been conceptually revised recently
and is the main focus of conservation efforts. It has grown from the old concept of
species diversity which has long been an important component of ecological theory.
With the advent of the term, sometime in the 1980s, the old concept has been
broadened to include other forms of diversity, ranging from the gene level to the
landscape. This broadening was necessary to bring attention to all forms of ecological
and evolutionary diversity, especially in relation to forces which reduce or threaten
to reduce diversity in living systems. In a somewhat similar fashion, the term
biocomplexity has recently been introduced (Cottingham, 2002; Michener et al.,
2001), which relates to the old concept of complexity (see Table 1.3). To some extent

TABLE 1.6
Listing of Applications of New Ecosystems in Ecological Engineering

Activity Type of Constructed Ecosystem

Soil bioengineering Fast growing riparian tree species for bank
stabilization and erosion control

Bioremediation Mixes of microbial species and/or nutrient
additions for enhanced biodegradation of
toxic chemicals

Phytoremediation Hyperaccumulator plant species for metal
and other pollutant uptake

Reclamation of disturbed lands Communities of plants, animals, and
microbes that colonize and restore
ecological values

Compost engineering Mechanical and microbial systems for
breakdown of organic solid wastes and
generation of soil amendments

Ecotoxicology Ecosystems in microcosms and mesocosms
for evaluating the effects of toxins

Food production Facilities and species for intensive food
production including greenhouses,
hydroponics, aquaculture, etc.

Wetland mitigation Wetland ecosystems that legally compensate
for damage done to natural wetlands

Environmental education Exhibits and/or experiments involving
living ecosystems in aquaria or zoos

Wastewater treatment Wetlands and other aquatic systems for
degradation of municipal, industrial, or
storm wastewaters
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there is a shallowness to the trend of adding the prefix bio to established concepts
that have existed for a relatively long time in ecology. However, the trend is positive
because it indicates the growing importance of these concepts beyond the boundaries
of the academic discipline. Biodiversity prospecting is the name given to the search
for species useful to humans (Reid, 1993; Reid et al., 1993) and ecological engineers
might join in this effort. The search for plant species that accumulate metals for
phytoremediation is one example and others can be imagined.

Design of new ecosystems requires the creation of networks of energy flow (food
chains and webs) and biogeochemical cycling (uptake, storage, and release of nutri-
ents, minerals, pollutants) that are developed through time in successional changes
of species populations. H. T. Odum (1971) described this design process in the
following words:

The millions of species of plants, animals, and microorganisms are the functional units
of the existing network of nature, but the exciting possibilities for great future progress
lie in manipulating natural systems into entirely new designs for the good of man and
nature. The inventory of the species of the earth is really an immense bin of parts
available to the ecological engineer. A species evolved to play one role may be used
for a different purpose in a different kind of network as long as its maintenance flows
are satisfied. The design of manmade ecological networks is still in its infancy, and
the properties of the species pertinent to network design, such as storage capacity,
conductivity, and time lag in reproduction, have not yet been tabulated. Because
organisms may self-design their relationships once an approximately workable seeding

TABLE 1.7
Comparisons of Species Diversity of Two Ecosystems

Taxa Mirror Lake, NH Linesville Creek, PA

Algae > 188 157

Macrophytes 37 “several”

Bacteria > 150 > 8 (“not well-studied”)

Fungi > 20 32

Zooplankton and Protozoa > 50 55

Macroinvertebrates > 400 171

Fish 6 10

Reptiles and Amphibians 4–7 “several”

Birds 4–5 “several”

Mammals 2–5 1

TOTAL > 850 > 434

Note: Mirror Lake data is from Likens (1992) and Linesville Creek data is from Coffman et al. (1971).
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has been made, ecological network design is already possible even before all the
principles are all known.

Species populations are the tools of ecological engineering, along with conventional
technology. These are living tools whose roles and performance specifications are still
little known. Yet these are the primary components used in ecological engineering, and
designers must learn to use them like traditional tools described by Baldwin (1997): “A
whole group of tools is like an extension of your mind in that it enables you to bring
your ideas into physical form.” Perhaps ecological engineers need the equivalent of the
Whole Earth Catalogs which described useful tools and practices for people interested
in environment and social quality (Brand, 1997). Of course, it is the functions and
interactions of the species that are important. Ecosystems are made up of invisible
networks of interactions (Janzen, 1988) and species act as circuit elements to be combined
together in ecological engineering design.

An exciting prospect is to develop techniques of reverse engineering (Ingle, 1994)
in order to add to the design capabilities of ecological engineering. This approach would
involve study of natural ecosystems to guide the design of new, constructed ecosystems
that more closely meet human needs. Reverse engineering is fairly well developed at the
organismal level as noted by Griffin (1974):

Modern biologists, who take it for granted that living and nonliving processes can be
understood in the same basic terms, are keenly aware that the performances of many animals
exceed the current capabilities of engineering, in the sense that we cannot build an exact
copy of any living animal or functioning organ. Technical admiration is therefore coupled
with perplexity as to how a living cell or animal can accomplish operations that biologists
observe and analyze. It is quite clear that some “engineering” problems were elegantly
solved in the course of biological evolution long before they were even tentatively formu-
lated by our own species … . Practical engineering problems are not likely to be solved by
directly copying living machinery, primarily because the “design criteria” of natural selec-
tion are quite different from those appropriate for our special needs. Nevertheless, the basic
principles and the multifaceted ingenuity displayed in living mechanisms can supply us
with invaluable challenge and inspiration.

This process has been termed either bionics (Halacy, 1965; Offner, 1995) or variations
on biomimesis (McCulloch, 1962) such as biomimicry (Benyus, 1997) and biomimetics
(Sarikaya and Aksay, 1995), and it is the subject of several texts (French, 1988; Vogel,
1998; Willis, 1995). Walter Adey’s development of algal turf scrubber technology based
on coral reef algal systems, which is described in Chapter 2, is a prime example of this
kind of activity at the ecosystem level of organization, as is the new field of industrial
ecology described in Chapter 6.

PRINCIPLES OF ECOLOGICAL ENGINEERING

As with all engineering disciplines, ecological engineering draws on traditional technol-
ogy for parts of designs. These aspects are not covered in this book in order to focus
more on the special aspects of the discipline which deal with ecological systems. Depend-
ing on the application, traditional technology can contribute up to about one half of the



Introduction 17

design with the other portion contributed by the ecological system itself (Figure 1.5).
Other types of engineering applications address environmental problems but with less
contribution from nature. For example, conventional wastewater treatment options from
environmental engineering use microbial systems but little other biodiversity, and chem-
ical engineering solutions use no living populations at all. Case study applications of
ecological engineering described in this book are shown in Figure 1.5 with overlapping
ranges of design contributions extending from treatment wetlands, which can have a
relatively even balance of traditional technology and ecosystem, to exotic species, which
involve no traditional technology input. Three principles of ecological engineering
design, common to all of the applications shown in Figure 1.5 and inherent in ecological
systems, are described in Table 1.8.

FIGURE 1.5 The realm of ecological engineering as defined by relative design contributions
from traditional technology vs. ecological systems. Ecological engineering applications occur
to the right of the 50% line. The six examples of ecological engineering applications covered
in chapters of this book are shown with hypothetical locations in the design space. See also
Mitsch (1998b).

TABLE 1.8
Principles for Ecological Engineering

Energy signature The set of energy sources or forcing functions which
determine ecosystem structure and function

Self-organization The selection process through which ecosystems emerge
in response to environmental conditions by a filtering of
genetic inputs (seed dispersal, recruitment, animal migrations,
etc.)

Preadaptation The phenomenon, which occurs entirely fortuitously, whereby
adaptations that arise through natural selection for one set of
environmental conditions just happen also to be adaptive for a
new set of environmental conditions that the organism had not
been previously exposed to
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ENERGY SIGNATURE

The energy signature of an ecosystem is the set of energy sources that affects it
(Figure 1.6). Another term used for this concept is forcing functions: those outside
causal forces that influence system behavior and performance. H. T. Odum (1971)
suggested the use of the energy signature as a way of classifying ecosystems based
on a physical theory of energy as a source of causation in a general systems sense.
A fundamental aspect of the energy signature approach is the recognition that a
number of different energy sources affect ecosystems. Kangas (1990) briefly
reviewed the history of this idea in ecology. Basically, sunlight was recognized early
in the history of ecology as the primary energy source of ecosystems because of its
role in photosynthesis at the level of the organism and, by extrapolation, in primary
production at the level of the ecosystem. Organic inputs were formally recognized
as energy sources for ecosystems in the 1960s with the development of the detritus
concept, primarily in stream ecology (Minshall, 1967; Nelson and Scott, 1962) and
in estuaries (Darnell, 1961, 1964; E. P. Odum and de la Cruz, 1963). The terms
autochthonous (sunlight-driven primary production from within the system) vs.
allochthonous (detrital inputs from outside the system) were coined in the 1960s to
distinguish between the main energy sources in ecosystems. Finally, in the late 1960s
H. T. Odum introduced the concept of auxiliary energies to account for influences
on ecosystems from sources other than sunlight and organic matter. E. P. Odum
(1971) provided a simple definition of this concept: “Any energy source that reduces
the cost of internal self-maintenance of the ecosystem, and thereby increases the
amount of other energy that can be converted to production, is called an auxiliary
energy flow or an energy subsidy.” H. T. Odum (1970) calculated the first energy
signature for the rain forest in the Luquillo Mountains of Puerto Rico, which included
values for 10 auxiliary energies.

FIGURE 1.6 View of a typical energy signature of an ecosystem.
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From a thermodynamic perspective, energy has the ability to do work or to cause
things to happen. Work caused by the utilization of the energy signature creates
organization as the energy is dissipated or, in other words, as it is used by the system
that receives it. Different energies (sun, wind, rain, tide, waves, etc.) do different
kinds of work, and they interact in systems to create different forms of organization.
Thus, each energy signature causes a unique kind of system to develop. The wide
variety of ecosystems scattered across the biosphere reflect the many kinds of energy
sources that exist. Although this concept is easily imagined in a qualitative sense,
H. T. Odum (1996) developed an accounting system to quantify different kinds of
energy in the same units so that comparisons can be made and metrics can be used
for describing the energetics of systems. Other conceptions of ecology and thermo-
dynamics are given by Weigert (1976) and Jørgensen (2001).

The one-to-one matching of energy signature to ecosystem is important in
ecological engineering, where the goal is the design, construction, and operation of
useful ecosystems. The ecological engineer must ensure that an appropriate energy
signature exists to support the ecosystem that is being created. In most cases the
existing energy signature at a site is augmented through design. Many options are
available. Subsidies can be added, such as water, fertilizer, aeration, or turbulence,
to direct the ecosystem to develop in a certain way (i.e., encourage wetland species
by adding a source of water). Also, stressors can be added, such as pesticides, to
limit development of the ecosystem (i.e., adding herbicides to control invasive, exotic
plant species).

SELF-ORGANIZATION

Many kinds of systems exhibit self-organization but living systems are probably the
best examples. In fact, self-organization in various forms is so characteristic of living
systems that it has been largely taken for granted by biologists (though see Camazine
et al., 2001) and is being “rediscovered” and articulated by physical scientists and
chemists. Table 1.9 lists some of the major general systems themes emerging on
self-organization. These are exciting ideas that are revolutionizing and unifying the
understanding of both living and nonliving systems.

Self-organization has been discussed since the 1960s in ecosystem science
(Margalef, 1968; H. T. Odum, 1967). It applies to the process by which species
composition, relative abundance distributions, and network connections develop over
time. This is commonly known as succession within ecology, but those scientists
with a general systems perspective recognize it as an example of the larger phenom-
enon of self-organization. The mechanism of self-organization within ecosystems is
a form of natural selection of those species that reach a site through dispersal. The
species that successfully colonize and come to make up the ecosystem at a site have
survived this selection process by finding a set of resources and favorable environ-
mental conditions that support a population of sufficient size for reproduction. Thus,
it is somewhat similar to Darwinian evolution (i.e., descent with modification of
species) but at a different scale (see Figure 5.11). In fact, Darwinian evolution occurs
within all populations while self-organization occurs between the populations within
the ecosystem (Whittaker and Woodwell, 1972). Margalef (1984) has succinctly
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described this phenomenon: “Ecosystems are the workshops of evolution; any eco-
system is a selection machine working continuously on a set of populations.”

H. T. Odum has gone beyond this explanation to build an energy theory of self-
organization from the ideas of Alfred Lotka (1925). He suggests that selection is
based on the relative contribution of the species to the overall energetics of the
ecosystem. Successful species, therefore, are those that establish feedback pathways
which reinforce processes contributing to the overall energy flow. H. T. Odum’s
theory is not limited to traditional ecological energetics since it allows all species
contributions, such as primary production, nutrient cycling, and population regula-
tion of predators on prey, to be converted into energy equivalent units. This is called
the maximum power principle or Lotka’s principle, and H. T. Odum has even
suggested that it might ultimately come to be known as another law of thermody-
namics if it stands the test of time as the first and second laws have. The maximum
power principle is a general systems theory indicating forms of organization that
will develop to dissipate energy, such as the autocatalytic structures of storages and
interactions, hierarchies, and pulsing programs, which characterize all kinds of
systems (H. T. Odum, 1975, 1982, 1995; H. T. Odum and Pinkerton, 1955). Belief
in this theory is not necessary for acceptance of the importance of self-organization

TABLE 1.9
Comparison of Emerging Ideas on Self-Organization

Proponent Conceptual Basis System of Study

Stuart Kauffman 
(1995)

Systems evolve to the “edge of
   chaos,” which allows the most
   flexibility; studied with adaptive
   “landscapes”

General systems with
      emphasis on
      biochemical systems

Per Bak
(1996)

Self-organized criticality;
   studied with sand pile models

General systems with
    emphasis on physical
   systems

Mitchel Resnick
(1994)

Emergence of order from decentralized
   processes; studied with an individual-
   based computer program called
   STAR LOGO

General systems

Manfred Eigen
(Eigen and Schuster, 1979)

Hypercycles or networks of
   autocatalyzed reactions; studied with
   chemistry

Origin of life;
   biochemical systems

Ilya Prigogine
(1980)

Dissipative structures; studied with
   nonequilibrium thermodynamics

General systems with
   emphasis on
   chemical systems

Francisco Varela
(Varela et al., 1974)

Autopoiesis; studied with chemistry Origin of life;
   biochemical systems
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in ecosystems, and the new systems designed, built, and operated in ecological
engineering will be tests of the theory.

According to H. T. Odum (1989a) “the essence of ecological engineering is
managing self-organization” which takes advantage of natural energies processed
by ecosystems. Mitsch (1992, 1996, 1998a, 2000) has focused on this idea by
referring to self-organization as self-design (see also H.T. Odum, 1994a). With this
emphasis he draws attention to the design element that is so important in engineering.
Utilizing ecosystems, which self-design themselves, the ecological engineer helps
to guide design but allows natural selection to organize the systems. This is a way
to harness the biodiversity available to a design. For some purposes the best species
may be known and they can be preferentially seeded into a particular design.
However, in other situations self-organization may be used to let nature choose the
appropriate species. In this case the ecological engineer provides excess seeding of
many species and self-design occurs automatically. For example, if the goal is to
create a wetland for treatment of a waste stream, the ecological engineer would
design a traditional containment structure with appropriate inflow and outflow
plumbing and then seed the structure with populations from other systems to facil-
itate self-organization of the living part of the overall design. Interaction of the waste
stream with the species pool provides conditions for the selection of species best
able to process and transform the waste flow.

The selection force in ecological self-organization may be analogous to an old
paradox from thermodynamics (Figure 1.7). Maxwell’s demon was the central actor
of an imaginary experiment devised by J. Clerk Maxwell in the early days of the
development of the field of thermodynamics (Harman, 1998; Klein, 1970). The tiny
demon could sense the energy level of gas molecules around him in a closed chamber
and operate a door between two partitions. He allowed fast-moving gas molecules
to pass through the door and accumulate on one side of the chamber while keeping
slow-moving molecules on the other side by closing the door whenever they came
nearby. In this way he created order (the final gradient in fast and slow molecules)
from disorder (the initial even distribution of fast and slow molecules) and cheated

FIGURE 1.7 Maxwell’s demon controls the movement of gas molecules in a closed chamber.
(From Morowitz, H. J. 1970. Entropy for Biologists, An Introduction to Thermodynamics.
Academic Press, New York. With permission.)
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the second law of thermodynamics. In an analogous fashion, the force causing
selection of species in self-organization may be thought to be the ecological equiv-
alent of Maxwell’s demon (H. T. Odum 1983). The ecological demon operates a
metaphorical door through which species pass during succession, creating the orderly
networks of ecosystems from the disorderly mass of species that reach a site through
dispersal.

Self-organization is a remarkable property of ecosystems that is well known to
ecologists (Jørgensen et al., 1998; Kay, 2000; Perry, 1995; Straskraba, 1999), but it
is a new tool for engineers to use along with the other, more familiar tools of
traditional technology. It will be very interesting to observe how engineers react to
and come to assimilate the self-designing property of ecosystems into the engineer-
ing method as the discipline of ecological engineering develops over time. Control
over designs is fundamental in traditional engineering as noted by Petroski (1995):
“… the objective of engineering is control — getting things to function as we want
them to in a particular situation or use.” However, control over nature is not always
possible or desirable (Ehrenfeld, 1981; McPhee, 1989). As noted by Orr (2002): “A
rising tide of unanticipated consequences and ‘normal accidents’ mock the idea that
experts are in control or that technologies do only what they are intended to do.”
Ecological engineering requires that some control over design be given up to nature’s
self-organization and this will require a new mind-set among engineers. Some
positive aspects of systems that are “out of control” are discussed in Chapter 7.

PREADAPTATION

Self-organization can be accelerated by seeding with species that are preadapted to
the special conditions of the intended system. This requires knowledge of both the
design conditions of the ecosystem to be constructed and the adaptations of species.
As an example, when designing an aquatic ecosystem to treat acid drainage from
coal mines, seeding from a naturally acidic bog ecosystem should speed up self-
design since the bog species are already adapted to acid conditions. Thus, the bog
species can be said to be preadapted to fit into the design for acid mine drainage
treatment because of their adaptations for acidity. Adaptation by species occurs
through Darwinian evolution along environmental gradients (Figure 1.8) and in
relation to interactions with other species (i.e., competition and predation). The
adaptation curve in Figure 1.8 is bell-shaped since performance can only be opti-
mized over a small portion of an environmental gradient. The biological mechanisms
of adaptation include physiological, morphological, and behavioral features. One
sense of a species’ ecological niche is as the sum total of its adaptations. Hutchinson
(1957, 1965, 1978) envisioned this concept as a hypervolume of space along envi-
ronmental gradients on which a species can exist and reproduce. The niche is an
important concept in ecology and reviews are given by MacArthur (1968), Schoener
(1988), Vandermeer (1972), and Whittaker and Levin (1975). The concept covers
all of the resources required by a species including food, cover, and space (see also
the related concept of habitat discussed in Chapter 5). Each species has its own
niche and only one species can occupy a niche according to the competitive exclusion
principle (Hardin, 1960). As an aside, Pianka (1983) suggested that ecologists might
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develop periodic tables of niches, using Dimitri Mendeleev’s periodic table of the
chemical elements as a model. This creative idea provides a novel approach for
dealing with ecological complexity but it has not been developed.

In contrast to the concept of adaptation, preadaptation is a relatively minor
concept of evolutionary biology (Futuyma, 1979; Grant, 1991; Shelley, 1999). Wil-
son and Bossert (1971) describe it in terms of mutations which initially occur at
random:

In other words, within a population with a certain genetic constitution, a mutant is no
more likely to appear in an environment in which it would be favored than one in
which it would be selected against. When a favored mutation appears, we can therefore
speak of it as exhibiting true preadaptation to that particular environment. That is, it
did not arise as an adaptive response to the environment but rather proves fortuitously
to be adapative after it arises. … Abundant experimental evidence exists to document
the preadaptive nature of some mutants.

Preadaptations are then “preexisting features that make organisms suitable for
new situations” (Vogel, 1998). E.P. Odum (1971) cited Thienemann (1926) who
termed this the “taking-advantage principle,” whereby a species in one habitat can
take advantage of an adaptation that developed in a different habitat. Gould (1988)
has criticized the name preadaptation as “being a dreadful and confusing term”
because “it suggested foresight or planning in the evolutionary process” (Brandon,
1990). However, no such foresight or planning is implied and preadaptation is an
apparently random phenomenon in nature. Gould suggests the term exaptation in
place of preadaptation, but in this book the old term is retained.

Vogel (1998) has noted “preadaptation may be so common in human technology
that no one pays it much attention.” As an example, he notes that waterwheels in
mills used to extract power from streams were preadapted for use as paddle wheels
in the first generation of steamboats. Similarly, the use of preadapted species may

FIGURE 1.8 A performance curve for adaptation of a species along an environmental gra-
dient. (From Furley, P. A. and W. W. Newey. 1988. Geography of the Biosphere: An Intro-
duction to the Nature, Distribution and Evolution of the World’s Life Zones. Butterworth &
Co., London. With permission.)
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become common in ecological engineering designs of the future. These species will
accelerate the development of useful systems and lead to improved performance.
Biodiversity prospecting and a knowledge of the niche concept will be needed to
take advantage of these species. Rapport et al. (1985) give a table of preadaptations
to stress in natural ecosystems. New systems developing with pollution are sources
of preadapted species for treatment ecosystems. Likewise, invasive, exotic species
often are successful due to preadaptation to human disturbance and can be seed
sources for ecological engineering if permissible. Greater attention to the phenom-
enon of preadaptation can lead to new ways of thinking about biodiversity that may
enrich both ecology and engineering.

In conclusion, the three principles described above provide a foundation for the
new discipline of ecological engineering. The overall design procedure is (1) to
provide an appropriate energy signature, (2) to identify species that may be pre-
adapted to the design conditions and use them as a seed source, and (3) if pread-
aptated species cannot be identified, to introduce a diversity of species through
multiple seeding into the system to facilitate self-organization.

STRATEGY OF THE BOOK

This book is intended to be a survey of the discipline of ecological engineering,
rather than a design manual. One theme is to review examples of the new, ecolog-
ically engineered systems and to put them in the context of ecological concepts and
theory. In this sense the book is an introduction to ecology for engineers. It is hoped
that the science of ecology will provide suggestions for ways to improve the design
of the wide range of ecologically engineered systems that are being built and tested.
The book also should be relevant to ecologists as an introduction to the special, new
ecosystems that are appearing with increasing frequency in many applications. While
it is true that these are “artificial ecologies,” the suggestion is made that ecology as
an academic discipline can advance through their study.

The following six chapters focus on case study applications in ecological engi-
neering. Examples of designs are described along with ecological details for each
case study. A chapter also is included on economics which is critical for real-world
implementation of the new designs of ecological engineering. Finally, a conclusion
is presented with a theory of new ecosystems and prospects for the future of the
discipline.
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2 Treatment Wetlands

INTRODUCTION

The use of wetlands for treating wastewater is probably the best example of eco-
logical engineering because the mix of ecology and engineering is nearly even. The
idea is to use an ecosystem type (wetlands) to address a specific human need that
ordinarily requires a great deal of engineering (wastewater treatment). This appli-
cation of ecological engineering emerged in the early 1970s from a number of
experimental trials and is today a growing industry based on a tremendous amount
of experience as reflected by a large published literature. Although there is, of course,
still much to be learned, the use of wetlands for wastewater treatment is no longer
a novel, experimental idea, but rather an accepted technology that is beginning to
mature and to diffuse throughout the U.S. and elsewhere. The focus of the chapter
is on treatment of domestic sewage with wetlands, which was the first application
of the technology, but many other kinds of wastewaters (urban stormwater runoff,
agricultural and industrial pollution, and acid mine drainage) are now treated with
wetlands.

Domestic sewage probably is the least toxic wastewater produced by humans
and, in hindsight, it was logical that ecologists would choose it as the first type of
wastewater to test for treatment with wetlands. The dominant parameters of sewage
that require treatment are total suspended solids (TSS), organic materials measured
by biological oxygen demand (BOD), nutrients (primarily nitrogen and phosphorus),
and pathogenic microbes (primarily viruses and fecal coliform bacteria). In a sense
wetlands are preadapted to treat these parameters in a wastewater flow because they
normally receive runoff waters from surrounding terrestrial systems in natural land-
scapes. Wetlands are sometimes said to act as a “sponge” in absorbing and slowly
releasing water flow and as a “filter” in removing materials from water flow; these
qualities preadapt them for use in wastewater treatment.

STRATEGY OF THE CHAPTER

A principal purpose of this chapter is to review the history of the treatment wetland
technology. This effort will search for the kinds of thinking that went on during the
development of the technology and, thus, it will provide perspective on the nature
of ecological engineering. This is important since ecological engineering is a new
field with a unique approach that combines ecology and engineering. Hopefully, a
careful examination of the history of this example will reveal aspects of the whole
field. The chapter will not attempt to describe the state-of-the-art in wetland waste-
water treatment, especially since this has been done so well by Kadlec and Knight
(1996) and others. Rather, the emphasis will be on the early studies. Examination
of these studies, which were conducted in the 1970s and which are the “ancestors”
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of the present technology, should yield insight into the thought processes of ecolog-
ical engineering.

A summary of the old field of sanitary engineering from which conventional
sewage treatment technologies have evolved is described first. This is followed by
a discussion of the history of use of wetlands for sewage treatment, including the
proposal of hypotheses about where the original ideas came from and who had them.
It is suggested that ecologists played the critical role in the development of treatment
wetland technology and that engineering followed the ecology. The conceptual basis
of treatment wetlands is covered and the role of biodiversity is discussed with
emphasis on several important taxa. A comparison is made of mathematical equations
used to describe analogous decay processes in ecology and sanitary engineering,
which indicates similarities between the fields. Finally, two variations of treatment
ecosystems are examined in detail to demonstrate the design process: Walter Adey’s
algal turf scrubbers and John Todd’s living machines.

SANITARY ENGINEERING

Modern conventional methods of treating domestic sewage use a sequence of sub-
systems in which different treatment processes are employed. At the scale of the
individual home, septic tanks with drain fields are used (Figure 2.1). This is a simple
but remarkably effective system that is used widely (Kahn et al., 2000; Kaplan,
1991). Physical sedimentation occurs in the septic tank itself and the solid sludge
must be removed periodically. Anaerobic metabolism by microbes occurs inside the
tank, which initiates the breakdown of organic matter in the sewage. Liquids even-
tually flow out from the tank into a drain field of gravel and then into the surrounding
soil where microbes continue to consume the organic matter and physical/chemical
processes filter out pathogens and nutrients. The larger-scale sewage treatment plants
(Figure 2.2) use similar processes for primary treatment (sedimentation of sludge)
and secondary treatment (microbial breakdown of organic matter) in a more highly
engineered manner. Processes can be aerobic or anaerobic depending on basic design
features. Not shown in Figure 2.2 is a final treatment step, usually chlorination in
most plants or use of an ultraviolet light filter, which eliminates pathogens. Note

FIGURE 2.1 View of a septic tank and leaching bed. (From Clapham, W. B., Jr. 1981. Human
Ecosystems. MacMillan, New York. With permission.)
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also that nutrients are not removed and are usually discharged in the effluent unless
some form of tertiary treatment is employed.

The technologies discussed above are used throughout the world to treat human
sewage and are the products of a long history of sanitary engineering design. Sawyer
(1944), in an interesting paper which represents one of the first uses of the term
biological engineering, traces the origins of the conventional technologies back to
19th century England and the industrial revolution, but the formal origin of the field
of sanitary engineering seems to be the early 20th century United States. In his
classic work on stream sanitation, Phelps (1944) places the origin at the research
station of the U.S. Public Health Service, opened in 1913 in Cincinnati, Ohio. He
calls this station an “exceptional example of the coordinated work of men trained
in medicine, engineering, chemistry, bacteriology, and biology” which gives an
indication of the interdisciplinary nature of this old field. The station was later named
the Robert A. Taft Sanitary Engineering Center and it housed a number of important
figures in the field.

Sanitary engineering developed the kinetic and hydraulic aspects of moving and
treating sewage with characteristic engineering quantification. The field also involved
a great deal of biology and even some ecology, which is particularly relevant in the
context of the history of ecological engineering. Admittedly most of the biology has
involved only microbes and, in particular, only bacteria (Cheremisinoff, 1994; Gaudy
and Gaudy, 1966; Gray, 1989; James, 1964; Kountz and Nesbitt, 1958; Parker, 1962;
la Riviere, 1977). Moreover, sanitary engineers seemed to have their own particular
way of looking at biology as witnessed by their use of terms such as slimes (see
Gray and Hunter, 1985; Reid and Assenzo, 1963). Even though this term is quite
descriptive, a conventional biologist might think of it as too informal. Another
example of their view of biology (see Finstein, 1972; Hickey, 1988 as examples) is
the use of the name sewage fungus to describe not a fungus but a filamentous
bacterium (Sphaerotilus) with a gelatinous sheath. Ecologists usually tend to be a

FIGURE 2.2 Processes that take place in a conventional wastewater treatment plant. (Adapted
from Lessard, P. and M. B. Beck. 1991. Environ. Sci. Technol. 25:30–39.)
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bit more precise with biological taxonomy than this [though Hynes (1960) used the
term sewage fungus in his seminal text on the biology of pollution]. These semantic
issues are easily outweighed by the contributions of sanitary engineers to the biology
and ecology of sewage treatment. It is significant that sanitary engineers were
viewing sewage treatment much differently compared with conventional ecologists.
To them sewage was an energy source and their challenge was to design an engi-
neered ecosystem to consume it. This attitude is reflected in a humorous quote
attributed to an “anonymous environmental engineer” that was used to introduce an
engineering text (Pfafflin and Ziegler, 1979): “It may be sewage to you, but it is
bread and butter to me.” Meanwhile, more conventional ecologists wrote only on
the negative effects of sewage on ecosystems as a form of pollution (Hynes, 1960;
Warren and Doudoroff, 1971; Welch, 1980). Because of the negative perspective,
this form of applied ecology was not a precursor to the treatment wetland technology.

One important example of classic sanitary engineering is the understanding of
what happens when untreated sewage is discharged into a river. This was the state-
of-the-art in treatment technology up to the 20th century throughout the world and
it is still found in many lesser-developed countries. The problem was worked out
by Streeter and Phelps (1925) and is the subject of Phelps’ (1944) classic book. The
river changes dramatically downstream from the sewage outfall with very predictable
consequences in the temperate zone (Figure 2.3), in a pattern of longitudinal suc-
cession. Here succession takes the form of a pattern of species replacement in space
along a gradient, rather than the usual case of species replacement in one location
over time (see Sheldon, 1968 and Talling, 1958 for other examples of longitudinal
succession). Streeter and Phelps developed a simple model that shows how the stream
ecosystem treats the sewage (Figure 2.4). In the model, sewage waste creates BOD,
which is broken down by microbial consumers. The action of the consumers draws
down the dissolved oxygen in the river water resulting in the oxygen sag curve seen
in both Figure 2.3 and Figure 2.4. Sewage is treated when BOD is completely
consumed and when dissolved oxygen returns. This process has been referred to as
natural purification or self-purification by a number of authors (McCoy, 1971; Velz,
1970; Wuhrmann, 1972). It is important because it conceptualizes how a natural
ecosystem can be used to treat sewage wastewater and is a precursor to the use of
wetland ecosystems for wastewater treatment.

Other early sanitary engineers contributed ecological perspectives to their field.
A. F. Bartsch, who worked at the Taft Sanitary Engineering Center, wrote widely
on ecology (Bartsch 1948, 1970; Bartsch and Allum, 1957). H. A. Hawkes was
another author who contributed important early writings on ecology and sewage
treatment (Hawkes, 1963, 1965). Many of the important early papers written by
sanitary engineers were compiled by Keup et al. (1967), and Chase (1964) provides
a brief review of the field.

Unlike most sanitary engineering systems, which focused solely on microbes,
the trickling filter component of conventional sewage treatment plants has a high
diversity of species and a complex food web. The trickling filter (Figure 2.5) is a
large open tank filled with gravel or other materials over which sewage is sprayed.
As noted by Rich (1963),
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The term “filter” is a misnomer, because the removal of organic material is not accom-
plished with a filtering or straining operation. Removal is the result of an adsorption
process which occurs at the surfaces of biological slimes covering the filter media.
Subsequent to their absorption, the organics are utilized by the slimes for growth and
energy.

The gravel or other materials provide a surface for microbes that consume the organic
material in sewage. The bed of gravel also provides an open structure that allows a

FIGURE 2.3 The longitudinal succession of various ecological parameters caused by the
discharge of sewage into a river. A and B: physical and chemical changes; C: changes in
microorganisms; D: changes in larger animals. (From Hynes, H. B. N. 1960. The Biology of
Polluted Waters. Liverpool University Press, Liverpool, U.K. With permission.)
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free circulation of air for the aerobic metabolism of microbes, which is more efficient
than anaerobic metabolism. A relatively high diversity of organisms colonizes the
tank because it is open to the air. Insects, especially filter flies (Pschodidae), are
important as grazers on the “biological slimes” (Sarai, 1975; Usinger and Kellen,
1955). For optimal aerobic metabolism the film of microbial growth should not
exceed 2 or 3 mm, and the invertebrate animals in the trickling filter help to maintain
this thickness through their feeding. The overall diversity of trickling filters is
depicted with traditional alternative views of ecological energy flow in Figure 2.6
and Figure 2.7. The food web (Figure 2.6) describes the network of direct, trophic
(i.e., feeding) interactions within the ecosystem. Both the topology of the food web
networks (Cohen, 1978; Cohen et al., 1990; Pimm, 1982) and the flows within the
networks (Higashi and Burns, 1991; Wulff et al., 1989) are important subjects in
ecological theory. The trophic pyramid (Figure 2.7) describes the pattern of amounts
of biomass or energy storage at different aggregated levels (i.e., trophic levels) within
the ecosystem. Methods for aggregation of components, such as with trophic levels,
are necessary in ecology in order to simplify the complexity of ecosystems. For
example, a trophic level consists of all of the organisms in an ecosystem that feed
at the same level of energy transformation (i.e., primary producers, herbivores,

FIGURE 2.4 Several views of the Streeter–Phelps model of biodegradation of sewage in a
river ecosystem. (From Odum, H. T. 1983. Systems Ecology: An Introduction. John Wiley &
Sons, New York. With permission.)
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primary carnivores, etc.). Magnitudes are shown visually on the trophic pyramid by
the relative sizes of the different levels. A pyramid shape results because of the
progressive energy loss at each level due to the second law of thermodynamics.
Energy flow is an important topic in ecology though the concept of “flow” is an
abstraction of the complex process that actually takes place. Colinvaux (1993) labels
the abstraction of the complex process that actually takes place. Colinvaux (1993)
labels the concept as a hydraulic analogy in reference to the simpler dynamics of
water movements implied by the term, flow. McCullough (1979) articulated the
abstraction more fully as follows,

The problem concerns energy flux through the system; because it is unidirectional, and
perhaps because of a poor choice of terminology, an erroneous impression has devel-
oped. Ecologists speak so glibly about energy flow that it is necessary to emphasize
that energy does not “flow” in natural ecosystems. It is located, captured or cropped,
masticated, and digested by organisms at the expense of considerable performance of
work. Far from flowing, it is moved forcibly (and sometimes even screamingly) from
one trophic level to the next.

Studies of energy flow, while imperfect in method, provide empirical measure-
ments of ecological systems for making synthetic comparisons and for quantifying
magnitudes of contributions of component parts to the whole ecosystem.

FIGURE 2.5 View of a typical trickling filter system. The distributor arms, a, are supported
by diagronal rods, b, which are fastened to the vertical column. c. This column rotates on the
base, d, that is connected to the inflow pipe. e. The sewage flows through the distributor arms
and from there to the trickling filter by means of a series of flat spray nozzles, f, from which
the liquid is discharged in thin sheets. The nozzles are staggered on adjacent distributor arms
in order for the sprays to cover overlapping areas as the mechanism rotates. The bottom of
the filter is underdrained by means of special blocks or half-tiles, g, which are laid on the
concrete floor, h. (From Hardenbergh, W. A. 1942. Sewerage and Sewage Treatment (2nd
ed.). International Textbook Co., Scranton, PA.)
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The trickling filter is a fascinating ecosystem because of its ecological complex-
ity and its well-known engineering details. Interestingly, Mitsch (1990), in a passing
reference, suggested that some of the new constructed treatment wetlands have many
characteristics of “horizontal trickling filters.” Perhaps a detailed study of the old

FIGURE 2.6 Food web diagram of a trickling filter ecosystem. (From Cooke, W.G. 1959.
Ecology. 40:273–291. With permission.)

FIGURE 2.7 Trophic pyramid diagram of a trickling filter ecosystem. (From Hawkes, H.A.
1963. The Ecology of Waste Water Treatment. Macmillan, New York. With permission.)
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trickling filter literature will provide useful design information for future work on
treatment wetlands.

Other treatment systems have evolved that have more direct similarity to wet-
lands (Dinges, 1982). Oxidation or waste stabilization lagoons are simply shallow
pools in which sewage is broken down with long retention times (Gloyna et al.,
1976; Mandt and Bell, 1982; Middlebrooks et al., 1982). This is a very effective
technique that relies on biotic metabolism for wastewater treatment (Figure 2.8).
Perhaps even closer to the wetland option is land treatment in which sewage is
simply sprayed over soil in a grassland or forest (Sanks and Asano, 1976; Sopper
and Kardos, 1973; Sopper and Kerr, 1979). In this system sewage is treated as it
filters through the soil by physical, chemical, and biological processes.

AN AUDACIOUS IDEA

The use of wetlands for wastewater treatment was begun in the early 1970s. Whose
idea was this? It is important to understand the origin of this application since it
will reveal information on the nature of ecological engineering. One hypothesis is
that the origin of treatment wetlands was a result of the technological progress of
sanitary engineering systems (Figure 2.9). This is a reasonable hypothesis in that
the pathways require no especially dramatic technical jumps and in each case
ecosystems are used to consume the sewage. Of course, sewage was originally just
released into streams as Streeter and Phelps had studied in the early 1900s. This is
exactly the same approach taken with wetlands in the 1970s but with one treatment
ecosystem (the river) being changed for another (the wetland). Although this hypoth-
esis is reasonable, there is much more to the history.

Rather than a gradual progression of technological steps, there was an explosion
of ideas, all at about the same time, for combining wetlands and sewage for waste-

FIGURE 2.8 Metabolic cycling that takes place in oxidation stabilization ponds during waste-
water treatment. (Adapted from Oswald, W. J. 1963. Advances in Biological Waste Treatment.
W. W. Eckenfelder, Jr. and J. McCabe (eds.). MacMillan, New York.)
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water treatment (Figure 2.10). An examination of the literature shows that, starting
in the early 1970s and extending through the decade, a large number of studies were
conducted over a relatively short period of time to test wetlands as a system for

FIGURE 2.9 Hypothetical pathways of technological evolution of the use of wetlands for
wastewater treatment from sanitary engineering systems.

FIGURE 2.10 The “big-bang” model of a technological explosion of early treatment wetland
projects.
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wastewater treatment. This is shown in Figure 2.10 with references scattered around
a central core of possible antecedent studies. The model that is represented in this
figure is a kind of “big bang” explosion of creative trials of the idea of using wetlands
for wastewater treatment. This kind of model has been proposed by Kauffman
(1995) for technological jumps. He uses an analogy with the evolutionary explosion
that took place at the start of the Cambrian era when many of the modern taxonomic
groups of organisms appeared suddenly in a kind of creative explosion of biodiver-
sity. In the same sense there was an explosion of studies on wetlands for wastewater
treatment in the 1970s and the present state of the art in this technology traces back
to this creative time.

What might have triggered this explosion of studies? Several authors have
proposed that the Clean Water Act, which was passed in 1972, may have been an
important influence (Knight, 1995; Reed et al., 1995). The most significant aspect
of this legislation may have been the shifting emphasis in research funding towards
alternative treatment technologies. However, the general intention of the Act was to
reduce pollutant loads to natural systems, not to increase them as occurs when
treating wastewater with wetlands. It seems unlikely, moreover, that either an act of
legislation or even increased research funding were the actual triggers to the explo-
sion of studies, because these are not strong motivators of scientific advancement.
In fact, there must have been a kind of sociopolitical resistance against putting
wastewater into natural wetlands from several sources in the early 1970s. First, the
environmental movement was growing, and environmentalists sought to preserve
wilderness and to oppose any changes in natural systems caused by human actions.
This movement took definite form with the first Earth Day celebration in April 1970,
almost at the exact beginning of trials of wastewater treatment with wetlands.
Second, society as a whole in the U.S. had just come to recognize cultural eutroph-
ication as a significant issue (Bartsch, 1971; Beeton and Edmondson, 1972; Hutch-
inson, 1973; Likens 1972). Eutrophication, or the aging of an aquatic ecosystem
through filling in with inorganic and organic sediments, is a natural phenomenon
(actually a form of ecological succession). However, humans can accelerate this
process through additions of nitrogen and phosphorus found in various kinds of
wastewater (i.e., cultural eutrophication). Finally, in addition to the obstacles men-
tioned above, there was a normal resistance to the idea of using wetlands to treat
wastewater, resistance that always occurs when a new technology is introduced. This
was led by sanitary engineers who utilized conventional treatment technologies and
by government officials who regulate the industry, and it continues in the present.
Thus, the use of wetlands to treat domestic sewage was an audacious idea in the
early 1970s, which faced many hurdles (Figure 2.11). The only positive influence
may have been the first energy crisis in 1973, which provided the incentive for
reducing costs in many sectors of the economy (K. Ewel, personal communication).
In retrospect, it seems somewhat amazing that the idea was allowed to be tested at all.

The use of wetlands to treat wastewater came from an intellectually courageous
group of ecologists who saw the positive dimension of the idea (as a form of
ecological engineering) and who were not held back by the negative dimension (that
it represented intentional pollution of a natural ecosystem type in order to treat
wastewater). The concept seems to have arisen from at least four specific antecedent
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activities that appeared in the late 1960s, as shown in the center of Figure 2.10.
Bastian and Hammer (1993), Kadlec and Knight (1996), and Knight (1995) provide
some discussion of the history of the treatment wetland technology, and they note
the possible early influence of several of these antecedent works. These early initi-
atives are especially important because they predate the early 1970s explosion of
studies. Short descriptions of these are given below:

1. Tinicum Marsh is a natural, freshwater tidal marsh near Philadelphia, PA.
It is dominated by wild rice (Zizania aquatica) and common reed (Phrag-
mites australis) and has been highly altered by a variety of human impacts.
In the late 1960s the marsh became the focus of a conservation struggle
over its value as open space within the urban setting and several studies
were conducted on its ecology. One study by Ruth Patrick reviewed the
marsh’s ability to improve water quality. The findings showed significant
reductions in BOD and in nitrogen and phosphorus from the effluent
discharge of a nearby sewage treatment plant. The data on water quality
improvement owing to the marsh became one of the political arguments
for preserving it as urban open space. This example of an inadvertent
discharge was the first of many similar studies made in the 1970s. Infor-
mation on Tinicum Marsh is given by McCormick (1971), by Goodwin
and Niering (1975), and in an original contract report by Grant and Patrick
(1970).

2. Water hyacinths (Eichhornia crassipes) are floating plants of tropical
origin that have very high productivity. This quality causes them to act
as weeds in clogging waterways and much research has gone into devel-
oping methods for controlling their growth. In the late 1960s and early
1970s a number of workers sought to take advantage of the water hya-
cinth’s fast growth rates by testing out possible wastewater treatment
designs (Boyd, 1970; Rogers and Davis, 1972; Scarsbrook and Davis,
1971; Sheffield, 1967; Steward, 1970). The concept is to grow water
hyacinths on sewage effluent and periodically harvest their biomass. Large
amounts of nutrient could be stripped from the water as a result of uptake

FIGURE 2.11 Causal diagram of sociopolitical influences on the development of the treat-
ment wetland technology in the U.S. during the early 1970s.
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driven by the high productivity. These early studies were continued
through the 1970s (Cornwell et al., 1977; Taylor and Steward, 1978;
Wooten and Dodd, 1976), and they also led to modifications such as by
Wolverton and McDonald (1979a, 1979b).

3. Professor Kathe Seidel was a German scientist who started experimenting
with the use of wetland plants for various kinds of wastewater treatment
in the 1950s at the Max Planck Institute. Seidel seems to have been the
first worker to test the concept of treatment wetlands and she published
extensively in German (Seidel, 1966). Unfortunately, her work did not
become widely known to western scientists until a publication appeared
in English in the early 1970s (Seidel, 1976).

4. H. T. Odum ran a large project, which began in 1968, on testing the effects
of domestic sewage on estuarine ecosystems at Morehead City, NC (H.
T. Odum, 1985, 1989b). Experimental ponds that received sewage were
compared with control ponds that received fresh water. The results indi-
cated that sewage ponds had lower diversity of species and other charac-
teristics of cultural eutrophication (algal blooms, extremes in oxygen
concentrations) relative to controls, but both systems self-organized eco-
logical structure and function with available species. This experiment did
not deal with treating sewage specifically but rather with sewage effects
as a pollutant. This focus is indicated by H. T. Odum’s placement of the
study in his text on microcosms (Beyers and H. T. Odum, 1993) not under
the “wastes” chapter but under the chapter on “ponds and pools.” However,
H. T. Odum’s later project on cypress swamps for wastewater treatment
in the 1970s (Ewel and H. T. Odum, 1984) clearly traces back to the
Morehead City project, as noted by Knight (1995), who served as a young
research assistant studying the estuarine ponds. H. T. Odum seems to have
had even earlier premonitions on the treatment wetland idea while working
on the Texas coast in the 1950s, as indicated by the following quote from
Montague and H. T. Odum (1997):

A serendipitous example one of us (HTO) has observed over some years is the sewage
waste outflow from a small treatment plant at Port Aransas, Texas. Wastes were released
to a bare sand flat starting about 1950. As the population grew, wastes increased. Now
there is an expansive marsh with a zonation of species outward from the outfall.
Freshwater cattail marsh occurs immediately around the outfall. Beyond that is a
saltmarsh of Spartina and Juncus through which the wastewaters drain before reaching
adjacent coastal waters.

These four projects or lines of research seem to have set the stage for or actually
triggered the explosion of studies in the 1970s. Apparently, the idea arose in scien-
tists’ minds to try wetlands for wastewater treatment and then positive feedback
occurred as other scientists got caught up in trying the approach with different kinds
of designs. Table 2.1 summarizes the early published studies according to their basic
research design. Although there is a balanced representation between types of stud-
ies, the inadvertent experiment was the most common kind of study. In this approach
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a study was made of the performance of a natural wetland that had been receiving
sewage for a number of years. The situation arises when sewage is discharged
inadvertently (and illegally) into a natural wetland. This kind of study has advantages
of showing long-term performance, but there is no experimental control and no
replication. All of the other kinds of studies listed in Table 2.1 have various degrees

TABLE 2.1
Classification of Early Treatment Wetland Studies

(A) Natural Wetlands

(1) Inadvertent Experiment

Wisconsin marsh (Spangler et al., 1976)
Wisconsin marsh (Lee et al., 1975)
Canadian Northwest Territories (NWT) marsh (Hartland-Rowe and 
Wright, 1975)

Canadian Ontario marsh (Murdoch and Capobianco, 1979)
South Carolina river swamp (Kitchens et al., 1975)
Florida river swamp (Boyt et al., 1977)

(2) Purposeful Additions of Actual Sewage

New Jersey tidal marsh (Whigham and Simpson, 1976)
Florida cypress dome (Odum et al., 1977a)
Michigan peat wetland (Tilton and Kadlec, 1979)
Central Florida marsh (Dolan et al., 1981)
North Carolina swamp (Brinson et al., 1984)
Georgia saltmarsh (Haines, 1979)

(3) Addition of Simulated Sewage

Massachusetts saltmarsh (Valiela et al., 1973)
South Florida marsh (Steward and Ornes, 1975)

(B) Constructed Wetlands

(4) Pilot Scale System

New York constructed marsh (Small, 1975)
Minnesota constructed peat bed (Osborne, 1975)
Mississippi constructed marsh (Wolverton et al., 1976)
Wisconsin constructed marsh (Fetter et al., 1976)

(5) Mesocosm

Canadian Saskatchewan marsh (Lakshman, 1979)

Note: References are from Figure 2.10.
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of experimental design, though complications often arose. Particularly interesting
are the studies that used simulated sewage. The studies listed in Table 2.1 were field
studies, which is ecology at its best. Problems occur in such experiments but they
are views of how nature responds in the real world. In each case the systems of
wetlands and sewage that emerged were new systems with altered biogeochemistry,
different relative abundances of plants, animals and microbes, and new food web
structures. The ecosystems self-organize from available components into new sys-
tems that are partly engineered and partly natural. The engineered subsystems range
from simple deployments of pipes and pumps that discharge sewage into an existing
wetland to complicated constructed wetlands that are actually hybrids of machine
and ecosystem with multiple units in series and parallel connections and with
sophisticated flow regulation devices. Some of the studies, such as the cypress project
in Florida, were well funded and resulted in many publications about various aspects
of the treatment wetland system. Other studies were represented by only a single
publication with little system description except some water quality data. Most of
the studies were short term and “died out” while a few continued to develop and
are represented in the present-day technology. This seems reminiscent of the early
automobile industry in Detroit, Michigan, around the turn of the twentieth century
when many new auto designs were built and tested by small and large companies
(Clymer, 1960). The innovators in the early automobile industry were mechanics
who were able to coevolve with entrepreneurs and who in turn could mold and adapt
existing technology (such as bicycles). The innovators of the treatment wetland
technology were ecologists who were able to coevolve with engineers and regulators
and who could mold and adapt wetland ecosystems with existing conventional
wastewater treatment technology. An important exception is Robert Kadlec, who is
one of the few early workers trained as an engineer rather than as an ecologist.
Kadlec has continued his study of sewage treatment by a natural Michigan peatland
for three decades, and he is a leader in creating quantitative design knowledge on
treatment wetlands (Kadlec and Knight, 1996).

A kind of modest industry has evolved out of the early wetlands for wastewater
treatment studies of the 1970s. Table 2.2 offers a hypothetical description of this
evolution with speculations for the future. After the period of “optimism and enthu-
siasm” of the 1970s, problems with the technology began to appear. The best example
may be problems with the capacity for long-term phosphorus uptake that have been
reviewed extensively by Curtis Richardson (1985, 1989; Richardson and Craft,
1993). These kinds of problems are being addressed and the field is moving forward.
It appears the technology will continue to grow into a viable commercial scale
industry that will rival conventional treatment technologies, especially for rural or
other relatively specialized situations.

THE TREATMENT WETLAND CONCEPT

Basically, the same physical/chemical/biological processes are used to treat domestic
sewage in both conventional wastewater treatment plants and treatment wetland
systems. The differences occur mainly in dimensions of space and time: wetlands
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need significantly more space and more time than conventional plants to provide
treatment. The trade-off is economic with the wetlands option being cheaper in
utilizing a higher ratio of natural vs. purchased inputs (Figure 2.12), at least con-
ceptually.

A key factor in wastewater treatment is hydraulic residence time, as noted by
Knight (1995):

The typical hydraulic residence time in a modern AWT (advanced wastewater treat-
ment) plant is about 12 hr., and solids residence time might be only about 1–2 days.
In a typical treatment wetland, the minimum hydraulic residence time is greater than
5 days and in some is over 100 days. Solids residence time is typically much longer
as organic material slowly spirals through the system undergoing numerous transfor-
mations.

Knight’s use of the verb spiral is significant in the above quote. Spiralling is a
metaphor used to describe material processing in stream ecosystems that combines
cycling and transport. In the classic sense, materials cycle through an ecosystem
along transformation pathways between abiotic and biotic compartments (Pomeroy,
1974a). The study of these cycles is termed variously biogeochemistry (Schlesinger,
1997), mineral cycling (Deevey, 1970), or nutrient cycling (Bormann and Likens,

TABLE 2.2
Stages in the Evolution of the Treatment Wetland Technology

1970s “Optimism and Enthusiasm”

An explosion of ideas takes place; tests are performed in a variety of 
wetland types using different experimental strategies.

1980s “Caution and Skepticism”

Many of the original studies are discontinued; long-term treatment 
ability (especially for phosphorus removal) is questioned (see 
Richardson’s many papers and Kadlec’s “aging” concept); many 
review papers are written.

1990s “Maturation”

An almost exclusive emphasis emerges on the use of constructed 
wetlands rather than natural wetlands for wastewater treatment; 
Kadlec and Knight’s book entitled Treatment Wetlands is published; 
management ideas evolve to address limitations brought up in the 
1980s.

2000s “Commercialization”

The technology of treatment wetlands expands, especially in less 
developed countries throughout the world; constructed wetlands 
become a widely accepted alternative technology for certain 
scenarios of wastewater treatment.
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1967). In terms of abiotic compartments, some elements, such as carbon, nitrogen,
and sulfur, have gaseous phases while others, such as phosphorus, potassium, and
calcium, are primarily limited to soil and sediment phases. Most elements are taken
up by plants for use in the organic matter production of photosynthesis and are
released either from living tissue or after deposition as detritus (i.e., storage of
nonliving organic matter) through respiration. Thus, each element has its own cycle
through the ecosystem, though they are all coupled. Traditionally, cycling was
essentially considered to occur at one point in space. This conception makes sense
for an aggregated view of a forest or lake ecosystem where internal cycling quan-
titatively dominates amounts flowing in or out at any point. However, in stream and
river ecosystems internal cycling is less important because of the constant move-
ments due to water flow. Stream ecologists developed the spiraling concept (Figure
2.13) to account for both internal cycling and longitudinal transport of materials in
a two- or three-dimensional sense as opposed to the one-dimensional sense of
internal cycling as a point process (Elwood et al., 1983; Newbold 1992; Newbold
et al., 1981, 1982). Wagener et al. (1998) have extended the spiraling concept to
soils, and as indicated by Knight’s quote, this may be the appropriate perspective
for material processing in treatment wetlands. It is such complex system functioning
that characterizes treatment of sewage in wetlands.

Sewage is discharged in a treatment wetland usually at a series of points (often
along a perforated pipe) rather than at a single point, and it moves by gravity as a
thin sheet-flow through the wetland. This kind of flow, either at or below the surface,
allows adequate contact with all ecosystem components involved in the treatment
process. Channel flows, with depths greater than about 30 cm, will not allow adequate
treatment because they reduce residence time.

FIGURE 2.12 Locations of various wastewater treatment technologies along gradients of
energy input. (From Knight, R. L. 1995. Maximum Power: The Ideas and Applications of H.
T. Odum. C. A. S. Hall (ed.). University Press of Colorado, Niwot, CO. With permission.)
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The efficiency of treatment wetlands is evaluated by input–output methods which
quantify assimilatory capacity. A mass balance approach is most useful, which
demonstrates percent removal of TSS, BOD, nutrients, and pathogens. Usually this
is done by measuring water flow rates (for example, million gallons/day) and con-
centrations of sewage parameters (usually mg/l for TSS, BOD, and nutrients and
numbers of individual organisms per unit volume for pathogens). When water flow
rates are multiplied by concentrations, along with suitable conversion factors, the
total mass of input can be compared with the total mass of output and uptake
efficiencies calculated. If water flow rates cannot be quantified, comparisons between
inputs and outputs can be made with concentration data alone, but this approach is
not as complete as the full mass balance approach.

The dominant processes that remove the physical–chemical parameters of sew-
age in wetlands are shown in Figure 2.14 and highlighted in Table 2.3. Many kinds
of transformations are involved in these treatment processes and much is known
about their kinetics. In general, treatment efficiencies are variable but high enough
for the technology to be considered competitive.

The treatment wetland technology works best in tropical or subtropical climates
where biological processes are active throughout the annual cycle. An open question
still exists about year-round use of treatment wetlands in colder climates where
biological processes are reduced during the winter season, but some workers believe
that the technology can be utilized in these regions (Lakshman, 1994; Werker et al.,
2002). It also is most appropriate for rural areas where waste volumes to be treated

FIGURE 2.13 The spiraling concept of material recycling in stream ecosystems. (From
Newbold, J. D. 1992. The Rivers Handbook: Hydrological and Ecological Principles. Vol. 1.
P. Calow and G. E. Petts (eds.). Blackwell Scientific, Oxford, UK. With permission.)
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are small to moderate. In urban settings, where waste volumes are high, conventional
treatment plants are more appropriate than treatment wetlands because they handle
large flows with small area requirements.

FIGURE 2.14 Energy circuit diagram for the main processes in a treatment wetland.

TABLE 2.3
Listing of the Dominant Processes of Water Quality Dynamics 
in Treatment Wetlands

Process Pathway within treatment wetland

Sedimentation TSS in water to sediments

Adsorption, Precipitation Nutrients in water to sediments

Biodegradation BOD in water to microbes

Chemical transformation Nutrients in water to microbes and microbes
to nutrients in water

Metabolic uptake Nutrients in water to plants

Overall input TSS, BOD, nutrients in sewage source to
water storage

Overall output TSS, BOD, nutrients in water storage to discharge

Note: Pathways are from Figure 2.14.
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Wetlands that are specially constructed for wastewater treatment are the most
common form of the technology today. A few types of natural wetlands are used
(Breaux and Day, 1994; Knight, 1992), but these are special case situations. The
two main classes of constructed treatment wetlands differ in having either surface
or subsurface water flows. The state of the art is given in book-length surveys by
Campbell and Ogden (1999), Kadlec and Knight (1996), Reed et al. (1995), and
Wolverton and Wolverton (2001), and in a number of edited volumes (Etnier and
Guterstam, 1991; Godfrey et al., 1985; Hammer, 1989; Moshiri, 1993; Reddy and
Smith, 1987). Other useful reviews are given by Bastian (1993), Brown and Reed
in a series of papers (Brown and Reed, 1994; Reed and Brown, 1992; Reed, 1991),
Cole (1998), Ewel (1997), and Tchobanolous (1991).

BIODIVERSITY AND TREATMENT WETLANDS

Most engineering-oriented discussions of treatment wetlands focus on microbiology,
but other forms of biodiversity are, or can be designed to be, involved. Microbes
occupy the smallest and fastest (in terms of generation time) realm of biodiversity,
making up about the lower quarter of the graph in Figure 2.15. Do other realms of
biodiversity have roles to play in existing or possible treatment wetlands? The
consensus from many engineers and treatment plant operators seems to be that these
roles, to the extent that they even exist, are minor. Another perspective is that the
use of biodiversity in treatment wetlands is in the early stage of development and
broader roles may be self-organizing or may be designed in the future for more
effective performance. For example, Cowan (1998) found more species of frogs and
toads in a treatment wetland in central Maryland as compared with a nearby reference
wetland. Is this high amphibian diversity playing a functional role in treatment

FIGURE 2.15 A scale graph of biodiversity. (From Pedros-Alio, C. and R. Guerrero. 1994.
Limnology: A Paradigm of Planetary Problems. R. Margalef (ed.). Elsevier, Amsterdam, the
Netherlands. With permission.)
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wetland performance? Ecology as a science may be able to lead the design of
biodiversity in treatment wetlands through ecological engineering. Several examples
of important taxa are discussed below.

MICROBES

The term microbe includes a number of different types of organisms that occur at
the microscopic range of scale. The ecology and physiology of microbes is much
different from macroscopic organisms, because of their small size and because their
surface-to-volume ratios are so much larger (Allen, 1977). Thus, the methods of
study for microbes are almost completely different from methods used for larger
organisms. These qualities separate microbial ecologists from other ecologists and,
to some extent, limit interaction between the two groups. The ecology of microbes
in general is introduced by Margulis et al. (1986), Allsopp et al. (1993), and Hawk-
sworth (1996), while references focusing on bacteria are given by Fenchel and
Blackburn (1979), Pedros-Alio and Guerrero (1994), and Boon (2000). Microbes
perform the main biological work of waste treatment in their metabolism. This is
especially true for carbon and nitrogen, though less applicable for phosphorus.
Organic materials, such as BOD, are consumed through aerobic or anaerobic respi-
ration reactions, and nitrogenous compounds are ultimately converted to nitrogen
gas through nitrification and denitrification reactions. Thus, microbes may be thought
of as the principal functional forms of biodiversity in treatment wetlands. The basic
theory in wastewater treatment engineering considers the dynamics of pollutants,
such as BOD, and microbial communities within bioreactors (Figure 2.16), and this
approach is used as a starting point for understanding the behavior of treatment
wetlands.

Microbes can be either attached to surfaces or suspended in the wastewater.
Attached microbes form biofilms (Characklis and Marshall, 1990; Flemming, 1993;
Lappin-Scott and Costerton, 1995). These are the “slimes” mentioned earlier (Ben-
Ari, 1999). Suspended microbes are important where artificial turbulence is applied
as in fluidized beds and activated sludge units.

In natural ecosystems microbes are usually found attached to particles of detritus.
Two historic views of the relationship are shown in Figure 2.17. In practice, it is
difficult or impossible to separate the living microbial organisms from the nonliving
detritus particles, and they are often treated as a complex in ecological field work.
From the perspective of detritivores who consume detritus, Cummins (1974) sug-
gested that the complex is like a peanut butter cracker. In this anthropocentric
metaphor, the microbes are the nutritious peanut butter because of their low carbon
to nitrogen ratio, while the detritus particle is the nutritionally poor cracker because
of its high carbon to nitrogen ratio (see the composting section in Chapter 6 for
more discussion of the carbon to nitrogen ratio). Thus, a detritivore obtains more
nutrition from the microbe than from the detritus particle itself, but both must be
ingested because they form a unit. The detritus complex is an important part of most
ecosystems. It is associated with soils and sediments but it can be suspended, as in
oceanic systems where it is termed marine snow (Silver et al., 1978). General reviews
of the ecology of detritus are given by Melchiorri-Santolini and Hopton (1972),
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Pomeroy (1980), Rich and Wetzel (1978), Schlesinger (1977), Sibert and Naiman
(1980), and Vogt et al. (1986).

HIGHER PLANTS

Higher plants, especially flowering plants, are an obvious feature of wetlands includ-
ing treatment wetlands (Cronk and Fennessy, 2001). Although wetlands can be
defined broadly (Cowardin et al., 1979), a general definition is that a wetland is an
ecosystem with rooted, higher plants where the water table is at or near the soil
surface for at least part of the annual cycle. Lower plants, such as algae, mosses,
and ferns, can be important but they are usually less dominant than the flowering
plants. A variety of life forms fall under the category of higher plants in wetlands,
including trees, emergent macrophytes (grasses, sedges, rushes), and floating leafed
and submerged macrophytes. Although their function in treatment wetlands is sec-
ondary to microbes, they do play significant roles (Gersberg et al., 1986; Peterson
and Teal, 1996; Pullin and Hammer, 1991).

Figure 2.18 depicts a general model that covers many of the higher plant life-
forms and illustrates several important functions. The plants themselves are com-
posed of aboveground (stems, shoots, and leaves) and belowground (roots and
rhizomes, which are underground stems) components which interact in the central
process of primary production. Belowground components physically support the

FIGURE 2.16 Views of the basic theory of biological reactor functioning. (From Tenney, M.
W. et al. 1972. Nutrients in Natural Waters. H. E. Allen and J. R. Kramer (eds.). John Wiley
& Sons, New York. With permission.)
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shoots and facilitate uptake of nutrients. Photosynthesis occurs in shoots and leaves
that are exposed to sunlight during a portion of the year when the temperature is
above freezing (i.e., the growing season). Aboveground and belowground compo-
nents die and transform into litter and soil organic matter, respectively (both forms
of detritus), where decomposition and recycle by detritivores takes place.

Probably the most obvious contribution of higher plants to the treatment process
is uptake of nutrients. If biomass is harvested and removed from the system, uptake
can play a role in removing nutrients. However, without harvest, nutrients eventually
recycle providing no net treatment. This situation leads to a description of treatment
wetlands as alternating sinks and sources for nutrients. They are sinks during the
growing season when uptake dominates the mass balance, and they are sources
during the winter and early spring when decomposition and seasonal flushing dom-
inate the mass balance. Harvest can cause treatment wetlands to be primarily sinks,

FIGURE 2.17 Two early depictions of the detritus concept. PAR: photosynthetically available
radiation; DOM: dissolved organic matter. (The top part of the figure is from Goldman, J. C.
1984. Flows of Energy and Materials in Marine Ecosystems: Theory and Practice. M. J. R.
Fasham (ed.). Plenum Press, New York. With permission. The bottom part of the figure is
from Darnell, R. M. 1967. Estuaries. G. H. Lauff (ed.). Publ. No. 83, American Association
for the Advancement of Science, Washington, DC. With permission.)
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but this option is often expensive. Also, only small amounts of nutrients can be
removed by harvesting because plant biomass contains only small percentages of
nutrients (about 5% by mass).

A more important contribution of higher plants to the treatment process is their
support of microbes within the rhizosphere, which is the zone adjacent to living
roots in soils and sediments. Roots provide surfaces that are colonized by biofilms,
and they leak organic molecules and oxygen that directly support microbes. These
kinds of flows are shown in Figure 2.18 in the belowground zone. Oxygenation of
sediments through air spaces that connect shoots and roots is a very important
function of many macrophytes (Dacey, 1981; Gunnison and Barko, 1989; Jaynes
and Carpenter, 1986; Kautsky, 1988). Wetland sediments are normally anaerobic
and oxygen leakage from roots supports more efficient aerobic metabolism by
microbes in the rhizosphere. The contributions of roots in creating microzones within
sediments may be a critical role in supporting microbes that transform nitrogenous
materials in wastewater to nitrogen gas. Removal of nitrogen through denitrification
is a reliable function in treatment wetlands that is a definite tool to be used by
ecological engineers.

A final note on higher plants in treatment wetlands deals with the special features
of individual species. Paradoxically, some of the most useful species in treatment
wetlands, such as water hyacinth (Eichhornia crassipes), common reed (Phragmites
sp.) and cattail (Typha sp.), are considered pests that sometime require control when
they occur in natural wetlands. These species are characterized by fast growth, which
is a positive feature in treatment wetlands but a negative feature in natural wetlands
where they outcompete other plant species. Several of these species are nonnative
or “exotic” in North America and the ecology of these kinds of species is covered

FIGURE 2.18 Energy circuit diagram of an aquatic plant-based system.
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in Chapter 7. Duckweed (family Lemnaceae) is another type of plant with fast growth
that has been used for wastewater treatment (Culley and Epps, 1973; Harvey and
Fox, 1973). Species from this plant family are small, floating-leaved plants that can
completely cover the water surface of a pond or small lake. In an early reference
Hillman and Culley (1978) envision a dairy farm system in which 10 acres (4 ha)
of duckweek lagoons could treat the wastewater of a herd of 100 cattle. One more
recent design for domestic wastewater treatment uses this species exclusively (Bud-
dhavarapu and Hancock, 1991), which was developed by a company named appro-
priately the Lemna Corporation. Other species, not now used in treatment wetlands
(Symplocarpus foetidus), may have special qualities that preadapt them for this use.
Skunk cabbage is one example that has adaptation for growth during early spring
when temperatures are too low for other species. Heat generated by enhanced
respiration (Knutson, 1974; Raskin et al., 1987) supports the early growth. Perhaps
this species could be manipulated and managed to extend the growing season of
treatment wetlands, which is now a limiting factor for their implementation in cold
climates.

PROTOZOANS

Protozoans are microscopic animals found primarily in soils and sediments. A variety
of groups are known, roughly separated by locomotion type: amoebae, flagellates,
and ciliates, along with foraminifera. Their primary role in treatment wetlands is as
predators on the bacteria. This predation controls or regulates bacteria populations
by selecting for fast growth. Predation is always selective, with the predators choos-
ing among alternative prey individuals. This is true for all organisms from protozoans
to killer whales and has important consequences. Predators affect and improve the
genetic basis of prey populations by selecting against individuals that are easy to
catch (i.e., the sick, the dumb, the weak, and the very young or old) and selecting
for those individuals that are hard to catch (i.e., the healthy, the smart, the strong,
and the middle-aged). As an example, Fenchel (1982) simulates a predator–prey
model for protozoans and bacteria which generate a classic oscillating pattern over
time (see also Figure 4.5). The interaction between predators and prey is an important
topic in ecological theory (Berryman, 1992; Kerfoot and Sih, 1987), and knowledge
of the subject will provide ecological engineers with an important design tool (see
also the discussion of top-down control in Chapter 7).

Because bacteria and other microbes metabolize the organic matter in wastewa-
ter, protozoans indirectly control treatment effectiveness through their predation.
Treatment of BOD is thus a “bacterial–protozoan partnership” (Sieburth, 1976), and
this interaction is illustrated in Figure 2.19. This highly organized food web also
has been called the microbial loop because of the strong and fast interconnections
between components in the system. The microbial loop was first discussed for the
oceanic plankton (Azam et al., 1983; Pomeroy, 1974b), but it may well apply to
treatment wetlands as well. Numbers of organisms are very high in these mixed
microbial systems — on the order of 105–106 individuals/gram for bacteria and
103–104 individuals/gram for protozoans (Chapman, 1931; Spotte, 1974; Waksman,
1952). The importance of protozoans is well known in both natural ecosystems (Bick
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and Muller, 1973; Stout, 1980) and conventional wastewater treatment systems
(Barker, 1946; Bhatla and Gaudy, 1965; Curds, 1975; Kinner and Curds, 1987).
Experiments with seeding protozoans into wastewater treatment systems have been
shown to improve treatment (Curds et al., 1968; McKinney and Gram, 1956), and
it is possible that protozoans may be able to be manipulated by ecological engineers
in treatment wetlands.

MOSQUITOES

Mosquitoes are biting flies of the insect family Culicidae. They are well known to
be associated with wetlands since their larvae are aquatic. For many people, mos-
quitoes are a negative form of biodiversity because of their biting behavior and
because some species can transmit diseases. Worldwide there are nearly 3000 species
of mosquitoes and they range from the arctic to the tropics. They are remarkable
animals with a very short breeding cycle and with an adult stage characterized by
acute sensory perception and strong flight capability. Of course, the main problem
with mosquitoes is that in certain species the females prey on human blood. They
do this in order to acquire a concentrated dose of protein needed for the development
of eggs in the reproductive cycle. The main genera are Anopheles, Aedes, and Culex
and they are considered to be “man’s worst enemy” (Gillett, 1973) because of their
association with diseases. The most important diseases are mainly tropical and
include malaria, yellow fever, dengue, encephalitis, and filariasis (Foote and Cook,
1959). The latest concern in the U.S. is the West Nile strain of encephalitis which
was first recorded in New York City but which has recently spread across the country.

FIGURE 2.19 The role of protozoans in regulating decomposition processes. (From Caron,
D. A. and J. C. Goldman. 1990. Ecology of Marine Protozoa. G. M. Capriulo (ed.). Oxford
University Press, New York. With permission.)
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Large-scale, organized control of mosquitoes has been evolving for more than
100 years (Hardenburg, 1922) and it involves many of the issues now associated
with invasive exotic species (see Chapter 7). The main methods of control are to
restrict breeding habitats and to use chemical pesticides and biological control
agents. In general, control of mosquito populations is difficult to achieve because
of their dispersal abilities and short breeding cycle. Also, some species such as the
Asian tiger mosquito (Aedes albopictus) are preadapted to live in human habitats
by breeding in manmade containers (old tires, flower pots, clogged gutters, children’s
swimming pools, etc.). Of special interest, mosquitoes provided one of the first
examples of the development of resistance to pesticides when DDT use became
widespread after World War II (King, 1952). Because of the importance of the
problem, organized mosquito control districts have been formed in many parts of
the U.S., which are supported by local taxes. Lichtenberg and Getz (1985) provide
a thorough review of the economics of mosquito control for one particular situation
that is probably applicable in a more general sense.

Mosquitoes often are associated with treatment wetlands when ponded water
provides habitat for larvae. They can participate in the treatment process because
the larvae feed on organic matter, but their contribution probably is quite minor. The
most important issue is whether or not treatment wetlands are a significant source
of mosquito production. Kadlec and Knight (1996) have reviewed the subject and
indicate that this is generally not a major concern. However, others are not convinced,
as noted by Martin and Eldridge (1989): “We have the basic knowledge to design
and operate created wetlands systems today. The major drawback is mosquito prob-
lems, which must be solved before created wetlands can be universally accepted by
public health officials and the general public.” Designs for controlling mosquito
production in treatment wetlands are discussed by Anonymous (1995a), Russell
(1999), and Stowell et al. (1985).

As a final aside, a significant amount of ecological engineering has been involved
in mosquito control efforts in natural saltmarshes, especially along the U.S. East
Coast (Carlson et al., 1994; Dale and Hulsman, 1991; Resh, 2001). In this habitat
mosquito species lay eggs on moist soil surfaces rather than in standing water. Larvae
develop in the eggs but will hatch only when covered by tidewater or rainwater.
Historically, control efforts in this case dealt with water level manipulations, either
drainage with ditches or canals or impoundment where water is contained behind
dikes (Clark, 1977; Provost, 1974). Thus, construction activities often were necessary
for control of saltmarsh mosquitoes. This work represented an interesting example
of ecological engineering since it involved knowledge of mosquito biology, saltmarsh
hydrology, and the design of impoundment and drainage systems (Figure 2.20). Skill
was required to combine these areas into new saltmarshes with altered hydrology
and fewer mosquitoes, and many efforts failed by actually producing more mosqui-
toes. These practices are no longer undertaken, partly because many systems have
already been constructed and partly because of the environmental impacts caused
by the changes to natural saltmarshes. In fact, some old mosquito control systems
are currently being restored, which is another ecological engineering challenge
(Axelson et al., 2000). A related problem is the design of irrigation systems in regard
to pest populations (Jobin and Ippen, 1964). 
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MUSKRATS

Muskrats (Ondatra zibethicus) are large, semiaquatic rodents that are distributed
throughout most of temperate North America and, as exotic species, in Europe. They
are primarily herbivorous, feeding on rhizomes of emergent macrophytes in marshes.
However, their indirect effects on marsh ecosystems are probably more significant
than their direct effect of grazing (Kangas, 1988). These indirect effects include
construction activities that result in mounds, which they use for overwintering, and
in burrows and paths, which they use to facilitate movements within the often dense
vegetation of marshes. The ecology and natural history of muskrats are well known
(Errington, 1963; Johnson, 1925; O’Neil, 1949) and include complex patterns of
population oscillations (Elton and Nicholson, 1942), which occurred at least histor-
ically before landscapes became fragmented by human development. The network
of direct and indirect effects performed by muskrats makes them keystone species
in natural marsh ecosystems because of their important control functions (see Chap-
ter 7 for discussion of the keystone species concept).

FIGURE 2.20 Causal diagram of interactions involved in mosquito control through water
level manipulations in tidal marshes. (Adapted from Montague, C. L., A. V. Zale, and H. F.
Percival. 1985. Technical Report No. 17. Florida Cooperative Fish and Wildlife Research
Unit, University of Florida, Gainesville, FL.)
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Muskrats can occur in treatment wetlands, which provide ideal habitats due to
a dominance of preferred food plants and stable water levels. In fact, Latchum (1996)
found the highest density of muskrat mounds ever reported at 62.5/ha in a treatment
wetland in central Maryland. This is particularly significant because mounds are
often used as an index of population size for muskrats (Danell, 1982). High densities
of muskrats can build up in natural marshes and cause “eat-outs” where a large
amount of plant biomass is harvested over a short period of time, leading to a crash
in the muskrat population. This is reflected in the oscillatory dynamics commonly
reported for muskrats. However, muskrat populations may be stabilized at high levels
in treatment wetlands due to the steady supply of nutrients and optimal habitat
conditions, creating a kind of “sustainable eat-out.” This result does not match with
the “paradox of enrichment” described in theoretical ecology (Rosenzweig, 1971),
where enrichment of a predator–prey system causes it to become unstable or, in
extreme cases, to collapse. In treatment wetlands the marsh vegetation (as
prey)–muskrat herbivore (as predator) system is enriched with sewage nutrients, but
it becomes stabilized at higher levels rather than destabilized. This may be an
exception to the paradox, like other counter examples (Abrams and Walters, 1996;
McAllister et al., 1972) due to additional complexities in a real-world example.
Muskrats are close relatives of the lemmings (Lemmus sp. and Dicrostonyx sp.),
which have been suggested to be components in homeostatic networks of the tundra
(Schultz, 1964, 1969). Enrichment in treatment marshes may push the marsh vege-
tation–muskrat herbivore system into an alternative stable state with a new homeo-
static structure.

A small amount of literature exists on the effect of muskrats on treatment
wetlands, though most seem to feel it is negative (Table 2.4). There is an obvious
negative effect due to their burrowing into dikes or berms that enclose constructed
wetlands (Figure 2.21), which is part of the natural role of the muskrat in spreading
water over the landscape. Latchum (1996) traced out many more possible impacts
as shown in the causal diagram in Figure 2.22. This diagram illustrates a network
of positive and negative and direct and indirect effects that muskrats may have in a
treatment wetland. The most significant effects seem to come from the construction
activities that cascade through a number of processes to influence treatment capacity.
Mounds are the most obvious construction feature of muskrats, and they act like
compost piles (see Chapter 6) in accelerating the decomposition rate (Berg and
Kangas, 1989; Wainscott et al., 1990). Overall, mounds may have a direct negative
effect on primary production since plant materials are used in construction, but they
have several indirect positive effects through increasing decomposition.

Paths and burrows constructed by muskrats can be extensive in marshes. At high
water levels, they can act as channels or macropores (Beven and Germann, 1982)
and they probably increase water flow. This can have a negative impact on treatment
capacity if some of the pollutant load passes through the wetland without treatment.
In general, treatment effectiveness is directly related to retention time. The prefer-
ential flow in channels or macropores reduces retention time and therefore also
treatment effectiveness. Muskrat burrows increase aeration of the sediments and they
probably have many similar effects as burrowing crustaceans (Montague, 1980,
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1982; Richardson, 1983; Ringold, 1979). Aeration generally has a positive effect on
metabolism and biodiversity, though it inhibits denitrification, which requires anaer-
obic conditions.

Perhaps the most important general contribution of muskrats in marsh ecosys-
tems is generating spatial heterogeneity, which is not shown in Figure 2.22. Through
their various construction activities muskrats create a mosaic pattern of open areas
within dense marsh vegetation. Spatial heterogeneity increases diversity through a
number of mechanisms (Hutchings et al., 2000; Kolasa and Pickett, 1991; Shorrocks
and Swingland, 1990; Smith, 1972). This quality provides redundancy in system
design, which is similar to a safety factor in engineering. The spatial heterogeneity
caused by muskrats in treatment marshes also may help explain why this system
does not match with the “paradox of enrichment” (Scheffer and DeBoer, 1995), as
noted above.

The cumulative impact of muskrats on treatment wetlands is unknown, though
both positive and negative effects have been noted. Although it is not completely
clear, the obvious negative effects seem to dominate over the less obvious positive
effects. For example, at the treatment wetland studied by Latchum (1996), muskrats
were judged to be negative because they became trapped in some of the mechanical
parts of the system. Overall, the fact that muskrats can act as positive, keystone
species in natural marshes but as negative, pest species in treatment marshes is a
paradox. However, active design and management through ecological engineering

TABLE 2.4
Comments from the Literature about Muskrats in Treatment Wetlands

Quote Reference

The proponents of reeds argue for a monoculture of 
reeds, while others argue that bulrushes are superior. 
Survivability of each species will depend on other 
factors, such as plant pests. Muskrats love cattails 
and bulrushes, while reeds apparently are inedible …

Campbell and Ogden, 1999

Muskrats can damage dikes by burrowing into them. 
Although muskrats generally prefer to start their 
burrows in water that is more than 3 ft deep, they 
can be a problem in shallower waters. Muskrats can
be excluded by installing an electric fence low to 
the ground or by burying muskrat-proof wire mats 
in the dikes during construction.

Davis, no date

I should point out that for pest control, we do 
muskrat trapping to prevent destruction of berms …

Wile et al., 1985

Muskrats are also problematic in constructed wetlands 
because they burrow into dikes, creating operational 
headaches and potential for system failure …

Kadlec and Knight, 1996
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may shift this balance. Perhaps their ecological role can be used to improve treatment
capacity. One strategy might be to take advantage of their concentration of biomass
in mounds by harvesting the mounds in the spring to remove nutrients. This might
reduce the cost of harvesting because the muskrats would be doing some of the
collection work for free, and the mound material might be used, like compost, as a
soil amendment. In a sense the muskrat is a basic element in the ecological and
hydrologic self-organization of temperate, humid landscapes. They have evolved to
spread water around and regulate wetland processes in marsh ecosystems. It would
be a significant accomplishment of ecological engineering if their adaptations could
be used productively. Ultimately, a treatment marsh without muskrats is an incom-
plete ecosystem.

AQUACULTURE SPECIES

The aquacultural production of useful species from domestic wastewater is related
to the topic of treatment wetlands. Allen (1973) called these systems “sewage
farming” and many examples exist (Allen and Carpenter, 1977; Costa-Pierce, 1998;

FIGURE 2.21 Views of the problems that muskrats cause by burrowing. (From World Wide
Photos. New York, NY. With permission.)
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Drenner et al., 1997; Edwards and Densem, 1980; Gordon et al., 1982; Roels et al.,
1978). An interesting example of a sequential treatment system using “controlled
eutrophication” (Ryther et al., 1972) is shown in Figure 2.23. The system was a
constructed marine food chain capable of producing several kinds of biomass along
with clean water. An obvious risk of this kind of system is the incorporation of
pathogenic microbes or chemical toxins into food products grown in wastewater.
Korringa (1976) reviewed this issue and suggested that strict control over the use
of these artificial food chains through monitoring systems, quarantine measures, and
purification plants is possible. However, these actions are expensive and they reduce
the economic viability of sewage farming. Other techniques, such as the production
of species that provide nonfood products (i.e., ornamental plants or aquarium fishes)
may be more viable but may lack extensive markets (see “living machines” in
Chapter 8). Ecological engineering designs will certainly continue to be tested in
the future to take advantage of sewage as a resource, including the production of
many kinds of species that yield value to humans.

COPROPHAGY AND GUANOTROPHY

One goal of ecological engineering is to design and test new treatment ecosystems
that have high biodiversity and more effective treatment efficiency. Organisms that
utilize feces may be good candidates for these ecosystems since they may be

FIGURE 2.22 Causal diagram of direct and indirect effects of muskrats in treatment wet-
lands. (Adapted from Latchum, J. A. 1996. Ecological Engineering Factors of a Constructed
Wastewater Treatment Wetland. M.S. Thesis, University of Maryland, College Park, MD.)
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preadapted to sewage treatment. An ecology of feces exists in the ecological literature
(see, for examples, Angel and Wicklow, 1974; Booth, 1977; Wotton and Malmqvist,
2001), and the many terms used for feces to some extent indicate the broad range
of this literature: guano, frass, scat, fecal pellets, dung, droppings, and coprolites
(fossil feces). The consumption of feces by animals is termed coprophagy or gua-
notrophy. Animals consume feces because of its relatively high nutritive value (see,
for examples, Hassall and Rushton, 1985; Rossi and Vitagliano-Tadini, 1978; Wot-
ton, 1980). Mohr (1943) described a diversity of species involved in successional
stages during the breakdown of cattle droppings in an Illinois pasture. This and other
guano-rich environments (Leentvaar, 1967; Poulson, 1972; Ugolini, 1972) could be
searched for food chains that might be transformed into treatment ecosystems
through biodiversity prospecting. For example, dung beetles (Scarabaeidae) (Hanski
and Cambefort, 1991; Waterhouse, 1974) might be ideal as the basis for a sewage
sludge recycling system.

PARALLEL EVOLUTION OF DECAY EQUATIONS

The quantitative design analysis of treatment wetlands has followed, and in fact
copied, the approach traditionally used in sanitary engineering for design of other
types of wastewater treatment systems. In an abstract sense, a wastewater treatment
system is considered to be a bioreactor, or “… a vessel in which biological reactions
are carried out by microorganisms or enzymes contained within the reactor itself.

FIGURE 2.23 View of the Woods Hole wastewater treatment–aquaculture system. (From
Goldman, J. C. et al., 1974a. Water Research. 8:45–54. With permission.)
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In hazardous, municipal, or industrial waste treatment, bioreactors are used primarily
to reduce the concentration of contaminants in incoming wastewaters to acceptably
low levels” (Armenante, 1993). Equations have been developed which describe the
process of reduction of contaminants in bioreactors (see Figure 2.16) and design is
based on these equations. This approach has evolved over time and can be traced
by examining various editions of textbooks on sanitary engineering. For example,
Leonard Metcalf and Harrison Eddy produced a standard text that has spanned the
design evolution of wastewater treatment. Early versions of their text contained
essentially no equations, and design was based on practical experience with the
available systems, such as trickling filters or activated sludge units (Metcalf and
Eddy, 1916, 1930). This text evolved with the field with revisions by George
Tchobanoglous and, by the 1970s, it was filled with equations (Metcalf and Eddy,
1979). These equations are quantitative expressions of the practical experience
developed over time by engineers. In many ways the equations are the heart of the
engineering method because of their role in design. A simple but fundamental
equation is reviewed below to demonstrate this approach to design.

Perhaps the simplest equation used to describe the biodegradation of organic
materials (BOD) in domestic wastewaters is the first-order reaction:

Ce/Co = e–kt (2.1)

where

Ce = effluent BOD, in mg/l
Co = influent BOD, in mg/l
 k = first-order reaction rate constant, in 1/day
t = time of flow through the system or hydraulic residence time, in days

This equation is the integrated form of the model shown in Figure 2.24. Basically,
an initial amount of organic materials (Co) is degraded over a given amount of time
(t) according to the rate constant (k) that depends on the temperature at which the
reaction occurs. It has been used to describe many kinds of wastewater treatment
systems, and it is used as a starting point for considering BOD removal in treatment
wetlands by Reed et al. (1995) and Crites and Tchobanoglous (1998). It was first
used in sanitary engineering to describe the BOD concept and to develop the test
procedure (Gaudy, 1972). Early sanitary engineers struggled with standardizing
BOD tests and much literature on the subject can be found in the Sewage Works

FIGURE 2.24 Energy circuit diagram of decay.
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Journal of the 1930s (see, for example, Hoskins, 1933). Eventually the BOD defi-
nition was standardized as the amount of oxygen consumed in a 250-ml glass bottle
filled with wastewater over a 5-day period, with suitable dilutions. As an aside, it
is interesting that they termed this demand, which suggests a connection with the
law of supply and demand in economics. Oxygen is “supplied” by various forms of
reaeration (diffusion and primary productivity) and it is “demanded” by microor-
ganisms that degrade the organic materials through aerobic respiration. This overall
conception is described by the Streeter–Phelps equation mentioned earlier in terms
of wastewater disposal in rivers (Figure 2.4). It is also interesting to note that this
very basic equation had its origin in a method of measuring biodegradation, i.e.,
putting wastewater in a bottle and measuring the oxygen concentration decrease.
The real object of concern was the organic materials in the water, but oxygen was
recorded because it was relatively easy to measure and its concentration changed in
direct proportion to the change in organic materials.

Engineering design equations for wastewater treatment are often stated with the
form given above in order to show effectiveness of biodegradation (Ce/Co) on one
side of the expression, essentially in terms of percent removal. Design criteria are
often given in these terms. For example, it might be required that 90% of the influent
BOD be degraded by the treatment system in order to meet a regulatory requirement.
Design to meet this requirement is done by sizing the treatment system. For this
step, the original equation is expanded with an expression for the hydraulic residence
time:

t = LWD/Q (2.2)

where

t = hydraulic residence time, in days
L = length of the treatment system, in meters
W = width of the treatment system, in meters
D = depth of the treatment system, in meters
Q = average flow rate, in m3/day

Plugging this expression into the original equation explicitly places dimensions that
can be altered by design into consideration:

Ce/Co = e(–kLWD/Q) (2.3)

Values of Ce and Co are given and form the design criteria. Values of k and Q are
known for the particular situations being designed for. Design consists of finding
combinations of L, W, and D (i.e., size of the treatment system) that match with the
situation. In other words, the above equation is solved for size, knowing all of the
other parameters. Much of wastewater treatment engineering involves creating and
solving design equations for the size of the treatment system in a similar fashion.
Many alternative treatment systems exist and many equations have been developed
to describe them. Some of these equations use theoretical expressions for reaction
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rates while others use empirical relationships based on practical experience. Various
extensions for recirculation are often required and are incorporated into equations.
Kadlec and Knight’s (1996) text provides the state of the art in treatment wetland
design equations and all indications are that this knowledge will continue to be
increased and refined, as was true for traditional sanitary engineering.

A form of parallel evolution has occurred in ecology with equations for decom-
position. In this case the goal was to develop equations that describe the process of
decay, rather than equations that can be manipulated to meet biodegradation criteria.
The model shown in Figure 2.24 is the same model arrived at by ecologists to model
biodegradation in their contexts. It was first used by Jenny et al. (1949) and is still
the basic approach taken, at least as a starting point. Decomposition, as described
by this equation, is as important in ecology as is primary productivity. Another
parallel is that the origin of this model was largely method-based, as was true with
wastewater treatment engineering in terms of BOD measurement. In this case ecol-
ogists place known amounts of organic materials (usually leaf litter) into mesh bags
and use them to measure mass loss over time. These bags are placed into the
environment being evaluated, and the mesh material of the bags allows access by
at least those decomposer organisms that are smaller than mesh size. A set of bags
is placed in the environment at the beginning of the study, and a subset is picked
up at intervals and weighed throughout the study. In this way mass loss is recorded
and the decay constant, k, can be found as the slope of the curve of mass loss vs.
time. This is called the litter bag method of studying decomposition (Shanks and
Olson, 1961), and Olson (1963) set out an early mathematical description of the
modelling, which includes an analog of the Streeter–Phelps equation. Although
advancements have been discussed (Boulton and Boon, 1991; Wieder and Lang,
1982), this approach is still the foundation for understanding decomposition in
ecology.

In essence then, the same kind of thinking occurred in ecology to describe
decomposition as occurred in sanitary engineering to describe reduction in BOD of
wastewaters. Both the scientists (ecologists) and engineers (sanitary engineers) stud-
ied the decay process in their particular systems and came up with the same equation.
The engineers took one further step of being able to manipulate the equation for
design, but this was not required for the scientists. The parallel evolution of thinking
on this single topic provides a connection for understanding the new field which
combines ecology and engineering.

ECOLOGY AS THE SOURCE OF INSPIRATION IN 
DESIGN

The hypothesis that has emerged from the examination of the history of the use of
wetlands for wastewater treatment is that the technology primarily evolved from
ecologists working on applied problems, rather than from engineers discovering
ecosystems as useful systems. If this hypothesis is true, it suggests that the field of
ecological engineering has a unique approach compared with other forms of engi-
neering. It is not just a variation of environmental engineering but a whole new
branch of engineering, and perhaps of ecology. Detailed descriptions of the design
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histories of two variations on the treatment wetland technology are presented to
further explore this idea.

ALGAL TURF SCRUBBERS

Walter Adey has developed a unique wastewater treatment system, termed algal turf
scrubbers, which utlize algae to strip pollutants out of water (Adey and Loveland,
1998). Although there is a long history of trials employing algae for wastewater
treatment in the sanitary engineering field (Bartsch, 1961; Gotaas et al., 1954;
Laliberte et al., 1994; Oswald, 1988; Oswald et al., 1957; Wong and Tam, 1998),
Adey came upon his version of technology from studies of basic ecology. Adey is
a coral reef ecologist who published much work, especially on algae, in the 1970s
(Adey, 1973, 1978; Adey and Burke, 1976; Connor and Adey, 1977). Algae are the
most important primary producers on coral reefs and they occupy many microhab-
itats (Figure 2.25). The algal turf scrubber technology is based on Adey’s adaptation
of algal turfs from coral reefs (Adey and Goertemiller, 1987; Adey and Hackney,
1989; Adey and Loveland, 1998). Algal turfs are short, moss-like mats of algal
filaments covering hard surfaces found at the reef crest where wave energy is highest
(Figure 2.26). Adey created artificial algal turfs by growing the algae on a screen in
a shallow trough over which water was passed (Figure 2.27), with artificial lights

FIGURE 2.25 Cross-section through a coral reef showing the distribution of algae. Note the
location of the algal rim (reef crest) where algal turfs can be found. (From Berner, T. 1990.
Coral Reefs: Ecosystems of the World. Vol. 25. Z. Dubinsky (ed.). Elsevier, Amsterdam, the
Netherlands. With permission.)
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and wave energy generated by a surge bucket. The algae grow very quickly and strip
nutrients out of the flowing water through uptake. By scraping the algae off the
screens periodically, nutrients are permanently removed from the system and water
quality is improved.

Adey came upon this technology while trying to design large coral reef aquaria
for research and exhibit purposes (see Chapter 5). His challenge was to maintain
narrow water quality conditions necessary for survival of the sensitive coral reef
organisms. Adey’s (1987) description of the discovery of the algal turf scrubber,
after many unsuccessful trials of commercially available filter systems, reveals the
basic ecological knowledge embodied in the design:

Finally, I decided to try to remove a piece of the primary photosynthetic component,
the algal turf from the reef itself, and to allow that plant community to develop and

FIGURE 2.26 The reef crest on the barrier reef of Belize.

FIGURE 2.27 View of an algal turf scrubber unit. (From Adey, W. H. and K. Loveland.
1998. Dynamic Aquaria, 2nd ed. Academic Press, San Diego, CA. With permission.)
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photosynthesize under appropriately high light intensity in a side branch of the entire
system, during hours when the reef was in darkness.

From our experience with both the wild and the microcosm algal turfs, we concluded
that we might make this work if, along with high light intensity, we supplied wave
action, water flow, a porous surface (to prevent overgrazing) and constant harvesting
(to prevent community succession). Thus, we created a device called “the algal turf
scrubber” and attached it to the 7 kl system late in 1979. The algal turf scrubber was
extraordinary successful, in that it achieved primary production rates characteristic of
a wild reef, and also simulated the effects of high-quality ocean water by adding oxygen
to the system and scrubbing nutrients from it. Most important, it could be operated at
night, when water quality is likely to decline, and it was controllable in many ways,
since by adjusting light, wave action, water flow and harvest rates we could maintain
water chemistry in the microcosm reef much as ocean flow maintains it in the wild.

An algal turf scrubber was attached to Adey’s coral reef model to simulate a larger
body of water that would normally surround a reef and buffer its water quality.
Specifically, the scrubber is lighted in a cycle opposite to the model reef so that
oxygen would be supplied during the night and so that nutrients and CO2 released
by nighttime respiration would be taken up. These critical functions allowed a high
diversity of animal life to survive in the model reef. Adey patented the technology
in 1982 and applied it to a number of living ecosystem models (Adey and Loveland,
1998). He later scaled the design up in size and applied algal turf scrubbers to a
variety of types of wastewaters (Adey et al., 1993, 1996; Blankenship, 1997; Craggs
et al., 1996). Overall, this represents an excellent example of ecological engineering
by utilizing ecological knowledge and the principle of preadaptation. Specifically,
Adey recognized that the natural algal turf was preadapted for wastewater treatment.
The design process used by Adey is proposed in Figure 2.28. He studied natural
algal turfs on coral reefs (references shown in the upper box) and then had a creative
inspiration that allowed him to use the natural system in an engineered design to
treat wastewater (references shown in the lower box). The creative inspiration is
shown by the arrow connecting studies of the natural system with examples of
engineered designs. This kind of insight is the essence of ecological engineering!

LIVING MACHINES

John Todd has developed a unique wastewater treatment system, termed the living
machine, which is the product of a long design history (Guterstam and Todd, 1990;
Todd, 1988a, 1988b, 1990, 1991; Todd and Todd, 1994). The development of the
design started at the New Alchemy Institute on Cape Cod, which Todd helped create
in the early 1970s. The New Alchemy Institute was an organization devoted to
developing and demonstrating integrated environmental technologies involving
energy systems, architecture, and sustainable agriculture (Todd and Todd, 1980, see
Chapter 9). One of the principal elements in these integrated systems was aquacul-
ture. Especially with William McLarney and Ronald Zweig, Todd tried many con-
figurations of fish culture tanks (McLarney and Todd, 1977; Zweig, 1986; Zweig et
al., 1981). He settled on a large cylindrical tank (up to 1000 gal or 3790 l capacity)
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made of translucent material as a basic module (Figure 2.29). Table 2 in Tomorrow
Is Our Permanent Address (Todd and Todd, 1980) lists much of the design knowledge
embodied in the aquaculture system, labeled as “biologically designed versus engi-
neered closed-system aquacultures.” The living machine technology evolved from
the basic aquaculture module, first by combining them in series and then by using
the series as a sequential wastewater treatment system (Figure 2.30). This basic
sequential system has evolved over time with the different modules becoming spe-
cialized to perform critical functions. Todd (1990) credits the need for maintaining
water quality in the aquaculture systems as a kind of inspiration in the design
evolution of living machines for wastewater treatment, as noted in the following
quote:

For over fifteen years, beginning at New Alchemy, I had raised fish and had learned
innumerable tricks to purify water in order to keep the fish healthy. It seemed logical
to use the same biological techniques and apply them to purifying water, sewage and
other waste streams. An ecosystem approach, while dramatically different from con-
ventional waste engineering, seemed to me to be the best long-term solution to upgrad-
ing water quality not only on Cape Cod, but throughout the country.

This design evolution is discussed further in a paper entitled “Biology as a Basis
for Design” (Todd and Todd, 1991), which captures the essence of the technology.

FIGURE 2.28 The intellectual leap taken by Walter H. Adey in developing the algal turf
scrubber technology.
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A number of living machines have been built and tested (Figure 2.31) with much
description presented in Todd’s own journal (Josephson, 1995; Josephson et al.,
1996). A significant amount of work on living machines has also been done in
Sweden (Etnier and Guterstam, 1991; Guterstam, 1996; Guterstam and Todd, 1990).

FIGURE 2.29 View of a single tank used in early work on aquaculture by John Todd. (A)
Hydroponic vegetables on top of pond. (B) Styrofoam flotation and guides for plants. (C)
Central core opening for fish feeding. (D) Mesh cage to prevent fish from eating plant roots.
(E) Fish rearing area in pond. (From Zweig, R. D. 1986. Aquaculture Magazine. 12(3):34–40.
With permission.)

FIGURE 2.30 The idea of using a series of tanks for wastewater treatment, with aquaculture 
at the final stages. (From Guterstam, B. and J. Todd. 1990. Ambio. 19:173–175. With permission.)
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FIGURE 2.31 Views of living machines. (a) Frederick, Maryland. (b) Naples, Florida. (c) Burl-
ington, Vermont.
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Much of the design knowledge on living machines is recorded in the book entitled
From Eco-Cities to Living Machines (Todd and Todd, 1994), and some of it is
included in Table 2.5. Even a children’s book on living machines has been produced
(Bang, no date). Overall, this is an excellent example of an ecologically engineered
technology utilizing the principle of preadaptation early in the design. The aqua-
culture tanks were preadapted to be organized into a wastewater treatment system
with each containing a different unit process.

A critical component of the living machine is the sequential nature of the
treatment process. Possibly Todd was influenced by John Ryther’s project combining
aquaculture and wastewater treatment that started in the early 1970s at Woods Hole

TABLE 2.5
Design Principles for John Todd’s Living Machine Technology 

Principle Design Objective

Mineral diversity Include igneous, sedimentary, and metamorphic rocks to 
provide a foundation for complex biological chemistry

Nutrient reservoirs Provide nutrients in available forms in order to maintain 
balanced cycling

Steep gradients Connect subsystems with very different physical–chemical 
conditions

High exchange rates Maximize the surface area of living biomass that is exposed 
to wastewater

Periodic and random
pulsed exchanges

Pulsing in physical–chemical conditions leads to robust 
adaptations

Cellular design and the
structure of mesocosms

Provide some degree of small-scale autonomy within the 
larger scale context by using cells as units of design

Minimum number of
subsystems

Incorporate at least a small number of linked subsystems to
enhance stability

Microbial communities Encourage microbial diversity because of its critical role in 
overall performance

Solar-based photosynthetic
foundations

Utilize solar energy as an energy subsidy by incorporating
photosynthesis in the design with plant populations

Animal diversity Incorporate many animal populations, especially filter 
feeding invertebrates, into the design for added control 
functions

Biological exchanges
beyond the mesocosm

Frequent seeding from different external sources adds 
adaptability to the design

Microcosm, mesocosms,
macrocosm relationships

Include different ecological scales in the overall design 
concept

Source: Adapted from Todd, J. and B. Josephson. 1996. Ecological Engineering. 6:109.
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(Figure 2.23) while Todd worked there. A tie between Todd’s design work and
Ryther’s project might be indicated by McLarney’s role with Ryther in a major text
on aquaculture (Bardach et al., 1972). Although Ryther’s project continued through
the 1970s and was well documented (Dunstan and Tenore, 1972; Goldman and
Ryther, 1976; Goldman et al., 1973; 1974a, 1974b; Ryther et al., 1972; Tenore et
al., 1973), it apparently led to no commercial development unlike Todd’s living
machine concept. Todd’s work has generated a design company named “Living
Technologies,” another company named “Ecological Engineering Associates” (Teal
and Peterson, 1991, 1993; Teal et al., 1994), and most recently, “Ocean Arks Inter-
national.”
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3 Soil Bioengineering

INTRODUCTION

The transformation of watersheds is a characteristic of human civilization. Humans
transform natural landscapes into various kinds of “land use” that provide them with
habitation and resources. Altered hydrology and soil erosion occur as a consequence
of these transformations, which are problems that must be addressed. The main kinds
of transformations include development of agriculture, urbanization, and alterations
of streams, rivers, and coastlines. In all cases natural vegetation is removed or
changed and land forms are simplified (usually leveled). Society generally accepts
that these direct impacts must occur to accommodate human land use, but indirect
impacts such as erosion are not acceptable and require engineering solutions and/or
management.

Erosion is a major environmental impact that results in loss of agricultural
productivity, aquatic pollution, and property damages among other problems.
Although the impact of erosion has long been recognized (Bennett and Lowdermilk,
1938; Brown, 1984; Judson, 1968), it remains a challenge to society. Costs due to
urban, shoreline, and agricultural erosion are tremendous, and a major industry of
businesses and technologies has arisen for erosion control.

A set of ecological engineering techniques has evolved with the industry for
erosion control; that is the subject of this chapter. This subdiscipline has been referred
to as bioengineering, and it involves a combination of conventional techniques from
civil or geotechnical engineering with the use of vegetation plantings (Table 3.1). It
is an interesting field that is growing rapidly as a cost-effective solution to erosion
problems. Most workers in the field are not concerned about (or perhaps not even
aware of) problems with overlapping meanings of the term bioengineering, which
is often used in other contexts (Johnson and Davis, 1990). Schiechtl and Stern (1997)
provide some background discussion and end up suggesting the term water bioengi-
neering for some applications. Gray and Leiser’s (1982) use of the phrase “biotech-
nical slope protection and erosion control” is perhaps more appropriate but too long
and awkward as a descriptor. Here, the field is referred to as soil bioengineering as
a compromise term that is used by many workers.

The central basis of soil bioengineering from both a philosophical and a technical
perspective is an understanding of the interface between hydrology, geomorphology,
and ecology. Hydrology integrates the landscape, especially by water movements,
and helps create an interactive relationship between landform and ecosystem. An
old subdiscipline of ecology called physiographic ecology in part covered this topic.
Physiographic ecology was a descriptive field analysis of vegetation and topography
that flourished briefly around the turn of the 20th century (Braun, 1916; Cowles,
1900, 1901; Gano, 1917). These studies are detailed descriptions that convey a rich,
though static, understanding of landscape ecology. Like many kinds of purely
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descriptive sciences, physiographic ecology fell into disfavor and disappeared as
experimental approaches began to dominate ecology in the mid-1900s. Few studies
combining geomorphology and ecology occurred afterwards, probably due to the
difficulties with conducting experiments at the appropriate scales of space and time.
There was a renewal of interest in these kinds of studies in the 1970s, especially for
barrier islands (Godfrey and Godfrey, 1976; Godfrey et al., 1979) where the time
scales of vegetation and geomorphic change are fast and closely matched. Swanson
(1979; Swanson et al., 1988) provided a modern review of the topic and synthesized
his discussion with a summary diagram (Figure 3.1). This diagram traces the many
interactions that occur between the realms of geomorphology and ecology that are
of interest in soil bioengineering. Another view illustrating the unity of ecology and

TABLE 3.1
Comparisons of Definitions of Soil Bioengineering

Flyer from a Rutgers University Short Course

Soil bioengineering is an emerging science that brings together ecological, biological and engineering 
technology to stabilize eroding sites and restore riparian corridors. Streambanks, lakeshores, tidal 
shorelines and eroded upland areas all may be effectively revegetated with soil bioengineering 
techniques if designed and implemented correctly.

Advertisement for a Commercial Company (Bestman Green Systems, Salem, Massachusetts)

Bioengineering is a low-tech approach for effective yet sensitive design and construction using natural 
and living materials. The practice brings together biological, ecological, and engineering concepts 
to vegetate and stabilize disturbed land … Once established, vegetation becomes self-maintaining.

Advertisement for a Commercial Company (Ernst Conservation Seeds, Meadville, 
Pennsylvania)

Bioengineering is a method of erosion control for slopes or stream banks that uses live shrubs to 
reduce the need for artificial structures.

Bowers, 1993

Bioengineering is the practice of combining structural components with living material (vegetation) 
to stabilize soils.

Schiechtl and Stern, 1997

Bioengineering: an engineering technique that applies biological knowledge when constructing earth 
and water constructions and when dealing with unstable slopes and riverbanks. It is a characteristic 
of bioengineering that plants and plant materials are used so that they act as living building materials 
on their own or in combination with inert building materials in order to achieve durable stable 
structures. Bioengineering is not a substitute; it is to be seen as a necessary and sensible supplement 
to the purely technical engineering construction methods.

Escheman, no date

By definition, soil bioengineering is an applied science which uses living plant materials as a main 
structure component … In part, soil bioengineering is the re-establishment of a balanced living, 
native community capable of self-repair as it adapts to the land’s stresses and requirements.
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geomorphology is Hans Jenny’s CLORPT equation. This is a conceptual model
originally created for discussing soil formation (Jenny, 1941) but later generalized
for ecosystems (Jenny, 1958, 1961). The basic form of the original equation is:

S = f(CL, O, R, P, T) (3.1)

where

S = any soil property
CL = climate
O = organisms or, more broadly, biota
R = topography, including hydrologic factors
P = parent material, in terms of geology
T = time or age of soil

Soil is, therefore, seen as a function of environmental factors including biota of the
ecosystem (O) and geomorphology (R). Jenny used the CLORPT equation for
understanding pedogenesis and as a basis for his view of landscape ecology (Jenny,
1980). Updates on uses and development of this classic equation are given by Phillips
(1989) and Amundson and Jenny (1997). More recently the term biogeomophology,
and related variations, is being used for studies of ecology and geomorphology
(Butler, 1995; Howard and Mitchell, 1985; Hupp et al., 1995; Madsen, 1989; Reed,
2000; Viles, 1988). This term is analogous to biogeochemistry, which is an important
subdiscipline of ecology dealing with the cycles of chemical elements in landscapes.

The history of studies of geomorphology and ecology document that natural
ecosystems control or regulate hydrology and the geomorphic processes of erosion
and sedimentation. Soil bioengineering attempts to restore these functions in water-
sheds that have been altered by human land use. The combined use of vegetation

FIGURE 3.1 Relationships between geomorphology and ecology. (A) Define habitat, range.
Effects through flora. (B) Define habitat. Determine disturbance potential by fire, wind. (C)
Affect soil movement by surface and mass erosion. Affect fluvial processes by damming,
trampling. (D) Sedimentation processes affect aquatic organisms. Effects through flora. (E)
Destroy vegetation. Disrupt growth by tipping, splitting, stoning. Create new sites for estab-
lishment and distinctive habitats. Transfer nutrients. (F) Regulate soil and sediment transfer
and storage. (From Swanson, F. J. 1979. Forests: Fresh Perspectives from Ecosystem Analysis.
R. H. Waring (ed.). Oregon State University Press, Corvallis, OR. With permission.)
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plantings and conventional engineering that is involved makes this subdiscipline an
important area of ecological engineering.

STRATEGY OF THE CHAPTER

Basic elements of geomorphology are covered first in the chapter to provide context
for a review of soil bioengineering designs. Old and new approaches are referenced
with an emphasis on a systems orientation and energy causality. Next, basic
concepts of soil engineering are introduced. Like other forms of ecological engi-
neering, this discipline represents a new way of thinking, even though some of
its ideas can be traced back to Europe in the 1800s and to the Soil Conservation
Service in the 1930s in the U.S. Advantages and disadvantages of soil bioengi-
neering designs are mentioned. The philosophical implications of the field are
covered, including possible connections to Eastern religions. Finally, four case
studies are included which add detail to the review. The self-building behavior
found in several ecosystems is highlighted as a special feature appropriate for
ecological engineering designs.

THE GEOMORPHIC MACHINE

An understanding of geomorphology begins with hydrology. In very dry or very
cold environments other factors are also required, but here the focus is on the more-
or-less humid environments where human population density is highest. A mini-
model of the hydrologic balance is shown in Figure 3.2. Precipitation is a source or
input of water storage, while evapotranspiration, runoff, and infiltration are outputs.
The energetics of this model are critical but straightforward. Movements of liquid
water have kinetic energy in proportion to their velocity, and the storage of water
has potential energy in proportion to the height above some base level. The energetics
of hydrology drive geomorphic processes and create landforms.

In humid environments geomorphology involves mainly erosion, transport, and
deposition of sediments. The action of these processes has been metaphorically
referred to as the “geomorphic machine” in which hydrology drives the wearing
down of elevated landforms (Figure 3.3). Leopold’s (1994) quote for the special
case of rivers given below describes this metaphor:

FIGURE 3.2 Energy circuit diagram of the basic hydrologic model.
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The operation of any machine might be explained as the transformation of potential
energy into the kinetic form that accomplishes work in the process of changing that
energy into heat. Locomotives, automobiles, electric motors, hydraulic pumps all fall
within this categorization. So does a river. The river derives its potential energy from
precipitation falling at high elevations that permits the water to run downhill. In that
descent the potential energy of elevation is converted into the kinetic energy of flow
motion, and the water erodes its banks or bed, transporting sediment and debris, while
its kinetic energy dissipates into heat. This dissipation involves an increase in entropy.

The machine metaphor is especially appropriate in the context of ecological engi-
neering and brings to mind John Todd’s idea of the living machine (see Chapter 2).
In fact, vegetation regulates hydrology and therefore controls the geomorphic
machine described above. For example, the role of forests in regulating hydrology
is well known (Branson, 1975; Kittredge, 1948; Langbein and Schumm, 1958).
Perhaps the most extensive study of this action was at the Hubbard Brook watershed
in New Hampshire. This was a benchmark in ecology which involved measurements
of biogeochemistry and forest processes at the watershed scale (Bormann and Likens,
1979; Likens et al., 1977). It was an experimental study in which replicate forested
watersheds were monitored. One was deforested to examine the biogeochemical
consequences of loss of forest cover and to record the recovery processes as regrowth
occurred. The forest was shown to regulate hydrology in various ways by comparing
the deforested watershed with a control watershed that was not cut. Deforestation
increased streamflow in the summer through a reduction in evapotranspiration,
changed the timing of winter streamflow, reduced soil storage capacity, and increased

FIGURE 3.3 A machine metaphor for geomorphology. (From Bloom, A. L. 1969. The Sur-
face of the Earth. Prentice Hall. Englewood Cliffs, NJ. With permission.)
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peak streamflows during storms. The summary diagram of the deforestation exper-
iment illustrates an increased erosion rate (Figure 3.4) and thus the connection
between the ecosystem and landform. Soil bioengineering systems are designed to
restore at least some of this kind of control over hydrology and geomorphic pro-
cesses.

To further illustrate the geomorphic machine, the three main types of erosion in
humid landscapes are described below with minimodels. Emphasis is on geomorphic
work, so other aspects of hydrology are left off the diagrams. In each model, erosion
is shown as a work gate or multiplier that interacts an energy source with a soil
storage to produce sediments.

Upland erosion is shown in Figure 3.5. Initially, precipitation interacts with soil in
splash erosion. Vegetation cover absorbs the majority of the kinetic energy of rain drops,
but when it is removed or reduced in agriculture, construction sites, or cleared forest
land, this initial form of erosion can be significant. Sheet and rill erosion occur as the
water from precipitation runs off the land. Various best management practices (BMPs)
are employed to control runoff and the erosion it causes as will be discussed later.

Channel erosion is shown in Figure 3.6. Stream flow, which is runoff that collects
from the watershed, is the main energy source along with the sediments it carries.

FIGURE 3.4 Sequence of watershed responses to deforestation, based on the Hubbard Brook
experiment. (From Likens, G.E. and F.H. Bormann. 1972. Biogeochemical cycles. Science
Teacher. 39(4):15–20. With permission.)

Hydrologic Biogeochemical

Transpiration
Reduced

100%

Sunlight Penetration

Forest Vegetation Cut,
New Growth

Repressed with Herbicide

Turnover of Organic
Matter Accelerated,

Nitrification Increased,
Perhaps by Release

from Inhibition
by Forest Vegetation

Concentration of
Dissolved

Inorganic Substances
up 4.1 Times

in Stream Water

Net Output of
Dissolved Inorganic
Substances up 14.6

Times, pH of Stream
Water Down from 5.1 to 4.3

Hydrogen Ions

C
at

io
ns

 a
nd

 A
ni

on
s

Exchangeable
Cations

Microclimate Warmer,
Soil Moister in

Summer, Stream
Temperatures Increased

1 to 5°C in Summer

Algal Blooms in
Drainage Stream

Biotic Regulation
of Watershed Reduced

Output of Particulate
Matter up 4 Times

To Downstream Ecosystems

Impact of Deforestation
1966 – 1968

Environmental

Eutrophication

Erosion and transport

Stream Velocity up,
Viscosity

down in Summer

Stream Flow
up 1.4 Times, Mostly

in Summer

Evapotranspiration
Reduced 70%



Soil Bioengineering 75

The system itself is depicted as a set of concentric storages: the bank soils contain
the channel volume, which contains the stream water, which contains suspended
sediments. Movement of water through the system erodes bank soils and simulta-
neously increases channel volume. The term for output from the system is discharge,
which includes the stream water and the sediment load that it carries through
advection. The behavior of this system is covered by the subdiscipline of fluvial
geomorphology. Velocity of stream water is of critical importance since it is a
determinant of kinetic energy and erosive power. A typical relationship for velocity
is shown below (Manning’s equation; see also Figure 3.22):

V = 1.49(R2/3S1/2)/n (3.2)

where

V = mean velocity of stream water
R = mean depth of the flow
S = the stream gradient or slope
n = bottom roughness

FIGURE 3.5 Energy circuit model of the types of upland erosion.

FIGURE 3.6 Energy circuit model of stream channel erosion.
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Thus, velocity is directly proportional to depth and gradient and inversely propor-
tional to roughness. This relationship will be explored later in terms of design of
soil bioengineering systems.

The work of streams and rivers depends on velocity according to the Hjulstrom
relationship, which is named for its author (Novak, 1973). This is a graph relating
velocity to the three kinds of work: erosion, transportation, and sedimentation,
relative to the particle size of sediments (Figure 3.7). Sedimentation dominates when
particle sizes are large and velocities are slower, transport dominates at intermediate
velocities and for small particle sizes, while erosion dominates at the highest veloc-
ities for all particle sizes. Based on this relationship, particle sizes of a stream deposit
are a reflection of the velocity (and therefore the energy) of the stream that deposited
them.

Fluvial or stream systems develop organized structures through geomorphic
work including drainage networks of channels and landforms such as meanders,
pools and riffle sequences, and floodplain features. Vegetation plays a role in fluvial
geomorphology by stabilizing banks and increasing roughness of channels.

Coastal erosion is modelled in Figure 3.8. The principal energy sources are tide
and wind, which generates waves. River discharge is locally important and, in
particular, it transports sediments eroded from uplands to coastal waters. Coastlines
are classified according to their energy, with erosion dominating in high energy
zones and sedimentation dominating in low energy zones. Inman and Brush (1973)
provide energy signatures for the coastal zone with a global perspective. Wave energy
is particularly important and it is described below by Bascom (1964):

The energy in a wave is equally divided between potential energy and kinetic energy.
The potential energy, resulting from the elevation or depression of the water surface,

FIGURE 3.7 Complex patterns of sediment behavior relative to current velocity in a stream
environment known as the Hjulstrom relationship. (Adapted from Morisawa, M. 1968.
Streams, Their Dynamics and Morphology. McGraw-Hill, New York.)
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advances with the wave form; the kinetic energy is a summation of the motion of the
particle in the wave train and advances with the group velocity (in shallow water this
is equal to the wave velocity).

The amount of energy in a wave is the product of the wave length (L) and the
square of the wave height (H), as follows:

E = (wLH2)/8

where w is the weight of a cubic foot of water (64 lb).

Geomorphic work in the coastal zone builds a variety of landforms including chan-
nels and inlets, beaches, dunes, barrier islands, and mudflats. Vegetation is an
important controlling factor in relatively low energy environments but with increas-
ing energy, vegetation becomes less important, and purely physical systems such as
beaches are found.

While early work in geomorphology focused on equilibrium concepts (Mackin,
1948; Strahler, 1950; Tanner, 1958), more recently nonequilibrium concepts are
being explored (Phillips, 1995; Phillips and Renwick, 1992), such as Graf’s (1988)
application of catastrophe theory and Phillips’ (1992) application of chaos. This
growth of thinking mirrors the history of ecology (see Chapter 7). Drury and Nisbet
(1971) provided a comparison of models between ecology and geomorphology,
indicating many similarities that have developed between these fields. Like ecosys-
tems, geomorphic systems can be characterized by energy causality, input–output
mass balances, and networks of feedback pathways. They therefore can exhibit
nonlinear behavior and self-organization as described by Hergarten (2002), Krantz
(1990), Rodriguez-Iturbe and Rinaldo (1997), Stolum (1996), Takayasu and Inaoka
(1992), and Werner and Fink (1993). Cowell and Thom’s (1994) discussion of how
alternations of regimes dominated by positive and negative feedback can generate
complex coastal landforms is particularly instructive and may provide insight into
analogous ecological dynamics. While these developments are exciting and can

FIGURE 3.8 Energy circuit model of coastal erosion.
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stimulate cross-disciplinary study, it is somewhat disappointing that geomorpholo-
gists have written little about the symbiosis between landforms and ecosystems.
Knowledge of both disciplines and how they interact is needed to engineer and to
manage the altered watersheds of human-dominated landscapes. Workers in soil
bioengineering are developing this knowledge and probably will be leaders in artic-
ulating biogeomorphology to specialists in both ecology and geomorphology.

CONCEPTS OF SOIL BIOENGINEERING

The approach of soil bioengineering is to design and construct self-maintaining
systems that dissipate the energies that cause erosion. Soil bioengineering primarily
involves plant-based systems but also includes other natural materials such as stone,
wood, and plant fibers. In fact, materials are very important in this field, and they
are a critical component in designs. The materials, both living and nonliving, must
be able to resist and absorb the impact of energies that cause erosion. Design in soil
bioengineering involves both the choice of materials and their placement in relation
to erosive energies. Grading — the creation of the slope of the land through earth-
moving — is the first step in a soil bioengineering design. Shallower slopes are
more effective than steep slopes because they increase the width of the zone of
energy dissipation and therefore decrease the unit value of physical energy impact.

Soil bioengineering designs are becoming more widely implemented because
(1) they can be less expensive than conventional alternatives and (2) they have many
by-product values. Soil bioengineering designs have been shown to be up to four
times less expensive than conventional alternatives for both stream (NRC, 1992) and
coastal (Stevenson et al., 1999) environments. In addition, the by-product values of
soil bioengineering designs include aesthetics, creation of wildlife habitat, and water
quality improvement through nutrient uptake and filtering. The wildlife habitat values
are often significant and may even dominate the design as in the restoration of
streams for trout populations (Hunt, 1993; Hunter, 1991) or the reclamation of strip-
mined land. Although soil bioengineering systems are multipurpose, in this chapter
the focus is on erosion control. Chapter 5 covers the creation of ecosystems whose
primary goal is wildlife habitat or other ecological function. As an example, Figure
3.9 depicts a possible design for stream restoration that would serve dual functions.

In some situations soil bioengineering is truly an alternative for conventional
approaches to erosion control from civil or geotechnical engineering. However, other
situations with very high energies require conventional approaches or hybrid solu-
tions. Conventional approaches to erosion control involve the design and construction
of fixed engineering structures. These include bulkheads, seawalls, breakwaters, and
revetments which are made of concrete, stone, steel, timber, or gabions (stone-filled
wire baskets). Such structures are capable of resisting higher energy intensities than
vegetation. The most common and effective type of structure for bank protection
along shorelines or in stream channels is a carefully placed layer of stones or boulders
known as riprap (Figure 3.10). The rock provides an armor which absorbs the erosive
energies and thereby reduces soil loss. Rock fragments which make up a riprap
revetment must meet certain requirements of size, shape, and specific gravity. A
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sample design equation for the weight of rock fragments to be used in coastline
protection, known as Hudson’s formula (Komar, 1998), is given below:

W = (dgH3)/k(S–1)3 cot A (3.3)

where

W = weight of the individual armor unit
d = density of the armor-unit material
g = acceleration of gravity
H = height of the largest wave expected to impact the structure

FIGURE 3.9 A typical stream restoration plan. (From Kendeigh, S. C. 1961. Animal Ecology.
Prentice Hall, Englewood Cliffs, NJ. With permission.)

FIGURE 3.10 Use of riprap for erosion control. (From Komar, P. D. 1998. Beach Processes
and Sedimentation, 2nd ed. Prentice Hall, Upper Saddle River, NJ. With permission.)
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k = a stability coefficient
S = specific gravity of the armor material relative to water
A = angle of the structure slope measured from the horizontal

Gray and Leiser (1982) have given a related design relationship for riprap stone
weight for a stream channel situation in regard to current velocity.

In addition to the structures described above, conventional approaches to
erosion control employ various geosynthetics, which are engineered materials
usually made of plastics. These take the form of mats used to stabilize soils, and
they include geotextiles, geogrids, geomembranes, and geocomposites (Koerner,
1986).

The heart of soil bioengineering is new uses of vegetation for erosion control
that can replace or augment the conventional approaches. Soil bioengineering
designs are covered in several important texts (Gray and Leiser, 1982; Morgan and
Rickson, 1995; Schiechtl and Stern, 1997) and in trade journals such as Erosion
Control and Land and Water. A few designs are reviewed below as an introduction,
but detailed case studies are covered in subsequent sections of the chapter for urban,
agricultural, stream, and coastal environments. This is a very creative field with
many sensitive designs that have been derived through trial and error and through
observation and logical deduction about physical energetics at the landscape scale.
Various kinds of vegetation are employed to control erosion, depending on the
environment. Woody plants such as willows (Saliaceae) are used in stream environ-
ments and mangroves on tropical coastlines; herbaceous wetland plants such as
cattails (Typha sp.) are used in freshwater and cordgrass (Spartina sp.) in saltwater
environments. Direct mechanisms of erosion control by living plants include
(1) intercepting raindrops and absorption of rainfall energy, (2) reducing water flow
velocity through increased roughness, and (3) mechanical reinforcement of the soil
with roots. Living plants also indirectly affect erosion through control of hydrology
in terms of increased infiltraton and evapotranspiration. Plants are used in soil
bioengineering designs in many ways. Individual plants are planted either as rooted
stems or as dormant cuttings that later develop roots. Groups of cuttings are also
planted as fascines (sausage-like bundles of long stems buried in trenches), brush-
mattresses (mat-like layers of stems woven together with wire and placed on the
soil surface), or wattles (groups of upright stems formed into live fences). Willows
in particular are preadapted for use in soil bioengineering along streams because of
their fast growth and their ability to produce a thick layer of adventitious roots (i.e.,
roots that develop from the trunk or from branches), and also because their stems
and branches are elastic and can withstand flood events (Watson et al., 1997).
Schiechtl and Stern (1997) show many line drawings of how these and other kinds
of plantings are used in slope protection. Often plantings are used in hybrid designs
along with conventional approaches as shown in Figure 3.11. Protection of the “toe”
or lower portion of a slope with resistant materials is especially important because
this location receives the highest erosive energy. Thus, a typical hybrid design would
include rock armor at the toe of the slope with plantings on the upper portion of the
slope.
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Other natural, nonliving materials besides stone are often included in soil
bioengineering designs. For example, tree trunks are used in several ways. Log
deflectors have a long history of use in streams to divert flow away from banks.
Owens (1994) describes a similar though more elaborate kind of structure using
trunks with branches which he terms porcupines. Root wads — tree trunks with
their attached root masses (Figure 3.12) — also have been used as a kind of organic
riprap in streams to absorb current energy (Oertel, 2001). All of these uses are
made even more effective when the trees to be used are salvaged from local
construction sites rather than harvested from intact forests. Other examples of
natural nonliving materials used in soil bioengineering designs include hay bales,
burlap, and coir, which is coconut fiber. Coir is an especially interesting natural
material used as a geotextile to stabilize soil and provide a growing media for
plants. Its special properties include high tensile strength, slow decomposition rate
due to high concentrations of lignin and cellulose, and high moisture retention
capability. Uses of coir are described by Anonymous (1995b) and by Goldsmith
and Bestmarn (1992) whose company has patented several fabrication methods
for coir geotextiles.

DEEP ECOLOGY AND SOFT ENGINEERING: 
EXPLORING THE POSSIBLE RELATIONSHIP OF SOIL 

BIOENGINEERING TO EASTERN RELIGIONS

Design in soil bioengineering is mostly qualitative, intuitive, and perhaps even
“organic,” especially in contrast to conventional approaches to erosion control. It
clearly requires a sophisticated understanding of water flows and energetics that
cause erosion but, as noted by Shields et al. (1995), “Despite higher levels of interest

FIGURE 3.11 The combined use of riprap and vegetation plantings for a soil bioengineering
design. (From Schiechtl, H. M. and R. Stern. 1997. Water Bioengineering Techniques for
Watercourse, Bank and Shoreline Protection. Blackwell Science, Cambridge, MA. With
permission.)
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in vegetative control methods, design criteria for the methods are lacking.” One
interesting exception is the design analysis of root reinforcement of soil reviewed
by Gray and Leiser (1982), but even this effort covers only a limited range of
applications and only a few types of plant root systems. Design knowledge in soil
bioengineering involves basic concepts but quantitative relationships, such as Hud-
son’s formula described earlier for riprap rock criteria, have not been developed.
Most design is based on a heuristic interpretation of the spatial patterns of erosive
energies of a site, and it consists of careful choice and placement of plant species
and natural materials to dissipate these energies. Because the systems are living and
will self-organize, growth and development of the ecosystem over time must be
integrated into the design decisions to a significant extent. Because of this nature of
design knowledge and because of the qualities of materials used (i.e., live plants vs.
concrete), the field has been referred to as “soft engineering” as compared with the
more conventional “hard engineering” approaches from the civil and geotechnical
disciplines (Gore et al., 1995; Hey, 1996; Mikkelsen, 1993).

Another dimension of design is that “plant-based systems have greater risk
because we have less control” (Dickerson, 1995). The idea of control is fundamen-
tally inherent in all kinds of engineering, where the behavior and consequences of
designs must be known and understood with a high degree of assurance. However,
in soil bioengineering as in all examples of ecological engineering, the designs are
living ecosystems which are complex, self-organizing, and nonlinear in behavior.
Design knowledge of the systems has developed sufficiently to the point that they
can be used reliably but uncertainties remain because of the inherent nature of living
systems.

All of the aspects of soil bioengineering design described above: qualitative,
intuitive, “organic,” and, to a degree, reduced human control, suggest possible
connections with Eastern religions, which share these qualities. Religions are phi-
losophies that help humans decide how to act and how to think. The discussion that
follows is an attempt to show how a consideration of one particular set of religions

FIGURE 3.12 View of tree trunks extending from root wads in a stream restoration project
in central Maryland.
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may provide perspective and insight on design in soil bioengineering. The suggestion
is that, to an extent, there is congruence between these two activities that may be
profitably explored and exploited.

The Eastern religions of Hinduism and various forms of Buddhism are a related
set of beliefs based on the search for enlightenment. The state of enlightenment is
the goal of individuals who believe in these religions, and it represents a condition
of harmony and contentment between the individual and the cosmos. Enlightenment
is achieved through introspective meditation and living one’s life according to certain
rules and beliefs. It is a mystical state of being that is not connected to normal
human reality. Thus, belief in these religions causes one to strive to lead the appro-
priate kind of life that results in enlightenment. These religions do not rely on
supreme beings for insight and wisdom but rather on the individual’s search for the
right way of life.

Two books are especially relevant for relating Eastern religions to ecological
engineering in general and, in particular, to soil bioengineering. Pirsig (1974) in Zen
and the Art of Motorcycle Maintenance introduces Zen Buddhism indirectly through
a story about a cross-country motorcycle trip. This is an intensive philosophical
work with the subtitle, “An Inquiry into Values.” The most directly relevant sections
of the book involve the discussion of how the everyday maintenance of the motor-
cycle can provide an expression of the Zen philosophy. An analogy from this
discussion can be drawn for the relationship between the ecological engineer and
the ecosystem that he or she creates and maintains. Capra’s (1991) book entitled
The Tao of Physics is a more extensive treatment in that it explicitly reviews all of
the Eastern religions (Hinduism, Buddhism, Chinese thought, Taoism, and Zen)
while describing parallelisms with modern physics. This work discusses many direct
relations between Eastern religions and physics, which are applicable to consider-
ations of soil bioengineering, such as ideas on the importance of harmony with
nature, the roles of intuitive wisdom, and the concepts of change and spontaneity.
Capra provides detailed descriptions of the Eastern religions that provide quick
introductions for readers from Western traditions. One passage about Taoism, which
is the set of beliefs referenced in the title of the book, is given below:

The Chinese like the Indians believed that there is an ultimate reality which underlies
and unifies the multiple things and events we observe: … They called this reality the
Tao, which originally meant “the Way.” It is the way, or process, of the universe, the
order of nature. In later times, the Confucianists gave it a different interpretation. They
talked about the Tao of man, or the Tao of human society, and understood it as the
right way of life in a moral sense.

In its original cosmic sense, the Tao is the ultimate, undefinable reality and as such it
is the equivalent of the Hinduist Brahman and the Buddhist Dharmakaya. It differs
from these Indian concepts, however, by its intrinsically dynamic quality, which, in
the Chinese view, is the essence of the universe. The Tao is the cosmic process in
which all things are involved; the world is seen as a continuous flow and change.

One particular example of possible application of Eastern religion to ecological
engineering is the dualist notion of life situations represented by the polar opposites,
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yin and yang. This is shown in Figure 3.13 with the “diagram of the supreme
ultimate” (Capra, 1991):

This diagram is a symmetric arrangement of the dark yin and the bright yang, but the
symmetry is not static. It is a rotational symmetry suggesting, very forcefully, a
continuous cyclic movement … The two dots in the diagram symbolize the idea that
each time one of the two forces reaches its extreme, it contains in itself already the
seed of its opposite.

The pair of yin and yang is the grand leitmotiv that permeates Chinese culture and
determines all features of the traditional Chinese way of life.

In the Taoist beliefs a principal characteristic of reality is the cyclic nature of
continual motion and change. Yin and yang represent the limits for the cycles of
change and all manifestations of the Tao are generated by the dynamic interplay
between them. Thus, it is a form of organization. Although the yin and yang represent
opposites, there is a harmony between them. Ecology, too, can be characterized by
the interplay between polar opposites such as primary production and respiration
from ecosystem energetics (see Figure 1.2) or in the growth (r) and regulation (K)
terms in the classic logistic equation from population biology:

dN/dt = rN(K–N/K) (3.4)

where

N = number of individuals in a population
t = time
r = population reproductive rate
K = number of individuals of a population that can be supported by the environ-

ment (i.e., the carrying capacity)

FIGURE 3.13 The diagram of the supreme ultimate in Taoism. The symmetrical pattern of
yin and yang.
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In this model, growth of the population over time is directly proportional to the
intrinsic rate of increase, r, but inversely related to the population’s carrying capacity,
K. Factors related to r cause the population to grow while factors related to K cause
the population to remain stable. Species also tend to adapt towards either the growth
states (r-selected) or the stable states (K-selected) as discussed in Chapter 5. Thus,
growth versus stability might represent polar opposites, like yin and yang. There are
also examples from geomorphology such as the opposite processes of erosion and
deposition, and the opposite zones found in the inner and outer banks of meanders
and in pool and riffle sequences, both of which involve alterations between erosion
and deposition. Obviously, design in soil bioengineering involves an understanding
of these opposites and a plan for their balance on any particular site, perhaps in a
fashion similar to the way a Taoist would relate yin and yang in life experiences.

Capra’s work is especially relevant because he has begun to think about Eastern
religions as being ecological due to their reliance on holism and the interconnect-
edness of all things. He has contributed to the growing philosophy called deep
ecology (Capra, 1995; Drengson and Inoue, 1995), which attempts to articulate
beliefs about sustainability for human societies. In these efforts the science of
ecology is a model for developing an alternative world view or cosmology.

A few direct connections between Eastern religions and ecology and ecological
engineering have been made in the literature. Cairns (1998) mentioned Zen in a
paper on sustainability but did not develop the connection very much. However,
Barash (1973) discussed Zen and the science of ecology in some depth. This paper,
though obscure, is remarkable for having been published in a very empirically based
scientific journal (American Midland Naturalist). One wonders how the paper sur-
vived peer review in this context. Sponsel and Natadecha (1988) make direct ties
between Buddhism and conservation in Thailand, and they suggest that recent
examples of environmental degradation may be the result of a decline in faith caused
by westernization of the culture. More general reviews are given by Callicott and
Ames (1989) and Sponsel and Natadecha-Sponsel (1993). Finally, a particularly
interesting example of the connection between Eastern mysticism and ecology is
found in the work of Ed Ricketts, who is best known as the model for the character
“Doc” in John Steinbeck’s (1937) novel entitled Cannery Row. Ricketts was a marine
biologist who wrote an important guidebook to the intertidal ecology of the Pacific
coast (Ricketts and Calvin, 1939). This book is significant as an early example of
the modern approach to animal–environment relations. It is a highly refined form
of descriptive ecology, especially in placing macroinvertebrates in their habitats.
Ricketts also wrote philosophy, inspired by ideas of holism and interconnectedness
from his ecological field work, which had similarities with Eastern religions (Burnor,
1980). In fact, Hedgpeth (1978b) described Ricketts (with additional reference to
his interest in music) as a man whose driving force in life was “an urge to bring
Bach and Zen together in the great tidepool.” Thus, an introductory knowledge of
Zen Buddhism enriches the reading of Rickett’s guidebook and may lead to a deeper
understanding of intertidal ecology. As an aside, Rickett’s association with John
Steinbeck is one of the remarkable stories in the history of ecology. Here, a marine
biologist and a novelist more or less collaborated to produce a kind of mythical
bond during the Depression years and into the 1940s (Astro, 1973; Finson and Taylor,
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1986; Kelley, 1997). Steinbeck’s (1939) The Grapes of Wrath which won the Pulitzer
Prize for literature was published within weeks of Rickett’s book, indicating that
these two men reached high levels of achievement (and enlightenment?) together.
Their collaboration may be best represented in the record of their scientific collection
expedition to the Gulf of California, later published as Sea of Cortez: A Leisurely
Journal of Travel and Research (Steinbeck and Ricketts, 1941). Their collaboration
was cut short by Rickett’s accidental death in 1948, after which it has been said that
the quality of Steinbeck’s writing declined.

Several workers have briefly mentioned connections between ecological engi-
neering and Eastern religions in particular. Todd and Todd (1994) mention feng shui,
which is a set of principles from Chinese philosophy for organizing landscapes and
habitats. Jenkins (1994) in his review of composting systems included a chapter
entitled “The Tao of Compost” which makes a case for integrating waste disposal
into people’s lifestyles. Finally, Wann (1996) described related thoughts as noted
below:

It’s clear that we need more sophisticated, nature-oriented ways of providing services
and performing functions. Many designers and engineers are taking an approach I call
aikido engineering. Essentially, the Eastern martial art discipline of aikido seeks to
utilize natural forces and succeed through nonresistance. Aikido never applies more
force than is necessary. Its goal is resolution rather than conquest. We can and should
use this approach to find solutions that avoid environmental and social problems.

Mitsch (1995a) compared ecological engineering in the U.S. and China with
emphasis on technical aspects. He found some differences in approaches that are
culturally related but may also reflect philosophy. The Chinese utilize ecological
engineering applications widely (Yan and Zhang, 1992, plus see the many papers
in Mitsch and Jørgensen, 1989, and in the special issue of Ecological Engineering
devoted to developing countries: Vol. 11, Nos. 1–4 in 1998). They also have been
practicing soil bioengineering for centuries, as illustrated by an ancient manuscript
on the subject shown in the text by Beeby and Brennan (1997, see their Figure 6.14).
Do Chinese philosophies of design differ from Western examples? If so, they deserve
special study in order to enrich Western thinking and design.

In conclusion, the point of this section is to suggest relationships between Eastern
religions and design in soil bioengineering and, to some extent, more broadly in
ecological engineering. Successful soil bioengineering often depends on the ability
of the designer to “read” a landscape and arrive at a design through observation,
intuition, and experience. An understanding of the interconnectedness of hydrology,
geomorphology, and ecology is needed along with a respect for aspects of complexity
and change. Thus, it is suggested that the soil bioengineer is like the Zen master,
similar to the description given by Barash (1973). David Rosgen’s (1996) approach
to restoring streams is a good example that is based on a deep understanding of
nature. Thus, similarities between a stream restoration plan (Figure 3.9) and a Zen
water garden (Figure 3.14) appear to be superficial but may be more closely related.
Is a bed of riprap rocks similar to a Zen rock garden?
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CASE STUDIES

Individual case studies are presented below to review issues and designs of soil
bioengineering in more depth. Four different situations are included to cover the
range of applications in the field. For each case study one particular design is
highlighted as an example of how ecosystems are utilized to address erosion control
with engineering approaches.

URBANIZATION AND STORMWATER MANAGEMENT

Urbanization removes the cover of vegetation and replaces it with land use that is
dominated by hard surfaces including buildings, roads, and parking lots. Impervi-
ousness is the term used to describe the extent to which a watershed is made up of
hard surfaces, and this parameter has been shown to influence hydrology dramati-
cally. The most significant influence is on runoff volume. Figure 3.15 plots imper-
viousness vs. the runoff coefficient, which expresses the fraction of rainfall volume
that is converted into surface runoff during a storm, illustrating a direct relationship
between hard surfaces and runoff volume. The increased runoff in urbanized water-
sheds in turn creates increased flooding and increased channel erosion in streams
draining the landscape. A threshold seems to exist at about 10% imperviousness,
above which hydrology becomes seriously altered and thereby causes significant
impacts (Schueler, 1995). Stream ecosystems in cities are degraded by these impacts,
with loss of habitat and pollution by a number of contaminants (Paul and Meyer,
2001).

One way to visualize the imperviousness of watersheds is with a comparison of
hydrographs. The hydrograph is a plot of discharge rate or flow of a stream as a
function of time. Many different time scales are of interest to hydrologists, but here

FIGURE 3.14 A typical Zen water garden. Note the similarity between the arrangement of
components here as compared with the stream restoration plan shown in Figure 3.9. (From
Davidson, A. K. 1983. The Art of Zen Gardens: A Guide to Their Creation and Enjoyment.
G. P. Putnam’s Sons, New York. With permission.)
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the focus is on storms so that units of hours or days are most relevant. Hydrographs
provide a wealth of information as noted by Hewlett and Nutter (1969): “A
hydrograph tells more about the hydrology of a drainage basin than any other single
measure.” A hydrograph represents a functional response of a watershed in relation
to the water balance, and its shape is determined by two sets of factors: (1) charac-
teristics of the watershed such as imperviousness, and (2) weather factors such as
quantity, intensity, and duration of rainfall; distribution of rainfall over the watershed;
and temperature (which is important in terms of freezing of soil or melting of snow
and ice). Storms strongly influence hydrographs because they release large volumes
of rainfall over short periods of time. A storm hydrograph is hump-shaped with a
rise and fall of discharge as the stream drains the runoff generated by rainfall.
Because urbanized watersheds have more runoff than less developed watersheds,
their hydrographs differ in shape (Figure 3.16). The important features of a storm

FIGURE 3.15 A relationship between runoff and impervious surfaces in a watershed.
(Adapted from Schueler, T. R. 1995. Watershed Protection Techniques. 2:233–238.)

FIGURE 3.16 Comparison of hydrographs from rural (i.e., vegetated soil) and urban (i.e.,
impervious cover) areas. (Adapted from Ferguson, B. K. 1998. Introduction to Stormwater:
Concept, Purpose, Design. John Wiley & Sons, New York.)
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hydrograph from an urbanized watershed are the increased peak discharge (the
highest point of the hump) and the shortened duration (the length of time between
the rise and fall of the hump). Basically, the shape of the urban storm hydrograph
shows that a large amount of water is moving quickly through the watershed over
the surface, with consequent impacts of flooding and erosion. In a less developed
watershed some of this water would have infiltrated into the ground and entered the
stream over a longer time period as baseflow. There are also water quality impacts
associated with storms since pollutants are washed into streams with runoff. This is
an important type of nonpoint source pollution because the pollutants are advected
by runoff moving over the watershed, as opposed to point source pollution that is
generated by a discrete outfall such as from a wastewater treatment plant or a factory.
Makepeace et al. (1995) provide a review of the pollutants in urban stormwater
runoff, and Hopkinson and Day (1980) provide an example of a simulation model
that combines urbanization and stormwater.

Stormwater management involves engineering of BMP structures that mitigate
and control both the water quantity (flooding and erosion) and quality (nonpoint
source pollution) impacts of storms in urban landscapes. Their role is to reduce the
peak discharge of urban streams during storms. Stormwater management has a long
tradition in civil engineering which has evolved into a kind of “pipe and pond”
conventional approach (Urbonas and Stahre, 1993). In this approach, storm runoff
is collected into centralized systems and stored temporarily in large detention ponds.
Water in the ponds is released over a longer period of time, thus reducing peak
discharge. While effective, this conventional approach has a number of problems
associated with it, and over time new kinds of BMPs have been developed. These
designs include wetlands, infiltration systems, filter strips or buffers, and porous
pavement (Schueler, 1987). These designs are growing in diversity and implemen-
tation, and a whole new approach to urban stormwater management seems to be
emerging. The new approach is very much a kind of ecological engineering, which
is referred to by some workers as bioretention (Table 3.2). This is a very different
approach compared with traditional stormwater management. The goal is to mimic
natural hydrology through use of BMPs that emphasize vegetation. A strong effort
is made to integrate BMPs into the site plans of new developments so that they
become part of the landscaping rather than large, unattractive, and unsafe structures
that create liabilities. Also, new ways of retrofitting stormwater management systems
are being devised for sites that are already developed. This is a very creative field
where workers must understand and utilize traditional engineering along with hydrol-
ogy and ecology. The basic philosophy is to apply many small scale BMPs through-
out the watershed, dispersing runoff rather than concentrating it. A key is to keep
the drainage basin for each individual BMP small so that runoff volumes are more
manageable and do not overwhelm the system’s ability to function. The emphasis
is on infiltration and evapotranspiration rather than drainage, and preliminary results
indicate that these systems are less expensive than conventional alternatives. Biore-
tention is still a new approach and designs are evolving rapidly, as indicated by
reports in such journals as Watershed Protection Techniques from the Center for
Watershed Protection in Ellicot City, MD.
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One example of a bioretention BMP is the rain garden, which is a modified
infiltration system (Ferguson, 1994). This BMP was developed in the late 1980s by
Larry Coffman in Prince George’s County, MD (Bitter and Bowers, 1994; Engineer-
ing Technologies Associates and Biohabitats, 1993), and it is similar to other bio-
filtration systems. A rain garden is an engineered BMP designed to treat stormwater
from a small drainage basin such as a parking lot or rooftop (Figure 3.17). It consists
of an area with reconstructed soil stratigraphy and planted vegetation that is oriented
in such a way as to receive runoff from the drainage basin. The soil of the rain
garden is designed to encourage infiltration. The first layer (30 cm) is typically
composed of a mixture of 50% sand, 30% top soil, and 20% mulch. This is the
active zone in which most pollutant absorbtion takes place in terms of nutrients and
metals. Sand or gravel are sometimes used below this layer, and the latest designs
employ an under drain, as in a septic tank drain field, leading to a stormwater
catchment system. The rain garden is intended to model a terrestrial system rather
than a wetland in order to encourage infiltration. This objective requires design so
that ponding occurs but is minimized. This is a critical element that can have long-
term hydrologic implications. If ponding is too long, wetland conditions are favored
which reduce infiltration capacity. The rain garden is thus designed to absorb the
first flush of storm runoff and then to overflow with excess runoff leading to other

TABLE 3.2
Comparison of Approaches for Stormwater Management

Conventional Approach
(i.e., pipes and ponds)

New Approach
i.e., bioretention)

Philosophy

Collect runoff to one point;
centralize it.

Locate BMPs where runoff is produced;
keep it dispersed.

Increase storage and drainage. Increase infiltration and evapotranspiration.

A few large detention basins. Many small retention basins.

Design

Complex, large scale. Simple, small scale.

Role of Vegetation

None. Significant, several functions.

Functionality

One-dimensional. Multidimensional with added benefits of 
aesthetics and water quality improvement.

Cost

Relatively higher. Relatively lower.
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devices (such as a collection system or a cascade of other BMPS). Vegetation plays
several roles in rain garden function. The root systems of plants improve infiltration,
and plant growth absorbs some pollutants and increases evapotranspiration. A variety
of species can be planted and a landscaping approach is usually used in their design.
This makes the rain garden an attractive system that improves the aesthetic values
of the surrounding landscape. The rain garden system is new and long-term main-
tenance requirements are not completely known. They may need to be periodically
excavated and rebuilt to avoid soil crusting, clogging, or sedimentation. As with any
new system, design knowledge can be expected to grow as more examples are built
and studied over time.

AGRICULTURAL EROSION CONTROL

Erosion from agricultural systems is a serious problem in rural landscapes (Clark
et al., 1985; Harlin and Berardi, 1987; Pimentel et al., 1987). This kind of erosion
is accelerated because the natural vegetation is removed and replaced with cropping
or grazing systems that provide less protective coverage of the soil. In fact, some
cropping systems involve periods of time during and after tillage when the soil can
be completely exposed to the driving forces of erosion (wind and rain). Agricultural
erosion has been studied by applied scientists for centuries, and it is fairly well
understood. The universal soil loss equation, shown in Figure 3.18 is one example
of a practical model of agricultural erosion (Foster, 1977; Wischmeier, 1976). The
equation is meant to be used to evaluate erosion problems for individual fields, and
it is based on established, empirical relationships. Through the use of the equation,

FIGURE 3.17 View of the rain garden concept. (From Coffman, L. S. and D. A. Winogradoff.
2001. Design Manual for Use of Bioretention in Stormwater Management. Watershed Pro-
tection Branch, Prince George’s County, MD. With permission.)
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agricultural extension agents can advise farmers about control practices that reduce
erosion.

A number of erosion control practices have evolved including techniques for
controlling water flows such as contour planting and terracing and different methods
of providing coverage of bare soil such as cover crops, manure from animals, plant
mulches, and no-till cropping. These practices must be integrated into the overall
farm system and their use is at the discretion of the individual farmer. Organic
farming is a comprehensive approach of these and other techniques that has been
shown to reduce erosion and improve soil fertility (Mader et al., 2002; Reganold et
al., 1987).

Some of the practices listed above involve engineering approaches while others
might better be thought of as management strategies. Terracing is a good example
of a technique that involves some traditional engineering design in terms of spacing,
grades, and cross-sections (Ayres, 1936). This technique can be traced back to
prehistoric times, and it has evolved independently in many cultures (Donkin, 1979).
Windbreaks are analogous systems for controlling wind erosion (Stoeckeler and
Williams, 1949), but they are composed of living species (trees) rather than nonliving
terraces. An example of a technique that is more management oriented is no-till
cropping (Little, 1987; Phillips et al., 1980). This is a particularly interesting tech-
nique because it represents a major shift in the approach to agriculture. Traditionally,
crop agriculture relied on tillage of the soil (i.e., plowing and disking) to prepare
for seeding and especially to control weed growth. This practice exposes the soil to
erosion but its benefits, which result in high yield, were viewed as being more
significant than the costs. However, the development of selective herbicides after
World War II created an alternative method of weed control. A new form of agri-
culture subsequently evolved substituting herbicide use for tillage, along with the
creation of new seeding methods. Rachel Carson (1962) called this chemical plowing
in her famous book on pesticide effects entitled The Silent Spring. This new approach
has been found to have significantly less erosion than the conventional tillage
approach because the soil is not disturbed and a cover of biomass is retained between

FIGURE 3.18 Energy circuit model of the universal soil loss equation, showing the erosion
rate (A) as a function of a number of factors.
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crops. The litter and plant growth in no-till fields has been called a living mulch
because of its role in nutrient conservation (Altieri, 1994). A significant number of
farmers have switched to no-till agriculture, though concerns remain about possible
environmental impacts of herbicides and possible buildups of insect pests.

Much work on erosion control and other aspects of agriculture is done by
agricultural engineers whose special function is to apply engineering principles and
approaches to farming and grazing. They design machines, study system perfor-
mance, and must deal with soils, water quality and quantity, and all taxonomic levels
of biodiversity, both domestic and pest. Because of these roles and because agricul-
tural systems are really simplified ecosystems (i.e., agroecosystems, see Chapter 9),
the discipline of agricultural engineering is related to ecological engineering. The
main distinction is in the complexity of ecosystems that are involved. Conventional
agroecosystems are clumsy and simple compared with natural ecosystems with low
diversity, high runoff and erosion, and the use of manufactured chemicals as fertil-
izers and toxins in place of evolved ecological relationships. For example, Van
Noordwijk (1999) contrasts the complex cycling of nutrients in natural ecosystems
with the simple input–output flows of nutrients in agroecosystems. Agricultural
systems are completely designed by humans with little positive input from nature
and with few or no by-product values. These qualities make agroecosystems appear
very different from other, more natural ecosystems, but some basic similarities
remain. Study of agroecosystems will continue to be instructive in ecological engi-
neering, as another context of design. Also, each farm is an experiment with a unique
mix of ideas from the farmer, which offer insights into the connections that develop
between human designer (i.e., farmer) and constructed ecosystem (i.e., farm). Formal
relationships between the old discipline of agricultural engineering and the new
discipline of ecological engineering should be encouraged to improve the design of
constructed ecosystems in general.

Ecological engineering may be able to contribute to the development of alter-
native agricultural systems. Many problems with conventional agriculture have been
described, and much work is needed to develop more sustainable alternatives (Keller
and Brummer, 2002). For example, as noted by Orr (1992a):

Since 1945 mainstream agriculture — by which I mean that espoused by agronomy
departments in land-grant universities, the United States Department of Agriculture,
and major farm organizations — has pursued a model of agriculture based on the
industrial metaphor. Its goal has been to join land, labor, and capital in ways that
maximize productivity. Farming is regarded not as a way of life but as a business. Like
other businesses, it has led to highly specialized farms that grow one or two crops, or
raise thousands of animals in automated confinement facilities. Like other businesses,
agribusiness invested heavily in technology, became dependent on “inputs” of chemi-
cals, fertilizer, feed, and energy, and went heavily into debt to finance it all. Farmers
were advised to plow fence row to fence row, buy out their less-efficient neighbors,
substitute monoculture for crop diversity, cut down windbreaks, and replace people
with machinery. The results are there for all to see. The ongoing farm crisis of the
1980s suggests that it did not work economically (except for those who learned how
to farm the tax code). From dying rural towns across the United States one can infer
that it did not work socially. And neither does it work ecologically.
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There is an interesting movement to use natural ecosystems as a model for the
development of new, more sustainable agroecosystems, which is relevant to ecolog-
ical engineering. For example, a National Research Council (NRC) report states that
one of the goals in the development of alternative agricultural systems is a “… more
thorough incorporation of natural processes such as nutrient cycles, nitrogen fixation,
and pest–predator relationships into the agricultural production process” (NRC,
1989a). In this regard a number of ideas have come from the examination of rural
agricultural systems in the tropics. Ewel (1986) and Hart (1980) have discussed
mixed species communities that imitate plant succession sequences, and Perfecto et
al. (1996) describe similarities between shade coffee plantations and natural forest
habitats. In a related example, Gomez-Pompa et al. (1982) and Gliessman (1991)
have studied forms of wetland agriculture that have been used since pre-Colombian
times in Middle America. Finally, Altieri et al. (1983) and Gliessman (1988) have
shown many parallels between traditional agricultural practices in the tropics and
natural ecological systems.

Relatively less work has been done on using nature as a model for agriculture
in the temperate zone. A notable exception is the research of Wes Jackson at the
Land Institute in Kansas. Jackson is developing a form of agriculture for the U.S.
Great Plains that he calls a domestic prairie (Jackson, 1980). His idea is to create
a polyculture (i.e., a multispecies mix) of herbaceous perennial species in a no-till
cropping system to replace the present grain-producing monocultures of herbaceous
annual species (such as corn or wheat). Jackson’s domestic prairie uses the natural
prairie ecosystem as a model (Bender, 1995; Jackson, 1999), and he projects that it
would have many advantages over the existing grain agriculture: reduced erosion,
reduced fossil fuel consumption, reduced pesticide dependency, reduced dependency
on commercial fertilizers, and a larger genetic reservoir that would provide benefits
such as increased disease resistance. The key to realizing this new form of agriculture
is breeding varieties of herbaceous perennial species that will produce high yields
of seeds and fruits, as do the existing annual species. Jackson, who is trained as a
geneticist, has started this breeding program with focus on promising species in
genera of forage grasses (Bromus, Festuca, Sporobolus, Lolium, Agropyron, and
Elymus), several of which are important in natural prairies. The existence of some
perennial species, especially from the sunflower family, which naturally produce
high yields of seeds, provides support for the work.

One of the obvious benefits of the “domestic prairie” agriculture would be
reduced erosion. Because the crop species would be perennial in a no-till system,
the soil would remain undisturbed and would be resistant to erosion. Furthermore,
prairie species are known to have well-developed root systems that would hold the
soil especially firmly (Stanton, 1988). Much work was done by John Weaver in the
early 1900s on prairie root systems, which remains today as some of the best research
available (Weaver, 1919, 1938, 1954, 1961). Weaver developed an excavation tech-
nique for studying roots which was labor intensive but which revealed great detail
on the extent of prairie species root systems. His published work is characterized
by wonderful drawings of the intricate root systems (Figure 3.19), and Jackson used
one of these for the cover of his book which describes the domestic prairie idea
(Jackson, 1980). The ecology of the belowground portion of terrestrial ecosystems



Soil Bioengineering 95

is still underappreciated and poorly known (Coleman, 1985, 1996; Wardle, 2002),
but the belowground system is the location from which much of the soil’s resistance
to erosion comes. There is probably no better engineering design for erosion control
than the root system of a prairie, which is one of the most distinctive qualities of
Jackson’s alternative approach to agriculture.

FIGURE 3.19 View of a typical grassland plant’s root system. (From Weaver, J. E. and F.
E. Clements. 1938. Plant Ecology, 2nd ed. McGraw-Hill, New York. With permission.)
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Another ecological system of importance in erosion control is the riparian forest.
These are narrow strips of forest growth along streams that drain agricultural water-
sheds. They act as buffers for the surrounding fields in absorbing nutrients and
sediments from runoff waters (Figure 3.20). Although relatively little engineering
design is involved with the use of these forests as a BMP, they are becoming more
important for controlling erosion and other forms of nonpoint source pollution
(Lowrance, 1998; Lowrance and Crow, 2002; Smith and Hellmund, 1993). Riparian
forests are particularly significant because of the by-product values they provide
including bank stabilization, control of stream temperature through shading, and
input of wood debris and leaf litter to streams and wildlife habitat (Gregory et al.,
1991). Robles and Kangas (1999) also describe potential economic benefits that can
be realized by farmers from the sale of nontimber products harvested from the
forests. The creation of this kind of economic payback may be important in making
the use of riparian forests more attractive to farmers who must take land out of
production in order to implement the BMP.

DEBRIS DAMS, BEAVERS, AND ALTERNATIVE STREAM RESTORATION

Erosion control in streams is a form of restoration that is rapidly developing for
landscapes disturbed by human land use (Riley, 1998). Several examples of designs
were mentioned earlier such as the use of root wads as organic riprap. These
applications are advancing primarily in the creative work of consulting firms that
are hired to restore streams. In this section one particular design strategy, the use of
woody debris in stream channels, is highlighted because of its several interesting
features.

FIGURE 3.20 Energy circuit diagram of the role of the riparian forest as a best management
practice in an agricultural landscape.
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Woody debris, which enters the stream as treefall and branch-fall from the
riparian forest, commonly accumulates in dams and deposits by being transported
in the current and by becoming lodged in the channel. These debris dams or jams
are important to the ecology of stream organisms for providing habitat especially
for insect larvae and fishes and as a source of food for decomposers (Bilby and
Likens, 1980; Maser and Sedell, 1994; Smock et al., 1989). Perhaps even more
significantly, these debris dams influence stream flow and channel form, therefore
affecting the entire physical stream system. In terms of this geomorphic role, debris
dams belong to the class of structures created by streams to dissipate energy as water
drains through the watershed. Other examples are meanders and pool-and-riffle
sequences. These structures take the form of organized patterns of materials that
require the energy of the stream to be created and maintained. They can be thought
of as storages of energy and materials with inputs and outputs, analogous to biolog-
ical populations or trophic levels in ecology. Their presence in the channel provides
feedbacks to the stream to amplify water flow and sediment transport. This concep-
tion of channel features is somewhat different from the way geomorphologists and
hydrologists normally think about them (i.e., Langbein and Leopold, 1966; Yang,
1971a, 1971b), but it allows such structures to be viewed from a general systems
perspective. An example of a mass balance of a debris dam is shown in Figure
3.21 in which the dam itself is depicted as a storage. Beyond the storage of wood,
debris dams embody the energy of the stream that creates them. Streb (2001) studied
the energetics of debris dams and their effects on channel characteristics in a flume.
With physical measurements of current velocity in flumes with and without model
debris dams, he was able to quantify their energy dissipation. This energy was used
in making the debris dam itself and the associated pools and bars that evolved with
it. Thus, the energy dissipation is a measure of the organization of the system.

Many studies have demonstrated the effects of debris dams in streams in terms
of altered current flow patterns and influence on scour and deposition of sediments
(Andrus et al., 1988; Heede, 1985; Robison and Beschta, 1990). One view of the
role of debris dams is as an addition to the roughness of the channel. A number of

FIGURE 3.21 Energy circuit model of the inputs and outputs from a debris dam system.
Data are for an estimated annual budget in tons of wood. (Adapted from Gregory, K. J. 1992.
River Conservation and Management. P. J. Boon, P. Calow, and G. E. Petts (eds.). John Wiley
& Sons, Chichester, U.K.)

4.6

1.2

1.2

2.5

0.5

Transport

Decomposition

Direct
Fall

Wind
Blow

Lateral
Transport

Debris
Dam
4.3



98 Ecological Engineering: Principles and Practice

equations have been developed to describe the effect of channel roughness on stream
flow such as the Manning’s equation (Figure 3.22, see also Equation 3.2). This
relationship was developed for conditions of uniform flow to design flood control
channels, but it is commonly used for nonuniform flow conditions in natural chan-
nels. In this equation velocity (V) is directly proportional to the slope (S) and size
of the channel (R) but inversely proportional to the roughness of the channel (n).
Manning’s n is termed the roughness coefficient, and it is an index of the friction
of the channel on the stream flow. Some values of the roughness coefficient have
been measured (Chow, 1964; Dunne and Leopold, 1978), and they range from 0.012
ft 1/6 for smooth concrete channels to 0.050 ft 1/6 for streams with rocky beds or
dense aquatic vegetation. Manning’s equation can be used for ecological engineering
design as values of the roughness coefficient become better known. Debris dams
have been assigned high values of Manning’s n which is a reflection of their role in
causing a localized reduction in current velocity and consequent changes in sediment
transport (see the Hjulstrom relationship in Figure 3.7).

A diversity of debris dams exists in streams like different species in ecosystems.
Figure 3.23 shows a gradient of debris dams ranging from megajams which span 10
times bankfull depth of the channel to microjams and individual log pieces. Table
3.3 describes three kinds of debris dams from a river in the Pacific Northwest of the
U.S. Each type of dam has a unique architecture and different influences on stream
flow and channel form.

An exciting strategy is the active manipulation of woody debris in streams to
control erosion. This action has been done in the context of creating habitat for
stream organisms, but its application for erosion control is recent (Streb, 2001). A
carefully placed debris dam can divert current away from critical channel locations
where erosion is to be controlled, while having several by-product values in the
ecology of the stream. This kind of management can be especially important for
watersheds in which riparian forests have been cut, thereby removing a natural source
of wood to streams. Sedell and Beschta (1991) discuss this strategy in a paper with
the compelling title of “Bringing Back the ‘Bio’ in Bioengineering.”

Another important and interesting aspect of debris dams is the self-building
behavior that they exhibit. This is the accumulation process in which wood builds
up to form a dam. A key feature of the process is a positive feedback relationship

FIGURE 3.22 Energy circuit diagram translation of Manning’s equation.
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in which the initial pieces of wood in the dam catch increasingly more wood because
of the action of the dam in creating a growing obstruction to flow. In this way the
dam builds itself through input of wood pieces being carried in the current. The
products of the self-building behavior are dams with complexity of architecture and
size being determined by wood supply, channel dimensions, and current velocities.
In a sense woody debris dams are fascinating structures because they represent
complex systems that emerge from simple rules and elements. The self-building
behavior of debris dams is a special case of self-organization, which is autocatalytic
in creating structure. Other related examples are traffic jams (Edie, 1974), ice jams
in rivers (Ashton, 1979; Beltaos, 1995), and even jams of signals in communication
systems such as telephone networks (Alfredo Nava, personal communication). A
description of autocatalysis is given by H. T. Odum (1983) below:

Many naturally occurring units in the real world store energy and then feed it back
internally to facilitate in the inflow of other energy. The feedback acts as a control,
often as a multiplier, and catalyzes the inflow. Such units are sometimes termed
autocatalytic. The process of storing and using the storage to pump additional energy
tends to accelerate growth and maximize power. Such modules are frequent in all kinds
of system.

It is suggested here that the wood of the debris dam feeds back upon the current in
the stream to bring more wood into the dam and therefore it grows autocatalytically.

FIGURE 3.23 Examples of different types of debris dams. (A) Megajam. (B) Macrojam. (C)
Mesojam. (D) Microjam. (E) Individual jog pieces; hb = bankfull depth; Wb = width of the
channel. (From Church, M. 1992. The Rivers Handbook: Hydrological and Ecological Prin-
ciples. Vol. 1. P. Calow and G. E. Petts (eds.). Blackwell Scientific, Oxford, U.K. With
permission.)
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TABLE 3.3
Architectural Descriptions of Three Types of Debris Dams

Bar Top Jam (BTJ)

A random accumulation of logs with little vertical stacking characterize BTJs, which 
form a loose mat deposited on a bar top during receding flows. Although logs in a 
BTJ are oriented in all directions relative to the depositing flow, most are oblique 
… Bar top jams are relatively unstable as they are mobilized at discharges 
approaching bankfull. Hence they have little appreciable effect on channel 
morphology.

Bar Apex Jam (BAJ)

The more stable BAJ has a distinctive architecture characterized by three primary 
structural components: a key member nearly parallel to flow, normal members 
orthogonal to flow, and oblique members oriented 10–30 degrees to flow … the 
key members appear to be invariably a large log with an attached rootwad facing 
upstream. The deposition of a key member significantly reduces the effective width 
of flow within a channel. The LWD (large woody debris) that otherwise might be 
flushed through that portion of the channel is deposited, usually by racking up 
against the key member and contributing to a further reduction in the effective 
channel width. Normal members rack up against the key member rootwad 
orthogonal to flow, whereas oblique members deposit along the flanks of the key 
member. The sequential deposition of normal and oblique members commonly 
results in the vertical stacking of five or more interwoven layers. The formation of 
a jam introduces a local control on channel hydraulics that leads to distinctive 
changes in channel morphology and riparian forest structure. Stable LWD structures 
such as the BAJ provide a barrier to high velocity flows, creating sites of sediment 
aggradation that can lead to floodplain formation. Stable LWD structures also resist 
channel migration, thereby providing refugia for forest development.

Meander Jam (MJ) 

Meander jams become the most common of the stable jams with increasing channel 
size. Unlike the BAJ, MJs have only two principal structural components: key 
members and racked members. An MJ has two or more key members that are 
initially deposited at the upstream head of a point bar and oriented nearly parallel 
to bankfull flows. Key members usually have rootwads facing upstream and are 
within approximately one rootwad diameter of one another. Racked members of 
various sizes accumulate normal to key member rootwads, stacking on top of one 
another to heights of 6 m or more … As the river migrates laterally, a stable MJ 
forms a revetment halting local bank erosion, often measurably compressing the 
river’s radius of curvature and changing the orientation of the flow relative to the 
jam … These jams eventually armour the concave outer bank of a meander and 
harbour riparian forest patches proportional in size to the size of the jam.

Source: Adapted from Abbe, T. B. and D. R. Montgomery. 1996. Regulated Rivers:
Research and Management. 12:201–221.



Soil Bioengineering 101

All living systems display autocatalytic behavior, but when it occurs in nonliving
systems, it is especially significant and interesting. Ecological engineers should try
to take advantage of self-building behavior because it is another way to incorporate
free natural energy inputs into a design.

The discussion of self-building behavior brings to mind abstract concepts of
self-reproducing machines. John von Neumann (1966) was the first to successfully
explore the logic of this ambitious concept (see also Penrose, 1959). He imagined
a self-reproducing robotics system and then proved with mathematical logic that it
could exist in the form of a cellular automaton, which has been called the von
Neumann machine (Sipper et al., 1998). The latest developments in self-reproducing
machines are the computer programs of artificial life (Langton, 1989; Levy, 1992)
and new directions in robotics based on distributed structures of simple units
(Brooks, 1991, 2002; Lipson and Pollack, 2000; Nolfi and Floreano, 2000). Devel-
opment of autonomous robots (robots that build themselves) is a goal of the latter
work which is relevant to self-building behavior. Progress in this field is occurring
(Webb and Consi, 2001). Examples of simple robotics that exhibit complex behavior
are being built, for example, mobile, insect-like machines that can locate and deto-
nate land mines. One robotics researcher has described these new robots as living
machines (Trachtman, 2000) because of their lifelike behavior. This is the term used
by John Todd to describe his concept of constructed ecosystems (see Chapter 2). A
robot living machine is a nonliving device (technology only) that exhibits lifelike
behavior, while Todd’s systems are hybrid devices (ecosystems plus technology)
that combine living, biological components with nonliving, engineered components.
Although the ecosystems of Todd’s living machines can reproduce themselves, the
associated technology of tanks and pumps cannot. It is interesting to speculate that
future ecological engineering development might someday merge and create new
forms of living machines with more intimate linkages between the physical machine
and the living system. Gastrobots (food-powered robots) have already been built
(Wilkinson, 2000) that conceptually could develop mutualistic relationships with
species in ecosystems. The 1970 science fiction movie Silent Running presaged this
future development with its portrayal of robots managing greenhouse-based life-
support systems in a space station. Isaac Asimov’s (1950) three laws of robotics
(protect humans, obey humans, protect yourself) act as guides to robot behavior in
his fictional future and might be reprogrammed for the future robotic ecological
engineer as protect the ecosystem, serve the ecosystem, protect yourself.

Beavers (Castor canadensis) relate to this discussion because they actively build
dams and take advantage of self-building behavior in several ways. Moreover, they
have a role in erosion control that may offer a tool for ecological engineers under
certain circumstances. Beavers are remarkable animals because of their many build-
ing behaviors that create a collection of “artificial” structures and that physically
change the landscape. The structures they build include bank burrows, food caches,
lodges, and dams. The dams are the most amazing of these structures, as noted by
Johnson (1927): “The dam is generally the most conspicuous, and impressive of the
beaver’s works. The total amount of labor involved is often prodigious. The size
may vary from one only a few inches in length and height, damming a tiny trickle,
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to vast structures several feet in height and hundreds — even thousands — of feet
in length.” Many authors have more or less casually made the analogy between
beavers and engineers in regard to dam building behavior (Table 3.4), but the recent
concept of “organisms as ecosystem engineers” brings more depth to the matter.
Jones et al. (1994) introduced the concept of organisms as ecosystem engineers and
defined it as follows: “Ecosystem engineers are organisms that directly or indirectly
modulate the availability of resources to other species by causing physical state
changes in biotic or abiotic materials. In so doing they modify, maintain and create
habitats.” Details on the general concept of organisms as ecosystem engineers have
been described (Alper, 1998; Gurney and Lawton, 1996; Jones et al., 1997; Lawton
and Jones, 1995) and some examples are listed in Table 3.5.

Beavers are one of the best examples of the concept of ecosystem engineers,
especially as described by the research of Robert Naiman, Carol Johnson, and their
co-workers (Johnston, 1994; Naiman et al., 1988; Pollock et al., 1995). By selectively

TABLE 3.4
Quotes on the Relation of Beaver Behavior to Engineering

Reference Quote

Allred, 1986 Even more remarkable than the beaver’s ability to build 
structures which yield so much control over his environment, 
rests his ability to employ sound engineering principles in 
both construction and selection of construction sites.

Cullen, 1962 In the lakes and the streams of our nation, a very special corps 
of engineers has been busily at work for thousands of years. 
sitting on their haunches, propped up by long, flat, scaly tails, 
these hard-working creatures double and triple in brass, not 
only doing the work of engineers but of contractors and 
construction men as well, as they go about their ordained 
task of building dams.

Beakley, 1984 Perhaps the animal that has been most closely associated with 
civil-engineering exploits is the beaver.

von Frisch and von Frisch, 1974 … beavers are experts not only in the building of dwellings 
but also in hydro-engineering, and have performed 
tremendous feats in this line long before man attempted 
anything of the kind.

Finley, 1937 The conservation history of America reveals many examples 
of killing the goose that laid the golden egg, the most striking 
of which is the trappers’ campaign against the humble beaver 
to get quick profits on his hide … Nature’s engineer, the 
beaver, has a good warm coat, but his greatest service has 
been in creating our earliest industry of conserving soil and 
water. In the West he proved to be the most valuable wild 
animal in existence and one that built up a vast amount of 
wealth.
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cutting riparian forests and by altering stream hydrology and geomorphology, bea-
vers have significant influences on biogeochemistry and biodiversity of the land-
scapes they inhabit. Also, because they abandon their complexes after the preferred
food tree species have been depleted, they initiate succession sequences of vegetation
that last on the order of tens to hundreds of years. From the human perspective, the
positive roles of beavers have been long recognized. Historically, beavers were
harvested for their fur almost to the point of extinction through the 1800s, but this
use is now insignificant. Starting in the early 1900s the indirect positive roles of
beavers due to their dam building behavior were acknowledged in terms of soil and
water conservation. For example, Finley (1937) described benefits from beavers,
especially in the western U.S., in conserving water and controlling erosion with the
ponds created by their dams. In terms of erosion control, the ponds reduce the
velocity of stream flow, causing sedimentation according to the Hjulstrom relation-
ship. This role was particularly relevant during the human dam building era of the
mid-1900s for storing sediments that otherwise would have accumulated in the man-
made reservoirs of the western U.S. These reservoirs provide several water resource
benefits, which become impaired as sedimentation reduces their water storage capac-
ity. Techniques were even described (representing an early form of ecological engi-

TABLE 3.5
References on the Concept of Organisms as Ecosystem Engineers

Species Action Reference

Beaver (Castor canadensis) Dam building and 
hydrologic modification

Pollock et al., 1995; 
Johnston, 1994

Earthworms Modification of soils Lavelle, 1997; Lawton, 1994

Moss (Sphagnum fuscum) Growth and nutrient 
accumulation

Svensson, 1995

Fish (Prochilodus mariae) Sediment processing Flecker, 1996

Mussel (Mytilus edulis) and
  tube-worm (Lanice conchilega)

Modification of 
current flows

Hild and Gunter, 1999

Midges (Chironomidae) Improving the porosity 
of filter beds

Wotton and Hirabayashi, 1999

Deposit feeding invertebrates Sediment processing 
(bioturbation)

Levinton, 1995

Termite (Macrotermes 
michaelseni)

Nutrient accumulation 
and improvement of 
soil physical properties

Dangerfield et al., 1998
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neering) for reintroducing beavers into watersheds where they had been trapped-out
to restore their soil and water conservation values (Couch, 1942). As the human
population has grown, however, the positive roles of beavers are being counterbal-
anced by their negative roles in causing property damage through flooding and tree
cutting. In modern times, beavers are often viewed as pests or, at best, as curious
anachronisms, which is in stark contrast to their pre-Colombian role as dominant
factors in landscapes throughout boreal and temperate regions.

Although the ecological roles of beavers as described above are well known,
the evolution of their building behaviors has not been treated in a systematic fashion.
Ideas about various behaviors either exist as scattered references in old publications
or have not been explored. The evolution of the diverse behaviors of beavers is
intriguing, and it is discussed here because of possible connections to debris dams
and to self-building processes. The products of the principal building behaviors of
beavers are listed in Table 3.6.  All of these structures can be found in a single beaver
pond complex, but under certain circumstances the animals will only use burrows
and food caches if sufficient water is available. Beavers do create other structures
such as canals for transporting wood or scent mounds for territorial marking, but
the main structures are covered in Table 3.6. The behavior that results in the con-
struction of these structures is instinctive and thus genetically based within a phy-
logenetic context. Beavers share with other rodents traits such as mobile hands and
large, sharp teeth that grow continuouly throughout the life of the animal. An
evolutionary theory of building behaviors must start with an ancestral beaver with
these kind of rodent characters, and it must consist of a series of stages that are
logically arranged as products of selection pressures.

TABLE 3.6
Listing of the Principal Artificial Structures Built by Beavers

Structure Form Function

Bank burrows Excavated tunnels and
  chambers in stream
  banks

Habitation and
  protection from
  predators

Food caches Piles of wood (tree branches
  and small trunks)

Source of food,
  especially in winter

Lodges Dome-shaped constructed
  wood piles with a central
  chamber

Habitation and
  protection from
  predators

Dams Constructed channel 
  obstructions made up
  of wood and sediments

Creation of a pond
  that facilitates
  movements and
  protection from
  predators
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A theory does exist for the evolution of lodge building that was first described
by Morgan (1868) in his classic work on the beaver. This theory suggests that the
lodge evolved from the living chamber of a burrow as noted below:

The burrows of beavers inhabiting river banks are said to be occasionally detected by
a small pile of beaver cuttings found heaped up in a rounded pile, a foot or more high,
at the extreme end of each burrow. It is affirmed by the trappers, and with some show
of probability, that this is a contrivance of the beavers to keep the snow loose over the
ends of their burrows, in the winter season, for the admission of air. I have never seen
these miniature lodges, and therefore can not confirm the statement, either as to their
existence or use; but if, in fact, they resort to this expedient, it is another reason for
inferring that the lodge was developed from the burrow with the progress of experience.
It is but a step from such a surface-pile of sticks to a lodge, with its chamber above
ground, with the previous burrow as its entrance from the pond. A burrow accidentally
broken through at the upper end, and repaired with a covering of sticks and earth would
lead to a lodge above ground, and thus inaugurate a beaver lodge out of a broken burrow.

This theory received support from Johnson (1927) and is illustrated with a figure
by von Frisch and von Frisch (1974), which adds a rising water level as a driving
force for lodge development. This is a logical theory which appeared early in the
examination of beaver natural history. It is somewhat amazing that in more than 100
years since the publication of Morgan’s book no parallel theory for the evolution of
dam building has appeared.

The theory of dam building evolution presented here begins with a bank bur-
rowing ancestral beaver, which is consistent with the paleontological evidence
(Wood, 1980). This ancestor would have fed on the inner bark of certain tree species
along with herbaceous aquatic plants when available. As an aside, a separate line of
beaver evolution led to a non–dam-building animal the size of a bear (genus Cas-
toroides), about 2 m in length, which lived like a manatee feeding on aquatic
macrophytes in large river deltas (Kurten, 1968) and which became extinct in the
Pleistocene age. The ancestor of the modern beaver was more versatile and inhabited
large rivers or lakes with sufficient depth to support the animal’s semiaquatic life
style. This is important because the beaver uses standing water especially to aid the
transport of wood for feeding. These animals lived in northern climates where
herbaceous aquatic plants were only available during the summer months. Thus, the
ability to eat the bark off tree branches and trunks gave wide access to many aquatic
ecosystems with riparian forests. Competition for space, accentuated by the territorial
trait of many kinds of rodents, eventually would have forced the ancestral beaver
from the existing standing waters into smaller streams where dam building could
have evolved.

The critical element of the theory of dam building is the food cache. This is a
constructed pile of sticks stored by the beaver as a source of food for winter months.
Food caching is a common behavior found in many kinds of animals (Smith and
Reichman, 1984; Vander Wall, 1990). For beavers the food cache reduces their need
for foraging during winter which provides security from predators and conserves
metabolic energy. Wood is collected by beavers and placed near the entrance to the
burrow or the lodge. In fact, Morgan (1868) mentions “false lodges” which are piles
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of wood at the entrance to burrows along river banks which provide protection and
act as a source of food. This might represent the ancestral food cache. The more
usual behavior is to submerge the food cache by sticking the wood into the sediments
and creating an underwater pile by adding wood to the growing structure. The
submerged food cache is easily accessed under ice cover in the winter providing
further protection from predators. Because beavers eat only the bark, a great deal
of wood is needed to be cached to last throughout the winter. Warren (1927) gives
an idea of the size in the following quote:

The size of some of these foodpiles is sometimes quite extraordinary. Mills gives the
size of one in the Moraine colony as three feet deep and 124 feet in circumference.
To make this 732 aspen saplings were gathered, also several hundred willows. Another
harvest pile mentioned by him was four feet high and ninety feet in circumference.
One foodpile which I saw in Gunnison County, Colorado, consisted entirely of willows,
the large ends of which were stuck into or against the bank of the pond. The stuff was
from three to seven or eight feet long, placed in water four feet or more deep, from
the bottom up to the surface, and extending along the shore of the pond for over a
hundred feet. Another brush heap which I saw not far away must have contained over
eight hundred cubic feet of willow boughs … .

Thus, the ancestral beaver lived in a bank burrow with a large food cache near
the entrance to the burrow. It is proposed here that the dam evolved as a modified
food cache. This could have occurred in a small stream where the current compacted
the food cache, perhaps during a flood event, into a structure that would be equivalent
to a debris dam. This occurrence could have been facilitated by an existing debris
dam that received input from a food cache. A natural debris dam creates an obstruc-
tion to flow and could easily have been enlarged by the current moving a food cache
into it during a flood. This beaver protodam (natural debris dam plus food cache)
would have created additional aquatic habitat that would have given the beaver
selective advantage. In subsequent years the beaver could have actively added fresh
wood to the protodam, still using it as a food cache. This activity would have
continually created a more effective dam, therefore providing more selective advan-
tage. Wilsson (1971) actually describes an experiment that shows how some existing
beavers converted a food cache into a dam:

[After two beavers] had raised the water level by building a dam inside their run, they
began to build a winter store in the water a short distance downstream from the entrance
to their lodge. Later we lowered the water level with the help of siphons so the winter
store was partially exposed and the water ran audibly through the gaps in it. The animals
immediately reacted by fixing peeled sticks in it and by pushing mud against the
upstream side. The store was thus quickly transformed to a dam, and the water level
rose again outside the lodge.

When after a time the siphons became clogged, the dam at the outlet from the enclosure
began to function again. The water level thus rose within the whole enclosure and the
winter store was again submerged. The animals then removed the peeled sticks using
them for building on the lodge and the dam at the outlet, and again began to fix branches
with edible bark at the store.
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Natural obstructions including debris dams have been mentioned as locations
where the modern beaver initiates dam building (Johnson, 1927; Morgan, 1868;
Warren, 1927), which adds support to the possibility that an ancestral beaver may
have used them to anchor a food cache.

The development of the beaver protodam would have been assisted by two forms
of self-building processes. First, the protodam would have continued to act like a
natural debris dam in accumulating wood and sediments carried by the current. This
kind of self-building also has been described for existing beaver dams by Johnson
(1927) and Warren (1927). A second and perhaps more interesting process involves
the wood that the beaver uses as a source of food. Once the bark is eaten off the
wood, it is discarded into the water where it can add to the dam. Wilsson (1971)
provides a description of this process:

Peeled sticks and other waste is always taken out of the lodge every morning and, if
no building activity is in process, is thrown into the water where it sinks to the bottom.
Material deposited in this way during the course of the year constitutes the most
important source of building material in the autumn. In places where there are no
natural obstacles interfering with the flow of the water the pile of accumulated waste
can itself sometimes serve as an obstacle, forming the base on which the beavers begin
to build their dam. Such behaviour was observed in animals 4A–5A which, during
their second autumn in the enclosure, began to build a dam on the pile of sticks that
had accumulated on the bottom during the previous summer.

Thus, a logical set of steps can be theorized for the evolution of dam building
from an ancestral non–dam-building beaver (Figure 3.24). Dam building is suggested
to have arisen from food caching whereby a submerged food cache becomes a proto-
dam, possibly with combination of a natural debris dam. The protodam then enlarges
with the aid of two forms of self-building processes. Selective advantage for the
beaver comes from the increase in aquatic habitat area formed by the protodam,

FIGURE 3.24 A hypothetical sequence of steps in the evolution of building behaviors by
beavers.

False Lodge Submerged Food Cache

Natural Debris DamProtodam

Dam

LodgeBurrow

Self-building



108 Ecological Engineering: Principles and Practice

which reduces mortality from terrestrial predators, aids in wood transport, and
increases access to riparian food resources. The true dam emerges when beavers
start to actively add wood to the protodam. In a sense, then, beavers were preadapted
for dam building by their behavior of cutting trees and caching wood underwater.
This theory could be partially tested by attempting to build a beaver
protodam through the addition of wood to a natural debris dam. If this experiment
could increase aquatic surface area (i.e., cause ponding), then the theory would be
supported. Furthermore, the size distribution of wood that makes up modern dams
may reveal clues of the origin of dam building, if there is a relationship with natural
debris dams. Alternative theories for the origin of dam building, such as through the
modification of lodge building, can be imagined but they seem less likely. In fact,
it seems more likely that increased water levels from the action of the beaver
protodam may have triggered the development of lodges as the bank burrows became
flooded.

Figure 3.25 summarizes the structure of the beaver dam–debris dam system. In
a debris dam, the storage of self-built wood accumulates naturally by self-organi-
zation from wood being carried by stream flow. This wood storage interacts with
water flow to reduce velocity, which in turn causes sediments and more wood to
deposit. Beavers amplify this natural structure by directly adding wood from the
forest to the storage of beaver-handled wood through several behaviors (caching,
feeding, and dam building). Overall, the beaver dam consists of two storages of
wood plus some of the storage of sediments. The storage of water behind the dam
provides services to the beaver, providing an evolutionary selective force reinforcing
various behaviors. Thus, the beaver acts like a true ecological engineer in taking
advantage of the free energies and the self-design properties of the stream to create
a system useful to itself!

FIGURE 3.25 Energy circuit diagram of a beaver dam system including wood from debris
dam processes and wood deposited by beavers.
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A major challenge for ecological engineering is to find ways to use the beaver
for positive roles for humans, such as erosion control. A similar problem was
described in Chapter 2 for muskrats in treatment wetlands. These animals are
essentially programmed by nature to perform certain kinds of hydrologic manipu-
lations. In the wrong locations these are the actions of a pest species, but if the right
locations can be found, then these animals can provide ecosystem services for free.
There are limits to beavers’ dam-building capabilities in terms of the size of stream
and the need for adequate food supply of riparian trees, but within these limits
beavers can be a tool for ecological engineering design.

THE ROLE OF BEACHES AND MANGROVES IN COASTAL EROSION CONTROL

Strategies for controlling coastal erosion depend on the energy level of the coast.
High-energy coastlines with strong waves and/or tidal flows are usually protected
by hard engineering alternatives while vegetation-based systems (i.e., soft bioengi-
neering) can be used in low-energy settings. Protection is required for average
conditions and for storm events along all coasts.

The hard engineering alternatives for coastal erosion control are well known and
include breakwaters, groins, seawalls, and revetments (Bascom, 1964). These are
structures made of rock or concrete that dissipate the kinetic energy of waves and
tide before erosion can occur. This is an expensive approach for erosion control, but
it is often necessary to protect shorelines with important human land use. The
discipline of coastal engineering covers the design, construction, and operation of
these structures. Ecological engineering has little to offer to this topic because the
structures are nonliving. However, the hard engineering structures do provide habitat
for organisms and, thus, they have by-product values to the surrounding ecosystems.
A contribution from the ecological perspective to coastal engineering would be to
add habitat values into the design process for hard structures. An example would be
certain artificial reefs described in Chapter 5. Montague (1993) also describes a
number of ways that coastal engineering can create habitat for sea turtle nesting.

The optimal design from nature for high energy coasts is the beach. This is a
fascinating geomorphic structure that dissipates wave energy and naturally protects
the shoreline. As noted by Sensabaugh (1975), 

There are two principal features of the beach which make it particularly effective in
protecting the upland. First, it has a sloping surface that gradually dissipates the energy
of a wave as the wave flows up the slope. Second, since it is made of sand, the beach
is flexible and the slope can change as the waves change. 

Of course, beaches are highly valued by humans, especially for recreational
uses. Beaches can erode both from natural changes and from changes caused by
humans. One approach to controlling this erosion process is through beach nourish-
ment (Bird, 1996), which involves the artificial addition of dredged sand to com-
pensate for losses due to erosion. This strategy is an example of “soft engineering”
that can be less expensive than the use of hard structures.
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While beaches may appear to have little biota, in fact a rich and complex
ecosystem exists within the intertidal sands (McLachlan, 1980; McLachlan and
Erasmus, 1983; McLachlan et al., 1981; Pearse et al., 1942). This system is domi-
nated by interstital meiofauna (Giere, 1993) such as nematodes and turbellarians,
along with burrowing macrofauna such as mole crabs and surf clams. Algae and
protozoans also can be important as in the “living sands” of coral reef sediments
described by Lee (1995). An interesting challenge for ecological engineering would
be to attempt to add some of this kind of biota (Figure 3.26) to sand filters used in
wastewater treatment (Anderson et al., 1985; Crites and Tchobanoglous, 1998). Sand
filters are beds of medium to coarse sands, usually on the order of 1 to 2 m in depth,
that are underlain with gravel containing collection drains. Effluent is applied inter-
mittently to the surface and percolates through the sand to the bottom of the filter.
The under drain collects the filtrate which is either recirculated back to the bed or
discharged. Sand filters are designed to be aerobic and are very effective at removing
BOD and TSS and in nitrification. Like most wastewater treatment systems, only
the microbial organisms are considered to be relevant to the operation of the system
(Calaway, 1957). However, because sand filters are somewhat analogous to beaches,
the ecological engineer could try to design a more complex food web for the sand
filter based on knowledge of beach ecosystems and the extensive literature on
animal–sediment relationships (Aller et al., 2001; Gray, 1974; Rhoads and Young,
1970). A more complex food web might upgrade the performance of sand filters for
wastewater treatment by improving porosity or reducing clogging (see Wotton and
Hirabayashi, 1999). These actions could reduce maintenance costs and lead to a

FIGURE 3.26 Interstital meiofauna in beach sediments. (1) Rotifers. (2) Gastrotrichs. (3)
Tardigrade. (4) Nematode. (5) Harpacticoid copepods. (From Pennak, R. W. 1989. Fresh-
Water Invertebrates of the United States, Protozoa to Mollusca, 3rd ed. John Wiley & Sons,
New York. With permission.)
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more effective sand filter for commercial use. Another ecological analog for sand
filters is the hyporheic zone in streams (Findlay, 1995; Stanford and Ward, 1988).
This is the upper portion of the sediment layer which is fed by water from the
channel rather than from the groundwater. Like beaches, the hyporheic zone is
dominated by meiofauna, whose metabolism can match or exceed that of the eco-
system within the stream channel.

Vegetation-based systems can be used for erosion control along low-energy
coastlines. These are wetland ecosystems dominated by plant species with special
adaptations for flooding and salt tolerance. Along the Earth’s coastlines, vegetation
type generally is determined by the presence or absence of frost. In temperate and
arctic regions, marshes with perennial herbaceous vegetation are found which die
back aboveground each winter due to frost stress (i.e., saltmarsh). In the lowland
tropics where temperatures are never below freezing, woody tree vegetation (i.e.,
mangroves) is found which is evergreen and has no adaptation to frost. This section
focuses on mangroves because of the interesting literature on their self-building
behavior, which relates to the earlier discussions on debris dams and beaver dams.
saltmarshes are discussed in Chapter 5 in terms of restoration ecology.

Mangroves include a number of plant families with representative tree life forms
that grow in the coastal zone. In the neotropics and Africa these are low diversity
swamp forests with only a few tree species, while in Asia and Australia many species
of mangroves are found in the coastal swamps. Mangroves as a group exhibit a
number of special adaptations including physiological salinity control, vivipary (i.e.,
seeds germinate while they are still attached to the parent tree), and modified roots.
Of these, the root systems are most relevant to a consideration of erosion control.
The special lateral root systems of mangroves provide support in soft sediments and
expose surface area to facilitate aeration for living tissues in the anoxic muds (Figure
3.27). These fall into two main groups: prop root systems in which the lateral root
is aerial (Figure 3.27a) and cable root systems in which the lateral root is below-
ground, usually with aerial extensions called pneumatophores (Greek for “breathing
roots”) (Figure 3.27b–e).

Prop roots are found on species of the genus Rhizophora (Gill and Tomlinson,
1971, 1977) which is usually found at the edge of the coastline where erosion
processes are dominant. These aerial roots create a “dense baffle which is highly
effective in reducing current strength” (Scoffin, 1970). Scoffin measured tidal flows
in the field and found that currents of 40 cm/sec velocity at the edge of the prop
root zone are reduced to zero only 1 m inside the forest. Because erosion is directly
related to flow rate, the Rhizophora prop roots have an important role in erosion
control by reducing current velocity. These props roots are massive biogenic struc-
tures (Figure 3.28), and Golley et al. (1975) found that they make up 25% of the
total aboveground biomass in a mangrove swamp in Panama.

The ability of mangroves to reduce erosion, along with the dispersal adaptation
of vivipary, led a number of early workers to conclude that mangroves actually build
land in the coastal zone by their growth and by the sediment accumulation they
cause. Davis (1940) gave the most extensive treatment of this role, which created a
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controversy in the literature. Many workers, starting in the 1950s, studied particular
sites and reported in opposition to Davis that mangroves follow silting rather than
cause it. This opinion is summarized by Frank Egler (1952a) in his unique style as
noted below:

As for the Rhizophora community actively “walking out to sea” (an action suggested
by the way the prop roots extend out from the front of the community), and as for the
fruits plunking into the mud below and planting themselves (an action suggested by

FIGURE 3.27 Views of lateral root systems of mangrove tree species. (a) Pop root system.
(b–e) Cable root systems. (From Tomlinson, P. B. 1986. The Botany of Mangroves. Cambridge
University Press, Cambridge, U.K. With permission.)
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their plummet-shape and green upper parts), these stories appear to be part of the arm-
chair musings of air-crammed minds of a century ago. I have seen sporadic instances
of such phenomena: they are not impossible as accidental events. On the other hand,
for its being a normal community activity accounting for the bulk of the Rhizophora
belt, I place its probability — for the regions I know — on par with that of a chimpanzee
bowed before a typewriter and batting out the Sermon at Benares.

Thom’s work (Thom, 1967, 1984; Thom et al., 1975) is most often cited in
opposition to the theory that mangroves build land (see also the review by Carlton,
1974). The modern view is, then, that “Mangroves establish once sediments have
built up sufficiently by physical processes but once established, mangroves contribute
to the process of accretion by accelerating the rate of land elevation, preventing
erosion and by stabilizing the accretion-erosion cycle” (Lugo, 1980). This action,

FIGURE 3.28 View of the aerial root system of the red mangrove, Rhizophora mangle. (From
Scoffin, T. P. 1970. J. Sed. Petrol. 40:249–273. With permission.)
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though not as dramatic as imagined by Davis (1940), represents another kind of
self-building behavior. In this case mangroves help to build their own forests by
stabilizing and accreting sediments. Figure 3.29 depicts this mechanism for a tidal
flow situation. Mangrove biomass is shown with an aboveground storage that drives
primary production along with two root storages that play roles in erosion control.
Aerial roots reduce current velocity causing sediments to deposit, and fine roots
reduce the loss rate of the sediments once deposited. The self-building feedback is
shown in the pathway from sediments to the production work gate. This represents
the necessary role of sediments in providing substrate for the mangroves to grow
on. The early view (i.e., Davis, 1940) and the modern view (i.e., Thom, 1984) of
mangrove sedimentation agree that this self-building process occurs but they differ
in the extent of new land that has been created. This disagreement is partly due to
the complication of the rising sea level that has been occurring globally since the
end of the last ice age. Humans are apparently accelerating sea level rise through
the greenhouse effect, and an interesting literature is developing on impacts to
existing coastal wetlands (see Chapter 5).

The goal of ecological engineering is to actively utilize the erosion control
potential of mangroves and other types of coastal vegetation. Carlton (1974) provides
a view of this use (Figure 3.30), which combines hard engineering (bulkhead seawall)
with soft bioengineering (mangroves) for the best coastal development. This kind
of action would provide by-product value through the detritus food webs and habitat

FIGURE 3.29 Energy circuit model of the roles of roots in controlling erosion in a mangrove
swamp. Sediment transport is shown with the box symbol, H, representing the Hjulstrom
relationship.
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values that mangroves provide to local fisheries, while controlling erosion and loss
of human property.

FIGURE 3.30 Comparisons of shoreline designs. (A) A natural mangrove shoreline. (B) A
developed shoreline with bulkhead and mangroves. (C) A developed shoreline with dredging
and bulkhead protection. (From Carlton, J. M. 1974. Environmental Conservation 1:285–294.
With permission.)
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4 Microcosmology

INTRODUCTION

Microecosystems or microcosms are relatively small, closed or semi-closed ecosys-
tems used primarily for experimental purposes. As such, they are living tools used
by scientists to understand nature. Microcosms literally means “small world,” and
it is their small size and isolation which make them useful tools for studying larger
systems or issues. However, although they are small, as noted by Lawler (1998),

microcosms should share enough features with larger, more natural systems so that
studying them can provide insight into processes acting at larger scales, or better yet,
into general processes acting at most scales. Of course, some processes may operate
only at large scales, and big, long-lived organisms may possess qualities that are distinct
from those of small organisms (and vice versa). Because large and small organisms
differ biologically, it will not be feasible to study some questions using microcosms.
However, to the extent that some ecological principles transcend scale, microcosms
can be a valuable investigative tool.

Microcosm, as a term, was originally used in ecology as a metaphor to imagine a
systems concept (Forbes, 1887; see also Hutchinson, 1964). More recently, Ewel
and Hogberg (1995) and Roughgarden (1995) used microcosm as a metaphor for
islands, which have been used profitably as experimental units in ecology (Klopfer,
1981; MacArthur and Wilson, 1967). Microcosms are a part of ecological engineer-
ing because (1) technical aspects of their creation and operation (often referred to
as boundary conditions) require traditional engineering and design, and (2) they are
new ecological systems developed for the service of humans.

A large literature exists on the uses of microcosms primarily to develop ecolog-
ical theory and to test effects of stresses, such as toxic chemicals, on ecosystem
structure and function. This literature demonstrates a high degree of creativity in
design of experimental systems as surveyed in the book length reviews by Adey and
Loveland (1998), Beyers and H. T. Odum (1993), and Giesy (1980). Adey (1995)
graphs microcosm-based publications/year from 1950 through 1990, showing a
steady increase in literature production over time. Lawler (1998) suggests that
production is about 80 microcosm-based publications/year, while Fraser and Keddy
(1997) find more than 100 per year for the mid-1990s. Microcosm research covers
a tremendous range from gnotobiotic systems composed of a few known species
carefully added together (Nixon, 1969; Taub, 1969b) to large mesocosms composed
of thousands of species seeded from natural systems, such as Biosphere 2 [see Table
1 in Pilson and Nixon (1980) for an example of the variety of microcosms used in
ecological research]. Some are artificially constructed systems kept under controlled
environmental conditions while others are simple field enclosures exposed to the
natural environment. Philosophies of microcosm use vary across these kinds of
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experimental gradients, which makes this a rich and interesting subdiscipline of
ecological engineering.

One useful size distinction occurs between microcosms and mesocosms, with
microcosms being smaller and mesocosms being larger experimental systems.
Although there is no consensus on the size break between microcosms and meso-
cosms, several ideas have been published. Lasserre (1990) suggests a practical
though arbitrary limit of 1 m3 (264 gal) volume to distinguish laboratory-scale
microcosms from larger-scale mesocosms used outside the laboratory. Lawler (1998)
prefers to base the distinction on the scale of the system being modelled:

Whether the term “microcosm” or “mesocosm” applies should depend on how much
the experimental unit is reduced in scale from the system(s) or processes it is meant
to represent. A microcosm represents a scale reduction of several orders of magnitude,
while a mesocosm represents a reduction of about two orders of magnitude or less …
The distinction between terms is admittedly rough, but I hope it is preferable to an
anthropocentric view where a microcosm is anything small on a human scale (smaller
than a breadbox?) and mesocosms are somewhat larger.

Cooper and Barmuta (1993) combine time and space scales in a diagrammatic view
that portrays overall experimental systems used in ecology (Figure 4.1). Taub (1984)
suggests that microcosms and mesocosms serve different purposes and answer
different questions in ecology (Table 4.1). Clearly, by their relatively larger size,
mesocosms contain greater complexity and exist at different scales of space and
time compared with typical laboratory-scale microcosms (Kangas and Adey, 1996;
E. P. Odum, 1984). However, both microcosms and mesocosms share the aspects of
ecological engineering noted earlier and are treated together in this chapter.

FIGURE 4.1 Comparisons of time and space scales showing the appropriate dimensions for
use of microcosms and mesocosms. (From Cooper, S. D. and L. A. Barmuta. 1993. Freshwater
Biomonitoring and Benthic Macroinvertebrates. D. M. Rosenberg and V. H. Resh (eds.).
Chapman & Hall, New York. With permission.)
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Several authors have almost playfully referred to the use of microcosms in
ecology as microcosmology, implying a special world view (Beyers and H. T. Odum,
1993; Giesy and E. P. Odum, 1980; Leffler, 1980). Adey (1995) has also hinted at
this kind of extensive view by suggesting the term synthetic ecology for the use of
microcosms. The issue is one of epistemology, or how we come to gain knowledge,
and the suggestion seems to be that microcosms provide a unique, holistic view of
nature perhaps by reducing the scale difference between the experimental ecosystem
and the human observer. In this way a special insight is conferred on the scientist
from use of microcosms or at least it is easier to achieve than when dealing with
ecosystems of much greater scale than the human observer.

Perhaps the most important philosophical aspect of the use of microcosms is
their relationship to real ecosystems. Are they only models of analogous real systems
or are they real systems themselves? Leffler (1980) provided a Venn diagram which
shows that microcosms overlap with real systems but also have unique properties
(Figure 4.2). Likewise, the real-world systems have unique properties such as dis-
turbance regimes and top predators that are too large to include in even the largest
mesocosm. Clearly, there are situations when a microcosm is primarily used as a
model of a real system. For example, it is obviously advantageous to test the effect
of a potentially toxic chemical on a microcosm and be able to extrapolate to a real
ecosystem rather than to test the effect on the real system itself and risk actual
environmental impact. When a microcosm is meant to be a model of a particular
ecosystem, the design challenge is to create engineered boundary conditions that
allow for the microcosm biota to match the analogous real system with some
significant degree of overlap in ecological structure and function. While this use
may be the most important role of microcosms, there are situations when the
microcosm need not model any particular real system, such as their use for studying
general ecological phenomena (i.e., succession) or their direct functional use as in
wastewater treatment or in life support for remote living conditions. Natural micro-

TABLE 4.1
Comparisons between Microcosms and Mesocosms

Microcosms Smaller, with more replicates

Usually used in the laboratory with greater environmental control

More easily analyzed for test purposes

Often focus on certain components or processes

Mesocosms Larger, with fewer replicates

Often used outdoors with ambient temperature and light conditions

Realistic scaling of environmental factors

Give maximum confidence in extrapolating back to large-scale systems

Provide greater realism by incorporating more large-scale processes

Source: Adapted from Taub, F. B. 1984. Concepts in Marine Pollution Measurements. H.
H. White (ed.). Sea Grant Publ., University of Maryland, College Park, MD. 
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cosms, such as phytotelmata (Kitching, 2000; Maguire, 1971), depressions in rock
outcrops (Platt and McCormick, 1964), and tide pools (Bovbjerg and Glynn, 1960),
demonstrate that systems on the scale of even the smallest microcosm are real
systems whose study can yield insights as valid as from any other real-world system.
In fact, there may be value in purposefully creating microcosm designs that do not
match with any existing real ecosystem in order to study the ability of systems to
adapt to new conditions that have never existed previously. In this case the portion
of the microcosm set outside the zone of overlap with the real world in Figure 4.2
is of great interest. This sense is somewhat analogous to the use of islands in ecology
mentioned earlier. In classic island biogeography, the islands are not necessarily
meant to be models of continents but rather natural experiments of different ages,
sizes, and distances from continents. Therefore, the position taken in this chapter is
that microcosms are real systems themselves, but they may or may not be models
of larger ecosystems depending on the nature of the experiment being undertaken.
See Shugart (1984) for a similar discussion about the relationship of ecological
computer simulation models and real ecosystems, which includes a Venn diagram
similar to Figure 4.2.

STRATEGY OF THE CHAPTER

This chapter reviews the uses of microcosms and mesocosms as experimental eco-
systems. Numerous excellent reviews have been published on this topic, and many
are cited for further reading throughout the text. An effort is made to focus on
elements of relevance to both the engineering side and the ecological side of appli-
cations. In relation to engineering, design aspects of microcosms are covered, includ-
ing scaling, energy signatures, and complexity. The controversy between ecologists
and engineers over the role of microcosms in research on space travel life support
systems is given special attention as a case study in ecological engineering. In
relation to ecology, aspects of the new systems that have emerged from microcosm

FIGURE 4.2 Venn diagram of the philosophical bases of microcosmology. (Adapted from
Leffler, J. W. 1980. Microcosms in Ecological Research. J. P. Giesy, Jr. (ed.). U.S. Dept. of
Energy, Washington, DC.)
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research are highlighted. The new qualities show up in (1) examples of micrcocosm
replication, and (2) when microcosms are compared with real analog ecosystems.

MICROCOSMS FOR DEVELOPING ECOLOGICAL 
THEORY

Microcosms have a long tradition of use for developing theories about most of the
hierarchical levels covered by ecology: organism, population, community, and eco-
system. While some of this work has been descriptive, most has relied on experi-
ments. In the experimental approach, replicate microcosms are developed and par-
titioned into groups with some being held as controls and others being treated in
some fashion. The experiment is analyzed by statistically comparing the control
group with the treated group(s) after a given period of time. Such an experiment
can be a challenge to carry out in nature due to the difficulty in establishing replicates
and the difficulty in changing only one factor per treatment group. On the other
hand, it is easy to carry out this kind of controlled experiment with microcosms,
which allows them to be used as valuable tools in ecology.

The earliest microcosm work was done on species change during succession of
microbial communities (Eddy, 1928; Woodruff, 1912), but most research using
microcosms dates after the 1950s. Uses of microcosms for developing ecological
theory generally fall into two groups: one in which the ecosystem itself is of interest
(ecosystem scale) and the other in which the ecosystem provides a background
context and population dynamics or interactions between species are of interest
(community or population scale). In both cases, microcosms often are used in a
complementary fashion with basic field studies and mathematical models as part of
an overall research strategy.

Many of the important figures in modern ecology used microcosms in early
studies of ecosystems including Margalef (1967), Whittaker (1961), and H. T. Odum
(Armstrong and H. T. Odum, 1964; H. T. Odum and Hoskin, 1957; H. T. Odum et
al., 1963a). Robert Beyers, H. T. Odum’s first doctoral student, also was an early
proponent of microcosms (1963a, 1963b, 1964) and, together with H. T. Odum, co-
authored probably the most comprehensive text on the subject (Beyers and H. T.
Odum, 1993). The early studies outlined the basic processes of energy flow (primary
production and community respiration) and biogeochemistry (nutrient cycling),
which are the foundations of ecosystem science today. One example of the contri-
bution of microcosms to ecosystem science can be seen in papers by E. P. Odum
and his associates on succession (Cooke, 1967, 1968; Gordon et al., 1969). These
papers described ecosystem development under both autotrophic (initial conditions
of high nutrients and low biomass) and heterotrophic (initial conditions of low
nutrients and high biomass) pathways in laboratory microcosms. These studies
directly contributed to E. P. Odum’s development of a tabular model of ecological
succession (see Chapter 5) as can be seen by comparing their summary tables [Table
2 in Cooke (1967) and Table 12 in Gordon et al. (1967)] to E. P. Odum’s tabular
model [Table 1 in E. P. Odum (1969) and Table 9.1 in E. P. Odum (1971)]. E. P.
Odum’s model compares trends expected through succession for 24 ecosystem
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attributes and is an intellectual benchmark in the synthesis of ecosystem science. E.
P. Odum (1971) also used data from Cooke’s (1967) work to illustrate the generality
of certain metabolic patterns of succession by comparing small-scale microcosm
results with field-scale results (Figure 4.3). This figure is particularly interesting in
showing a kind of self-similarity or scaling coefficient on the order of days for the
microcosm and years for the forest. Although many other examples could be cited,
Hurlbert’s studies of pond microcosms (Hurlbert and Mulla, 1981; Hurlbert et al.,
1972a, b) are especially detailed examples of ecosystems comparing effects of fish
predation and insecticides on ecosystem structure and function.

For another line of research, the microcosm provides only a context for studies
of population dynamics or species interactions. Recent reviews of this work are
given by Drake et al. (1996), Lawler (1998), and Lawton (1995). Included here are
some of the fundamental studies of ecology such as those by Gause (1934) and Park
(1948). G. F. Gause was a Russian scientist who studied interactions among proto-
zoan populations in glass vials. He is credited with the first expression of the
competitive exclusion principle which states that when two species use similar
resources (or occupy the same niche), one species will inevitably be more efficient
and will drive the other extinct under limiting conditions (see Chapter 1). He also
conducted laboratory experiments on predator–prey relations such as shown in
Figure 4.4. Paramecium caudatum was the prey population in these laboratory

FIGURE 4.3 Comparison of the development of a forest ecosystem with a microcosm. The
time patterns are similar but the time scaling is different. PG = gross production; PN = net
production; R = total community respiration; B = total biomass. (From Odum, E. P. 1971.
Fundamentals of Ecology, 3rd ed. W. B. Saunders, Philadelphia, PA. With permission.)
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cultures, which was supported on an undefined set of bacteria at the base of the food
chain, and Didinium nasutum was the predator population. Much work was required
to design an effective growth media for all of the species (Gause, 1934). Three
conditions were demonstrated by the experiments. With no special additions, the
predator consumed all of the prey and they both went extinct (Figure 4.5 A). When
sediment was placed in the bottom of the vials, it acted as a refuge for the prey to
escape the predator. In this case the predator eventually went extinct and the prey
population grew after being released from predation pressure (Figure 4.5B). Finally,
when periodic additions of both prey and predator were used to simulate immigra-
tion, the oscillations characteristic of simple mathematical equations were found
(Figure 4.5C).

Thomas Park also studied basic population dynamics and competition with
laboratory cultures of flour beetles (Figure 4.6). More than 100 papers were produced
by Park and his students over a 30-year period on this extremely simple ecological
system, which laid the foundation for important population theory. The microcosm
consisted of small glass vials filled with a medium of 95% sifted whole-wheat flour
and 5% Brewers’ yeast. A known number of adult beetles of one or two species
(depending on the experiment) in equal sex ratios were added to the media and were
incubated in a growth chamber for 30 days. At that time the media were replaced
and the beetles were censused and returned to the vials. This procedure was followed
for up to 48 censuses (1,440 days), which was “roughly the equivalent of 1,200
years in terms of human population history” when scaled to human dimensions
(Park, 1954)! Obviously, the engineering involved in these microcosms was minimal
but elegant in providing such a powerful experimental tool for the time period. Also,
the flour beetles themselves were preadapted for use in the microcosms because they
spend their entire life cycle in flour. The focus of Park’s work was on the population
rather than the ecosystem, though it did simulate a natural analog of food storage
and pests (Sinha, 1991). Park (1962) described the experimental system with a
machine analogy as follows:

FIGURE 4.4 Energy circuit diagram of Gause’s classic microcosm. Note the series connec-
tions characteristic of predator–prey relations.
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Let us begin with two seemingly unrelated words: beetles and competition. We identify
competition as a widespread biological phenomenon and assume (for present purposes
at least) that it interests us. We view the beetles as an instrument: an organic machine
which, at our bidding, can be set in motion and instructed to yield relevant information.
If the machine can be properly managed and if it is one appropriate to the problem,

FIGURE 4.5 Outcomes of Gause’s experiments on the role of predation. (A) Result of
experiment with no sediment or species additions. (B) Result of experiment with the addition
of sediment which acts as a refuge for the prey Paramecium. (C) Result of experiment with
periodic additions of both the predator Didinium and the prey Paramecium resulting in
oscillations of population sizes. (Adapted from Gause, G. F. 1934. The Struggle for Existence.
Williams & Wilkens, Baltimore, MD.)
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we are able to increase our knowledge of the phenomenon. … Obviously, there exists
an intimate marriage between machine, its operator, and the phenomenon. Ideally, this
marriage is practical, intellectual, and esthetic: practical in that it often, though not
immediately, contributes to human welfare; intellectual in that it involves abstract
reasoning and empirical observation; esthetic in that it has, of itself, an intrinsic beauty.
Perhaps these rather pretentious reflections seem far removed from the original words
— beetles and competition. But I do not think this is the case.

Basic scientific research on populations and communities at the mesocosm scale
began with the work of Hall et al. (1970) on freshwater pond systems. Historically,
most mesocosm studies have been directed at applied studies of ecotoxicology but,
as noted by Steele (1979), this work almost always also yields insights on general
ecological principles. One of the best examples of basic mesocosm research may
be the work of Wilbur (1987, 1997) and his students on interactions among amphib-
ians in temporary pond mesocosms. These studies of life history dynamics, compe-
tition, and predation have led to a detailed understanding of the community structure
of this special biota. The mesocosms consist of simple metal tanks, and an interesting
dialogue on Wilbur’s experimental approach is given in a set of papers in the journal
Herpetologia (Jaeger and Walls, 1989; Hairston, 1989; Wilbur, 1989; and Morin,
1989). Much discussion has been recorded on the trade-offs between realism and
precision in this type of research (see, for example, Diamond, 1986), and Morin
(1998) describes mesocosms as hybrid experiments at a scale between the laboratory
and the field with an optimal balance between the two extremes of experimental
design.

MICROCOSMS IN ECOTOXICOLOGY

Microcosms are important as research tools in ecotoxicology for understanding the
effect of pollutants on ecosystems. Experiments in which treatments are various
concentrations of pollutant chemicals can be conducted in microcosms with repli-
cation and with containment of environmental impacts due to isolation from the

FIGURE 4.6 Energy circuit diagram of Park’s classic microcosm. Note the parallel connec-
tions of competition between the two Tribolium species.
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environment. Although this role for microcosms in ecotoxicological research is well
established, their potential role within formal regulatory testing or screening proto-
cols in risk assessment is controversial. Challenges for ecological engineering
include the design and operation of microcosms that are effective for both research
and risk assessment in ecotoxicology. Uses for risk assessment will be emphasized
in this section owing to the controversial debate about the role of microcosms and
the wide potential applications of microcosm technology that are involved.

Testing or screening of chemicals is regulated by the Environmental Protection
Agency (EPA) in the U.S. This regulation is necessary because of the tremendous
number of new chemicals that are produced each year for industrial and commercial
purposes. Many of these chemicals are xenobiotic or man-made, whose potential
environmental effects are unknown. Thus, uncertainty arises because natural eco-
systems have never been exposed to them and species have not adapted to them.
Special concern is needed for pesticides because they are intentionally released into
the environment and are intended to be toxic, at least to target organisms. The primary
examples of legislation covering regulatory testing and screening of chemicals are
the Toxic Substances Control Act and The Federal Insecticide, Fungicide, and
Rodenticide Act, along with several others (Harwell, 1989). An interaction has
developed among the EPA, the chemical industry, environmental consulting firms,
and academic researchers in relation to risk assessment of new chemicals, which
has in turn created opportunities for applications of ecologically engineered micro-
cosm technology.

EPA’s risk assessment approach for chemicals (Norton et al., 1995) has evolved
over time since early work in the 1940s on methods for measuring the effects of
pollutants. The purpose of risk assessment is to evaluate potential hazards in order
to prevent damage to the environment and human health. The basis for testing or
screening is a hierarchical (tiered) protocol of sequential tests. Physical and chemical
properties are tested at the lowest tier, and acute and chronic toxicity data along
with estimated exposure data are gathered for several aquatic species at intermediate
tiers, followed at least in principle by simulated field testing at the highest tier
(Hushon et al., 1979). The intention is to minimize the number of tests required to
assess a chemical’s hazard and at the same time to include a comprehensive range
of tests. Each tier level can trigger testing at higher levels by comparison of test
results to established end points which determine whether or not the chemical is
considered to be toxic or hazardous. Choice of end points is important because they
are the criteria for determining regulatory action. Concern exists at all levels about
tests that result in false negatives (results which indicate that a chemical is toxic
when it is in fact not toxic) and false positives (results which indicate that a chemical
is not toxic when it is in fact toxic). Cairns and Orvos (1989) suggest that

the sequential arrangement of tests that were used from simple to the more complex
possibly reflects, in a broad, general way, the historical development of the field. As a
consequence, tests with which there is a long familiarity are placed early in the sequence
and more recent and more sophisticated tests that are still in the experimental stage or
development are placed last.
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Microcosms and/or mesocosms occupy the highest tier in this type of protocol, but
they are seldom used by regulators because they can be expensive, time consuming,
variable, and difficult to evaluate in terms of end points.

Most regulatory decisions are made based on the intermediate tier from single-
species tests in which data from toxicity experiments are compared to estimated
environmental exposure data. Thus, test populations of certain species are grown in
the laboratory and tested for short-term (acute) vs. long-term (chronic), and lethal
(causing mortality) vs. sublethal (causing stress but not mortality) dose experiments.
The organisms most often used are the green alga Selenastrum capricornutum, the
microcrustacean Daphnia magna (water flea), and the fish Pimephales promelas
(flathead minnow). This selection of species provides a broad range of organismal
responses to the chemicals being tested rather than focusing on a single taxonomic
group. Typical acute tests would last 48 to 96 h and would test for end points in
terms of survival of Daphnia and the flathead minnow or photosynthesis of the alga.
Typical chronic tests would last up to a month and would test for end points in terms
of reproduction of Daphnia and growth of the flathead minnow. Such tests are
illustrated in Figure 4.7 with a dose–response curve. Thus, test populations are raised
in a series of containers with increasing doses of the chemical that is being assessed
(plotted along the x-axis of the figure) and their mortalities are recorded (plotted
along the y-axis of the figure). The dosage of the end point (LD50 or lethal dose
for 50% of the initial test population) is found by interpolation on the curve. This
dosage is compared with the estimated environmental exposure dosage to complete
the test. Note that the end point, death, is simple, definite, and easy to evaluate. The
classic shape of the dose–response curve is sigmoid, though a u-shaped curve is also
important for certain cases (Calabrese and Baldwin, 1999).

A controversy has arisen about the kinds of tests required in risk assessment of
chemicals. A number of ecologists have insisted that single-species tests are inade-
quate for a full evaluation of ecosystem level impacts and that multispecies toxicity
tests should be required. The principle issue is whether results from the single-
species tests can be extrapolated to higher levels of ecological organization (Levin,
1998). Arguments against the ability to extrapolate have been provided by the Cornell
University Ecosystems Research Center (Levin and Kimball, 1984; Kimball and

FIGURE 4.7 A typical dose–response curve from ecotoxicology.
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Levin, 1985; Levin et al., 1989), by Taub in relation to her work on the standardized
aquatic microcosm (Taub, 1997), and most strenuously, by John Cairns over three
decades of writing (Cairns, 1974, 1983, 1985, 1986a, 1995a, 2000). The main
argument against reliance on single-species tests in risk assessment is that they
provide no information on indirect and higher order effects in multispecies systems,
which many ecologists believe are important. Taub (1997) has summarized the
situation as follows:

Single-species toxicity tests are inadequate to predict the effects of chemicals in
ecological communities although they provide data on the relative toxicity of different
chemicals, and on the relative sensitivity of different organisms. Only multispecies
studies can provide demonstrations of: (1) indirect trophic-level effects, including
increased abundances of species via increased food supply through reduced competition
or reduced predation; (2) compensatory shifts within a trophic level; (3) responses to
chemicals within the context of seasonal patterns that modify water chemistry and birth
and death rates of populations; (4) chemical transformations by some organisms having
effects on other organisms; and (5) persistence of parent and transformation products.

Thus, two categories of the effect of a pollutant are included in ecotoxicology:
(1) direct impact on a species, derivable from single-species toxicity tests, and
(2) indirect impacts due to interactions between species, best derivable from multi-
species toxicity tests. The study of indirect effects is an important topic in ecology
(Abrams et al., 1996; Carpenter et al., 1985; Miller and Kerfoot, 1987; Strauss, 1991
and; Wootton, 1994), and some researchers believe that the indirect effects are
quantitatively more significant than the direct effects. For example, Patten’s theo-
retical work (Higashi and Patten, 1989; Patten, 1983) indicates a dominance of
indirect effects in ecosystems. Based on matrix mathematics and information on
direct trophic linkages, Patten and his co-workers have developed a number of
concepts and indices of network structure and function that quantify indirect effects
and that challenge conventional thinking about ecological energetics (Fath and
Patten, 2000; Higashi et al., 1993; Patten, 1985, 1991; Patten et al., 1976). This is
a unique theory, termed network environs analysis, that represents a fascinating,
though controversial, view of ecology (Loehle, 1990; Pilette, 1989; Weigert and
Kozlowski, 1984). An example of an indirect effect caused by trophic interactions
would be the increase in a prey population, which occurs when a predator population
is eliminated by a toxin. In this case the direct effect is the impact of the toxin on
the predator, which in turn causes the indirect effect of the release of the prey from
control by the predator. Nontrophic interactions such as facilitation may also be
involved in indirect effects (Stachowicz, 2001).

Ecologists, as indicated above, have criticized regulators for relying on single-
species tests. Cairns and Orvos (1989) were particularly outspoken. They said “The
development of predictive tests has been driven more by regulatory convenience
than by sound ecological principles.” And, “In an era where systems management
is a sine qua non in every industrial society on earth, it is curious that the archaic
fragmented approach of quality control is still in practice for the environment.
Probably the reason for this is that the heads of most regulatory agencies are lawyers
and sanitary engineers rather than scientists accustomed to ecosystem studies.”
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Regulators, on the other hand, find that multispecies toxicity tests (microcosms and
mesocosms) have problems that limit their utility in risk assessment, including issues
of standardization, replication, cost, and clarity of end points. Furthermore, regula-
tors point to the existence of at least some comparisons between single-species tests
and tests with microcosms and mesocosms which suggest that results from single-
species tests can be extrapolated to higher levels of organization (Giddings and
Franco, 1985; Larson et al., 1986). An example of the interplay between ecologists
and regulators is provided in a special issue of the journal Ecological Applications
(Vol. 7, pp. 1083–1132) which provides discussion about EPA’s decision to formally
drop the use of mesocosms as the high tier in testing of pesticides. Apparently, there
is a fundamental lack of agreement between ecologists and regulators about the need
for multispecies toxicity tests (Dickson et al., 1985).

This situation presents an ecological engineering design challenge to create
multispecies toxicity tests in the form of microcosms and mesocosms that will satisfy
both ecologists and regulators. A large volume of literature has developed on various
systems design and testing protocols (Hammons, 1981; Hill et al., 1994; Kennedy
et al., 1995a; Pritchard and Bourquin, 1984; Sheppard, 1997; Voshell, 1989). Much
of this work is funded by the EPA and the chemical production industries. For
example, starting in the 1980s, the EPA funded center-scale research first at Cornell
University, then at the Microcosm Estuarine Research Laboratory (MERL) facility
on Narragansett Bay, RI, and presently at the Multiscale Experimental Ecosystem
Research Center (MEERC) at the University of Maryland. Earlier work by the
University of Georgia scientists on end points for microcosm testing of chemicals
is a good example of efforts by ecologists to develop simple designs and appropriate
end points (Hendrix et al., 1982; Leffler, 1978, 1980, 1984). They used small aquatic
microcosms and tested for the influence of chemical inputs on a variety of system
parameters listed below:

Biomass
Chlorophyll a
Net daytime production
Nighttime respiration
Gross production
Net community production

From this work Leffler (1978) derived a formal definition of stress with several
metrics that could be useful as end points (Figure 4.8). Stress is evident and quantified
by the difference between the experiment and control microcosms in Leffler’s def-
inition. Unfortunately, this approach is relatively complicated compared with the
simple LD50 toxicity test on single species, which regulators prefer. However, the
University of Georgia research described above represents the kind of efforts ecol-
ogists are taking to meet the needs of regulators for multispecies toxicity tests.

Some of the most valuable progress at bridging the gap between regulators and
ecologists has been in the development of standardized microcosms. Regulators
value precision (low variance) and reproducibility (Soares and Calow, 1993), and
these preferences have led some ecologists to design, build, and operate small, simple
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microcosms as test systems. Precision and reproducibility in a test system provide
the confidence in results that regulators appreciate for decision making. Beyers and
H. T. Odum (1993) called these “white mouse” microcosms, drawing on the analogy
of standard experimental animals used in medical research. The first example of a
standardized microcosm in ecotoxicology was developed by Robert Metcalf (Met-
calf, 1977a, b; Metcalf et al., 1971), who was an entomologist with an interest in

FIGURE 4.8 Definition of stress as a deviation in system response in a microcosm experi-
ment. (From Leffler, J. W. 1978. Energy and Environmental Stress in Aquatic Systems. J. H.
Thorp and J. W. Gibbons (eds.). U.S. Dept. of Energy, Washington, DC. With permission.)

FIGURE 4.9 Metcalf’s microcosm which simulated a farm pond and an adjacent field. (From
Anonymous. 1975. The Illinois Natural History Survey Reports 152. With permission.)
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the environmental effects of pesticides. Metcalf tried several different designs, but
most of his work was done with glass aquariums containing an aquatic–terrestrial
interface representative of an agricultural field and a farm pond (Figure 4.9). The
aquarium was seeded in a standardized schedule with the following organisms which
formed three food chains (Figure 4.10):

Aquatic Habitat

200 Culex pipiens quinquefasciatus (mosquito larvae)
3 Gambusia affinis (mosquito fish)
10 Physa sp. (snails)
30 Daphnia magna (water fleas)
A few strands of Oedogonium cardiacum (a green alga)
A few milliliters of plankton culture

Terrestrial Habitat

50 Sorghum halpense seeds (a flowering plant)
10 larvae of Estigmeme acrea (caterpillar)

Radio-labelled test chemicals were added to the system and their biomagnification
and biodegradation were studied routinely. Experiments were run for a standard 33
days and the timing of additions of different organisms was designed for the sor-
ghum, Daphnia, and mosquito larvae to be completely eaten by the end of the
experiment! Thus, Metcalf’s microcosm was not intended to be self-sustaining, but
rather it was designed to collapse ecologically and be a short-term model, especially
of food chain biomagnification. Metcalf and his students studied more than 100
pesticides and other chemicals with this system mostly in the 1970s, and the micro-
cosm was modified and used by other researchers (Gillett and Gile, 1976).

FIGURE 4.10 Energy circuit diagram of the food chains in Metcalf’s microcosm.
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Frieda Taub developed a standardized aquatic microcosm (SAM) which contin-
ues to be used (Taub, 1989, 1993). This system was reviewed by Beyers and H. T.
Odum (1993), including an energy circuit diagram of the system. Taub’s microcosm
consists of a nearly gnotobiotic, 3-l flask culture with 10 algal species (blue-greens,
greens, diatoms), five animal species (protozoa, Daphnia, amphipods, ostracods, and
rotifers), and a mix of bacteria which cover a range of biogeochemical niches and
feeding types. The system is run with a standard protocol for 63 days, and has been
studied and verified to such a degree that it has been registered with the American
Society for Testing and Materials as a standard method (ASTM E1366-90). The
system is especially significant in ecological engineering because it represents the
culmination of several decades of research design by Taub and her co-workers. The
system is widely known and the chemically defined media and the microcosm itself
are named after Taub, which is a reflection of her long record of work on its
development and use. The development of the SAM can be traced back to the 1960s
with early work on gnotobiotic microcosms (Taub, 1969a, 1969b, 1969c; Taub and
Dollar, 1964, 1968).

The design research required to develop the SAM is an example of the kind
of trial-and-error study required in ecological engineering to create ecosystems
which perform specific functions, in this case to serve as a model test system for
ecotoxicology. Here the engineering is in the design/choice of growth chamber,
container, media, and organisms that make up the ecosystem, rather than in the
“pumps and pipes” type design characteristic of conventional engineering. Living
organisms are not completely understood and are not easy to combine into working
systems, unlike the case for well understood engineering systems such as hydrau-
lics or electronics. Thus, ecological engineering design differs from conventional
engineering design because of the unknown factors associated with biological
species. If organisms were completely understood, as perhaps approximated with
Thomas Park’s flour beetles, then the ecological system becomes a “machine”
with a level of design equivalent to conventional engineering. Perhaps Park’s flour
beetle microcosm, in its elegant simplicity, is like the pencil or the screw, both
equally elegant and simple machines whose engineering histories are described in
book length treatments by Petroski (1989) and Ryeczynski (2000), respectively.

DESIGN OF MICROCOSMS AND MESOCOSMS

Design of microcosms depends on the nature of the experiment to be conducted and
requires a number of straightforward decisions about materials, size and shape of
container, energy inputs, and biota. The combination of these elements into a useable
configuration is the design challenge. Although there are good reasons to standardize
design for some purposes, the literature is filled with unique and ingenious micro-
cosms that demonstrate a wide creativity for this subdiscipline of ecological engi-
neering. General design principles for microcosms are covered by Adey and Love-
land (1998) and Beyers (1964). Design of aquatic microcosms historically derives
in part from the commercial aquarium hobby trade (Rehbock, 1980) and aquarium
magazines can be a source of inspiration about possible microcosm designs. Terres-
trial microcosms, on the other hand, seem less related to terrariums in terms of
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design. As with all constructed systems, cost is an important constraint on microcosm
design. Cost is often proportional to size and number of replicates, and must include
both construction (capital) and operation figures.

PHYSICAL SCALE

The primary challenge of microcosm design is physical scaling, in terms of both
time and space (Adey and Loveland, 1998; Dudzik et al., 1979; Perez, 1995; Petersen
et al., 1999). Scaling of hydraulic models in civil engineering is well developed
(Hughes, 1993) and may be a guide to designers of ecological microcosms. The
appreciation of scale as a fundamental consideration in ecology has been recognized
only in the past 20 years (Gardner et al., 2001; Levin, 1992; H.T. Odum, 1996;
O’Neill and King, 1998; Peterson and Parker, 1998; Schneider, 2001), though Hutch-
inson (1971) mentioned the subject much earlier. The basic way to portray scale is
with a “Stommel diagram” where different systems are plotted on a graph with axes
of time and space (Stommel, 1963). Figure 4.1 is this type of diagram, showing the
relative scale of microcosms and mesocosms in relation to natural ecosystems. Figure
2.14 is another variation of a scale diagram, in this case for biota (see also the related
early graph given by Smith, 1954). Scale is a somewhat abstract concept that is still
being explored theoretically and empirically. As noted by O’Neill (1989): 

Scale refers to physical dimensions of observed entities and phenomena. Scale is
recorded as a quantity and involves (or at least implies) measurement and measurement
units. Things, objects, processes, and events can be characterized and distinguished
from others by their scale, such as the size of an object or the frequency of a process
… Scale is not a thing. Scale is the physical dimensions of a thing.

Scale also refers to the scale of observation, the temporal and spatial dimensions at
which and over which phenomena are observed … The scale of observation is a
fundamental determinant of our descriptions and explanations of the natural world.

Scale is an important concept because ecosystems contain components and processes
that exist at different scales and because the ability to understand and predict
environmental systems depends on recognizing the appropriate scalar context. For
example, a forest may adapt to disturbances such as fire or hurricane winds, and to
understand the ecosystem it must be recognized that the fire or hurricane is as much
a part of the system as are the trees or the soil, even though the disturbance may
occur only briefly once every quarter century. Obviously, microcosms often (though
not always) are smaller scale than real ecosystems. This is an intentional sacrifice
to provide for the benefits or conveniences of experimentation: ease of manipulation,
control over variables, replication, etc. However, the reduction in scale affects the
kind of ecosystem that develops in the microcosm and, according to some, limits
the ability to extrapolate results (Carpenter, 1996).

Microcosm scaling issues fall into two broad categories that can be difficult to
separate: fundamental scaling effects and artifacts of enclosure (Petersen et al., 1997,
1999). Fundamental scaling effects are those that apply in natural ecosystems as
well as microcosms. These are primarily issues of sizing and temporal detail. In



134 Ecological Engineering: Principles and Practice

terms of sizing, perhaps the most often cited example is the work of Perez et al.
(1977) in designing small-scale microcosms to model the open water ecosystem of
Narragansett Bay, RI. Their design consisted of replicate plastic containers with
150 l of seawater from the bay. Paddles driven by an electric motor provided turbu-
lence and fluorescent lamps provided light, timed to a diurnal cycle. A plastic box
of bottom sediment from the bay was suspended in the containers to represent the
benthic component of the system. Scaling was done to match Nararagansett Bay for
surface-to-volume ratio and water volume to sediment surface area, along with
underwater light profiles and turbulent mixing. Comparisons were made for plankton
systems between the bay and microcosm. Microcosm zooplankton densities matched
the bay, but phytoplankton densities were higher, perhaps due to the absence of large
grazing macrofauna (fish, large bivalves, and ctenophores). The authors maintained
that detailed attention to scaling was necessary for the microcosm to simulate
conditions in the bay, and Perez (1995) has elaborated on this philosophy for
ecotoxicology applications.

Other examples of scaling tests have compared different sizes of the same
microcosm type (Ahn and Mitsch, 2002; Flemer et al., 1993; Giddings and
Eddlemon, 1977; Heimbach et al., 1994; Johnson et al., 1994; Perez et al., 1991;
Ruth et al., 1994; Solomon et al., 1989; Stephenson et al., 1984). There seems to
be a tendency in these studies for plankton-based microcosms to have gradients with
size, but benthic-based systems seem less affected by changes in size alone. These
studies have the practical application of identifying the smallest sizes of microcosms
that can be extrapolated to natural systems while minimizing cost. The most elaborate
scaling test of this sort was done at the MEERC project of the University of
Maryland’s Horn Point Laboratory. This study examined plankton-based systems
from the Choptank River estuary for three sizes of microcosms along both constant
depth and constant shape (as expressed by constant radius divided by depth of tanks)
gradients (Figure 4.11). Petersen et al. (1997) found that gross primary productivity
scaled proportional to surface area under light-limited conditions and to volume
under nutrient-limited conditions. These results represent a first step towards devel-
oping a set of “scaling rules that can be used to quantitatively compare the behavior
of different natural ecosystems as well as to relate results from small-scale experi-
mental ecosystems to nature” (Petersen et al., 1997).

Time scaling has received much less attention than spatial scaling of microcosms
though both time and space are coupled. A sensitivity to time is often demonstrated
in microcosm work in such aspects as diurnal lighting regimes and by the need to
conduct experiments during different seasons. However, the central issue of time
scaling is the duration of experiments. Most microcosm experiments are run only
on the order of weeks or months in order to focus on special treatments such as the
effect of a nutrient pulse or a toxin. Longer durations result in successional changes
that can complicate the interpretation of these experiments. While the need for short-
term studies is necessary for certain types of experiments, there does seem to be a
bias in the literature against long-term studies of microcosms. This situation is
unfortunate because long-term studies are necessary in ecology to understand many
kinds of phenomena (Callahan, 1984; Likens, 1989). In fact, as a rule of thumb,
most field ecological studies should be conducted for a minimum of 3 years so that
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inter-year variability can be examined. One approach to accommodate this issue of
time scaling is to study communities of protozoans and other microorganisms whose
generation times are short. These kinds of microcosms have been called biological
accelerators (Lawton, 1995) because they allow the examination of long-term eco-
logical phenomena, such as predator–prey cycles and succession, with short real-
time durations. These kinds of microcosms are essentially scaled on a one-to-one
basis with their real-world analogs and thus they have been commonly used for
ecological experimentation. A major challenge of microcosm work is to design and
operate experimental systems that allow for reproduction of larger animals, such as
fish, and for completion of complex life cycles, as exhibited by organisms that have
planktonic larvae and sedentary adults (e.g., oysters and corals). In some cases this
may require simply enlarging the size of the experimental unit (from flasks or tanks
to ponds), but there is also a need for pumps and water circulation systems that do
not destroy larvae. As demonstration of this need, for the short time that the EPA
required aquatic mesocosm screening of pesticides, they mandated that mesocosms
be large enough to include a reproducing population of bluegill sunfish (Lepomis
macrochirus) (Kennedy et al., 1995).

The other category of scaling concern has been termed artifacts of enclosure
(Petersen et al., 1997, 1999), which includes wall effects and missing components.
The first aspect of wall effects is the composition of the walls of the container
themselves. A wide variety of wall materials has been used in microcosms. Most
are rigid (such as fiberglass), but flexible walls (such as plastic) are used for limno-
corrals or other large in-situ enclosures. Schelske (1984) has covered possible chem-

FIGURE 4.11 Scales of experimental units from the pelagic–benthic research at the Multi-
scale Experimental Ecosystem Research Center (MEERC) at the University of Maryland’s
Center for Environmental Science. (Adapted from Petersen, J. E. 1998. Scale and Energy
Input in the Dynamics of Experimental Estuarine Ecosystems. Ph.D. dissertation, University
of Maryland, College Park, MD.)
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ical effects of walls that must be considered in design decisions: (1) walls should
be nontoxic, (2) nutrients should not leach out of the walls, and (3) walls should
not sorb substances added in experiments. An example of the latter issue of sorbtion
was discussed by Saward (1975) who found that copper absorbsion was very low
for fiberglass walls of an aquatic microcosm whereas absorbsion of oils and orga-
nochlorine was high. The other aspect of wall effect is that walls act as substrate
for a biofilm of attached microorganisms (bacteria, algae, fungi, and protozoans).
This biofilm, which begins to develop within hours to days, can have dramatic and
undesirable effects on an experiment, especially if it is designed to study a plankton
system suspended in a water column (Dudzik et al., 1979; Pritchard and Bourquin,
1984). As noted by Margalef (1967):

When experiments are performed with a wide assemblage of species taken from natural
populations, the systems develop a flaw — a fortunate flaw, because it throws light on
the dynamics of populations in estuaries and in other natural environments. Species
able to attach themselves to the walls of the culture vessels become more successful
in competition. …

The adherence of organisms to the walls is a most serious inconvenience in the use of
chemostats as analogues of plankton systems. Species that are used often as models
of planktonic algae, as Nitzchia closterium, and even some small species of Chaetoc-
eros, are found attached in some way. Propensity to attachment seems to be different
according to conditions of nutrition, to accompanying bacterial flora, and to the time
elapsed from the start of the experiment. The role of possible mutants cannot be
excluded. Stirring does not check attachment of algae to the walls. The design of a
reliable chemostat for experimenting with complex planktonic populations awaits the
improbable discovery of a bottle without walls. Ice walls do not help.

Can ecological engineers design a microcosm without walls, as mentioned by Mar-
galef? Remarkably, he seems to have tried. Although he doesn’t elaborate, Margalef’s
ice walls presumably were intended to reduce biofilm growth and thereby eliminate
the wall effect. The biomass and metabolism of the biofilm on walls can quantita-
tively dominate a microcosm, thereby significantly influencing normal biogeochem-
ical and toxin cycling. In general this kind of wall effect is proportional to wall
surface area and inversely proportional to container volume. To the extent that
artificial surface area in a microcosm exceeds that area found in the intended natural
analogs, the microcosm represents a new system and may not be appropriate for
extrapolation of experimental results. Many workers have recognized this problem
and devised methods of removing the biofilm from the walls during experiments.
The study by Chen et al. (1997) in the MEERC tanks (Figure 4.11) may be the most
detailed study of wall effects. They found a number of relationships between biofilm
growth and design factors of estuarine plankton tanks, along with quantifying the
dominance of biofilm metabolism over plankton metabolism. Figure 4.12 is an
energy circuit diagram of their system showing the dimensional effects of microcosm
wall area (A) and volume (V) on biofilm and plankton components, respectively.
Also shown is a new pathway that emerged with zooplankton, which are normally
pelagic, feeding on the wall growth of the system. These kinds of wall effects are
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reminiscent of the classic concept of edge effects in natural ecosystems. Edge effect
is the “tendency for increased variety and density at community junctions” (E. P.
Odum, 1971). Community junctions are also known as ecotones (Risser, 1995a).
The edge effect concept was coined by Aldo Leopold (1933) in relation to wildlife
species that take advantage of qualities in communities along both sides of the
ecotone; for example, foraging in one community and nesting or roosting in the
other. Studies of species distributions along community transitions have identified
some as “edge species” and others as “interior species,” especially in terms of birds
(Beecher, 1942; Kendeigh, 1944). Because some of the edge species are game
animals, such as deer, wildlife managers have historically tried to maximize the
amount of edge in landscapes. However, this wisdom is being questioned, especially
for plants and nongame wildlife that seem to be negatively affected by edge (Harris,
1988). The classic concept of edge effect is related to wall effects in microcosms in
the way the walls represent a discontinuity. A true edge effect occurs when two
communities or habitats are in juxtaposition. Few microcosm studies have tried to
model this situation of a true ecotone, which seems to represent a significant design
challenge (John Petersen, personal communication). Metcalf’s microcosm (Figure
4.9) was intended to include ecotones of an agricultural landscape (cropland and
farm pond), but it was too simple to represent the concept.

The other aspect of artifacts of enclosure is that certain characteristic species or
phenomena are left out of microcosms due to closure. Walls of a microcosm act as
a barrier to movements of organisms and thus they limit genetic diversity inside the
system. In some cases characteristic organisms are just too large or difficult to
maintain within the confines of a microcosm. For example, sharks simply won’t fit
inside small marine microcosms even if they are the characteristic top predators in

FIGURE 4.12 Energy circuit diagram of the influences of wall area and tank volume on the
MEERC microcosms.
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the pelagic system of the natural analog marine ecosystems. Some species are always
left out of experimental microcosms, and their absence can cause artifacts to arise,
such as larger than normal prey populations in the absence of predators. Human
actions are sometimes required to simulate top predators by removing prey individ-
uals from a microcosm in order to maintain specified conditions (Adey and Loveland,
1998). Another important class of missing features in microcosms is the large-scale
disturbances that influence ecosystems. Some workers have simulated disturbances
such as fire (Figure 4.13; Schmitz, 2000; see also Richey, 1970) and storm events
(Oviatt et al., 1981), but more research is required to test microcosm responses.
Disturbances are large-scale phenomena in that they occur infrequently and act over
large areas. They may be appropriately left out of short-term experiments, but their
inclusion in micrcocosms can add to the accuracy of modelling of real ecosystems.

THE ENERGY SIGNATURE APPROACH TO DESIGN

The use of energy signatures is one approach for the physical scaling of microcosms.
The concept can be used to design microcosms by matching, as closely as possible,
the energy signature of the natural analog system with the energy signature of the
microcosm. The most straightforward approach to this matching of energies is to
construct the microcosm in the field where it is physically exposed to the same
energies as natural ecosystems. Examples are the pond ecosystems commonly used
in ecotoxicology and in situ plastic bags floated in pelagic systems (called limno-
corrals when used in lakes). In the lab the challenge of matching energies is greater.
Significant effort is usually taken to match sunlight with artificial lighting whose
intensity, spectral distribution, and timing can be controlled. Perhaps the most
abstract examples of laboratory scaling are the origin-of-life microcosms (Figure
4.14). Here the challenge is to bring together the prebiotic physical–chemical con-
ditions on the earth in a bench-scale recirculating systems in order to examine the
chemical reactions that may have led to the origin of life. As an example of this

FIGURE 4.13 Experimental burning of the marsh mesocosms at the MEERC facility, in
Cambridge, MD.
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kind of study, Miller (1953; 1955; Miller and Urey, 1959; Bada and Lazcano, 2003)
used an energy signature of the earth as a guide for designing their microcosm. In
Miller’s experiments, electrical discharge into a simulated prebiotic atmosphere
produced a number of organic molecules including amino acids. This was a signif-
icant breakthrough, but there was still nothing alive in the microcosm after the
experiments. Obviously creating a microcosm that generates life from nonliving
components is the greatest design challenge!

A more modest but still difficult design challenge is providing turbulent mixing
in pelagic microcosms. Turbulence is important in pelagic systems in providing
physical–chemical mixing and reducing losses from sinking for phytoplankton and,
to a lesser extent, for zooplankton. Turbulent mixing is reduced or eliminated when
enclosing a water column with a microcosm because it is driven by larger-scale
processes of water circulation and wind that are excluded. These larger-scale pro-
cesses that generate turbulence represent auxiliary energy inputs to the plankton
system. Early studies of pelagic microcosms, especially the floating bags in lakes
and marine waters, completely excluded mixing energies, and artificial successions
of phytoplankton occurred with dominance of motile species and losses of heavier,
nonmotile species such as diatoms (Bloesch et al., 1988; Davies and Gamble, 1979;
Takashashi and Whitney, 1977). This led to criticism of these studies; for example
Verduin (1969) stated, “… before a lot of people buy a lot of polyethylene, I suggest
that such companion experiments be performed and their validity versus the big bag
be assessed and reported.” Recognition of the problem also led to designs that
generated turbulence in pelagic microcosms, including bubbling the water column
with compressed air within floating bags (Sonntag and Parsons, 1979) and mechan-
ical mixing with plungers or propellers in fixed tanks (Estrada et al., 1987; Nixon

FIGURE 4.14 Miller’s origin of life microcosm. (From Schwemmler, W. 1984. Reconstruc-
tion of Cell Evolution: A Periodic System. CRC Press, Boca Raton, FL. With permission.)

To vaccum
pump

Electrodes

Sparks

H2O

H
2O

-v
ap

or

CH4 NH3

H2

Simulated reducing
primitive atmosphere

Water cooling system

Trap

Water with dissolved
organic compounds

Boiling
water

Addition of
CH4, NH3, H2



140 Ecological Engineering: Principles and Practice

et al., 1980; Petersen et al., 1998). The study by Nixon et al. (1980) is particularly
interesting in describing the incorporation of turbulent mixing in the MERL tanks
as a design challenge with many comparisons of measurements of turbulence both
within the microcosms and in Narragansett Bay. Their plunger rotated in an elliptical
fashion with a variable number of revolutions per minute. Thus, there was consid-
erable engineering required to design, manufacture, operate, and maintain the
plunger apparatus. Finally, Sanford (1997) provides a complete review of the issue
with great attention to physical processes and assessments of alternative design
options. He notes that no existing designs match microcosm turbulence within the
real world but some options are better than others.

Walter Adey has developed an approach to building aquatic microcosms that
includes matching forcing functions between a model (i.e., the microcosm) and the
natural analog. His approach probably derives from his field work, especially on
coral reef ecology, where he has shown the importance of “synergistic effects” of
different external influences on ecosystems (Adey and Steneck, 1985). This attention
to matching forcing functions is included in Adey’s stepwise instructions for building
effective model ecosystems, as shown in Table 4.2. An example of this approach is
the Everglades mesocosm built in Washington, DC near the Smithsonian Institution’s
National Museum of Natural History where Adey works. This was a greenhouse
scale model that was built as a prototype for one of the ecosystems in Biosphere 2.
Like the real Everglades it included a gradient of subsystem habitats ranging from
freshwater to full seawater (Figure 4.15). The model was successfully operated for
more than a decade (Adey et al., 1996), which is a major accomplishment for a
system of this size and complexity. The success of the mesocosm was partly due to
a matching of forcing functions between the Washington, DC, greenhouse and the
Florida Everglades. Figure 4.16 shows an example of this matching for annual
temperature patterns. Temperature inside the greenhouse matched closely with data
from southwest Florida while temperatures outside the greenhouse in Washington,

TABLE 4.2
Steps in Developing a Living Model of an Ecosystem

1. Set up physical environmental parameters which provide the framework for the model.

2. Account for chemical and biological effects of adjacent ecosystems as imports and exports with 
    either attached functioning models or simulations.

3. Add first biological elements which provide structure to the model. Typically these are plants or 
  animals in reef structures (oysters or corals).

4. Begin biological additions in community blocks which are manageable units of soil or mud.

5. Repeat biological “injections” to enhance species diversity.

6. Add the larger, more mobile animals, particularly predators or large herbivores last, after plant 
  production and food chains have developed.

7. The human operator takes over functions left out of the model, such as cropping top predators. 

Source: Adapted from Adey, W. H. and K. Loveland. 1998. Dynamic Aquaria, 2nd ed. Academic 
Press, San Diego, CA. 
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DC, were very different. Streb et al. (in press) analyzed the energy signature of the
Everglades mesocosm by using the emergy analysis method (H. T. Odum, 1996).
The method involves quantitative derivation of energy inputs to a system in standard

FIGURE 4.15 Floor plan of the Smithsonian Institution’s Everglades mesocosm in Wash-
ington, DC. Note: Lengths are in meters. (Adapted from Adey, W. H. and K. Loveland. 1998.
Dynamic Aquaria, 2nd ed. Academic Press, San Diego, CA.)

FIGURE 4.16 Comparison of temperature regimes for the Everglades mesocosm. (Adapted
from Lange, L., P. Kangas, G. Robbins, and W. Adey. 1994. Proceedings of the 21st Annual
Conference on Wetlands Restoration and Creation. F. J. Webb, Jr. (ed.). Hillsborough Com-
munity College, Tampa, FL.)
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units of joules per unit time. These standard unit flows are then scaled with trans-
formation ratios to account for the degree to which different energies are concen-
trated (i.e., embodied energy or emergy), measured in equivalent units of solar joules
per unit time. This scaling accounts for differing concentrations (in terms of ability
to do work) of energies. Table 4.3A shows energies for Southwest Florida, which is
the natural analog for the Everglades mesocosm, whose energy signature is given
in Table 4.3B. Wave energy dominates the emergy budget in the real Everglades of
Southwest Florida, while natural gas and electricity, which are needed for heating,
cooling, and running machinery (such as the wave generator) have the highest
emergies in the mesocosm. Such analysis illustrates how much more total energy is
required to operate a mesocosm compared with the actual system it models. In this
case the mesocosm required two orders of magnitude more emergy to operate than
the analog ecosystem. Beyers and H. T. Odum (1993) include a similar analysis of

TABLE 4.3A
Energy Signature Evaluation for the Everglades in Southwest Florida 
for an Area Equivalent to the Everglades Mesocosm

Energy
Actual Energy

(J/year)
Transformity

(seJ/J)
Energy

(seJ/year)

Suna   2.60 � 1012 1 2.60 � 1012

Windb 3.55 � 108 1496 5.31 � 1011

Tidec 2.08 � 108 16,842 3.50 � 1012

Raind 6.09 � 108 18,199 1.11 � 1013

Wavese 3.75 � 109 30,550 1.15 � 1014

Total 2.60 � 1012 — 1.32 � 1014

a Average solar insolation for Southwest Florida is approximately 7.00 � 109 J/m2/year (E.
P. Odum, 1971). Total solar energy is (7.00 � 109 J/m2/year) (372.1 m2).

b Wind energy = (0.5)(density of air) (wind velocity2)(eddy diffusion coefficient) (height
of boundary layer). Density = 1.2 � 103 g/cm3. Wind velocity = 378.3 cm/sec (Ruttenber,
1979). Eddy diffusion coefficient = 1 � 104 cm2/sec (Kemp, 1977). Height of boundary
layer = 1 � 104 cm. Area affected = 130.5 m2.

c Tidal energy = (0.5)(area elevated) (tides/year) (tidal height2)(density of water) (gravita-
tional acceleration). Area = 60 m2. Tides/year = 706 (H. T. Odum, 1996). Tidal height
= 100 cm (Carter et al., 1973). Density = 1.025 g/cm3. Gravitational acceleration = 980
cm2/sec.

d Chemical potential of rain = (area)(rainfall) (Gibbs free energy of water). Area = 90 m2.
Rainfall at Ft. Myers, FL = 1.37 m/year (Drew and Schomer, 1984). Gibbs free energy
= 4.94 J/g (H. T. Odum, 1996).

e Wave energy = (shore length) (1/8)(density of water) (gravitational acceleration) (wave
height2) (velocity) (from H. T. Odum, 1996). Shore length = 3.1 m. Density = 1000 kg/m3.
Gravitational acceleration = 9.8 m/sec2. Wave height = 0.1 m (assumed). Velocity =
(gravity � depth)1/2, where depth = 1 m (assumed).
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the MERL mesocosms, which showed that turbulence had the highest emergy input,
which is perhaps appropriate for a pelagic system.

SEEDING OF BIOTA

Seeding a microcosm with biota is usually done after physical scaling considerations.
For example, Adey and Loveland (1998) included several procedures for introducing
biota in their stepwise instructions for microcosm set up (Table 4.2). This can be an
intricate task, for example, in setting up a coral reef system, but in other cases the
task is simpler, as for an algal mat system described by H. T. Odum (1967):

At times one can strip the mat from the bay bottom and roll it up like a carpet. When
the water is completely blown off of a section by the wind so the mat dries, it is not
immediately killed and can be reactivated in a day by putting it back into water. It is
a transferable package that Dr. Robert Beyers called an “instant ecosystem.”

Microcosm design can even be like a cooking recipe as noted by Darnell (1971)
for a protozoan culture in a teaching laboratory workbook:

TABLE 4.3B
Energy Signature Evaluation for the Everglades Mesocosm in 
Washington, DC

Energy
Actual energy

(J/year)
Transformity

(seJ/J)
Energy

(seJ/year)

Suna 2.05 � 1012 1 2.05 � 1012

Tap waterb 2.47 � 108 18,199 4.50 � 1012

Laborc — — 4.05 � 1015

Electricityd 3.35 � 1011 1 74,0005.83 � 1016

Gase 1.60 � 1012 48,000 7.68 � 1016

Total 3.99 � 1012 — 1.39 � 1017

a Average insolation for Washington, DC, is approximately 5.50 � 109 J/m2/year (E. P. Odum,
1971). Total solar energy is (5.50 � 109 J/m2/year)(372.1 m2).

b Chemical potential energy of water added to the mesocosm = (volume) (density) (Gibbs free
energy). Volume used was 53,400 l/year (Lange, 1998). Density = 1000 g/l. Gibbs free energy
= 4.62 J/g (H. T. Odum, 1996).

c Labor requirements for the mesocosm were 20 h/week or 43.33 d/year multiplied by the Energy
use/person of 9.35 � 1013 seJ/day (H. T. Odum, 1996).

d Based on power consumption and operational times of all pumps, heaters, fans, etc., the total
electrical use was 3.35 � 1011 J/year in the mesocosm.

e Based on power consumption and operational time of gas heaters, the total gas use was 1.60 �
1012 J/year in the mesocosm.
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PREPARATION OF BROTH: Add 150 gm of dried grass to 2000 ml of distilled water,
and boil for 15 minutes. Cool and strain quickly, once through a double thickness of
cheesecloth and once through a thick nest of glass wool in a large funnel. Dilute with
distilled water to a volume of 3000 ml, and store in a refrigerator until needed.

PREPARATION OF CULTURES: To a one-gallon battery jar add 200 ml of broth (shake
well before pouring) and 1800 ml of distilled water. Innoculate with 5 gm of pond
mud, and stir vigorously. Partly cover with a glass plate (leaving enough of an opening
for gas diffusion), and place in a dark incubator set at 30 degrees C. Bring out for class
use on the appropriate day, but keep dark at all times. In such cultures succession
proceeds rapidly during the first week and more slowly thereafter, and most major
changes will have taken place by the end of three weeks. 

In general, there are two basic approaches to seeding a microcosm with biota:
(1) use of natural assemblages of organisms obtained from local sources, and (2) the
gnotobiotic approach of a synthesized system using standard species (as in Taub’s
SAM). These are fundamentally different approaches that require different degrees
of design by the ecological engineer. In essence, when using natural assemblages
as a seed source, the ecological engineer relies completely on self-organization to
develop the food web and nutrient cycles within the microcosm. However, when
using the gnotobiotic approach, the ecological engineer takes on a significant role
as designer of the ecological organization within the microcosm. As an example of
this design effort, Taub has noted that much trial and error was required to develop
her SAM as a useful tool in ecotoxicology.

In addition to these two fundamental seeding approaches, cross-seeding and
reinoculation are often-used techniques in setting up microcosms. Cross-seeding
involves mixing innocula between replicate microcosms to reduce variability. This
is usually done in early stages of the experiment. Reinoculation is done for specific
species which do not develop sustainable populations from the initial seeding. This
is usually necessary to maintain desirable species, such as target organisms in
ecotoxicology work or species characteristic of the natural analog ecosystem in
academic modelling experiments.

H. T. Odum has advocated an approach termed multiple seeding for developing
a microcosm. In this approach innocula from several natural assemblages are mixed
together to provide a species pool which subsequently becomes self-organized into
stable, sustainable ecological circuits. This approach speeds up the self-organization
process by providing an excess number of species for internal selection of viable
circuits of energy flow and nutrient cycling. All of these approaches and techniques
for biotic seeding represent an input of genetic information to the microcosm. In
that sense they can be considered as part of the energy signature of the system,
though, because the actual energies involved with genetic information are so small,
this is seldom done. Perhaps techniques of biotic seeding are best thought of as
modelling the processes of colonization or immigration that occur in natural eco-
systems.

Island biogeography theory is relevant for explaining some of the features
associated with the seeding and development of microcosm biota. As noted at the
beginning of this chapter, islands have been important experimental units in ecology,
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and they have been used as metaphors with microcosms. Natural islands are isolated
systems, and when small enough, such as the mangrove islands in Florida Bay
studied by Simberloff and Wilson (1969, 1970), they are able to be manipulated in
experiments. Islands also have been artificially constructed or intentionally frag-
mented from existing, especially larger systems for experimental purposes. Thus,
there are natural similarities between islands and microcosms, and microcosms have
been used to test island biogeography theory, as reviewed by Dickerson and Robinson
(1985). As an aside, the unintentional fragmentation of forests and other ecosystems
into habitat fragments is a major environmental problem affecting landscapes (Haila,
1999; Harris, 1984; Saunders et al., 1991). Impacts occur because the fragments are
isolated and surrounded by a nonforest environment and because of the reduction
in area of the habitat fragment. In a sense all microcosms suffer from these same
impacts.

The basic tenet of island biogeography theory is that the number of species
found on an island is determined by the balance between the immigration rate of
species reaching the island from an outside species pool and the extinction rate of
species on the island (MacArthur and Wilson, 1967). It has been termed the equi-
librium model because the number of species on the island is actually a dynamic
steady state (or equilibrium) in which the composition is changing but the number
is constant. Thus, the intersection of the immigration rate curve and the extinction
rate curve represents the equilibrium number of species to be expected (Figure 4.17).
This is a simple, elegant model and, as represented in the energy circuit language
in Figure 4.18, immigration is seen as an input or energy source to the system.

A more detailed view of the theory covers islands that are small vs. large and
close vs. distant from the species pool, which is usually a continent in some sense.
It is controversial but still a useful paradigm for understanding ecological organiza-
tion (see Chapter 5). This theory is applicable to microcosms in terms of the number
of species that can be supported by a closed system. In most cases, seeding of a

FIGURE 4.17 The species equilibrium concept from the theory of island biogeography.
I = immigration rate at the beginning of colonization; S = number of species; P = number
of species in the species pool available for colonization. (Adapted from MacArthur, R. H.
and E. O. Wilson. 1967. The Theory of Island Biogeography. Princeton University Press,
Princeton, NJ.)
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microcosm is done initially in an experiment over a period of time and then it is
stopped. This is analogous to cutting off the immigration rate to an island at a certain
point in time. When this situation occurs, a reduction in species results because only
extinction takes place. While in a simple mathematical model the number of species
goes to zero, in a real microcosm some species maintain themselves in a sustainable
organization of energy flow and nutrient cycling. The reduction in species upon
removing immigration has been termed relaxation, and is a common phenomenon
in microcosm development. It represents a self-organization process whereby those
species which fail to find roles within the networks of energy and nutrient flows go
extinct. The resulting community after extinctions represents a stable set of species
that in a sense are preadapted to the microcosm environment, based on their evolu-
tionary histories. Two examples from the Everglades mesocosm illustrate this phe-
nomenon. First, Lange’s (1998) study of fish populations within the mesocosm shows
a steady decline in species across the different habitats included in the mesocosm
from the initial seeding which started in 1987 through an 8-year period (Figure
4.19). The maximum relaxation of species occurred in the marine tanks of the
mesocosm where fish richness diversity declined from 25 to 8. A second example
is Swartwood’s (in preparation) study of a single species, the mangrove tree snail
(Littorina angulifera), within the mesocosm. This species was originally seeded into
the mesocosm but it went extinct, perhaps due to insufficient humidity or other
habitat factors. The species was reintroduced in 1996 along with an attempt at
modification of the microclimate. Populations declined after the reintroduction,
perhaps converging on a lower density similar to that found in the natural analog.
In both of these cases, preadaptation may explain the survivors, in terms of species
with the fish community studied by Lange and in terms of individuals with the snail
population studied by Swartwood.

The number of species or species diversity supported by a microcosm can be
important to the designer for various reasons. Diversity is an important parameter
in ecosystems as mentioned earlier in the book. It has been used as an index of
ecosystem complexity and has been linked with stability in the most controversial
relationship in ecology. The diversity–stability relationship was formally introduced
in the 1950s from empirical observations (Elton, 1958) and theoretical explorations
(MacArthur, 1955). Basically, the relationship suggests that more species provide
more opportunities for the system to adapt to environmental changes and thus
diversity promotes stability. In part because it has a strong commonsense appeal,
the diversity–stability relationship has long intrigued ecologists, even though the
evidence has not been found to be consistent (Goodman, 1975; Johnson et al., 1996;

FIGURE 4.18 Energy circuit diagram of the species equilibrium concept from the island
biogeography.
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May, 1973). In reference to the problems with this relationship, Paine (1971) spoke
of it as “the ecologist’s Oedipus complex” in a book review of the first symposium
on the topic. Semantics is a factor in developing generalities about diversity and
stability, especially in relation to the latter concept. For example, Grimm and Wissel
(1997) review the use of stability in ecology and find 163 definitions of 70 different
concepts (see also Figure 4.4 in Peters, 1991). Holling’s (1973, 1996) classification
of two main types of stability seems to be accepted by most ecologists. Resilience
is the extent to which a system returns to a previous state after perturbation, while
resistance is the extent to which a system maintains itself without change during
perturbation. These two concepts cover the ability of an ecosystem to withstand
(resistance) and to recover from (resilience) from a perturbation. Other related
stability concepts, using analogies from engineering, have been introduced, including
strain (Deevey, 1984; Kersting, 1984) and elasticity (Cairns, 1976). Recently, empha-
sis seems to have shifted away from the diversity–stability relationship toward more
general relationships between biodiversity and ecosystem function (Hart et al., 2001;
Naeem et al., 1999; Risser, 1995b; Tilman et al., 1997).

Microcosm work has played a role in the quest for a valid relationship between
diversity and stability (Hairston et al., 1968; Van Voris et al., 1980 as examples),
but the evidence remains inconclusive. This is not to deny the importance of diversity
in its own right as an ecological characteristic for describing microcosm designs.
While most microcosms support low diversities due to various factors, some designs
support higher levels. For example, Small et al. (1998) found 534 species supported
by a 5 m2 microcosm of a Caribbean coral reef, with another 30% suspected to be
present. The diversity of this microcosm was used as a basis of estimating global
diversity of coral reefs, and according to their analysis, the authors suggested that
existing global estimates are three times too low!

FIGURE 4.19 Declines in the number of fish species found in the Everglades mesocosm
from different salinity zones. (Adapted from Lange, L. E. 1998. An Analysis of the Hydrology
and Fish Community Structure of the Florida Everglades Mesocosm. M.S. thesis, University
of Maryland, College Park, MD.)

1987-89 1992 1995
0

5

10

15

20

25

30

N
u

m
b

er
 o

f 
S

p
ec

ie
s

Census

Marine
Estuary
Freshwater



148 Ecological Engineering: Principles and Practice

In general a designer has three strategies available to increase diversity in
microcosms: (1) continually add species to balance extinctions, (2) add refuges
(physical complexity), and (3) increase the size. The first strategy is based on the
species equilibrium model of island biogeography mentioned earlier. Some micro-
cosms which rely on flow-through water systems have the potential to continually
introduce planktonic species with the turnover of water. However, most microcosm
experiments are more static because the seeding of species is stopped at some early
point in time. Adding refuges can also increase diversity by providing spaces within
the microcosm where inferior competitors or vulnerable prey may escape and be
sustained. Early work on microcosms (Gause, 1934; Huffaker, 1958) demonstrated
this role for refuges and it contributed to the increase in awareness by ecologists of
the importance of spatial heterogeneity in ecosystems (Hastings, 1977, 1978; Roff,
1974; Wiens, 1976). Finally, increasing the size of a microcosm increases the number
of species that can be supported according to the species–area relationship (Figure
4.20). This is probably the most robust relationship in ecology in that it has been
found to apply to all examples that have been studied. Early work on species–area
curves was done for the practical purpose to study the optimal sample areas needed
to describe a plant community (Arrhenius, 1921; Gleason, 1922). Later, the rela-
tionship was used to describe diversity on islands of different sizes in studies of
island biogeography (MacArthur and Wilson, 1967). The relationship is actually a
general expression of the organization of ecological communities by combining
aspects of the species–abundance relation and the spatial pattern of habitats (H. T.
Odum, 1983; Pielou, 1969). McGuinness (1984) reviews the history and alternative
forms of the species–area curve. Size or area is always a constraint in microcosm
design, but as a rule of thumb, bigger is better in terms of the amount of diversity
that can be supported. The largest “microcosm” ever built is Biosphere 2, which
covers 1.25 ha (3.0 acres), and is described in the next section.

CLOSED MICROCOSMS

One of the most interesting microcosm experiments has been the construction of
closed systems. These systems are actually open to energy exchange in terms of
sunlight as an input and heat as an output but closure applies to all other materials.
Thus, a system is seeded with biota, an atmosphere, media, and any other structure
and then sealed shut. The microecosystem then self-organizes into a stable system

FIGURE 4.20 The species–area relationship from ecology.
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of biotic and abiotic components. These closed systems provide models of the whole
biosphere, which makes them of special interest (Jones 1996).

The first modern closed microcosms were constructed and studied by Clair
Folsome and his students and collaborators (Folsome and Hansen, 1986). Folsome
had the title of Director of the Exobiology Laboratory at the University of Hawaii.
He was a microbiologist with an interest in the origin of life (Folsome, 1979) and
a commitment to microcosm research. His systems consisted of vials or flasks which
were filled with defined media and seeded with either gnotobiotic assemblages or
mixed cultures from the environment, including bacteria, algae, other microbes, and
at least one metazoan or nonmicrobe, the crustacean Halocaridina rubra. Folsome
started enclosing microcosms in 1967 and most of the research on them was pub-
lished in the journal BioSystems (Kearns and Folsome, 1981; Obenhuber and Fol-
some, 1984, 1988; Takano et al., 1983; Wright et al., 1985). Some of Folsome’s
oldest systems have maintained microbial activity for more than 30 years, demon-
strating that self-organization can result in stable systems (Figure 4.21).

More recently, interest in global change as a result of the buildup of CO2 and
other atmospheric changes due to human activity has led to renewed research on
closed systems. Most of this work consists of short-term studies of the effects of
elevated CO2 levels. For example, Korner and Arnone (1992) built small (17 m3 or
600 ft3) closed greenhouses with tropical plant communities to study the effects of
CO2 on various measures of system structure and function. Their microcosms were
run for 3 months after an initial stabilization period of 1 month, and they developed
many patterns similar to tropical forest communities, such as representative light
extinction curves. Much more of this line of research can be expected with several
national initiatives focused on understanding expected global changes.

The great challenge is the design of a closed system that contains a human.
Some details have been worked out for living underwater (Miller and Koblick, 1995),
but the challenge remains for manned space flight and the long-term occupation of
extraterrestrial environments such as space stations. For this purpose a life support

FIGURE 4.21 Some of Folsome’s original microcosms on display at Biosphere 2 in Arizona.
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system is required that will supply at least the minimum human needs (oxygen,
water, and food) and eliminate human wastes (carbon dioxide, urine, feces, and
heat). Size and weight are obvious considerations of such a life support system as
are many other concerns. Figure 4.22 illustrates different life support alternatives
and how the choice between them changes with the mission duration of a space
flight. This curve was introduced in the 1960s (Myers, 1963) but remains unquan-
tified (Eckart, 1994). Stored supply is the best choice for short durations followed
by systems which recycle water at intermediate durations. Water recycling is a
technical problem whose engineering was worked out long ago. Only the longest
durations will require a totally regenerative system, and this is the design challenge
that has not been solved after nearly 50 years of intensive research funded by
government agencies interested in space travel. The totally regenerative system must
maintain an atmosphere, provide food, and recycle wastes for the human occupants
of the life support system. Most agree that this kind of life support system must
include biological species that maintain biogeochemical cycles, and therefore these
systems have been referred to as bioregenerative.

The history of research on bioregenerative life support systems is fascinating
and includes an element of great relevance to ecological engineering, that is, the
design of a multispecies microcosm in which a human is a component (and of course
the most important) species. This history is outlined here especially because it
contains a dialogue between a small group of ecologists who advocated the multi-
species approach and the majority of researchers from engineering and physiology
who advocated an approach that emphasized a mechanical system with one or a few
species. Taub (1974) provides an excellent review of the first two decades of research
on bioregenerative life support systems. This early period was a time of creative
searching of many lines of design. Table 4.4, derived from Taub’s (1974) review,

FIGURE 4.22 Scaling relationships of life support alternatives. Nonregenerative storage is
best when mission time is short and total regenerative systems are best when mission time
is long. (Adapted from Myers, J. 1963. American Biology Teacher 26:409–411.)
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lists a few of the systems tested. Most of these early systems relied on the green
algae Chlorella pyrenoidosa, whose laboratory culture was well known. Chlorella
cultures could absorb CO2 while producing oxygen and food under artificial lighting
conditions. Much research was done sealing in various animals, such as mice, rats,
and monkeys, with one or a few microbial cultures, such as Chlorella, to test for
self-sufficiency, with the test lasting several days or weeks. This work was funded
by the U.S. Air Force and the National Aeronautics and Space Administration
(NASA) with millions of dollars spent. Eventually, these algal-based systems were
abandoned due to unknowns of reliability, high weight of water required for culturing
algae, and difficulties converting algae into an acceptable human food (Taub, 1974).
Emphasis in the 1970s shifted to higher plants as the basis for bioregenerative life
support systems and work in this direction continued both with NASA in the form
of their Controlled Ecological Life Support System (CELSS), which was formally
started in 1978 (Galston, 1992), and by the Soviet Union’s similar approach, termed
BIOS (Salisbury et al., 1997).

A small group of ecologists, including primarily H. T. and E. P. Odum, R. Beyers,
G. D. Cooke, and F. Taub, became interested in the challenge of life support system
design in the 1960s. The ecologists suggested that a multispecies ecosystem was
required to support a human during space flight in order to ensure reliability or
stability. Their basic argument relied on the diversity–stability relationship discussed
earlier and on experience with microcosm experiments. In particular, microcosm
experiments of ecological succession demonstrated that self-organization results in
a stable ecosystem with balanced primary production and community respiration,
which implies balanced gas exchange between oxygen and carbon dioxide. H. T.
Odum (1963) described the process needed to design such a life support system for
humans with the same approach of multiple seeding used for microcosm setup. He
calculated that the multispecies life support system would require about 2 acres per
human (0.8 ha) based on considerations of the energy transformation of sunlight
through primary production. Such a relatively large area was required due to the
low efficiency of photosynthesis in converting light energy to chemical energy in

TABLE 4.4
Comparisons of Early Life Support System Experiments

System Name Biota Function Tested

Recyclostat Algae Gas balance

Bioregenerative unit Fungi, algae, rat Gas balance, waste recycle

Algatron Bacteria, algae Gas balance, waste recycle

Microterella Algae, bacteria, mouse Gas balance, waste recycle, water recycle

Mecca Algae, bacteria, man Gas balance, waste cycle, water recycle

Source: Adapted from Taub, F. B. 1974. Annual Review of Ecology and Systematics, 5:139.
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organic matter. The large area with many species was also needed to provide the
“homeostatic mechanisms” (Cooke et al., 1968) required to maintain system stability.
Multiple seeding and self-organization at the scale of 2 acres per astronaut did not
meet with the approval of the engineers and physiologists working with single-
species cultures. Such a system appeared to be too large and too heavy to be practical,
which of course is a valid criticism.

The fundamental issue is long-term reliability. Once the spaceship leaves earth
the astronauts must be able to rely on the life support system or risk death from
lack of an atmosphere or food or buildup of waste products. The question is which
approach best meets the requirement of reliability. The conventional engineering
approach tried to develop and optimize subsystems for different functions, such as
oxygen production, waste recycle, and food production, and then to connect the
subsystems back together. The subsystems consisted of single-species cultures and
mechanical components in this case. The overall design concept was to keep the
system simple and well understood as noted by Brown (1966):

What we are trying to do is ... to make this closed system as simple as we can. The
virtue of simplicity is that you can understand all of the regulatory factors that you
have to worry about; you can put in the proper manual or automatic controls; and the
fewer the components, the better.

This is essentially the well-tested and established engineering method of design.
In comparison, the ecologists’ approach was quite the opposite. It involved mixing
together hundreds or thousands of species, most of which are little known, and
through self-design a stable system would emerge. This approach is based on a faith
in the ecosystem and its long evolutionary history rather than on the conventional
engineering method. Several quotes from ecologists on this dichotomy reveal the
extent of the disagreement:

When I read of schemes to create living spaces from scratch upon which human lives
will be dependent for the air they breathe, for extrinsic protection from pathogens and
for biopurification of wastes and food culture, I begin to visualize a titantic-like folly
born of an engineering world view. At this point we don’t know enough, being totally
reliant on knowledge as well as physical subsidies from nature to survive on earth. In
space there are no doors to open or neighbouring ecosystems to help correct our
mistakes. (Todd, 1977)

… these simple systems are inherently unstable and depend upon a very large invest-
ment in power for control. The probability of failure of the two-species (man and
microorganism) linkage during a long space voyage due to successional processes or
to stress is high. It would seem obvious that these simple ecosystems pose a serious
risk to the astronaut, and further work on them, as the basis for a life-support system,
should be abandoned. Above all, the narrow engineering approach cannot be applied
to bioregeneration. Organisms cannot be “designed” and “tested” like transistors or
batteries to perform “one function” or to solve “one problem”; they have evolved with
other organisms as a unit and they carry out a variety of functions which must dovetail
with other activities of the ecosystem. The “minimum ecosystem” for man must clearly
be a multispecies one. (Cooke, 1971)
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In appraising the potential costs of closed system designs one has the alternative of
paying for a complex ecosystem with self maintenance, respiration, and controls in the
form of multiple species as ecological engineering, or in restricting the production to
some reduced system like an artificial algal turbidistat and supplying the structure,
maintenance, controls, and the rest of the functions as metallic-hardware engineering.
Where the natural combinations of circuits and “biohardware” have already been
selected for power and miniaturization for million of years probably at thermodynamic
limits, it is exceeding questionable that better utilization of energy can be arranged for
maintenance and control purposes with bulky, nonreproducing, nonself maintaining
robot engineering. (H. T. Odum, 1963)

There is a kind of frustration in these quotes in opposition to conventional engineer-
ing. This sense can also be felt by reading the discussions that occurred at the
symposia on bioregenerative systems where a single ecologist tried to defend the
multispecies approach to a group of engineers and physiologists (Cooke in Cooke
et al., 1968 and E. P. Odum in Brown, 1966).

This dialogue provides perspective on the gulf between ecologists and engineers
not just in terms of design of life support systems but in more general terms. There
are differences between the ecological engineering method and the conventional
engineering method, and this text is an effort at bringing the differences to the
forefront for consideration. In terms of life support systems design, the engineers
and physiologists have temporarily won the funding battle over the ecologists, as
can be seen by the heritage of NASA’s CELSS program which involves essentially
little or no ecology (see, for example, Brechignac and MacElroy, 1997). Before the
advent of CELSS, H. T. Odum (1971) called this situation “something of a national
fiasco” because NASA had “refused to recognize that multispecies designs are
required for stability and that this energy cost is unavoidable.” No successful long-
term bioregenerative life support system has yet been designed and only time will
tell if NASA made the correct choice between alternative life support system designs.

As a side note, NASA has supported a group of ecologists who published a set
of papers on the rhetoric of closed systems (Botkin et al., 1979; Maguire et al.,
1980; Slobodkin et al., 1980). They suggest that closed systems can be a valuable
tool for developing ecological theory. Curiously, however, this group does not cite
any of the work mentioned above and does not offer any discussion of the life support
system design question. NASA also provided some support to Folsome’s microcosm
work mentioned earlier. Neither of these token efforts of support for ecological
research seems to have had an influence on NASA’s approach to life support.

As another side note, it is interesting that the case for the multispecies microcosm
was again made here in terms of life support system design as it was made earlier
in terms of ecotoxicology testing. In both cases ecologists were pitted against a rival
group, and in both cases they lost the argument for funding support.

Against this backdrop of government funded research on life support systems,
the Biosphere 2 project started in the desert north of Tucson, AZ. Biosphere 2 is an
aircraft carrier-sized (3.0 acres/1.25 ha) mesocosm originally designed and con-
structed to test human closure in a bioregenerative life support system (Figure 4.23).
It was an impressive project from several perspectives. First, it was a privately funded
project that was run by a corporation (Space Biosphere Ventures) as a for-profit
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enterprise. Second, it was much bigger than any other closed system ever attempted.
Third, it utilized to a large extent the ecological engineering approach to life support
system design, previously ignored by government sponsored research. The latter
point makes Biosphere 2 an important case study for ecological engineering.

H. T. Odum (1971) had anticipated the Biosphere 2 project in discussing a large
life support system (Figure 4.24), and he had written several grants in the 1960s for
a similar though smaller-scale project that were not funded. Biosphere 2 realized
this concept but with huge technological couplings. The project was started in 1984
and it followed a tumultuous series of events (Table 4.5). It still exists today but
with a very different focus. The original purposes of the project were “… to develop
bioregenerative and ecologically-upgrading technologies; to conduct basic scientific
and ecological research; and to educate the public in ecosystem and biospheric

FIGURE 4.23 Biosphere 2 in Tucson, AZ.

FIGURE 4.24 H. T. Odum’s early view of a closed experimental system with humans, which
was realized by Biosphere 2. Odum suggested the closed system could be “armory-sized.”
(From Odum, H. T. 1971. Environment, Power, and Society. John Wiley & Sons, New York.
With permission.)
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issues. Biosphere 2 is privately funded and is designed to be a for-profit venture,
combining eco-tourism with the excitement of ‘real-time’ science and experimen-
tation” (Nelson, 1992). A smaller pilot project, called the test module, was initially
studied (Ailling et al., 1993) in the conventional engineering tradition. Based on this
pilot project and an extensive review of the field of life support systems, the designers
built the mesocosm with several ecosystem types including soils to provide the
bioregenerative support. The design philosophy was given by Nelson et al. (1993):

Biosphere 2 … has incorporated an approach that seeks to promote and ensure the
self-organizing capabilities of living systems by deliberately replicating a typical range
of tropical and subtropical environments with their associated diversity of life forms
and metabolic pathways … To foster its diversity, Biosphere 2 includes many micro-
habitats within each ecosystem type. It was deliberately over-packed with species to
provide maximal diversity for self-organization and to compensate for unknown and
potentially large initial species losses. Environmental technologies provide thermal
control, water and wind flows, and substitutes for natural functions like waves and rain.
But the facility would not function unless the biota fulfills its essential role of using
energy flow for biomass production (including food from agricultural crops) and
ensuring closure of essential biogeochemical cycles through diverse metabolisms. The
design of Biosphere 2, which attempts to harmonize living systems with supporting
environmental technologies, unites two historical approaches to life-support systems:
the engineered and the ecological.

TABLE 4.5
Milestones in the History of Biosphere 2 near Tucson, AZ

1984 Project begins; $150 million private enterprise venture

1988 Test module experiments begin

September 26, 1991 Closure of first crew inside Biosphere 2

October 12, 1991 One of the crew leaves for finger surgery, then immediately returns.

July 21, 1992 Science advisory committee report criticizes Biosphere 2 science program

February 1993 Science advisory committee resigns

August 1993 Oxygen is injected into Biosphere 2

September 26, 1993 Biosphere 2 opens; end of first experiment

March 1994 Closure of second crew inside Biosphere 2

April 2, 1994 Takeover of old management by owner

April 6, 1994 Two of the original biosphereans break the seal letting oxygen in

September 1994 End of second experiment

November 1995 Decision is made to transfer Biosphere 2 to Columbia University for 
management

1996 The movie Biodome opens
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It is amazing how fast the project developed with less than a decade between initial
plans and final completion. This fast development stands in contrast to NASA’s
research efforts on bioregenerative life support systems, which are still incomplete
after more than 50 years of effort.

The first manned experiment consisted of enclosure of a crew of eight people
for a 2-year period from September 1991 to September 1993. During the experiment
the project became engulfed in controversy, from both the outside scientific com-
munity and the general public. An emphasis on popularization for education and
media purposes dominated the early stages of the project (Allen, 1991; Alling and
Nelson, 1993). This was a positive initiative but was not immediately backed up
with hard scientific documentation and full discussion of problems inherent in any
project of the scale of Biosphere 2. Pivotal in the controversy was the report of an
outside scientific advisory panel, which was critical of project management in some
respects but complimentary in others. Ultimately, relationships between the scientific
advisory committee and the management team broke down and the committee
resigned. Meanwhile, oxygen levels inside Biosphere 2 dropped (Figure 4.25),
threatening the health of the original crew and requiring additions from outside.
Some viewed this bailout as failure of the project, and miscommunications about
this and other problems occurred between the management team and outsiders.
Eventually the original management team was disposed of by the owner and Bio-
sphere 2 was transferred to Columbia University to be used for global change
research with no emphasis on bioregenerative technologies. While no one can know
all of the details of the events that took place in the project’s history, much can be
learned from the updates published in the News & Comments and other sections of

FIGURE 4.25 Gas dynamics for the first enclosure experiment at Biosphere 2. Note the
decline in oxygen before artificial additions were required. (From Cohen, J. E. and D. Tilman.
1996. Science 274:1150–1151. With permission.)
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Science magazine (Appenzeller, 1994; Kaiser, 1994; Stone, 1993; Watson, 1993;
Wolfgang, 1995). Was the original Biosphere 2 project judged unfairly by the
scientific community and the general public? E. P. Odum (1993), a member of the
original scientific advisory committee, wrote that Biosphere 2 represented a new
kind of science (as did Nelson and Dempster, 1993) and that it provided knowledge
that could not have been acquired by other methods (as did Avise, 1994). Surprises
occurred inside Biosphere 2 that challenged conventional thinking. For example, it
took a graduate student to interpret the missing sink in the oxygen and carbon budgets
as absorption by the concrete (Severinghaus et al., 1994). These kinds of surprises
are learning opportunities and more can be expected as results from the original
Biosphere 2 project are published (see, for example, the 1999 special issue of
Ecological Engineering devoted to Biosphere 2: Vol. 13, Nos. 1–4; Cohn, 2002;
Cohn and Tilman, 1996; Walford, 2002).

A related new development concerning life support systems and space travel is
the work being done by the Mars Society. This is an international organization of
people interested in exploration and, ultimately, colonization of the planet Mars. To
some extent the society has been initiated and inspired by Robert Zubrin’s (1996)
plan which includes use of physical–chemical resources on Mars to make return
fuel. Thus, a Mars mission would have to carry only enough fuel to get to Mars.
Once there, the explorers could make the fuel for the return trip with indigenous
resources. This approach reduces the required payload and makes the entire mission
concept much more feasible than alternative scenarios. Research to support the Mars
Society vision is being conducted with a different approach than has been used by
NASA or Biosphere 2. Table 4.6 compares some differences with emphasis on life
support initiatives. All three organizations envision greenhouse-based systems, but
the work of the Mars Society is recent and closure of the systems has not yet been
attempted. Current emphasis is on wastewater recycling in the Mars Society’s green-
house (Figure 4.26).

FIGURE 4.26 View of the Mars Society’s Desert Research Station including the habitat and
an early design for the greenhouse.
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MICROCOSM REPLICATION

Replication is an issue of experimental design rather than technical design of a
microcosm. It is included in this discussion because of its critical nature to the
“microcosm method” (Beyers, 1964) and because its consideration leads to funda-
mental questions of variability (possibly chaos) of ecosystems. In fact, replication
is one of the “minimal requirements of experimental design in ecology” (Hairston,
1989) as in any application of the scientific method. As noted by Sheehan (1989)
“the main purpose of replication is the supply an estimate of variability (error) by
which significance of treatment and control comparisons can be judged.” Thus,
replication is needed to distinguish between natural variation and variation due to a
treatment (such as introduction of a toxin into a microcosm) in an experiment. The
number of replicates required for an experiment depends on the variability of the
data being collected. As has been noted, cross seeding is used in microcosm research
to reduce this variability and thus “enhance” replication (Beyers and H. T. Odum,
1993).

Problems do arise when considering replication of microcosms. In a review of
360 microcosm experiments, Petersen et al. (1999) found that only 65% of the
studies reported the number of replicate systems per treatment, which implies that
many researchers take replication for granted. While most studies and reviews
focusing on replicability have found that it can be satisfactorily achieved in micro-
cosms (Conquest and Taub, 1989; Giesy and Allred, 1985; Isensee, 1976; Levy et
al., 1985; Takahashi et al., 1975), there is disagreement. For example, Abbott (1966)
studied replicability of 18 5-gal (19 l) glass carboy microcosms of an estuarine bay
and found that, based on coefficient of variation calculations, “… under proper
conditions aquatic microcosms show replicability comparable to that found among
other types of statistical trials. This means that groups of parallel systems can be
established and studied in rigorously defined experiments, but only on a statistical
basis.” This was the first study devoted to the question of microcosm replicability,

TABLE 4.6
Comparisons of Different Programs of Developing Life Support Systems 
for Space Activities

NASA CELSS Biosphere 2 Mars Society

Time line 1980 to present 1984–1995 1999 to present

Scale Small Large Small

Relative funding level Moderate Large Very small

Source of funding Federal Government Private Private

Pattern of project administration Vertical Vertical Horizontal

Degree of ecological engineering Low High High

Level of closure High High None yet
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and it has been often quoted in more recent studies as justification for the experi-
mental use of microcosms. However, Abbott’s study was criticized on the very same
grounds of coefficient of variation by Hurlbert (1984) and Pilson and Nixon (1980).
Furthermore, Whittaker (1961) in one of the first microcosm studies introduced the
term aquarium individuality for “the marked differences between aquaria with sim-
ilar conditions which result from minor, uncontrolled factors and are a major limi-
tation on reproducibility and statistical adequacy of the data.” Ironically though,
Abbott (1966) quotes another pasage from Whittaker’s paper as justification for the
microcosm approach. Clearly, there is some subjectivity here, and there are no clear
cut criteria on how similar replicate microcosms must be for use in experiments.
Hurlbert’s (1984) discussion is valuable in this regard as are papers reviewing the
statistical treatment of microcosm research (Chapman and Maund, 1996; Gamble,
1990; several papers in Graney et al., 1994; Sheehan, 1989; Smith et al., 1982).
Pilson and Nixon (1980) provide many practical insights on the issue. For example,
they state: “The existence of variability is a severe problem, becoming even philo-
sophically difficult to deal with. Nature herself does not replicate well. Every patch
of water follows its own course to some extent, exchanging all the while with its
surroundings. Every bay and cove is to some measurable extent unique.” They
discuss the dilemma of trying to develop a set of microcosms that replicate well but
still exhibit the variability inherent in nature. Curiously, they conclude that “the
better the microcosm the worse it replicates and, therefore, the worse it is as an
experimental tool.” They suggest long time period observations as the “way out of
this morass,” which is the opposite of most microcosm research that relies on short-
term studies to avoid the almost inevitable divergence of replicate microcosm over
time.

General results of microcosm research seem to indicate that replication becomes
more difficult to achieve as the microcosm becomes larger and as the experiment
lasts longer, but there is clear scientific value in large and long-term microcosms.
Probably the best strategy for ecological engineering as a whole is research at small
and short time scales balanced with large and long time scales.

However, it may be instructive to embrace microcosm variability and to try to
learn from it (Figure 4.27). In almost all cases (though see Sommer, 1991), micro-
cosms diverge to greater or lesser extent in characteristics over time. H. T. Odum
and Lugo’s (1970) study of forest floor microcosms is one example (Figure 4.28).
They constructed microcosms in small plastic desiccators that were incubated on
the floor of a rain forest in Puerto Rico. Each system contained clay from the forest
soil and leaf litter with seeding of one each of bromeliad, fern, lichen, moss, and a
clump of algae. After months of adaptation, “Each system developed in a special
way; thus, by the time measurements were made, the herbs in each were different.
Some chambers were well filled with leafy proliferation of one or more species, but
in each system a different species was dominant, and there were differences in the
relative quantity of photosynthetic tissue. Animal components of the soil were
different also.” The microcosms were then closed and their metabolism was studied.
They found the characteristic diurnal pattern of CO2 change with a rise in the dark
period due to respiration and a decline during the light period due to photosynthesis.
While the rates of metabolism were relatively similar between microcosms, the
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concentrations of CO2 in the atmospheres were very different, ranging from 415 to
3,400 ppm and higher, compared with the ambient 300 ppm. They concluded by
relating their findings to the idea that biological evolution might control atmospheric
composition because different species compositions generated different atmospheric
concentrations of CO2 in microcosms.

The divergence that normally occurs in replicate microcosms may be random
or perhaps an example of chaotic behavior. Chaos refers to complex pseudorandom
behavior arising in nonlinear deterministic systems. Characteristics of chaos are a
sensitive dependence on initial conditions and an increasing divergence over time
in studies of variability. The earliest studies in ecology identified chaotic behavior
in simple population equations (May, 1974b, 1976; May and Oster, 1976). This was
an important result because it demonstrated that complexity (in terms of dynamics)
could arise even from simple ecological systems. Reviews of chaos theory in ecology
are given by Cushing et al. (2003), Hastings et al. (1993), O’Neill et al. (1982), and
Shaffer (1985, 1988; Shaffer and Kot, 1985). It is very difficult to distinguish true
randomness from chaotic behavior, which is actually a form of orderly dynamics.
There is much interest in searching data sets for chaos (Godfray and Grenfell, 1993),
and perhaps the microcosm literature may be another place to look for it, especially
in terms of the importance of initial conditions in determining species compositions
or ecosystem function. Most studies of chaos in ecological systems have been

FIGURE 4.27 Cartoon view of the problem of replication of microcosms. (From Sidney
Harris, New Haven, CT. With permission.)
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theoretical analyses of mathematical equations; it remains to be seen how much
explanatory power chaos theory will have in studies of actual ecosystems.

Several other concepts exist in ecology for understanding the kind of divergence
that occurs in “replicate” microcosms. Assembly theory (Drake, 1990; Weiher and
Keddy, 1999) is one paradigm that seeks rules for understanding how different
communities can arise from different sequences of seeding. Lawton (1995) has
reviewed this literature, and interesting microcosm examples have been described
for amphibian communities in temporary ponds (Alford and Wilbur, 1985; Wilbur
and Alford, 1985), microbial lab cultures (Drake, 1990a,b, 1991; Drake et al., 1993),
fruit flies (Gilpin et al., 1986), and wetland plants (Weiher and Keddy, 1995). The
lottery model of community structure is somewhat similar in relying on historical
explanation but is based on randomness. In this approach community composition
depends on who colonizes a site first. Sale (1977, 1989) first proposed this nonequi-
librium concept to explain the local variation of fish diversity on coral reefs. The
concept of priority effects, in which the presence of one species decreases the
probability of colonization by another, has been introduced to account for some
aspects of lottery-type behavior in ecological communities (Shulman et al., 1983).
Finally, alternative stable states may explain the divergence of microcosms (see
Chapter 7 for more details on the theory of alternative stable states).

In conclusion, variability is an important consideration in microcosm research.
Replication is necessary for testing hypotheses in the scientific method and the
quality of replicates should not be ignored. However, the divergence of microcosms
is interesting in its own right, and it might be capitalized on to understand certain
aspects of ecosystem structure and function. Simberloff (1984) likened the “apparent

FIGURE 4.28 Closed terrestrial microcosm from the forest floor of a Puerto Rican rainforest.
(From Odum, H. T. and A. E. Lugo. 1970. A Tropical Rain Forest. H. T. Odum and R. Pigeon
(eds.). U.S. Atomic Energy Commission, Oak Ridge, TN. With permission.)
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indeterminancy in ecological systems,” which is similar to the issue of microcosm
replicability, to Heisenberg’s Uncertainity Principle from physics, and he suggested
its importance thus: “What physicists view as noise is music to the ecologist; the
individuality of populations and communities is their most striking, intrinsic, and
inspiring characteristic … ” In dealing with microcosms, ecological engineers must
learn to appreciate the individuality of each replicate while using replication as a
necessary feature of experimental design.

COMPARISONS WITH NATURAL ECOSYSTEMS

In many if not most cases, microcosms are intended to be models of some real
ecosystems. In this context the model is usually compared with the real analog
ecosystem in order to establish success of the design. If the model matches with the
analog, then experiments done with the model can be extrapolated to the real world.
Therefore, comparisons between microcosms and real ecosystems are important in
the microcosm method; again, Pilson and Nixon (1980) provide useful insights on
the issue. They state:

… the issue of correspondence between the living model and nature has emerged as a
major question for those doing microcosm research and for those who hope to use the
results from microcosms to develop management polices.

This issue of correspondence is a very difficult problem … . there are no generally
agreed upon qualitative or quantitative criteria for success. At this time it is not possible
to give a general objective description of a successful microcosm. We do not know
which parameters are most important to have in agreement or how similar they must
be to be considered in agreement.

And later, they continue:

Although we admit that no microcosm can ever be an exact replica of nature, we still
want them to be “not too abnormal.”

Many kinds of measurements, such as nutrient concentrations, population densities,
species diversity, biomass, or metabolism, can be compared between a microcosm
and its analog ecosystem, and the choice of measurements has been subjective in
practice. As an example, Figure 4.29 compares litterfall, which is a measure of
aboveground net productivity, for mangroves inside Biosphere 2 and in Southwest
Florida over the same annual cycle (Finn, 1996). In this particular case litterfall in
the microcosm (Biosphere 2) follows a seasonal pattern similar to the real analog
(Southwest Florida) though values are sometimes higher in the mesocosm. Gearing
(1989) provides many other examples of this kind of exercise in a review of aquatic
microcosm research.

The process of developing a realistic microcosm is itself a test of ecological
knowledge as noted in the following quotes: “… the task of assembling, maintaining,
and predicting the behavior of even moderately complex ecosystems in the laboratory
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tests our understanding to the limit.” (Lawton, 1995), and “If ecologists can learn
to construct mesocosms that replicate important characteristic of natural ecosystems,
this will provide unmistakable evidence that they really understand how these eco-
systems function” (Cairns, 1988). Thus, the ability to create microcosms that ade-
quately model real ecosystems not only allows experiments to be conducted and
extrapolated, but this ability also provides a practical measure of how well real
ecosystems are understood. This is the notion that Nixon (2001) was referring to
when he stated that “every mesocosm is a living hypothesis.”

It also may be possible to learn from microcosms that fail or from those that do
not match with natural analogs. Most researchers have not followed this line of
thinking and examples are not easy to find. One example of a system that “failed”
was embedded in the Everglades mesocosm of the Smithsonian Institution. The
problem here can be seen by comparing maps of the system soon after construction
(see Figure 7 in Adey and Loveland, 1991, p. 580) and after 7 years of self-
organization (see Figure 7 in Adey and Loveland, 1998, p. 417). This mesocosm
was intended to be an abstract model of the gradient of systems that make up a
transect across the Southwest Florida Everglades from freshwater (tank 7) through
estuarine (tanks 2 to 6) to marine (tank 1) habitats (Figure 4.15). If success is judged
by the stability of the ecological components within the tanks, then the overall system
was a success because there was little change between the initial map and the map
after 7 years of change. In fact, it was a remarkable system in containing so much
biodiversity characteristic of the Everglades in engineered gradients of tide and
salinity. However, tank 5 did change. This tank was originally intended to model a
saltmarsh system with dominance of grasses and succulent herbs, as can be seen in

FIGURE 4.29 Comparison of litterfall from the mangrove forests in Biosphere 2 and South-
west Florida. (Adapted from Finn, M. 1996. Comparison of Mangrove Forest Structure and
Function in a Mesocosm and Florida. Ph.D. dissertation, Georgetown University, Washington,
DC.)
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the map from the first edition of Adey and Loveland’s book. After 7 years, tank 5
changed to a mangrove-dominated system with white and red mangroves and man-
grove ferns, as can be seen in the map from the second edition of Adey and
Loveland’s book (Figure 4.15). The change was due to natural succession in which
mangroves were able to outcompete saltmarsh (Kangas and Lugo, 1990). In essence
then, the “failure” of tank 5 is actually a verification of a successional hypothesis.
Saltmarsh exists in South Forida either temporarily or in locations that exclude easy
mangrove establishment. However, in the close confines of the greenhouse meso-
cosm environment, saltmarsh was not able to find a refuge from the competitively
superior mangrove system and it was out-competed.

In other cases ecosystems have emerged in microcosm experiments that do not
match natural analogs due to scaling problems. Oviatt et al. (1979) found super
blooms of phytoplankton in a pelagic microcosm which were difficult to explain but
were probably due to altered light climates in the lab vs. the field. The best examples
of emerging new systems are probably those attached to walls of microcosms. These
can sometimes become interesting in themselves even though they confound the
intended systems. For example, Twinch and Breen (1978) found an attached system
develop on their limnocorrals that included about 90 snails/m2 supported by the
growth of algae on the walls. Margalef (1967) recognized the significance of these
types of wall growths in plankton experiments, even though they are unintended:

The attached species progressively invade all the flasks as time advances. The concen-
tration of organic matter on the walls and the absorption of light are new factors and
the whole pattern becomes blurred. The elegant simplicity of the experiments with
free-floating algae is lost. The brutal competition for dominance based on the rates of
increase has given way to more subtle and interminable processes and the chemostat
is prevented from attaining a stationary state. The situation is interesting as an example
of development of more organization than the experimenter desires.

His last sentence in this quote is particularly relevant in suggesting how ecosys-
tems, which surprise the experimenter by generating more organization than was
intended, can emerge. Perhaps the most unusual microcosms that indicate emergence
of new ecosystems are systems that are given control over their own inputs. The
first example of this type was an unpublished experiment by Beyers (1974; Kania
and Beyers, no date) that was diagrammed by H. T. Odum (1983) in Figure 4.30.
Here Beyers’ flask microcosms were interfaced through a pH meter to the timer that
controlled the lights in the growth chamber where the experiment took place.
Changes in pH occur diurnally with uptake and release of CO2 in photosynthesis
and respiration, respectively. Thus, the interfaced microcosm could control the
duration of lighting through its own metabolism. Figure 4.31 shows light–dark
patterns of the three replicate systems. Periods of lights “on” and lights “off” are
plotted. Two of the replicates had longer “on” periods than “off” periods and they
both eventually evolved to turn the lights on continuously. The third system had
longer “off” periods than “on” periods, and it never turned on the lights continuously.
This is a remarkable experiment that never got published for one reason or another.
This story becomes even more interesting because Petersen (1998) performed an
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FIGURE 4.30 Energy circuit diagram of Beyers’ interfaced microcosm, where the ecosystem
controlled its light source. (From Odum, H. T. 1983. Systems Ecology: An Introduction. John
Wiley & Sons, New York. With permission.)

FIGURE 4.31 Sample data sets from Beyers’ interfaced microcosms. (Adapted from Kania,
H. J. and R. J. Beyers. No date. Feedback control of light input to a microecosystem by the
system. Unpublished report. Savannah River Ecology Laboratory, Aiken, SC.)
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independent experiment as part of his dissertation research that was very similar to
Beyers’ original work, without knowledge of it. He interfaced pelagic microcosms
with an oxygen electrode and set up a routine whereby the systems could control
the length of the light and dark periods. In general, his results were similar to Beyers’
results, with the microcosms generating alternating periods of light and dark through
their metabolism (Petersen, 2001). Both of these experiments are remarkable because
they create an ecosystem that never existed previously: one that can control its energy
source. In fact, many kinds of emerging new ecosystems can be developed in
microcosms through creative ecological engineering. Every microcosm is a new
ecosystem that never existed previously, even if it is intended to model a natural
analog. Some of the most interesting microcosms may be those with strange, artificial
scaling because they show what is possible in ecosystem development. In this sense,
the differences between microcosms and their natural analogs are opportunities to
learn, perhaps about some fundamental property of a simple food chain or of a
succession sequence, or perhaps some great new truth of ecology.



167

5 Restoration Ecology

INTRODUCTION

Restoration ecology is a subdiscipline of ecological engineering that has been grow-
ing out of the need and desire to add ecological value to ecosystems that have been
degraded by human impacts. Projects range in size from less than one hectare for
an individual prairie or wetland to the entire Everglades of South Florida. It is a
very general field in that any kind of ecosystem can be restored but different actions
are required for each ecosystem type. An extensive literature, which is a useful guide
to future restorations, is developing out of the experience of practitioners. Much
work is generated by legal requirements such as the Surface Mining Control and
Reclamation Act of 1977 and the “No Net Loss” policy for wetlands, both from the
U.S. Another antecedent to modern restoration ecology was the early efforts to
improve industrial landscapes, especially in Europe (Chadwick and Goodman, 1975;
Gemmell, 1977; Johnson and Bradshaw, 1979; Knabe, 1965). Although the field can
be viewed as being a recent development, as early as 1976 an annotated bibliography
of restoration ecology included nearly 600 citations (Czapowskyj, 1976). Storm
(2002) considers restoration in the U.S. to be the basis for a growth economy because
it is attracting investment from businesses, communities, and government.

A relatively large literature involves definitions of restoration and related terms
(Bradshaw, 1997a; Higgs, 1997; Jackson et al., 1995; Lewis, 1990; National
Research Council [NRC], 1994; Pratt, 1994). In general, restoration is the term used
when a degraded ecosystem is returned to a condition similar to the one that existed
before it was altered. However, many other related terms are used as is indicated by
the titles to books on the subject: Recovery (Cairns, 1980; Cairns et al., 1977),
Rehabilitation (Cairns, 1995b; Wali, 1992), Repair (Gilbert and Anderson, 1998;
Whisenant, 1999), Reconstruction (Buckley, 1989) and Reclamation (Harris et al.,
1996). To some extent, the differences in terms relate to differences in end points
expected from the respective processes (Zedler, 1999). These end points may be
very different as indicated in Figure 5.1. Sometimes ecosystems are created on a
site which did not exist previously, as in wetland mitigation, and in other cases
entirely new systems are constructed such as the “designer ecosystems” mentioned
by MacMahon (1998) or the “invented ecosystems” mentioned by Turner (1994).

Some authors such as William Jordan III focus on conceptual approaches (Jor-
dan, 1994, 1995; Jordan and Packard, 1989; Jordan et al., 1987), while others such
as Anthony Bradshaw focus on more concrete principles (Bradshaw, 1983, 1987a,
1997a). There is a continual search for deep meaning by some workers in restoration
ecology, which has resulted in an unusually broad field. For example, Brown (1994)
uses the “prime directive” metaphor from the science fiction series Star Trek to
suggest ways of dealing with restoration actions, and Baldwin et al. (1994) provide
a book-length review of opinions from workers in art, literature, philosophy, and
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ecology about restoration. However, most workers share a sense of urgency about
the need for restoration, as noted below in the quote by Packard and Mutel (1997a):

Restoration today is similar to battlefield medicine. We learn, by necessity, from
attempts to revive torn and insulted ecosystems. The discipline profits much from
watching the results of extreme measures taken in these emergency situations. As a
result, practical knowledge is far ahead of hard science. We need as much scientific
knowledge as we can get to inform restoration decisions, but restorationists must often
act with imperfect knowledge if they are to act at all before the biodiversity they seek
to preserve disappears. Thus, restoration relies on art and intuition as well as on
objective knowledge.

Restoration ecology is an important subdiscipline of ecological engineering
because it involves the design, construction, and operation of new ecosystems. The
use of conventional engineering varies considerably across the spectrum of restora-
tion projects. Some restorations rely almost completely on the passive ecosystem
self-organization of natural succession while others are much more active, involving
costly planting programs and landscape modification with changes in geomorphol-
ogy and hydrology. The relationship between ecology and engineering has not always
been positive in this subdiscipline, as indicated by Clark (1997):

We see at present an uneasy relationship between ecology and technology, with uncer-
tainty about the proper role for each. At one extreme there is “restoration” which is

FIGURE 5.1 Different end points in various restoration processes. (Adapted from Francis,
G. R., J. J. Magnuson, H. A. Regier, and D. R. Talhelm. 1979. Technical Report No. 37. Great
Lakes Fishery Commission, Ann Arbor, MI.)
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virtually a branch of engineering. Adherents to this approach reflect the engineer’s
concern to build structures according to fixed plans and to a high precision, but not
necessarily in sympathy with natural environmental processes. Indeed, the discipline
of environmental engineering has developed in parallel to restoration ecology, and the
practical objectives are often similar. For example, environmental engineers have made
great progress in construction of wetlands for the purpose of water treatment. The
difference from ecological restoration is that these are essentially engineered structures,
perhaps requiring the building of new levees or excavating of the land in areas which
could not otherwise support wetland communities; such structures often require virtu-
ally constant aftercare. At the other extreme are the wildlife conservation organizations
which attempt to restore ecosystems with only hand tools and willing volunteers. The
problems with this approach are that it can be very slow, can only be performed at a
small scale, and the results obtained are unpredictable.

One of the reasons for this uncomfortable relationship is certainly a distaste amongst
some ecologists for the tools that technology provides. Bulldozers, herbicides, pesti-
cides, chainsaws, and high explosives are, for many conservation-minded ecologists,
the instruments of the Devil. It is using precisely these means that the damage that
they wish to put right was created. This is an attitude, which, while perhaps under-
standable, is none the less a barrier to progress. No tool in itself is bad or good; what
matters is how it is used.

Restoration ecology must improve its use of technology, and find a middle course
between these two extremes.

A goal of ecological engineering is to break down the dichotomy described
above and help create the “middle course” where both ecology and engineering are
used in a collaborative rather than an antagonistic way.

STRATEGY OF THE CHAPTER

In this chapter restoration is used as a general term to broadly cover the field.
Both policy and technical aspects are included in an effort to provide an overview.
The relationship of restoration to environmentalism is discussed first. As with
other disciplines which utilize ecology, ecological engineering is related to soci-
ety’s perception of the need to care for the environment. One particular aspect is
presented in this section due to its similarity to the engineering approach to design.
A more radical form of environmentalism that relates to engineering is also
mentioned.

Most of the chapter focuses on restoration practice. The energy signature
approach is suggested as a general, guiding principle with special attention given to
genetic inputs in restoration. Succession may be the most important tool in this
regard and is emphasized. Bioremediation is introduced as a special type of resto-
ration process. Procedural or policy aspects, including indicators of success and
reference sites, are discussed as being important issues of the field. Finally, three
case studies are described to illustrate topics covered throughout the chapter.
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RESTORATION AND ENVIRONMENTALISM

The goal of restoration ecology is the restoration of a degraded ecosystem or the
creation of a new ecosystem to replace one that was lost. The primary purpose of
these actions is to add ecological value for its own sake, rather that to provide some
useful function for society. In this sense, restoration ecology differs in emphasis
from other subdisciplines of ecological engineering such as treatment wetlands or
soil bioengineering where ecosystems are constructed to provide a useful function
first (i.e., wastewater treatment or erosion control) and to add ecological value as a
secondary objective. In fact, restoration ecology sometimes attempts to restore or
replace ecosystems to a natural state that existed before human presence was dom-
inant (except for aboriginal peoples). Thus, there is a direct and logical connection
between restoration ecology and environmentalism because of the primary focus of
restoring systems to their natural condition.

In general terms, environmentalism is a popular movement that arises from the
social desire to maintain natural ecosystems within landscapes that are dominated
by humans. In the past, when human population densities were relatively low, this
movement was motivated by idealism. However, as population densities have
increased, there is now a growing awareness that natural ecosystems provide real
life support functions for humanity as a by-product of their natural existence, which
makes the past idealism become pragmatic and adaptive. Environmentalism takes
many forms, ranging from the establishment of parkland in urban environments
through the protection of wilderness and endangered species, to the rise of political
parties based on this theme. Here, two dimensions are explored that can be tied to
engineering.

At one end of the environmentalism continuum is the application of scientific
approaches to conserving biodiversity, which is the concern of the field of conser-
vation biology. This important field combines elements of ecology and genetics
along with public policy analysis for maintaining as much of the Earth’s biodiversity
as possible. Restoration ecology and conservation biology are related because the
restored ecosystems provide habitat for species threatened by human impacts (Dob-
son et al., 1997; Jackson, 1992; Jordan et al., 1988). One activity in conservation
biology that has some similarities with engineering practice is the design of preserves
based on island biogeography (see Chapter 4). The similarities involve the use of
theoretical equations for design, which justifies reviewing the topic here.

The theory of island biogeography was outlined in the 1960s by Robert Mac-
Arthur and E. O. Wilson (MacArthur and Wilson, 1963, 1967). It basically described
the origin and maintenance of ecological species diversity on oceanic islands with
extrapolations to habitat islands, such as patches of forest in an agricultural land-
scape. The theory was explosively popular among academic scientists who applied
it to a tremendous number of situations in the 1970s and 1980s, such as caves
(Culver, 1970), mountaintops (Brown, 1971), reefs (Molles, 1978; Smith, 1979),
lakes (Keddy, 1976; Lassen, 1975), rivers and streams (Minshall et al., 1983; Sep-
koski and Rex, 1974), plant leaves (Kinkel et al., 1987), host-parasite systems
(Tallamy, 1983), and artificially constructed habitat islands (Cairns and Ruthven,
1970; Dickerson and Robinson, 1985; Schoener, 1974; Wallace, 1974). The simplest
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expression of the theory explained the number of species that could be supported
on an island as a function of the area of the island and its proximity to other islands
which act as sources of species that might immigrate. The equilibrium number of
species that could be supported is a function of the number of species available to
immigrate and the balance between immigration and extinction rates, as given by
the following equation

dS/dt = k1(ST – S) –k2 S (5.1)

where

k1(ST – S) = immigration rate
 k2S = extinction rate

S = the number of species on the island
ST = the total number of species on nearby islands that can immigrate to 

the island
k1 and k2 = proportionality constants

 t = time

Thus, when an island is first exposed to colonization, as might occur after a hurricane
removes the biota, the number of species increases due to an excess of immigration
over extinction until a dynamic equilibrium between the two processes is reached.
The number of species could decrease (or “relax”) if the area of the island declines,
as occurs when sea level rises forming land bridge islands. In this case extinction
exceeds immigration until a new equilibrium is established. The theory also drew
on the species–area curve. Area figures into the equation indirectly with the values
of the proportionality constants. In general, the extinction rate decreases as island
area increases, while immigration rate increases as island area increases. The prox-
imity to source islands also leads to increased immigration rate.

Together, these expressions formed the quantitative foundation for the island
biogeographic theory of MacArthur and Wilson. They were tested in many settings,
and generally they were found to provide explanations for species diversity patterns.
Not unexpectedly, the theory was also quickly applied to the problem of reserve
design in conservation biology, which was just emerging in the 1970s. This was an
obvious application because a reserve is like an island of natural species within a
surrounding landscape of agricultural, urban, or other human-dominated land use.
In the mid-1970s a number of papers were presented that applied island biogeogra-
phy theory to reserve design (Diamond, 1975; Diamond and May, 1976; May, 1975;
Sullivan and Shaffer, 1975; Terborgh, 1975; Wilson and Willis, 1975). Rules of
reserve design evolved from the theory of island biogeography in a systematic
fashion. Of course, the species–area equation indicated that reserves with larger
areas would support greater numbers of species, which was a desirable objective.
The species equilibrium equation also indicated that the number of species supported
in a reserve could be increased by increasing the immigration rate. This could be
achieved by placing the reserve near other reserves that provide a source of species
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for immigration or by the use of a corridor configuration to connect reserves and
facilitate migration by species. Diamond (1975) summarized reserve design princi-
ples as shown in Figure 5.2. This use of theoretical equations for the purpose of
design is reminiscent of engineering applications, such as the sizing equation given
in Chapter 2 in regard to treatment wetlands. As a first approximation, the equations
from island biogeography provide a quantitative basis for design decisions to be
made about reserves. The equations provide predictions that can be used to make
choices between alternatives and to explore the implications of possible solutions,
as in engineering. However, this application was quickly and repeatedly criticized,
especially by Daniel Simberloff and his associates (Simberloff and Abele, 1976; see
the review in Shafer, 1990), bringing up many exceptions and controversies about
the complexity of reserve design. For example, there may be situations where more
diversity is maintained in a landscape with a number of small reserves that protect
local patches of high species diversity rather than in one large reserve that is not
able to protect all of the diversity from the scattered patches. Thus, in the present
state of the art, the theory of island biogeography does not provide much valuable
insight in conservation biology (Hanski and Simberloff, 1997; Simberloff, 1997;
Williamson, 1989), but it does represent a historical example of design practice
relevant for perspective on ecological engineering.

At another extreme, environmentalism takes on passionate, emotional displays
and actions for the protection of natural ecosystems (Zakin, 1993). Perhaps the most
extreme form of such passion is ecoterrorism. “Monkey-wrenching,” for example,
involves the destruction of equipment and impairment of work of developers and
polluters who cause environmental impacts. The novelist Edward Abbey coined the
term in 1975 when he described the fictional actions (some of which are listed in
Table 5.1) of the “Monkey Wrench Gang” (George Washington Hayduke, Seldom

FIGURE 5.2 Extremes of reserve design based on the theory of island biogeography.
(Adapted from Diamond, J.M., 1975. Biological Conservation. 7:129–146.)
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Seen Smith, Bonnie Abbzug, and Dr. Alexander Sarvis). These actions ranged from
“subtle, sophisticated harassment techniques” to “blatant and outrageous industrial
sabotage,” but there was never any intention to threaten human life (Abbey, 1975).
This kind of ecoradical activity is actually being carried out, in one form or another,
by certain extreme environmental organizations. For example, it appears that one
extreme environmental group may have been responsible for destruction of structures
at a lab conducting research on genetic engineering of trees (Service, 2001). The
subject relates to the present book because well-trained ecological engineers prob-
ably would make excellent monkey wrenchers based on their balance of knowledge
between ecology and traditional engineering and their facility with destructive tech-
nology.

As an aside, one objective of Abbey’s Monkey Wrench Gang was to blow up
Glen Canyon Dam on the Colorado River near the Arizona–Utah border in order to
return the river to its natural condition. Although the Glen Canyon Dam still stands,
the gang members would be pleased to learn that dam removal is becoming a socially
accepted form of river restoration across the U.S. (Grossman, 2002; Hart and Poff,
2002).

HOW TO RESTORE AN ECOSYSTEM

Restoration is a broad subject because any kind of ecosystem can potentially be
restored or created. Some general technical principles are covered in the next sec-
tions, while procedures and policies are covered in the following sections.

TABLE 5.1
Monkey Wrenching Activities Carried Out by a Fictional Gang in Arizona

Pushing a bulldozer into a reservoir

Setting a bulldozer on fire

Destruction of an oil drill-rig tower

Removal of geophones used for seismic oil exploration

Draining the oil from diesel engines, then starting them up and letting them run without oil

Cutting barbed wire fences on ranches

Blowing up a railroad bridge used for coal transport from a strip mine

Defacing a Smokey the Bear sign put up by the U.S. Forest Service

Cutting power lines to a coal strip mine

Pouring sand and Karo syrup into fuel tanks of bulldozers

Pulling up developers’ survey stakes

Cutting up the wiring, fuel lines, control link rods, and hydraulic hoses of earth moving machines

Knocking over commercial billboards along highways

Source: Adapted from Abbey, E. 1975. The Monkey Wrench Gang. Avon Books, New York.
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THE ENERGY SIGNATURE APPROACH

One of the fundamental principles in ecology is that each ecosystem type has a
unique energy signature of sources, stresses, and other forcing functions. Thus, the
first step in restoration or creation is to ensure that the appropriate energy signature
is present on the site where restoration is to occur. Without this step, success of the
restoration project is unlikely to occur. There are obvious examples of this approach,
such as ensuring a source of water when attempting to create a wetland, but in other
cases, detailed knowledge may be needed about the ecosystem. Brinson and Lee
(1989) emphasized this approach for wetland restoration in stating “duplication of
the energy signature of the replaced wetland is the most critical design consider-
ation.” The requirement of the appropriate energy signature is also fundamental
when creating a microcosm model of an ecosystem as discussed in Chapter 4.

There are cases in which the whole restoration project revolves around restoring
the energy signature itself. At least in a general sense this is true for the multibillion
dollar effort to restore the Everglades in South Florida. Here the goal is to restore
water flows through the subtropical savanna by reengineering roads, canals, and
levees to allow water to pass more freely from Lake Okeechobee to Florida Bay
and the Gulf of Mexico. While this single action will not completely restore this
highly impacted landscape, it is the most critical aspect of the plan. Another classic
case is the restoration of Lake Washington in the Puget Sound region of Washington
State (Edmondson, 1991). This lake had been stressed by nutrient additions in
secondarily treated sewage from the city of Seattle. These discharges took place
through the 1940s and 1950s, until the sewage flows were diverted from the lake.
Cultural eutrophication occurred due to the nutrient additions, turning the lake from
an oligotrophic state with good water quality conditions to a eutrophic state with
poor water quality conditions. Characteristics of the eutrophication process were
reduced water clarity and blooms of the blue-green alga (Oscillatoria rubescens),
which were stimulated by the nutrients. After diversion of the nutrients, the lake
restored itself through self-organization, such that blooms disappeared and water
clarity increased. Thus, the lake was restored simply by removing a source (i.e.,
nutrients in treated sewage) from the energy signature that was not characteristic of
the natural lake conditions. Much of lake restoration involves this kind of approach
as surveyed by Cooke et al. (1993). A final example of restoration through manip-
ulation of the energy signature occurs with controlled flooding of Grand Canyon in
Arizona. This is a case where restoration required the recreation of a disturbance
(i.e., flooding) that was characteristic of the natural river ecosystem. The flood-pulse
concept (Johnson et al., 1995; Junk et al., 1989) of rivers emphasizes the importance
of annual flooding in affecting many physical–biological aspects of the river–flood-
plain system (see also Middleton, 2002). Flooding in Grand Canyon has been
eliminated by the reservoir storage in Lake Powell (behind Glen Canyon Dam),
which is located upstream from the canyon. Hydrology in the river is regulated by
water storage in the reservoir and by steady low-flow releases through the dam for
hydroelectric power generation. Lack of flooding has stressed the Colorado River
in Grand Canyon National Park, especially by altering fluvial geomorphology and
encouraging exotic plant species. An experimental flood was tested in 1996 and
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seems to have acted to restore certain natural conditions of the river ecosystem
(Webb et al., 1999). Pulsing of energy sources is characteristic of many — perhaps
all — ecosystems and was articulated in overview sense first by E. P. Odum (1971)
in his pulse-stability concept (see also H. T. Odum, 1982; W. E. Odum et al., 1995;
Richardson and H. T. Odum, 1981). Thus, full restoration may require pulsing
disturbances that provide for periodic system rejuvenation as part of the energy
signature. Middleton’s (1999) excellent text on wetland restoration and disturbance
dynamics supports this contention.

Although the examples described above focus on a single forcing function within
an energy signature, most restoration involves multiple sources, stresses, etc. Figure
5.3 illustrates the many inputs to strip mine reclamation with cost data for different
actions. Eleven costs are listed, ranging over an order of magnitude in cost per acre.
This complex case is probably more typical of a restoration project with a diverse
set of inputs required. In this particular case, it is interesting to note that restoration
of soils and landforms has the highest costs, while inputs from seed and fertilizer
are the lowest. This difference is indirect evidence of nature’s scaling of values in
a typical landscape. Soils and landforms represent storages that have developed over
much longer time scales than the vegetation, which is restored with seed and fertil-
izers. Cost of restoration is thus directly proportional to the scale of the storage
being restored.

FIGURE 5.3 Costs of different aspects of strip mine reclamation. (Adapted from Atwood,
G. 1975. Scientific American. 233(6):23–29.)
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The energy signature approach also has the potential to clarify semantic problems
between the different concepts in the field of restoration ecology, noted in the
introduction to this chapter (restoration vs. recovery vs. reclamation vs. rehabilita-
tion, etc.). Diagramming the energy signature and system structure in a restoration
project provides clear notions of stressors and actions needed for mitigation. In this
regard, the energy signature diagrams prepared by A. Lugo and his associates are
especially instructive. Figure 5.4 from Brown et al. (1979) is an example showing
a spectrum of different stressors and the relative difficulty involved in appropriate
restoration actions. According to the hypothesis shown in the diagram, impacts
directly involving or close to the primary energy sources are difficult to mitigate,
while impacts far up the chain of energy flow have greater opportunity for recovery.
Lugo and others produced a number of energy circuit diagrams illustrating this
concept and a complete review of them is useful, especially for those learning this
symbolic modelling language (Lugo, 1978, Figures 5 and 8; Lugo, 1982, Figure 3;
Lugo and Snedaker, 1974, Figure 1; Lugo et al., 1990, Figure 4.9).

The energy signature approach emphasizes a systems perspective, but a some-
what similar approach has evolved which portrays inputs or factors necessary to
support a particular species. This species-oriented approach attempts to quantify the
quality of a site for a particular species based on assessments of key elements. It
involves the calculation of a habitat suitability index (HSI) in a way that is reminis-
cent of an engineering design equation. Habitat is a critical concept in ecology and
refers to a place that provides the life needs (food, cover, water, space, mates, etc.)
of a species (Hall et al., 1997; Harris and Kangas, 1989). In this sense, there is one

FIGURE 5.4 Energy circuit diagram depicting the role of different kinds of stress on eco-
systems. (Adapted from Brown, S., M. M. Brinson, and A. E. Lugo. 1979. Gen. Tech. Rept.
WO-12, USDA. Forest Service, Washington, DC.)
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optimal habitat for each species, just as there is one energy signature for each
ecosystem. Historically, habitat was a qualitative concept that was best understood
after long natural history study. The HSI model approach was developed by the U.S.
Fish and Wildlife Service in order to formalize the habitat concept and to create a
quantitative tool for field personnel to evaluate the conservation value of sites. An
HSI model is an algorithm that is solved to calculate a numerical index that ranges
from 0.0 to 1.0, with 0.0 representing unsuitable habitat and 1.0 representing optimal
habitat, always relative to a particular species. More than 160 HSI models were
developed, mostly in the 1980s, each of which is a very interesting synthesis of
scattered information about a species. The algorithm of an HSI model consists of a
series of graphical assessments of individual environmental factors that are combined
in an equation to calculate the index value. For example, the HSI for muskrats (Allen
and Hoffman, 1984) includes nine separate relationships dealing with hydrology and
marsh vegetation that are used for calculating the quality of the habitat. In one sense,
this is another expression of the niche of the muskrat. Reviews of the HSI model
concept and other habitat evaluation approaches are given by Garshelis (2000) and
Morrison et al. (1992), and a problem solving exercise on the HSI is given by Gibbs
et al. (1998). In conclusion, the HSI model is useful in species-specific restoration
ecology because it indicates the key factors that must be restored or created for a
particular species. It also is useful in the larger context of ecological engineering
because it represents an approach that can be used, as could be a design equation
in traditional engineering, when restoring a habitat.

BIOTIC INPUTS

Although there are many inputs to restoration projects, the genetic inputs in the biota
that are planted or introduced are usually the primary emphasis (even though they
are not always the most costly). These inputs actually are part of the energy signature
of the project but they are practically never considered in energy units. Within the
biological realm, focus is most often on higher plants. This is appropriate because
plants almost always provide the three-dimensional structure of an ecosystem and
are necessary for full ecological development of a site.

Active planting is not a particularly complex task per se, but a great many options
and considerations are involved (Table 5.2). The basic decisions are (1) what species
to plant, and (2) what structure or life form to plant. A broad knowledge of natural
history and ecology is useful for making these decisions. For example, there are
advantages and disadvantages to seeds vs. transplanting juvenile or adult plants,
depending on the species and the site conditions. Experience is the best guide to
successful planting programs (Erickson, 1964), and a number of useful texts have
been published as aids, such as given by Galatowitsch and van der Valk (1994),
Kurtz (2001), and Packard and Mutel (1997b). Practical experience on successful
planting approaches is accumulating because of the large number of restoration
projects that are taking place in all kinds of ecosystems. Some projects are conducted
by the large industry of environmental consultants who work mostly on legally
mandated programs (such as strip mine reclamation or wetland mitigation) while
others are volunteer efforts which are often local or community-based. A side result
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of this surge in restoration ecology has been the development of commercial nurs-
eries that provide both plants and information on how to do restoration. An excellent
example that cuts across several of these areas is Environmental Concern, Inc. of
St. Michaels, MD, which is run by Edward Garbisch. Environmental Concern
includes a commercial nursery, a consulting firm, and a nonprofit educational com-
ponent. Garbisch himself is one of the pioneers in wetland restoration and ecological
engineering (see Chapter 4 in Berger, 1985), and his company has published a variety
of useful materials on wetlands including a planting guide (Thunhorst, 1993), a
curriculum plan for teachers (Slattery, 1991), and a scientific journal.

Despite the experience that is accumulating, planting programs often fail when
the species that are planted die or do not contribute significantly to the restored
ecosystem in the long run. Failures range across the gradient from large to small
projects. An example at the large scale was the U.S. Army Corps of Engineers
planting project at Kenilworth Marsh in Washington, DC. Here approximately 30

TABLE 5.2
Planting Approaches and Considerations

Direct Seeding

Seed preparation
Breaking seed dormancy
Planting time
Seeding rate
Seeding rates and competitive interference
Planting very low seeding rates
Seeding depth
Drill seeding
Interseeding
Broadcast seeding
Seed bed requirements
Aerial seeding
Hay mulch seeding
Cultipacker-type seeding
Hydroseeding

Transplanting

Planting densities for trees and shrubs
Wildings (plants from natural settings)
Sod
Bare-root stock
Container-grown stock
Cuttings
Sprigs

Source: Adapted from Whisenant, S. G. 1999. Repairing Dam-
aged Wildlands. Cambridge University Press, Cambridge, U.K. 
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acres (12 ha) of tidal freshwater marsh was planted at a cost on the order of hundreds
of thousands of dollars. A well-developed marsh ultimately self-organized on the
site but the intentionally planted species made up a relatively minor part of the plant
community after 5 years (Hammerschlag, personal communication). On a small
scale, for example, Shenot (1993; Shenot and Kangas, 1993) described the results
of plantings at three stormwater wetland sites in central Maryland. Eight species
were intentionally planted but they made insignificant contributions (less than 12%
of the total density and less than 1% of the total diversity at each site) to the plant
communities 3 to 5 years after planting. Lockwood and Pimm (1999) reviewed 87
published studies of restoration projects (mostly wetlands or prairies) for success or
failure. They found 17 failures, 53 partial successes, and 17 successes. However,
their review is biased because it considered only published studies. Many failures
probably go unpublished because they would have to report negative results. Of
course, failures are important opportunities to learn (see Chapter 9), and the publi-
cation of negative results should be especially encouraged in the field of restoration
ecology.

One cause of failure in plantings is predation by species of herbivores that are
attracted to the restoration sites. Plants in natural ecosystems have a number of
defenses against herbivores, such as spines or chemical deterrents, which limit
herbivory to on the order of 10% of net primary productivity. Exceptions occur, such
as muskrat eat-outs in marshes (see Chapter 2) and insect outbreaks, but these cases
are relatively rare. Restored sites represent new ecosystems which must self-organize
to conditions different from those experienced by natural ecosystems. One expres-
sion of this self-organization is the emergence of new food chains, which may be
undesirable to the restoration ecologist. Some of the best examples are herbivory of
wetland plants by Canada geese (Branta canadensis) and of terrestrial plantings by
white-tail deer (Odocoileus virginianus). The magnitude of herbivore impact was
demonstrated by May (in preparation) in his study of freshwater tidal marsh resto-
ration at Kenilworth Marsh mentioned earlier and at other sites along the Anacostia
River. He enclosed some plots with fence to keep herbivores away from marsh plants
(exclosures) and left other plots with no fencing as controls. In certain areas of the
marsh all vegetation was eaten by herbivores (primarily Canada geese), except those
plants protected within the exclosures (Figure 5.5). This kind of study demonstrates
the power of herbivory to determine success or failure in restoration plantings.
Whisenant (1999) describes techniques for protecting plants such as chemical repel-
lents and protective tubes. Extra cost is required to protect plantings, but it is
sometimes necessary as a safeguard against project failure.

Failures in planting projects sometimes are due to lack of accountability. Enough
projects have been conducted that common causes of failure (such as from herbivory)
should be able to be avoided. Some consulting firms who contract for restoration
work now guarantee plantings against failure, which is an encouraging indication
of the evolution of the field. However, large sums of money are still being wasted
in planting programs destined to fail. This money could surely be better invested
for conservation purposes, and restoration ecologists must always include this kind
of economic perspective in their work.
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Often ignored in restoration projects are the free biotic inputs from nearby
ecosystems. These are usually seeds that disperse into the site, germinate, and
become established. A common problem in restoration ecology is to focus solely
on the intentional plantings and to overlook the “volunteer” species that emigrate
from the surrounding landscape. These volunteers have also been called spontaneous
species (Fraisse et al., 1997; Prach and Pysek, 2001) because they spontaneously
appear at a site even though they were not intentionally planted. In many cases these
kinds of species come to dominate the site. MacLean (1996; MacLean and Kangas,
1997) was able to split a wetland mitigation site in central Maryland into four
experimental cells in which three strategies of plantings were tested: low diversity
intentional planting (11 species) of native wetland species typical of local mitigation
projects; high diversity intentional planting (132 species) of native wetland species
and others; and natural colonization without any intentional planting. The high
diversity case emphasized the multiple seeding approach in an attempt to remove
seed source as a possible limiting factor to plant community development. The
observed plant species richness after two growing seasons is shown in Table 5.3.
Some of the intentionally planted species were observed but volunteer species
dominated the diversity in all of the experimental cells. This result was even more
pronounced in terms of stem density counts from permanent plots at the site (Table
5.4). Facultative (FAC and FACW) and obligate (OBL) wetland species dominated
all of the cells in terms of observed species and in three of the four cells in terms
of numbers of individuals. Since the presence of these species is an indicator of
success for wetland creation, it is interesting to note that the cell which received no
intentional plantings had the highest number of wetland species (Table 5.3) and the
highest number of wetland individuals (Table 5.4) of all of the experimental cells.
In this case, as in many others, the surrounding landscape provided a subsidy to the
restoration project through dispersal of a high diversity of species at no cost to the
humans conducting the restoration. This kind of result suggests restoration ecologists
are either arrogant or naive in thinking that the set of species they have chosen for
intentional plantings is the most appropriate for a site. Natural selection often
demonstrates that the intentional plantings are incorrect and that volunteer species
from seed sources in the surrounding landscape are competitively superior. Unfor-
tunately, knowledge of natural recruitment is not well enough developed to reliably

FIGURE 5.5 Experimental design to test for the effects of herbivores on marsh vegetation
restoration on a mud flat (Adapted from May, P.I., in preparation.)

Exclosure
Plot

Control
Plot



Restoration Ecology 181

TA
B

LE
 5

.3
C

om
pa

ri
so

n 
of

 V
eg

et
at

io
n 

D
ev

el
op

m
en

t 
un

de
r 

D
iff

er
en

t 
R

es
to

ra
ti

on
 P

la
nt

in
g 

Tr
ea

tm
en

ts
: 

Sp
ec

ie
s 

R
ic

hn
es

s 

Se
ed

in
g

C
el

l 
1

Lo
w

 D
iv

er
si

ty
 S

ee
di

ng
C

el
l 

2
Lo

w
 D

iv
er

si
ty

 S
ee

di
ng

C
el

l 
3

N
at

ur
al

 C
ol

on
iz

at
io

n
C

el
l 

4
H

ig
h 

D
iv

er
si

ty

N
um

be
r 

of
 i

nt
ro

du
ce

d
sp

ec
ie

s
11

11
0

13
2

N
um

be
r 

of
 i

nt
ro

du
ce

d
sp

ec
ie

s 
ob

se
rv

ed
 a

ft
er

 2
 y

ea
rs

4
8

—
38

To
ta

l 
nu

m
be

r 
of

 s
pe

ci
es

 o
bs

er
ve

d
af

te
r 

2 
ye

ar
s

80
83

43
99

Pe
rc

en
t 

of
 t

he
 o

bs
er

ve
d 

co
m

m
un

ity
th

at
 i

s 
m

ad
e 

up
 o

f 
fa

cu
lta

tiv
e 

or
ob

lig
at

e 
w

et
la

nd
 s

pe
ci

es

75
72

86
72

N
ot

e:
D

at
a 

ar
e 

fo
r 

th
e 

nu
m

be
r 

of
 s

pe
ci

es
 t

ha
t 

w
er

e 
ob

se
rv

ed
 i

n 
th

e 
m

iti
ga

tio
n 

w
et

la
nd

 c
el

ls
.

So
ur

ce
:A

da
pt

ed
 fr

om
 M

ac
L

ea
n,

 D
. a

nd
 P

. K
an

ga
s.

 1
99

7.
 P

ro
ce

ed
in

gs
 o

f t
he

 2
4t

h 
A

nn
ua

l C
on

fe
re

nc
e 

on
 E

co
sy

st
em

s 
R

es
to

ra
ti

on
 a

nd
 C

re
at

io
n.

 H
ill

sb
or

ou
gh

 C
om

m
un

ity
C

ol
le

ge
. 

Pl
an

t 
C

ity
, 

FL
. 



182 Ecological Engineering: Principles and Practice

TA
B

LE
 5

.4
C

om
pa

ri
so

n 
of

 V
eg

et
at

io
n 

D
ev

el
op

m
en

t 
un

de
r 

D
iff

er
en

t 
R

es
to

ra
ti

on
 P

la
nt

in
g 

Tr
ea

tm
en

ts
: 

St
em

 D
en

si
ty

 

Se
ed

in
g

C
el

l 
1

Lo
w

 D
iv

er
si

ty
 S

ee
di

ng
C

el
l 

2
Lo

w
 D

iv
er

si
ty

 S
ee

di
ng

C
el

l 
3

N
at

ur
al

 C
ol

on
iz

at
io

n
C

el
l 

4
H

ig
h 

D
iv

er
si

ty

Pe
rc

en
t 

of
 t

he
 s

am
pl

ed
 c

om
m

un
ity

af
te

r 
2 

ye
ar

s 
th

at
 w

as
 o

ri
gi

na
lly

in
tr

od
uc

ed

0.
8

4.
5

—
35

.6

Pe
rc

en
t 

of
 t

he
 s

am
pl

ed
 c

om
m

un
ity

af
te

r 
2 

ye
ar

s 
th

at
 c

ol
on

iz
ed

na
tu

ra
lly

99
.2

95
.5

10
0

64
.4

Pe
rc

en
t 

of
 t

he
 s

am
pl

ed
 c

om
m

un
ity

af
te

r 
2 

ye
ar

s 
th

at
 w

as
 m

ad
e 

up
of

 f
ac

ul
ta

tiv
e 

or
 o

bl
ig

at
e 

w
et

la
nd

sp
ec

ie
s

71
.9

75
.3

95
.8

39
.0

N
ot

e:
D

at
a 

ar
e 

ba
se

d 
on

 t
he

 n
um

be
r 

of
 p

la
nt

s 
th

at
 w

er
e 

sa
m

pl
ed

 i
n 

11
 q

ua
rt

er
 m

et
er

 s
qu

ar
e 

qu
ad

ra
nt

s 
in

 e
ac

h 
of

 t
he

 m
iti

ga
tio

n 
w

et
la

nd
 c

el
ls

.

So
ur

ce
:A

da
pt

ed
 f

ro
m

 M
ac

L
ea

n,
 D

. a
nd

 P
. K

an
ga

s.
 1

99
7.

 P
ro

ce
ed

in
gs

 o
f t

he
 2

4t
h 

A
nn

ua
l C

on
fe

re
nc

e 
on

 E
co

sy
st

em
s 

R
es

to
ra

ti
on

 a
nd

 C
re

at
io

n.
 H

ill
sb

or
ou

gh
C

om
m

un
ity

 C
ol

le
ge

, 
Pl

an
t 

C
ity

, 
FL

.



Restoration Ecology 183

predict the quantity or quality of biotic inputs of volunteer species, and this probably
explains the continued inefficient reliance on intentional plantings in restoration
projects.

Recruitment of species through natural dispersal involves several processes. This
is sometimes termed supply side ecology, using an economic metaphor because it
involves the rate of production of individuals (i.e., the supply) at the site (Fairweather,
1991; Roughgarden et al., 1986; Underwood and Fairweather, 1989; Young, 1987).
Figure 5.6 illustrates the processes involved for a plant�species, showing the sequen-
tial reduction in numbers of initially available individuals as seeds relative to the
number that ultimately become established as adult plants. Of course, the seed life
stage is initially critical. Seed ecology of a site involves a number of aspects including
seed budgets (see, for example, Kellman, 1974) and seed banks (Leck et al., 1989;
Roberts, 1981). Understanding flows of seeds in dispersal is important when con-
sidering free inputs to a restoration site (Chambers and MacMahon, 1994), but
storages in seed banks are also being actively manipulated in restoration projects
(Brock and Britten, 1995; Maas and Schopp-Guth, 1995; van der Valk et al., 1992).
Access to naturally occurring seed sources is an important design issue in any
restoration project and inputs of volunteer species can be a significant free subsidy
to a project.

There are then two sources of biotic inputs in any restoration project: intentional,
artificial plantings (either seeds, juveniles, or adults) and natural colonization through

FIGURE 5.6 Sequential losses of individuals during the recruitment process for plants.
(Adapted from Uhl, C. 1988. In E. O. Wilson (ed.). Biodiversity. National Academy of
Sciences, Washington, DC.)
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seed dispersal. Either the intentional plantings or the natural colonization may
dominate the final plant community, but a generalization seems to be emerging that
species arriving through natural colonization are more successful when seed sources
are near than those intentionally planted by humans. Success of any planting program
is determined by natural selection operating on the total biotic input to a site. Thus,
the biota self-organizes into a community that exists until conditions change. This
process is often called self-design in restoration ecology in recognition of the fact
that nature ultimately determines the composition of restored or created communi-
ties. Because nature rather than humans selects successful species and because
intentional plantings are often expensive, the rationality of planting programs is
being examined with greater scrutiny. The question of whether “to plant or not to
plant” is being asked (Harmer and Kerr, 1995; Kentula et al., 1992) and self-design
is being evaluated as a viable restoration strategy more widely (Middleton, 1999;
Whisenant, 1999). William Mitsch is a leader in this effort for wetlands (Metzker
and Mitsch, 1997; Mitsch, 1995b, 1998a, 2000; Mitsch and Cronk, 1992; Mitsch

FIGURE 5.7 Cross section of an idealized mycorrhizal fungus showing both VA and ecto-
mycorrhizal feature. (From Whitford, W. G. and N. Z. Elkins. 1986. Principles and Methods
of Reclamation Science. With Case Studies from the Arid Southwest. C. C. Reith and L. D.
Potter (eds.). University of New Mexico Press, Albuquerque, NM. With permission.)
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and Wilson, 1996; Mitsch et al., 1998) and his long-term, system-wide studies may
be the most effective way to determine the optimal planting strategy.

A final consideration concerning biotic inputs is mutualism or symbiotic rela-
tionships between organisms. Mutualisms can be critical to the successful establish-
ment of certain species. Animals in particular may play roles in this context when
their actions are necessary for plant survival (Handel, 1997; Majer, 1997). Enhancing
bird use of a site by providing perches is one example that increases dispersal of
certain plant species (McClanahan and Wolfe, 1993; Robinson and Handel, 1993).
Perhaps the most important mutualism in regard to restoration is the relationship
between certain plants and mycorrhizal fungi. This mutualism occurs in the roots
(Figure 5.7), and mycorrhizae literally means “fungus root.” There are two econom-
ically important types of these fungi: ectotrophic and endotrophic (vesicular–arbus-
cular), which differ in their morphology. The fungi acquire all of their carbon for
nutrition from the plant and, in return, they aid in nutrient uptake. For both kinds
of mycorrhizae, the thallus is located within the cortex of the root, but most of the
fungal biomass is in hyphal threads that grow into the surrounding soil. Ectotrophic
mycorrhizae directly contribute to the breakdown of soil organic matter, while
endotrophic mycorrhizae are especially efficient at nutrient uptake. It is well known
that mycorrhizae stimulate host plant growth, and they have even been considered
to be keystone species because of this role (Lodge et al., 1996). Their function in
restoration ecology is reviewed by Haselwandter (1997), Miller (1987), and Miller
and Jastrow (1992). Although strong mutualistic relationships between species such
as mycorrhizae are relatively uncommon in nature, E. P. Odum (1969) suggests that
they are characteristic of mature ecosystems. Thus, mutualisms should be encour-
aged in restorations, and their presence is an index of a successful project, according
to E. P. Odum’s criteria.

SUCCESSION AS A TOOL

Succession is the process through which ecosystems develop over time (see Figure
4.3 in Chapter 4). As such it is one of the fundamental concepts in ecology (Golley,
1977; McIntosh, 1981). Disturbance is the normal trigger for succession to begin,
and different kinds of succession are recognized (primary vs. secondary), depending
on the degree to which the ecosystem is set back in the development process. Species
abundances change sequentially as succession proceeds because no species is
adapted to the full range of environmental conditions that occur at a site from the
early pioneer stages through the later, mature stages. Classifications of species
strategies in relation to succession have been proposed such as r- vs. K-selection
(MacArthur and Wilson, 1967; Pianka, 1970), where the letters refer to coefficients
in the logistic population growth equation (see Eq. 3.4). The r-selected and K-
selected species form ends of a gradient of adaptation in this theory. The r-selected
species have short life-expectancy, large reproductive effort, and low competitive
ability, while K-selected species have the opposite: long life-expectancy, small repro-
ductive effort, and high competitive ability. Thus, in relation to the logistic equation,
r-selected species emphasize high reproductive rates and are likely to occur in early
succession when resources are not limiting. K-selected species emphasize high
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competitive ability, which is important when resources become limiting, as occurs
in later successional stages. Applications of this theory have been criticized, but it
is still elegant and useful as a generalization. Grime (1974, 1979) offered a slightly
more complicated classification for understanding species strategies: competitive
(similar to K-selected), ruderal (similar to r-selected), and stress-tolerant. His clas-
sification is especially significant because of the distinctions drawn between the
concepts of stress and disturbance. According to Grime, stress is a forcing function
that effects production, while disturbance is a forcing function that effects biomass.
Dominance of either stress or disturbance leads to different life history patterns in
a predictable fashion. MacMahon (1979) provides a model for different plant life
forms in relation to Grime’s classification.

A rich variety of life history classifications exists in the literature, sometimes
with quite evocative names attached to different strategies: “spenders” vs. “savers”
(During et al., 1985), “fugitives” (Hutchinson, 1951; Horn and MacArthur, 1972),
“gamblers” vs. “strugglers” (Oldeman and van Dijk, 1991), “bet-hedgers” (Stearns,
1976), and “supertramps” (Diamond, 1974). Van der Valk’s (1981) classification is
particularly detailed for freshwater wetland plants. Twelve basic life history types
are recognized based on three key traits (life span, propagule longevity, and
propagule establishment requirements). This classification was developed during
long-term studies of succession in prairie wetlands and has been advocated for use
as a basis for wetland restoration (Galatowitsch and van der Valk, 1994; van der
Valk, 1988, 1998). Whigham (1985) also has successfully applied van der Valk’s
approach to understanding vegetation in treatment wetlands. Clearly, knowledge of
life history patterns can significantly improve restoration plans by aiding in making
appropriate choices of species for intentional plantings. Other important references
on life history and succession are given by Huston and Smith (1987), Noble and
Slatyer (1980), and Whittaker and Goodman (1979).

Succession can be considered both at the population scale, as noted above in
terms of species strategies, and also at the ecosystem scale where patterns of change
in nutrient cycling and energy flow take place over time. E. P. Odum’s (1969)
summary is a good introduction to ecological change at both scales.

There is a direct connection between succession and restoration because both
concern ecosystem development over time. Some restoration ecologists, especially
those who work in terrestrial systems, hold the view that the goal of restoration is
to accelerate succession (Bradshaw, 1987) or to otherwise shorten it (MacMahon,
1998). In this sense, succession is used as tool for restoration efforts. Kangas
(1983a,b) examined this idea with a simulation model of succession as applied to
strip mine reclamation for phosphate mines in central Florida. The model included
three stages of succession characteristic of the southeastern U.S. (Figure 5.8) with
grass as the pioneer stage, pine trees as the intermediate stage, and hardwoods as
the mature or climax stage. Transitions between stages were controlled by shading
and the development of a litter layer that regulated seed germination. Figure
5.9 compares the standard run of the model without manipulation to a simulated run
with high amounts of seeding and litter addition, as might occur in restoration efforts.
In this case, the time to the mature, climax stage of succession was reduced by one
half, from 60 years in the standard run to 30 years in the simulation. This type of
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work suggests that succession can be managed to reduce cost of restoration projects
and to increase the ecological value of the resulting systems. The idea of using
succession as a tool is to take a systems perspective to restoration. Thus, the goal
is “to plant a forest, not trees.” In other words, a mature, complex ecosystem is the
result of multiple successional stages at a site over time, and it is difficult and costly
to skip these stages in restoration. Knowledge of successional history is fundamen-
tally important for understanding and restoring complex ecosystems. Luken (1996)
provides a summary of the use of succession as a tool with many examples of
strategies related to ecosystem restoration and creation.

While knowledge of succession is clearly useful in restoration ecology, it may
have another, more abstract use that is related to engineering. This is the idea of
succession as a form of computation and therefore as an abstract tool for problem
solving. Several concepts of biology have acted as guides or models for computa-

Equations for the storages are given below:
�

Q1 = K2Q1R1 – K3Q1 – K4Q1(+S1 IF R2 < T3 AND Q4 < T1)    (1)
�

Q2 = L2Q2R2 – L3Q2 – L4Q2(+S2 IF Q4 > T2)                             (2)
�

Q3 = M2Q3R3 – M3Q3 – M4Q2 + S3                                                                   (3)
�

Q4 = K4Q1 + L4Q2 + M4Q3 – N1Q4                                           (4)

R1 = J/(1 + K1Q1)                                                                        (5)

R2 = R1/(1 + L1Q2)                                                                      (6)

R3 = R2/(1 + M1Q3)                                                                    (7)

FIGURE 5.8 Energy circuit model of succession on abandoned phosphate mines in Florida.
(Adapted from Kangas, P. 1983b. Analysis of Ecological Systems: State-of-the-Art in Ecolog-
ical Modelling. W. K. Lauenroth, G. V. Skogerboe, and M. Flug. (eds.). Elsevier, Amsterdam,
the Netherlands.)
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tional development, and succession is likewise a possible candidate (Table 5.5). The
algorithmic or recursive nature of succession suggests this use. Succession is often
portrayed with flowchart diagrams (Figure 5.10) that perhaps could be the basis for
computational development through some form of translation. The key to this use
is to understand what kinds of problems that the succession algorithms might solve.
Evolution has proven to be a very robust model which has been used as a basis for
several kinds of evolutionary computation, especially based on optimization (Fogel,
1995, 1999). However, evolution solves different problems than succession. Perhaps
the traveling salesman problem is a model for the type of problem that succession
solves. This is a kind of minimum-distance problem where the salesman in the
metaphor has to find the shortest possible path between a number of towns, each of

FIGURE 5.9 Comparison of simulation runs of the phosphate mine simulation model from
Figure 5.8. (A) Standard run. (B) Result of increasing the seeding rate 1000 times and adding
litter. (Adapted from Kangas, P. 1983b. Analysis of Ecological Systems: State-of-the-Art in
Ecological Modelling. W. K. Lauenroth, G. V. Skogerboe, and M. Flug. (eds.). Elsevier,
Amsterdam, the Netherlands.)
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TABLE 5.5
Areas of Computational Biology 

Biological Analog Computational Expressions References

Evolution Genetic algorithms
Artificial life
DNA computers

Goldberg, 1989; Mitchell, 1996
Langton, 1989; Levy, 1992
Lipton and Baum, 1996

Intelligence Artificial intelligence
Computational neuroscience

Feigenbaum and Feldman, 1963
Schwartz, 1990; Von Neumann, 1958

Social insect behavior Distributed programming Bonabeau et al., 1999

Immunology Computer security programs Dasgupta, 1999

Succession Successional computation This text

FIGURE 5.10 A successional algorithm diagram for developing diversity in a model com-
munity. (Adapted from Drake, J. A. 1990a,b. TREE 5:159–164.)
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which must be visited only once (Haggett and Chorley, 1969; Lowe and Moryadas,
1975). The different stages that succession passes through might be analogous to
the towns that the salesman must visit. In this context the succession diagram with
multiple pathways in the old ecological literature might provide a library of possible
solutions to minimum-distance problems. However, these diagrams only show the
successful links, and it may be necessary to have knowledge about links that have
been selected against (i.e., towns not visited by the salesman or possible successional
stages that don’t occur). The travelling salesman problem is addressed with ant
colony behavior by Dorigo and Gambardella (1997).

What is being suggested here is not a simulation model, such as shown in Figure
5.8, but rather a more generalized algorithm that could be adapted for abstract
problem solving. H. T. Odum’s (1971) loop reinforcement model may represent a
possible starting point because it includes both a feedback phase and a selection
phase, like evolution or learning (Figure 5.11). The quote listed below provides a
summary of H. T. Odum’s (1971) concept:

FIGURE 5.11 Two different views of the loop reinforcement model. This model represents
the self-organization process in succession. (From Odum, H. T. 1971. Environment, Power,
and Society. John Wiley & Sons, New York. With permission.)
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Consider the central principle of self-design, which is often misunderstood and opposed
as nonmechanical teleology by those who do not understand the network nature of the
environment. Systems readily develop towards their successful purpose by a process
which essentially may be the same essence as thinking of the brain. Systems have
purpose just as people do, for both are highly mechanical and readily understood as
causal processes. The self-organizing process by which a system develops a network
of insulated mineral and food pathways is a special case of a process that may be
termed in circuit nomenclature as “loop reinforcement” … .

If the various possible pathways which are first attempted by organisms invading or
evolving in a place are greater in number and variety than those which can emerge
finally on the available energy budget, the ones which will prevail will be those that
have a positive feedback loop since these are reinforced by resources which are drained
away from those circuits not receiving loop reinforcement. In other words, the processes
believed to occur in learning within an organism and the process of organizing an
ecosystem are essentially the same … An ecosystem is learning when it is under
successional development.

Information about succession is stored in the collective trophic and life history
strategies of species that exist in the seed sources and seed banks of the landscape.
This information is transmitted through time as succession proceeds and is a template
for future successions. Margalef (1968) outlined similar mechanisms in his discus-
sion of succession.

The goal in the computational effort proposed above is to develop the concept
of the ecosystem as a computer. H. T. Odum (1971) briefly outlined this perception
when he wrote a short section entitled An Ecosystem as Its Own Computer. His main
thrust was to develop simulation models, but a new kind of network epistemology
can be seen to emerge from his work (Kangas, 1995). Michael Conrad (1995; Conrad
and Pattee, 1970) also has contributed to this work and suggests alternative
approaches. The notion of the ecosystem as a computer is the ultimate in the machine
analogy (see Chapter 7).

If succession can be harnessed as a form of computation, it might open a whole
new area of computational biology. Perhaps the next generation of ecological engi-
neers who learn enough about both engineering and ecology can bridge the present
gaps in knowledge and will be able to develop this possibility.

BIOREMEDIATION

In some cases restoration may take the form of bioremediation. This approach covers
any system that utilizes natural, enhanced, or genetically engineered biological
processes to alleviate a pollution problem (Cookson, 1995). In practice, bioremedi-
ation usually refers to microbial systems (primarily bacteria and/or fungi) that
degrade the pollutant through biological metabolism (i.e., biodegradation). Thus, the
pollutant becomes part of the energy signature for these systems. The microbiologist
Martin Alexander (1973, 1981) was the first to outline the use of microbes for
bioremediation of pollution sources. He put forward the principle of microbial
infallibility which states that no natural organic compound is totally resistant to
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biodegradation, given the appropriate environmental conditions (Alexander, 1965).
This is an important idea that is fundamental to all natural ecosystems in relating
to biogeochemical cycling. The principle might be restated by saying that nature
always recycles. Alexander recognized that some man-made compounds (sometimes
termed xenobiotics) resist biodegradation and consequently persist and accumulate
in the environment. These are considered to be recalcitrant due to their chemical
structure in terms of molecular form and bond sequences. Recalcitrant compounds
are of special interest to biochemists because their chemical structure is so exotic
that microbes lack enzymes to break them down. Overcoming the barriers to bio-
degradation of recalcitrant compounds is a primary goal of bioremediation, and
Alexander (1994) believes microbial metabolism ultimately can be managed or
engineered for this purpose.

The first application of bioremediation that is widely recognized as being suc-
cessful occurred in 1989 at the Exxon Valdez oil spill in Alaska [Office of Technology
Assessment (OTA), 1991]. Oil from the tanker contaminated more than 100 miles
(160 km) of beaches along Prince William Sound. Bioremediation was tested by
adding fertilizer to the contaminated beaches in order to stimulate natural microbes.
Biodegradation was accelerated as much as fourfold over control beaches that did
not receive fertilizers. The results of this experiment encouraged much work on
bioremediation throughout the 1990s. The two basic methods of bioremediation
involve in situ (on site) and ex situ (in bioreactors) applications. In situ methods
work for low levels of contaminants and include two kinds of additions to the
environment. Biostimulation involves the addition of nutrients which otherwise limit
biodegradation by indigenous microbes. Bioaugmentation involves the addition of
microbes to the site for cases where the local microflora lacks appropriate species
to carry out biodegradation. Ex situ methods work for high levels of contaminants
where more control over environmental factors such as temperature and pH is
necessary. A final method that can be carried out either in situ or ex situ is the use
of microbes that have been genetically engineered for enhanced biodegradation. This
approach is highly regulated because of risks associated with introducing these exotic
species to the environment (see Chapter 7). One idea that is being studied as a
countermeasure is to engineer self-destruct genes into the genetically engineered
microbes so that after they break down a pollutant, they will die off and not become
invasive. However, use of genetically engineered species is still experimental and
not yet a major factor in commercial applications of bioremediation.

Phytoremediation relies on plants for pollutant cleanup (Brown, 1995; Susarla
et al., 2002). The primary mechanism is uptake by roots and incorporation into
biomass, though other techniques involving oxygenation of the rhizosphere also are
used. Some examples of species used in phytoremediation were mentioned in Chap-
ter 2 in relation to sewage treatment: Lemna (duckweed), Typha (cattail), and Eich-
hornia (water hyacinth). This approach is best developed for a special class of plants
called hyperaccumulators (Brooks, 1998). These plants take up and store much
higher concentrations of heavy metals compared with normal plants. Examples
include mustard plants (Brassica sp.) and sunflowers (Helianthus sp.). The method
is to grow plants in contaminated soil or water and to harvest their biomass as a
way to concentrate and remove the pollutants. This is the same approach used in
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the algal turf scrubber technology described in Chapter 2. The harvested biomass
which is now contaminated must be disposed of either by landfilling or by inciner-
ation. Genetic engineering is being studied for enhancing phytoremediation poten-
tials but existing applications rely on plants that are naturally preadapted for high
uptake rates. Phytoremediation is a relatively new approach for pollutant cleanup
and new candidate species are being sought. The spring ephemerals of temperate
zone deciduous forests are a group that might lend themselves to phytoremediation.
These plants grow quickly and complete their life cycles during the spring time, for
the most part before the overhead canopy of trees leafs out. Familiar species of the
eastern U.S. include spring beauties (Claytonia sp.), mayapple (Podophyllum
peltatum) and jack-in-the-pulpits (Arisaema sp.). These wildflowers are a diverse
group with significant nutrient uptake capacity due to their fast growth (Blank et
al., 1980). In fact, Muller and Bormann (1976) suggested that spring ephemerals act
like a “vernal dam” in absorbing nutrients that might otherwise be lost to the forest
nutrient cycle due to leaching by snow melt and spring showers. Could the spring
ephemerals be used in some kind of horticultural design for phytoremediation?
Another candidate system might be the tropical rain forest subsystem of tree roots
and fungal mycorrhizae that carry out direct recycling in the litter layer and upper
soil layers. The direct-recycling hypothesis was put forth by Went and Stark (1968a,
1968b) from observations made in an Amazonian rain forest. The idea is that
nutrients tend to cycle directly in the tropical trees from decomposing litter back
into roots without passing through the mineral soil. The mycorrhizae act as “nutrient
traps” by contributing to both decomposition and nutrient uptake (see Figure 5.7).
This adaptation is important in tropical rain forests because leaching due to high
rainfall can cause rapid removal of nutrients from the rooting zone of the soil. The
Went and Stark hypothesis has been supported by experimental work (Herrera et
al., 1978; St. John, 1983; Stark and Jordan, 1978) and indications of direct recycling
have been found more widely in forests outside of the tropics (Fogel, 1980).

Other, less well-known systems also fall under the heading of bioremediation.
For example, John Todd adapted his living machine concept (see Chapter 2) to create
a lake restorer system (Todd, 1996a). This is a living machine that floats on a raft
on a water body and acts to improve water quality by recirculating water through
the system. Water is pumped on to the raft, where it flows through the living machine
and then it is discharged back to the water body. Treatment takes place by the same
kinds of processes that occur in a treatment wetland (see Table 2.3). An interesting
feature of lake restorers is their autonomy. Todd has used a windmill to provide
power to run the pump on his systems and a group of University of Maryland students
(Yaron et al., 2000) has used solar power (Figure 5.12). The autonomy of these
systems means that once created, they theoretically can act independently and with
little maintenance. Development of lake restorers is still in early stages but they
represent a very interesting state-of-the-art design in ecological engineering, espe-
cially because of their potential for autonomous behavior and self-organization. The
largest lake restorer built by Todd’s group is located in Berlin, MD, on the eastern
shore of the state (Shaw, 2001). This system provides final treatment of wastewater
from a poultry processing plant. The restorer is located in a lagoon that has been
formed into a meandering channel by the installation of curtains of artificial textile
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that extend from the surface down to the sediments. The restorer system consists of
three components: floating piers with racks of aquatic plants that extend out into
the channel, the plankton in the channel, and the curtains which are covered with
attached macroinvertebrates. Unlike the smaller, autonomous lake restorers, this
large system treats the wastewater as it flows through the lagoon. Treatment occurs
by spiraling between the three component subsystems as the wastewater moves along
the channel (Figure 5.13).

FIGURE 5.12 Views of the University of Maryland lake restorer ecosystem. (Adapted from
Yaron, P., M. Walsh, C. Sazama, R. Bozek, C. Burdette, A. Farrand, C. King, J. Vignola, and
P. Kangas. 2000. Proceedings of the 27th Annual Conference on Ecosystems Restoration and
Creation. P. J. Cannizzaro (ed.). Hillsborough Community College, Plant City, FL.)
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Suspension feeding bivalves also have been used as a form of bioremediation
to control phytoplankton and, therefore, eutrophication of aquatic ecosystems. The
filtration of the water column by bivalves during feeding removes phytoplankton
and reduces turbidity. Nutrients are transferred from the pelagic zone to the benthos
either by biodeposition in feces or psuedofeces (materials which are ingested but
quickly rejected) or by incorporation into bivalve biomass. This approach has been
shown to be effective for natural reefs of oysters (especially Crassostrea virginica)
and beds of mussels. Officer et al. (1982) provide quantitative relationships showing
criteria under which bivalves can control phytoplankton, based on prey–predator
equations. Reviews are given by Dame (1996, 2001), Levinton et al. (2001), and
Strayer et al. (1999). It has been further suggested that bivalves can be used, through
a form of biomanipulation (see Chapter 7), to actively control eutrophication. Thus,
Ulanowicz and Tuttle (1992) showed with a simulation model that oyster reef
restoration and raft culture could significantly impact eutrophication in the Chesa-
peake Bay, and Wisniewski (1990) experimentally demonstrated techniques for
enhancing zebra mussel (Dreissena polymorpha) filtration with artificial substrates
in Poland. Raft culture in particular has been shown to have very high production
rates of shellfish for food (Ryther, 1969), and therefore, it has potential for use in
eutrophication control. Other suspension feeders, such as sponges on coral reefs
(Diaz and Rutzler, 2001), along with polychaetes (families Sabellariidae and Ser-
pulidae) and gastropods (family Vermetidae) that form reefs in tropical estuaries
(Mohan and Aruna, 1994; Pandolfi et al., 1998; Schiaparelli and Cattaneo-Vietti,
1999), have high filtration rates and may be candidates for future ecological engi-
neering design for bioremediation.

PROCEDURES AND POLICIES

Procedures and policies have evolved along with the technical knowledge about
restoration ecology. Procedures involve methods for organizing and understanding

FIGURE 5.13 Spiraling wastewater treatment in the Ocean Arks’ lake restorer at the Tyson
Food’s poultry processing plant in Berlin, MD.
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restoration projects so that knowledge developed from them can be effectively
utilized in decision making. In turn, because of the success of restoration ecology
and its methodologies, public policies have emerged that mandate restoration of
certain environmental impacts.

MEASURING SUCCESS IN RESTORATION

A number of procedures have been developed to ensure success of restoration
projects. These procedures address methodological challenges that are inherent in
restoration. Clewell and Rieger (1997) provide a list of 15 of these issues with
discussion of each problem and of possible solutions. Several of the most important
issues are discussed below.

Perhaps the most critical procedure to be followed in restoration ecology is to
have some kind of monitoring program for a restoration project that will provide
data on the development of the restored ecosystem. Monitoring data is the basis for
adaptive management. In this approach data on the ecosystem are compared with a
target or set of target goals. If the monitoring data match with the target, then the
restoration is making successful progress and no action is required. However, if the
monitoring data do not match with the target, then some remedial measures should
be taken. There are many ideas on how to conduct monitoring programs and on how
to establish appropriate target goals, but as noted by Cairns (1986) below, there is
little agreement on standards to follow:

The probability of achieving anything approaching a professional consensus on the
relative importance, reliability, replicability, measurement, interpretation, and a variety
of other issues regarding end points at the community and ecosystem level is small.

Thus, restoration procedures are essentially subjective and will always be open to
debate.

One of the most fundamental issues with restoration projects is what to measure.
There are a large number of possible parameters that could be measured in an
ecosystem (see for example E. P. Odum’s [1969] list of 24 attributes as a starting
point), but it is not possible on practical grounds, alone, to measure everything.
Some single measure or set of measures must be choosen for tracking progress and
establishing end points for restoration. In many cases there are obvious choices. For
example, when restoration involves an active planting program, the survival and
reproduction of the intentionally planted species must be a consideration. These
species are judged to be desirable and their presence indicates success of the project.
Conversely, invasion by undesirable species (see Chapter 7) indicates failure of the
project and triggers remedial action. This particular attitude about invasive, exotic
species is deeply engrained in restoration science to the degree that the Society of
Ecological Restoration has established a formal bylaw against the use of exotic,
nonnative species in restoration projects.

A number of measures of ecosystem structure and function have been used for
evaluating restoration projects depending on ecosystem type and preference of the
researcher. In some cases individual parameters are used as indicators of the overall
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ecosystem, such as ant abundance (Andersen and Sparling, 1997; Majer, 1983) or
decomposition rate (Durall et al., 1985; Lawrey, 1977) for terrestrial systems and
phosphorus concentration (Dillon and Rigler, 1975) for lakes. In these cases the
individual parameters used as indicators are judged to have special importance in
the particular ecosystem context under consideration. Different individual
parameters of the ecosystem develop at different rates. Thus, as mentioned earlier,
marsh vegetation was restored quickly at Kenilworth Marsh in Washington, DC, but
the development of organic matter content in the soil has lagged far behind (Kassner,
2001).

In other cases, sets of parameters are combined together into composite indices,
such as with the wetland evaluation technique (i.e., WET, see Adamus, 1988) or the
lake trophic state index (Carlson, 1977; Lambou et al., 1983). One of the best known
indices is the Index of Biotic Integrity (IBI) developed by James Karr (1981, 1991;
Karr and Chu, 1999) which was initially used for stream fish communities but has
been applied more widely over time. The IBI consists of a series of attributes, termed
metrics, that reflect both structural and functional characteristics of an ecosystem.
In general, metrics are summed and an overall index is calculated that has meaning
relative to reference conditions. Karr’s index is especially interesting because he
developed a new concept with it, termed biotic integrity, which is meant to synthesize
the qualities of an ecosystem. Karr and Dudley (1981) define biotic integrity as “a
balanced, integrated, adaptive community of organisms having a species composi-
tion, diversity, and functional organization comparable to that of natural habitat of
the region.” The approach is to devise an index scale that matches a general scale
of ecosystem structure and function (Figure 5.14). This and other related concepts,
such as ecosystem health, represent new approaches for relating human impacts to
the condition of the environment. However, it must be remembered that much
subjectivity is involved in choosing metrics for the IBI. For example, exotic species
are usually left out of the index because they are judged not to contribute to the

FIGURE 5.14 Matching of a disturbance gradient with an index gradient for biotic integrity.
(From Karr, J. R. 2000. Ecological Integrity, Integrating Environment, Conservation, and
Health. D. Pimental, L. Westra, and R. F. Noss (eds.). Island Press, Washington, DC. With
permission.)
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biotic integrity of the system. But exotic species do add diversity and function to
the actual ecosystem where they are found, which is thus unaccounted for by the
convention of the IBI. Semantic issues with applying the idea of health to an
ecosystem also are problematic (Slobodkin and Dykhuizen, 1991). For example, a
polluted stream dominated by tolerant species (Figure 2.3) might be considered
unhealthy by human standards but it is perfectly adapted to the conditions it is
exposed to. The community of species in the polluted stream is appropriate (and
healthy) for an energy signature that includes organic wastes. In fact, the clean water
or intolerant species would be indicators of unhealthy conditions in a polluted stream
because they are not adapted to the stream’s energy signature! Efforts at assessing
ecosystem function for wetlands with an indicator approach are perhaps the most
developed in the field of restoration ecology, to the point of having an established
American Society for Testing and Materials standard ASTM, 1998), but even here
subjectivity still exists. This sense of subjectivity in restoration ecology sets it apart
from other areas of ecological engineering and engineering in general where there
is little subjectivity in what to measure in order to determine the success of a design.
For example, standards in terms of BOD, total nitrogen, and suspended solids are
well accepted as measures of success for treatment wetlands, and there is little
disagreement between workers on the subject.

An important procedure that is often used in restoration ecology is to compare
measures of a restored ecosystem to a reference system in order to evaluate success.
In this situation the reference ecosystem is judged to represent ideal or at least
appropriate conditions, which usually means as close as possible to the natural or
undisturbed state. Thus, success is gauged by the degree to which the restored
ecosystem matches with the reference ecosystem. The logic of this procedure is
obvious, yet difficulties arise in establishing reference sites. First, a decision must
be made on the type of ideal reference and then a search must be made to discover
if any of these actually exist in the landscape. Here again, subjectivity is involved,
which leaves open the possibility for critical debate. A good deal of literature
concerns the reference ecosystem issue (Aronson et al., 1994; Brinson and Rhei-
nhardt, 1996; Egan et al., 2001; Findlay et al., 2002; Hughes et al., 1986; White
and Walker, 1997), and Hughes (1994) lists six approaches for establishing a
reference. The most objective approach is to use historical data on the original
ecosystem that was impacted and is now to be restored. Unfortunately, this kind
of data is seldom available. The more typical approach is to match the ecosystem
to be restored with nearby, similar ecosystems that have not been impacted (see,
for examples, Confer and Niering, 1992; Galatowitsch and van der Valk, 1996).
Because of the inherent variability of ecosystems, it is seldom possible to locate
a single individual reference ecosystem, and typically, multiple reference ecosys-
tems are used to account for natural variation. Inevitably, these studies deal almost
as much with interpreting reference conditions as they do with comparing reference
sites to restored sites. However, when high quality reference sites can be estab-
lished, they become very valuable as examples of natural conditions, and they
deserve study in their own right and preservation for their special environmental
value.
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PUBLIC POLICIES

A number of public policies relate to restoration ecology. These are parts of the
complex hierarchies of laws that regulate environmental impacts and mandate mit-
igation. At the federal level there are examples such as the National Environmental
Protection Act and the Clean Water Act, along with others that call for restoration
after strip mining, oil spills, and other impacts. States also become involved in local
regulation with various legislation. All of this makes understanding the “regulatory”
environment a formidable task and one beyond the scope of this text. However, the
important case of wetland regulation is discussed below to illustrate some facets of
public policy in regards to restoration.

Wetlands regulations have evolved in the U.S. as society has become aware of
the values of these ecosystems. At one time wetlands were viewed as wastelands
with no value, and they were actively filled or drained. However, in the 1960s and
1970s their natural values in hydrology, water quality, wildlife habitat, and education
began to be recognized, and by the 1980s and 1990s wetland values began to be
quantified (see Chapter 8). One consequence of the recognition of these values was
that laws were enacted to protect wetlands. A national policy emerged called “No
Net Loss,” in order to reverse the destruction of wetlands and to restore both their
area and function (Davis, 1989; Deland, 1992). A mitigation process has been created
as part of this overall policy to deal with cases where a land owner wishes to develop
a wetland for commercial or residential purposes (Beck, 1994; Berry and Dennison,
1993). Mitigation refers to a set of actions or rules that seek to preserve and even
increase wetland values while accommodating economic development. Three main
categories of action are meant to be applied in a sequential fashion for each case of
proposed wetland impact: first, attempt to avoid the impact; second, attempt to
minimize the impact; and third, provide compensation where the impact is inevitable.
Compensation usually requires the creation of new wetlands or the enhancement of
existing wetlands, both of which require the technology of restoration ecology. In
general, wetland regulations and restoration techniques have developed concurrently
(Kruczynski, 1990; Wolf et al., 1986) and both are still evolving. A multimillion
dollar industry of environmental consultants also has developed for the evaluation
of natural wetlands and for the design and construction of mitigation wetlands. Thus,
large areas of new wetlands are being created across the country to compensate for
natural wetlands that are being destroyed by economic development. Usually, a larger
amount of creation is required relative to wetland destruction, such as a 2:1 ratio of
created vs. destroyed acreage. This is done in an effort to ensure that wetland
functions are not lost and, hopefully, that their values actually will be increased. The
entire topic has become controversial, primarily because evidence is scattered and
incomplete on the question of whether restoration technology can create new wet-
lands that are equivalent to the natural ones that are lost to development (Harvey
and Josselyn, 1986; Malakoff, 1998; Race, 1985, 1986; Race and Christie, 1982;
Savage, 1986; Young, 1996). 

Restoration clearly can create ecosystems, but do these new ecosystems provide
the same services as the natural ones that are lost? A great deal of ecological research
is being conducted on this topic (Kusler and Kentula, 1990; Zedler, 1996a,b, 2000),
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but the mitigation question remains unresolved and contentious. Essentially the
situation is the ecological equivalent of the Turing test for determining artificial
intelligence in computers. The mathematican Alan Turing (1950) invented this imi-
tation game just as digital computer technology was being developed. In the most
general form of the test a human is seated at a teletype console by which he or she
can communicate with a teletype in another room. The second teletype is controlled
either by another human or by a computer. The programmer at the first teletype asks
questions through the console to determine whether he or she is in contact with a
human or a computer in the other room. If the programmer cannot distinguish
between responses of a human and a computer at the second teletype, then the
computer is said to have passed the test and is considered to be intelligent. In the
ecological equivalent of the Turing test, ecologists sample created and reference
wetlands, like the programmer asking questions of the human and the computer (for
examples, see Wilson and Mitsch, 1996; Zedler et al., 1997). The created wetland
passes the test if the ecologist cannot distinguish it from the reference wetland.
Unfortunately, at the current state of the art, created wetlands do not seem to be
passing the ecological Turing test very often (Kaiser, 2001a; Turner et al., 2001).
Despite this situation, though, the “No Net Loss” policy and the mitigation process
are achieving at least some kind of balance between economic development and
environmentalism. At the same time, these policies are creating a major source of
employment for ecological engineers whose growing experience should lead to
technologies for achieving functional equivalency between created and natural wet-
lands (Zentner, 1999).

CASE STUDIES

Three case studies are presented in conclusion to provide perspective on some of
the approaches to restoration ecology described above. These were chosen to illus-
trate the range of the ecosystems that have been involved in this subfield of ecological
engineering. These case studies also include several examples of importance in the
history of restoration ecology.

SALTMARSHES

Saltmarshes are the dominant vegetation along low energy coastlines in the temperate
zones of the world. However, because human development also is focused along
these coastlines, saltmarshes have been converted to commercial and residential land
uses through dredging and filling in many areas. The concern about losses of
saltmarshes became even more important as their value to society began to be
recognized through ecological research in the 1960s. saltmarshes are important as
a source of, and nursery zone for, fish and shellfish species that are harvested for
seafood, and due to their role in shoreline protection. In fact, the first major ecological
valuation study was done for saltmarshes (see Chapter 8) and is a benchmark in
ecological economics. Thus, because of their losses due to human development and
because of the recognition of their values to society, saltmarshes became a focus of
conservation and restoration along the U.S. east coast in the 1970s. saltmarshes
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became the first ecosystems to be restored on a large scale and the technology is
now well developed (Zedler, 2001).

The history of saltmarsh restoration is particularly interesting because it involves
a coevolution between dredge disposal activities conducted by the U.S. Army Corps
of Engineers and planting research by ecological scientists. Perhaps without contri-
butions from both the Corps and the scientists, the development of saltmarsh resto-
ration might have been inhibited or might have taken a different course. This
coevolution is even more remarkable because dredging and filling activities con-
ducted by the Corps were, in part, the cause of saltmarsh losses before the coevo-
lution began!

An introduction to the Corps of Engineers is useful before describing the devel-
opment of saltmarsh restoration. The Corps is the largest engineering organization
in the world and has been important in several aspects of ecological engineering.
While the environmental record of the Corps has not been flawless, as noted in the
introductory chapter of this book, major changes are under way, and in the future
the Corps may become a leader in ecological engineering and in areas of environ-
mental management. The Corps has always had a role in water management as noted
by Hackney and Adams (1992) below:

It is difficult to find anyone or a single publication that presents an unbiased view of
the U. S. Army Corps of Engineers and their activities in U.S. Waters. In the beginning,
16 March 1802, the Corps was devoted exclusively to military operations. As the one
organized group of engineers “on call” for the U.S. government, they quickly became
associated with the construction and maintenance of waterways and harbors through
which the U. S. military could rapidly move ships, troops, and supplies. The lack of
a national policy related to transportation and defense became obvious to many Amer-
ican leaders after the War of 1812 with Britain. In 1824 the U.S. Army Corps of
Engineers was officially given legislative authority to participate in civil engineering
projects. … Of perhaps greatest importance was the fact that the Corps of Engineers
not only undertook projects directed by the military, but planned and directed projects
that were primarily related to civilian commerce. Clearing rivers of snags, building
canals and roads, erecting piers and breakwaters all became part of the role of the
Corps of Engineers before the Civil War.

After the Civil War both the limited accepted role of the Corps in civilian projects and
the annual appropriations from Congress expanded dramatically. The Rivers and Har-
bors Act of 1899 further expanded the Corps of Engineers’ authority by granting them
regulatory authority of all construction activities in navigable waters. This not only
gave them authority over individual projects, but also gave them preeminence over all
other agencies and boards when it came to potentially navigable waters.

All U.S. Army Corps of Engineers activities are mandated by Congress. Although the
Corps may recommend certain activities (usually after a directive from Congress for
study), their activities are mostly driven by various individuals and agencies through
their elected official … Almost from the beginning civilians have had an influence in
initiating what later became Corps of Engineers projects. While some projects were
suggested by community-spirited individuals, many had the potential to bring large
profits to individuals or certain industries. Congress, however, ultimately directs all
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such projects through annual appropriations. Corps of Engineer project were often used
to bring jobs to an area and became pork barrel projects for elected officials.

According to some, the Corps developed a questionable record of concern about
the environment starting in the 1930s through their flood control efforts along
inland rivers and through their dredging and filling activities, especially along the
coasts. To some extent this reputation is unfair because society as a whole in the
U.S. did not generally recognize the importance of environmental values until
after the first Earth Day in 1970. However, the Corps’ reputation developed because
they were directly responsible for destroying large areas of natural ecosystems
and broadly impairing ecosystem services due to their initiatives and mandates
from Congress.

The Corps’ environmental record is changing and the case study of saltmarsh
restoration is one example. The contribution of the Corps to saltmarsh restoration
has been catalyzed by its mandate for dredge and fill activities (Murden, 1984). This
is a major function as described by Hales (1995):

The U.S. Army Corps of Engineers (USACE) is involved in virtually every navigation
dredging operation performed in the United States. The Corps’ navigation mission
entails maintenance and improvement of about 40,000 km of navigable channels
serving about 400 ports, including 130 of the nation’s 150 largest cities. Dredging is
a significant method for achieving the Corps’ navigation mission. The Corps dredges
an average annual 230 million cu m of sedimentary material at an annual cost of about
$400 million (US).

The Corps must dispose of the dredge materials, which is a major challenge.
Dredge material is a waste product of dredging and disposal takes place both on
land and in waterways. Disposal can cause environmental impacts if a natural
ecosystem is filled, making this activity a significant concern. One major solution
has been the idea to use dredge material as a substrate for building new saltmarshes
in restoration. In this way a waste by-product is used as a resource, which is a
key principle in ecological engineering. Moreover, because disposal itself is costly,
use of dredge material in saltmarsh restoration can result in money savings for
the overall project.

The idea to use dredge material as a planting substrate seems to have come from
a group of scientists interested in saltmarshes at North Carolina State University
(Seneca et al., 1976):

In 1969, we approached the U.S. Army’s Coastal Engineering Research Center, Fort
Belvoir, Virginia, with the proposition that stabilization of intertidal dredged material
might reduce channel maintenance costs by preventing such material from being
washed back into the same channels from which it had been dredged. Further, stabili-
zation of the material with S. alterniflora would result in salt-marsh being established
and thus replace some of the surface that had been lost through dredging operations.
The Coastal Engineering Research Center was receptive to our ideas and supported
our efforts to explore the possibility of stabilizing dredged material in the intertidal
zone and the concomitant initiation of salt-marsh.
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The Corps thus supported the first research on ecological restoration of saltmarshes
by the NCSU group and soon afterwards by other researchers (Johnson and McGuin-
ness, 1975; Kadlec and Wentz, 1974), including Edward Garbisch as noted earlier.
It is significant for understanding the nature of ecological engineering that the idea
came from outside the Corps rather than from inside. The Corps might have been
pioneers in this subfield of ecological engineering, but they followed the stimulus
from ecologists rather than being leaders. The explanation may be that the pre-1970s
Corps was made up mostly of civil engineer types with little ecological training.
Ecological engineering activities such as restoration require an interdisciplinary
perspective that was lacking in the pre-1970s Corps, but it emerged as a coevolution
when stimulated by ecologists.

The use of dredge materials for restoration was quickly taken up by the Corps
and incorporated into their operations (Kirby et al., 1975; Landin, 1986) after the
coevolution began. The North Carolina State group became leaders in saltmarsh
restoration research with support from the Corps, resulting in the development of a
large literature and a sound technology (Broome, 1990; Broome et al., 1986, 1988;
Seneca, 1974; Seneca and Broome, 1992; Seneca et al., 1975, 1976; Woodhouse
and Knutson, 1982). Most of this work involved horticulture of Spartina alterniflora
or, in other words, basic planting techniques for dredge materials. saltmarsh resto-
ration evolved from this early work as a two-step process. First, an appropriate site
is chosen that is protected from waves, wind, and boat wakes, and dredge materials
is deposited. This step takes into account the energy signature of the site in order
to avoid high-energy sites where erosion will occur. The second step is planting
saltmarsh species, which is essentially horticulture with considerations of soils,
nutrient levels, and plant materials. In general, this two-step process has been
successful in developing saltmarsh vegetation in many locations. The technology
has developed since the 1970s and now includes alternative methods of dredge
disposal such as spraying (Ford et al., 1999) and use of bioengineering materials
(Allen and Webb, 1993). There also has been a broadening of interest to additional
aspects of ecosystem structure and function, beyond plant survival and growth, when
considering the success of saltmarsh restorations (Haven et al., 1995; Moy and Levin,
1991; Niering, 1997; Zedler, 1988, 1995, 2001). Much of this work is summarized
by Matthews and Minello (1994) and in the proceedings of the Hillsborough County
Community College Annual Conference on coastal restoration ecology that dates to
the early 1970s (see also the interesting independent research being carried out in
China as described by Chung, 1989).

One of the complexities with the use of dredge materials for restoration involves
the system that becomes filled to create the marsh. The ecological values of these
systems are lost when they are converted to marshes. Thus, there is an environmental
impact when a marsh is created with dredge material. This is usually ignored because
marshes have high value and are endangered. However, problems can arise with the
assumption that marshes are more valuable than the systems they replace. For
example, in the Anacostia River in Washington, DC, tidal freshwater marshes are
being created by the Corps dredge disposal program. Existing mud flat ecosystems
are filled with dredge materials to raise the surface to an appropriate level for marsh
plant growth. May (2000) showed the value of the mud flats as shorebird habitat
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(Table 5.6). When the mud flats are filled, the shorebird habitat is lost because these

species need open, exposed sediments rather than vegetated marshes to meet their
life needs. Because shorebirds may be more endangered than the marshes, the
wetland creation project may be generating less environmental value than if no action
was taken and the mud flats were preserved. Perhaps a more in-depth analysis is
needed in cases such as this one concerning marsh restoration through dredge
disposal.

TABLE 5.6
Bird Survey Results at a Mudflat in the Kenilworth Marsh in Washington, DC

Bird Species Numbers of Birds
1997 1998

Killdeer 197 231
Canada Goose 140 233
Mallard 46 112
Ring-billed Gull 54 91
Great Blue Heron 71 42
Great Egret 61 15
Greater Yellowlegs 27 32
American Crow 16 31
Herring Gull 21 1
Belted Kingfisher 13 10
Double Crested Cormorant 12 4
Black Duck 3 16
Bufflehead — 14
Wood Duck — 8
Osprey 3 4
Solitary Sandpiper — 7
Spotted Sandpiper — 6
Hooded Merganser 5 —
Pintail 4 —
Red Tail Hawk 3 —
Bald Eagle 2 1
Green Heron 2 1
Forster’s Tern — 3
Lesser Yellowlegs 1 1
Bonaparte’s Gull — 2
Common Merganser 1 —
Least Sandpiper 1 —
Semipalmated Plover — 1
Total 689 866

Note: The numbers are totals for 36 observations per year.

Source: Adapted from May, P. I. 2000. Proceedings of the Annual Ecosystems Restoration and Creation
Conference. Hillsborough Community College, Plant City, FL. 
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The Corps of Engineers has upgraded its ecological capabilities over time in
response to critics and due to the need for a broader environmental awareness. One
example is the multimillion dollar Corps wetland research program which started
in 1990. However, there is still a civil engineering emphasis (see, for example,
Palermo, 1992) which, in part, is appropriate and important in restoration work. It
will be interesting to observe if and how the Corps responds to the growing paradigm
of ecological engineering. Although Corps projects in saltmarsh restoration generally
have been successful, this kind of ecosystem naturally has a low complexity relative
to other ecosystems. Corps efforts at restoring the more complex tidal freshwater
marshes have not been as successful (see the discussion of Kenilworth Marsh earlier
in this chapter). Questions remain about the ability of the Corps to combine ecology
and engineering. Does the military administration of the Corps inhibit interdiscipli-
nary thinking needed for ecological engineering? Is the ecosystem too complex for
the traditional civil engineering approaches of the Corps? The hope is that both the
field of ecological engineering and the U.S. Army Corps of Engineers will benefit
from future collaborations such as those between the dredge disposal program and
saltmarsh ecologists in the early 1970s.

A final consideration about saltmarsh restoration involves the secular sea level
rise that is presently occurring along global coastlines. Sea level rise causes an
encroachment of the flooded tidal lands on the adjacent uplands and submergence
of existing coastal ecosystems. If coastal wetlands can grow both upward and in an
inland direction, they may be able to avoid submergence. However, if coastal wet-
lands are restricted in area and/or cannot match sea level rise by vertical accretion,
then a loss of these ecosystems will occur. This situation has been discussed for
mangrove ecosystems (Ellison and Stoddart, 1991; Field, 1995; Woodroffe, 1990),
and Rabenhorst (1997) has called for a new approach to understanding coastal
marshes in relation to sea level rise, which he terms the chrono-continuum. saltmarsh
restorations are also susceptible to this problem. Thus, sea level rise may submerge
and therefore destroy restored saltmarshes as quickly as they are created in some
areas (J. Court Stevenson, personal communication; see also Stevenson et al., 2000).
This issue will complicate the restoration of saltmarshes in the future (Christian et
al., 2000).

ARTIFICIAL REEFS

Artificial reefs are structures of human origin used in aquatic ecosystems to increase
fish production. Informed design is employed in the construction and placement of
these devices, relying on both conventional and ecological engineering. These arti-
ficial reefs come to resemble natural reefs in both ecological structure and function,
and can even generate more fish production than their natural analogs under certain
circumstances.

A great number of different designs have been tried in both marine and fresh-
waters. Fish aggregating devices are usually included under the topic of artificial
reefs, although they either are suspended in the water column or floated at the surface
to attract pelagic fishes. More commonly, artificial reefs refer to structures that rest
on the bottom substrate and attract benthic fishes, similar to natural oyster or coral
reefs.
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Though the intended focus of artificial reefs is the fishes that are attracted to
them, they are constructed ecosystems. Aquatic organisms colonize the surface of
the artificial reefs. These organisms attach to the surfaces with various adaptations,
and are sometimes referred to as “fouling” organisms. “Fouling” is a successional
process in which attached organisms colonize a submerged hard surface (Crisp,
1965). The name itself is anthropocentric; the verb “to foul” has negative connota-
tions because the organisms that attach to certain human-produced surfaces, such
as pipe outfalls or ship bottoms, can cause significant problems. Table 5.7 provides
a sequential listing of typical marine fouling organisms that might colonize an
artificial reef in temperate marine waters. Colonization is by natural dispersal of life
stages carried by currents, and artificial seeding is practically never necessary.
Principles of island biogeography (see Chapter 4 and the discussion earlier in this
chapter) have been useful in understanding the development of artificial reef com-
munities because of the role of natural colonization and the insular qualities of reefs
themselves (Bohnsack et al., 1991; Molles, 1978; Walsh, 1985). Fishes are attracted
to artificial reefs because they provide food, shelter from predators, and sites for
orientation and reproduction, i.e., habitat (Bohnsack, 1991). The use of artificial
substrates for the scientific monitoring of benthic ecosystems (Cairns, 1982) is
related to the topic of artificial reefs because both kinds of structures have similar
design considerations. In particular, the materials used for both artificial reefs and
scientific monitoring substrates must be similar to natural materials so that attach-
ment by organisms is not inhibited.

The leaders in the use of artificial reefs have been the Americans and the
Japanese, but they have taken very different pathways (Stone et al., 1991). In Japan
artificial reefs are a highly developed technology that supports commercial fishing
(Grove et al., 1994; Mottet, 1985; Yamane, 1989). Records of Japanese artificial
reefs date to the 1600s when rock formations were constructed as reefs in shallow
waters along the coast. In the present day tens of millions of dollars are spent annually
in government supported reef programs on a national scale. Japanese artificial reefs
are characterized by sophisticated prefabricated designs. For example, Grove and
Sonu (1985) describe 68 different kinds of reef structures and report that more than
100 are in use. Knowledge of fish ecology, life history patterns, and behavior is well

TABLE 5.7
Sequence of Marine Fouling Organisms Found in Succession on 
Submerged Hard Surfaces

Slime forming organisms Bacteria, diatoms, microalgae, protozoa

Primary fouling organisms Barnacles, hydroids, serpulids, polyzoa

Secondary fouling organisms Mussels, ascidians, sponges, anemones

Adventitious organisms Polynoids, sabeliids, cirratulids, nudibranchs, ostracods, 
amphipods

Source: Adapted from Crisp, D. J. 1965. Ecology and the Industrial Society. John Wiley &
Sons, New York. 
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developed. In some cases, reefs are designed, constructed, and sited to support
particular species, based on this well-developed knowledge base (Nakamura, 1985).

Artificial reef use in the United States differs markedly from the Japanese
approach. In the U.S. most artificial reefs are constructed for recreational fishing.
They are smaller scale projects supported by local governments or private interest
groups such as fishing clubs. Scrap materials are often utilized in designs which are
sometimes quite ingenious but still unsophisticated compared with the Japanese
models. Artificial reefs were first employed in the U.S. in the 1800s, but usage
increased greatly after World War II (Stone, 1985). There are many more freshwater
examples in the U.S. than in Japan. Methods for these systems were described as
early as Hubbs and Eschmeyer’s (1938) important work on fish management in
lakes. An interesting development in the U.S. is the use of artificial reefs for miti-
gation of habitat damage (Foster et al., 1994), as was described earlier in this chapter
in relation to wetland restoration. This usage emerged as studies have demonstrated
the development of comparable ecosystem structure and function between artificial
and natural reef systems.

As an aside, restoration of natural reefs is also an important topic in the U.S.
In particular, efforts are under way to restore oyster reefs in many coastal areas such
as Chesapeake Bay (Leffler, undated). Oyster populations collapsed in the late 1800s
and early 1900s due to cumulative impacts including overfishing, disease, and water
quality decline. All of these impacts must be dealt with before full recovery is
possible, but restoration efforts are being initiated. Techniques for growing oyster
reefs are similar to those used for artificial reefs and they have long been known
(Brooks 1891). In areas with sufficient current velocities to carry their food source
(particulate organic matter), oysters will attach to hard surfaces and grow into self-
sustaining reef structures. Old oyster shells are often used as substrate to start new
reefs, mimicking the positive feedback that took place on natural oyster reefs. An
interesting example of coral reef restoration is the work of Todd Barber of Reef
Balls, Inc. (Menduno, 1998). He has developed his own design for artificial substrates
which are made of concrete (Figure 5.15). These are called reef balls and they are
being used around the world in restoration projects. The hydrodynamic shape of the
reef balls facilitates colonization by pelagic larvae of fouling organisms, including
corals. General aspects of coral reef restoration with artificial substrates are described
by Spieler et al. (2001).

Unlike many other examples of restoration ecology, creation of artificial reef
systems requires a significant amount of conventional engineering, including aspects
of materials and structural stability along with siting criteria, which is perhaps more
closely related to ecological engineering (Sheehy and Vik, 1992). A variety of
materials have been used to construct artificial reefs including natural materials (such
as brush, quarry rock, and logs), manufactured products (such as poured concrete,
fiberglass, and plastic) and scrap (automobile tires and bodies, rubble from construc-
tion sites, and scuttled vessels). Considerations in choice of materials include avail-
ability, cost, durability, and complexity of surfaces. Because reef materials are
submerged and exposed to a number of destructive processes, durability is a critical
quality that often determines the life expectancy of the reef structure. Most conven-
tional engineering knowledge used in artificial reef design involves analyses of
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stability. For example, Mottet (1985) applied Hudson’s formula (see Chapter 3) to
evaluate reef stability in relation to wave energy and offered suggestions for similar
stability equations in relation to current velocity. Other examples such as calculation
of reef block strength are given by Grove et al. (1991) and Sheng (2000).

Siting is a particularly important step in artificial reef development that involves
a number of considerations. This requires a knowledge of the energy signature of
the site including substrate type, bottom topography, relations to adjacent reefs, and
especially current and wave energy. The reef must be exposed to appropriate levels
of current energy to advect fouling organism life stages to the reef for colonization,
to advect food for fouling organisms, and to attract fishes. There are also features
which must be avoided such as interference with navigation, areas used for com-
mercial fishing with nets which might snag on the reef, and sites with very strong
tidal currents. Overall, the ideal site would be one with a depth of 30 to 40 m in
order to attract large benthic fish species and only a few kilometers offshore in order
to facilitate access by fishermen.

Scrap tires are used to construct one of the most common kinds of artificial reef
in the U.S. In this type of reef, tires are combined together in various ways to create
complex structures that support fouling communities and attract fishes (Figure 5.16).
As noted by Candle (1985), “The same tire qualities that are advantageous to
motorists, strength, durability and long life are the keys to the advantage of tires as
reef-building materials.” They are also plentiful, cheap, and easy to handle, process,

FIGURE 5.15 A small reef ball made by a group of University of Maryland undergraduate
students.
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and transport to the reef site. However, in order to use scrap tires, they must be
purged of air. This is usually accomplished by punching holes in them or splitting
them in half. Ballast is also necessary to add stability against wave surge or bottom
currents. Tire reefs have been shown to provide effective substrates for aquatic
ecosystems (Campos and Gamboa, 1989; Reimers and Brandon, 1994) in both
marine and freshwaters. Use of scrap tires for artificial reefs is a good ecological
engineering example of turning a waste by-product into a valuable product. Hundreds
of millions of scrap tires are produced annually worldwide, creating a disposal
problem. This problem is turned into an advantage when tires are used as reefs.
Although on a net basis artificial reefs made of scrap tires do require input of money
for labor, ballast material, and ship time required in reef placement, a savings is
integrated into the project in terms of the disposal fee for landfilling that would
otherwise be required. Hushak et al. (1999) provide an analysis of one artificial reef
that documents a net surplus income for the overall system, including the local
economy.

EXHIBIT ECOSYSTEMS

Exhibit ecosystems are those designed, built, and operated primarily as exhibits for
educational purposes. The best examples may be large public aquaria and botanical
gardens that represent specific ecosystem types. Exhibit ecosystems require human
maintenance but range across a gradient of relative contributions from humans vs.

FIGURE 5.16 Some different configurations of artificial reefs made from scrap tires. (From
Grove, R. S. and C. J. Sonu. 1985. Artificial Reefs: Marine and Freshwater Applications. F.
M. D’Itri (ed.). Lewis Publishers, Chelsea, MI. With permission.)
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natural self-sustainability. Although these systems are more or less artificial, they
have special value for teaching aspects of ecology to students and to the general
public. Significant design ingenuity is often required to help make them appear
natural, which is necessary for an optimal education experience. Several examples
of exhibit ecosystems are described below.

Perhaps the most complex ecosystem on the biosphere is the coral reef. These
tropical ecosystems occur in shallow, clean, high-energy waters and have high
biodiversity. Two basic approaches have been employed to create exhibits of coral
reefs in public aquaria. On the one hand Walter Adey has developed a holistic
ecological design method that emphasizes mimicking the energy signature of aquatic
ecosystems as a form of modelling. He and his co-workers at the Smithsonian
Institution have developed coral reef systems that have been displayed in a number
of settings (Luckett et al., 1996). His systems represent a major design advancement
because they support representative samples of the high diversity of a coral reef in
a sustainable fashion. His first major coral reef exhibit was displayed at the National
Museum of Natural History in Washington, DC, starting in 1980 (Miller, 1980;
Walton, 1980). This was a 13,000 l (3,430 gal) tank system with more than 200
tropical marine species. One of the most important aspects of Adey’s designs is the
simple algal turf scrubber system attached to the coral reef aquaria which provides
water filtration and oxygenation needed to support the biota (see also Chapter 2).
Adey has continued to develop his design approach and the principles are described
in his text entitled Dynamic Aquaria (Adey and Loveland, 1998). The largest coral
reef models developed with this approach are the 2.5 million l (0.7 million gal)
Great Barrier Reef Aquarium in Townsville, Australia, and the 3.4 million liter (0.9
million gal) ocean tank at Biosphere 2 near Tucson, AZ.

FIGURE 5.17 Energy circuit diagram of the coral reef exhibit ecosystem at the National
Aquarium in Baltimore, MD.
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At the other extreme are typical coral reef exhibits such as at the National
Aquarium in Baltimore, MD (Figure 5.17). This system contains a live fish com-
munity characteristic of a coral reef, but it is completely artificial otherwise. Thus,
a complex filter system is employed with physical–chemical–biological components
to maintain clean water, and fishes are supported by artificial feeding. Most remark-
ably, the tank is lined with nonliving, plastic corals that provide a quite realistic
appearance but no feedback to the reef system. The result is an energy intensive,
highly designed, artificial ecosystem which serves the purpose of providing an
educational setting for aquarium visitors to learn about coral reefs, but it is mostly
nonliving. While both of these extremes are equally valid approaches to the devel-
opment of exhibit coral reefs, clearly Adey’s method involves much more ecological
engineering design.

The artificial approach also has been taken in developing tropical rain forest
exhibits across the U.S. and in other countries. Rain forests are as complex as coral
reefs and, thus, represent similar challenges in terms of exhibit ecosystem design.
Most examples are highly artificial, often with plastic plants and rocks along with
a few living species. They are, however, interesting systems that attract a great deal
of attention from the general public (see, for example, the description of the National
Zoo’s Amazonia exhibit by Park, 1993). An interesting study would be to survey
many of these exhibit rain forests and compare living vs. nonliving components.
How much actual ecology is involved in these ecosystems? A similar survey could
be made for engineering aspects, which would probably reveal some interesting
features that are unique to exhibit ecosystems relative to other ecologically engi-
neered systems.

Another example of these artificial systems is the case of environmental enrich-
ment of zoo exhibits (Ben-Ari, 2001; Markowitz, 1982; Shepherdson et al., 1998).
This situation was defined by Shepherdson (1998) as follows:

Environmental enrichment is an animal husbandry principle that seeks to enhance the
quality of captive animal care by identifying and providing the environmental stimuli
necessary for optimal psychological and physiological well-being. In practice, this
covers a multitude of innovative, imaginative, and ingenious techniques, devices, and
practices aimed at keeping captive animals occupied, increasing the range and diversity
of behavioral opportunities, and providing more stimulating and responsive environ-
ments … On a larger scale, environmental enrichment includes the renovation of an
old and sterile concrete exhibit to provide a greater variety of natural substrates and
vegetation, or the design of a new exhibit that maximizes behavioral opportunities. The
training of animals can also be viewed as an enrichment activity because it engages
the animals on a cognative level, allows positive interaction with caretakers, and
facilitates routine husbandry activities. Indeed, with correct knowledge, resources, and
imagination, caretakers can enrich almost any part of the environment that the captive
animal can perceive.

Environmental enrichment attempts to increase the amount of stimulation and com-
plexity of the environment, to reduce stressful stimuli, and to provide for species-
appropriate behaviors in captive animals. It is an interesting topic that has engineer-
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ing dimensions (Forthman-Quick, 1984), but is focused primarily at the species level
rather than the ecosystem, unlike most of ecological engineering.

At a much larger scale are the restored tall grass prairies of the midwestern U.S.
Although it is somehow unfair to call these systems exhibits since they range in size
from less than one to hundreds of hectares, the restored prairies are still a small part
of the landscape and their primary function is in education. They are not artificial
in the same way as exhibit rain forests but they require controlled burns by humans
for their maintenance. Most restored prairies are park-like with interpretative trails
and associated displays.

In the pre-Colombian vegetation of the U.S., the tall grass prairie (5 to 8 ft or
1.5 to 2.4 m in height) bordered the temperate forests to the east. It occupied a zone
stretching from Illinois and Minnesota in the north to Texas in the south. In this
zone a dynamic relationship occurred between forests and grasslands mediated by
shade competition which favored trees and fire resistance which favored grasses and
forbs. To the west, zones of midgrass (2 to 4 ft or 0.6 to 1.2 m in height) and short
grass prairie (0.5 to 1.5 ft or 0.2 to 0.5 m in height) extended across the Great Plains
to the Rocky Mountains, completing the vast grassland biome or biotic region. All
of these natural grasslands were eventually replaced by crop agriculture and range-
land as human development proceeded through the 1800s, leaving only scattered
prairie remnants in small plots of land such as along railroad and highway rights-
of-way and in unmaintained cemetaries. A movement to restore prairies began slowly
in the 1930s and continues to the present time throughout the grassland biome. The
prairie remnants were the seed sources for these original restorations but now
nurseries have taken over this role. The oldest and best-known restored prairies are
in the tall grass region, especially in southern Wisconsin and in northern Illinois.
The first prairie restoration occurred at the University of Wisconsin Arboretum in
Madison, WI, and was conducted by the famous conservationist Aldo Leopold,
starting in the 1930s (Meine, 1999). This prairie was subsequently named after the
Wisconsin plant ecologist John T. Curtis who applied a scientific approach to devel-
oping restoration techniques there. In fact, Curtis seems to have been able to develop
the first scientific evidence for the importance of fire in maintaining prairie ecosys-
tems through his research on restoration methods (Curtis and Partch, 1948). The
Curtis Prairie is a lowland system with deep organic soils and a diversity of over
300 native prairie plant species (Cottam, 1987). The Greene Prairie, which is an
upland system, was later added to the Wisconsin Arboretum. Restoration of this
prairie was carried out by H. C. Greene, starting in the 1940s with collaboration
from Curtis (Greene and Curtis, 1953). Long-term studies of both of these prairies
have been made by several academic generations of Wisconsin ecologists and these
studies have provided a simple, reliable technology for restoration. The basic pro-
cedure is to (1) clear and plow the soil of the site which is to be restored, (2) plant
a mix of grass and forb seed, and (3) keep the area free of woody and non-native
weeds with periodic, controlled burns. This is, of course, a rather simple procedure,
but it requires attention to scheduling of planting and burning, and to matching seed
mixes to soil types. Of particular interest is the need for fire, which represents a
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disturbance input in the restoration’s energy signature. Figure 5.18 is an overview
model of a prairie ecosystem. Fire is depicted with a consumer group symbol since
it actually consumes biomass, similar to a herbivore. The storage of fire is composed
of the concentration of high temperatures from combustion, which exists only for a
short time period. Fire was initiated in the natural prairie by lightning, but controlled
burns by humans are a form of technology in which fire is used as a tool. Controlled
burns are usually implemented in the spring or fall to clear away dead vegetation
and to kill plant species lacking fire adaptation. Native prairie species survive fires
by having living portions below ground whose growth can actually be stimulated
by burning, though details of fire adaptation are still not completely worked out
(Anderson, 1982). Dominant grass species in most tall grass prairie restorations are
little bluestem (Schizachyrium scoparius), big bluestem (Andropogon gerardi),
switch grass (Panicum virgatum), and indiangrass (Sorghastrum nutans), along with
a variety of non-grass, forb species such as asters (Aster sp.) and sunflowers (Helian-
thus sp.). Other historically important tall grass prairie restorations are the Schulen-
berg prairie at the Morton Arboretum (Schulenberg, 1969) and the Fermi Laboratory
prairies which even have a small herd of buffalo (Thomsen, 1982). Both of these

FIGURE 5.18 Energy circuit diagram of a prairie ecosystem. Note that the fire disturbance
is shown as a consumer in combusting litter and recycling nutrients.
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restorations are located in the Chicago region of northern Illinois. A popular account
of tall grass prairie restoration is given by Berger (1985) in his Chapter 8, and
technical references are given by Kurtz (2001), Packard and Mutel (1997b), and
Shirley (1994).
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6 Ecological Engineering 
for Solid Waste 
Management

INTRODUCTION

Humans generate solid wastes as by-products from all of their activities. Disposing
of these solid wastes has become a challenge, especially as population densities have
grown. Waste deposits (i.e., garbage dumps) have been associated with human
habitation since prehistoric times. For example, the ancient cultures of the East and
Gulf coasts of the U.S. left huge piles of shells from marine molluscs they had eaten.
Called middens, these piles indicate past settlement patterns. In this regard, one of
the most interesting studies on modern solid wastes has been conducted from the
perspective of the archaeologist (Rathje and Murphy, 1992a, 1992b; Rathje and
Psihoyos, 1991). This was the “Garbage Project” which spanned more than two
decades at the University of Arizona. Its approach was to view solid waste as a
reflection of the material culture of modern society, in the same way that archeolo-
gists have studied past civilizations.

Solid waste consists of a diversity of objects from a variety of sources. In most
cases, materials from different sources are collected and mixed together to form
municipal solid waste. Approximate contributions to municipal solid waste in the
U.S. are as follows: 50% residential, 25% commercial, 12.5% industrial, and 12.5%
institutional (Hickman, 1999). The composition of this waste, from the Garbage
Project, is shown in Figure 6.1. This data came from actual excavations of modern
landfills, conducted like “archaeological digs.” Paper, including packaging, newspa-
pers, telephone books, glossy magazines, mail-order catalogs, etc., dominates all
other waste categories in this survey. On a more personal basis, Table 6.1 shows
production from the author’s household for the year 2000 when the first draft of this
book was being written. On a seasonal basis, peaks in total trash production occurred
in March with spring cleaning and in December with extra holiday trash. The average
solid waste generation was 2.7 lbs/person/day (1.2 kg/person/day) with a ratio of
nearly 2:1 of waste that was recycled vs. waste that went to the local sanitary landfill.
Paper, including the categories for newspaper, glossy paper, and part of the unsorted
trash, again dominated other categories of waste. Because all kinds of paper carry
information, especially the newspapers, these analyses of waste composition may
be the best indication that modern society has passed from the industrial age to the
age of information.

Routine disposal of solid wastes requires a highly organized solid waste man-
agement system (Hickman, 1999; Tammemagi, 1999). A number of actions are
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involved including collection, transport, separation, storage, and treatment. This is
a major commercial enterprise in the U.S. with associated government involvement
and regulation. Ultimately, the methods of managing solid waste are as follows:

1. Source Reduction — prevention of solid waste generation
2. Recycling — diversion of specific items from the solid waste stream for

other uses (such as composting)
3. Combustion — combustion of solid waste to reduce volume and in some

cases to generate energy
4. Landfilling — disposal of solid waste by burial

Several of these management methods involve constructed ecosystems that can be
considered as forms of ecological engineering.

STRATEGY OF THE CHAPTER

Ecological engineering approaches are appropriate for the organic component of
municipal solid waste, especially for categories such as food wastes and yard wastes.
In these cases, the organic materials provide an energy source for detritus food webs.
Traditionally, only microbes have been considered important decomposers of organic
solid wastes, as is characteristic of sanitary engineering in general. However, other
forms of biota can be engineered into more complex ecosystems for solid waste

FIGURE 6.1 Composition of solid waste from analyses by the Garbage Project of the Uni-
versity of Arizona. (Adapted from Tammemagi, H. 1999. The Waste Crisis: Landfills, Incin-
erators, and the Search for a Sustainable Future. Oxford University Press, New York.)
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management. The two main kinds of ecosystems associated with solid wastes are
the sanitary landfill and composting systems. The sanitary landfill has very slow
decomposition rates because (1) only a small part of the wastes are high quality,
organic materials, (2) some toxic, hazardous wastes may be present, and (3) little
oxygen and water are available to support decomposition. Conversely, composting
systems have relatively fast decomposition rates because all factors controlling the
process are engineered to be optimal. These decomposer-based systems are described
in this chapter with emphasis on ecological dimensions. The new field of industrial
ecology is also introduced as a possible example of reverse engineering of ecosys-
tems for solid waste management. Finally, comments are made on economics,
especially in terms of the by-product values of solid waste materials.

THE SANITARY LANDFILL AS AN ECOSYSTEM

The most common method of solid waste management is burial in a sanitary landfill
(Figure 6.2). In this way, solid waste is stored in a manner that isolates it from
human exposure. The nonorganic fraction of waste in a landfill is essentially stored
permanently but the organic fraction can decompose. Thus, the landfill is an eco-
system because it includes living processes. Although landfills are often viewed
negatively by the general public, they do provide a necessary function and are the
least expensive option available. There are also examples of storage systems in nature
that have some analogies with the landfill and that provide useful functions (Table
6.2).

The conventional engineering aspects of landfills are well developed (Bagchi,
1990) and are the result of a long design history. Landfills evolved from dumps
where solid waste is left in the open on the surface of the ground. Solid waste is
buried in trenches or depressions of the landfill and covered every day with at least
15 cm (6 in.) of clean dirt. The daily covering is done to exclude pests and to prevent
the outbreak of fires. The practice of landfilling began in the early 1900s, but it
became commonplace after World War II. From the beginning, landfills were

FIGURE 6.2 Cross-section view of a typical sanitary landfill. (From Tammemagi, H. 1999.
The Waste Crisis: Landfills, Incinerators, and the Search for a Sustainable Future. Oxford
University Press, New York. With permission.)

Ground Water
Monitoring Well

Gas
Collection

Waste Emplaced
in Lifts

Cover
Leachate
Collection

Liner



Ecological Engineering for Solid Waste Management 219

designed to be covered over and landscaped after they were filled with solid wastes,
in order to provide some useful end function. Thus, one common practice was to
site a landfill on wetlands in order to reclaim the land for human land use. This
practice was recognized as faulty starting in the 1950s and 1960s after hazards of
liquids draining from the landfills (i.e., leachates) were identified and after the values
of wetlands began to be understood. Thus, early landfills often were sited in the
worst possible locations! An example is the Fresh Kills landfill outside of New York
City, which is the largest landfill in the world. Fresh Kills was located on tidal
wetlands in 1948. It has become a major source of pollution to the local coastal
watersheds and is scheduled to be closed and redeveloped (Fulfer, 2002). Modern
sanitary landfills are now sited to avoid groundwater drainage networks and are lined
with up to a meter of dense clay and sheets of plastic in order to collect leachate
and prevent it from reaching the groundwater.

Landfills produce gases from the decomposition processes that occur inside
them. The sequence of gas production from a landfill is a reflection of the succession
of microbial communities involved in decomposition (Figure 6.3). Landfill gas is
composed mostly of methane and carbon dioxide along with a number of components
in much smaller quantities. These gases are evidence of the ecological processes
occurring in the landfill and can be collected, purified, and used as an energy source
by humans. El-Fadel et al. (1997) provide simulation models for these gas dynamics.
Figure 6.4 illustrates the landfill system including gas release and leachate collection.

TABLE 6.2
Examples of Storage Components from Natural Ecosystems That Have Some 
Analogies with Landfills

Example Composition Useful Function

Peat Deposits of partially decomposed
   plant materials in certain wetlands

Substrate for living plants,
   low-grade energy source
   for humans

Hypolimnion of a
eutrophic lake

The bottom of a lake that doesn’t
   mix with the surface due to
   density stratification

Anaerobic nutrient
  transformations

Snags Standing dead trees in a forest Habitat for wildlife,
   source of firewood for
   humans

Oyster shell Accumulations of shells from
   dead oysters that once made up
   living reefs

Substrate for live
   oysters, source of
   construction materials
   for humans

Guano Deposits of feces from seabird
   colonies on oceanic islands

Source of fertilizers
   for humans
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Optimal sites for landfills are those which are socially acceptable, environmen-
tally safe, and close enough to cities to have reasonable transportation costs. These
sites are becoming difficult to locate, especially in highly developed regions such
as the eastern U.S. and Europe where solid wastes have accumulated over long time
periods. The current trend is to build and operate fewer but larger landfills and to
transport wastes greater distances.

The most dangerous components of solid wastes to both humans and the envi-
ronment are those categorized as hazardous, according to the U.S. Resource Con-

FIGURE 6.3 Sequential production dynamics of gases emitted from a sanitary landfill. (From
Beeby, A. 1993. Applying Ecology. Chapman & Hall, London. With permission.)

FIGURE 6.4 Energy circuit diagram of a landfill ecosystem.
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servation and Recovery Act. These wastes are now regulated and must be separated
from other wastes and managed in special facilities. Wastes must exhibit at least
one of the following characteristics to be considered hazardous: ignitability, corro-
sivity, reactivity, and toxicity. Most hazardous wastes come from industries but a
small portion is generated in normal household solid wastes. Workers of the Garbage
Project at the University of Arizona found a relationship between socioeconomic
characteristics of neighborhoods and the composition of hazardous waste: low-
income households produce more car-care items (such as motor oil and gas addi-
tives); middle-income households produce more items associated with home
improvement (such as paints, stains, and varnishes); and upper-income households
produce more lawn and garden items (such as pesticides and herbicides) (Rathje
and Murphy, 1992). Nuclear waste provides a special case of the highest priority in
terms of safety (Weber and Wiltshire, 1985). The proposed approach taken for these
materials is geological disposal, where wastes are buried under very thick layers of
soil and rock (Carter, 1987). However, risks remain with geological disposal
(Shrader-Frechette, 1993), and the technology for nuclear waste management is still
evolving. Current debate focuses on the Yucca Mountain, NV, site near Las Vegas
which is scheduled to be the world’s first geologic repository for high-level nuclear
waste (Apted et al., 2002; Ewing and MacFarlene, 2002).

Under current conditions there is little opportunity for ecological engineering
to contribute to landfill technology. The systems by necessity are dominated by
conventional engineering designs and procedures. The best opportunities may come
for leachate treatment, and Mulamoottil et al. (1999) describe constructed wetlands
for this purpose. Also, Beeby (1993) suggests that methane (i.e., biogas) production
from landfills can be optimized, but “the ecosystem itself has to be managed to
favour the methanogenic bacteria.” This kind of management theoretically is possi-
ble, but it is unlikely to occur for practical reasons.

COMPOSTING ECOSYSTEMS FOR ORGANIC SOLID 
WASTES

Composting is the process used by humans to break down organic solid wastes into
materials that can be reused as soil amendments in agriculture or horticulture (Rech-
cigl and MacKinnon, 1997). Organic wastes that are composted include food waste,
sewage sludge, yard wastes, and animal manures.

Principles of composting are well known and straightforward (Anonymous,
1991; Haug, 1980; Poincelot, 1974) and have been extensively reviewed, especially
in the journals entitled Compost Science and Biocycle. One of the main authorities
on technical aspects of composting has been Clarence Golueke (1977, 1991), who
has approached the subject as a sanitary engineer.

The primary objective in the design of composting systems is to maximize the
decomposition rate of the organic wastes by control of limiting factors. Thus, the
goals are to maintain moist, aerobic conditions that are insulated to retain heat and
to allow access by decomposer organisms. A wide variety of systems are employed,
ranging from large-scale commercial facilities that are highly engineered to small-
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scale backyard systems used by gardeners. Commercial technology includes two
approaches. The more costly mechanical composting involves the use of mechanized
enclosed systems that provide control over major environmental factors. The less
expensive open or windrow composting involves stacking the raw material in elon-
gated piles (i.e., windrows) in which composting occurs. Because this type results
in nonuniform heating of the organic materials, the piles must be mixed or turned
periodically so that all of the mass is eventually exposed to the highest temperatures.

The beauty of composting is that it is very easy to see and to understand how
a waste product can be converted into something useful. Because of this obvious
value and because in most cases it is also safe and easy to do, small-scale composting
is popular with gardeners everywhere. A large literature exists for the general public
(Martin and Gershuny, 1992) including such titles as Everyone’s Guide to Home
Composting (Bem, 1978) and Let it Rot! (Campbell, 1975). The application of
compost to soils can increase the organic content and improve the physical structure.
Specific benefits that have been reported of compost as a soil amendment include
increased aeration, improved moisture and nutrient retention, decreased soil erosion,
reduced soil surface crusting, plant disease suppression, and improved tilth. Compost
is often used to restore damaged or disturbed soils because of these special qualities.

One of the most important determinants of the rate of decomposition in com-
posting is the chemical quality of the organic materials. The ratio of carbon to
nitrogen (C:N) is often used as an index of the chemical quality, and values for
various types of organic wastes are listed in Table 6.3. This index is useful because
it is composed of two of the most important elements to the microbial decomposers
and to living organisms in general: carbon, needed as a source of energy in metab-
olism, and nitrogen, needed to synthesize protoplasm. The optimal ratio for com-
posting is about 25:1 to 30:1 (Golueke, 1977). The molecular structure of the carbon
compounds in the organic wastes is also an important determinant of decomposition
rate. Some molecular structures are more resistant to breakdown than others. Highly
proteinaceous materials such as food wastes break down quickly and support many
kinds of microbes. However, materials with cellulose (such as paper), lignin (such
as wood), or aromatics (such as carbon compounds with ring structures) break down
slowly because of their resistant chemical configurations and because only a few
groups of microorganisms produce the enzymes needed to assimilate these molecular
structures. Both indicators of chemical quality listed above (C:N ratio and molecular
structure of carbon compounds) are not unique to composting but rather they are
generally relevant for decomposition in any kind of ecosystem (Boyd and Goodyear,
1971; Cadisch and Giller, 1997; Enriquez et al., 1993; Jensen, 1929). Russell-Hunter
(1970) also provides a review of the C:N ratio in terms of animal nutrition.

Composting is an example of ecological succession because a series of microbial
taxa contribute to the breakdown of organic wastes in an organized sequence.
Changes in the physical–chemical conditions of the compost occur over time, caused
by the metabolic activities of microbes, and different taxa are adapted to only a
limited range of these conditions. Composting is an especially interesting example
of succession because of the biogenic changes in temperature that are characteristic
of the process. Figure 6.5 illustrates temperature and pH changes in a typical
composting sequence, with four successional stages (A to D) listed on the time axis.
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This kind of succession occurs when organic wastes are gathered up into heaps or
piles so that an insulating effect emerges with conservation of heat and a rise in
temperature. Heat is a by-product of the metabolic reactions of the microbes as they
decompose the organic wastes. The pH also changes over the composting succession,
beginning acid and becoming more alkaline over time. The first stage of composting
succession is dominated by mesophilic microbes, primarily aerobic and anaerobic
bacteria that metabolize simple carbohydrates such as sugars and starches. The
optimal temperature for these organisms is about 35˚C (95˚F). Thermophilic (i.e.,
“heat loving”) microbes dominate next and metabolize proteins and other nitroge-
nous materials. The optimal temperature for these organisms is about 60˚C (140˚F).
No living organisms can exist above 70˚C (175˚F), so microbial metabolism stops
and a cooling down phase follows the thermophilic stage. During this period acti-
nomycetes and fungi increase in numbers and metabolize cellulose and other more
resistant carbon compounds. The final stage shown in Figure 6.5 occurs with the
formation of humus, which is the most valuable form of compost.

In a mechanized composting plant the complete succession sequence can take
place in about one week, while in an open or windrow operation the sequence can
require on the order of a month to complete. Unlike composting systems, in most
natural ecosystems organic materials seldom accumulate under aerobic conditions
to a sufficient extent for insulation to occur, so temperature remains at ambient

TABLE 6.3
Carbon (C) to Nitrogen (N) Ratios for Various 
Kinds of Organic Materials

Material C:N Ratio

Urine 0.8

Activated sludge 6

Raw sewage sludge 11

Nonlegume vegetable wastes 11–12

Poultry manure 15

Cow manure 18

Mixed grasses 19

Horse manure 25

Potato tops 25

Straw from oats 48

Straw from wheat 128–150

Sawdust 200–500

Source: Adapted from Golueke, C. G. 1977. Biological Reclamation
of Solid Wastes. Rodale Press, Emmaus, PA. 
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levels. Under these conditions decomposition is carried out by mesophilic microbes
at moderate temperatures and psychrophilic microbes at lower temperatures. An
exception is decomposition in muskrat mounds (see Chapter 2). These mounds are
the most obvious construction feature of muskrats in temperate zone marshes and
act like compost piles (Figure 6.6) in accelerating the decomposition rate (Berg and
Kangas, 1989; Wainscott et al., 1990). The mounds are layered with mud and
vegetation similar to a classic Indure compost pile (Martin and Gershuny, 1992).
The vegetation used to construct the mound is cut while fresh and alive, and thus it
has higher nutrient content than vegetation not used in mound construction, which
undergoes physical leaching in a standing dead stage before decompositon. The
vegetation, which is used in mound construction, is also “shredded” to some extent
by the muskrat and by macroinvertebrates that live inside the mound, which may
facilitate colonization by microbial decomposers. Finally, the mound itself is moist
but aerobic with some insulation effect as in a compost pile. Other examples of
compost pile analogs are the nests built by megapode birds in Australasia (Collias
and Collias, 1984). (Megapode refers to the big feet, which the birds use to construct
large piles of plant materials for their nests.) Alligators in the southeastern U.S. also
build similar nests. An open question is who designs the best compost piles: human
sanitary engineers or animals such as the muskrat? Perhaps this question could be
resolved by careful analysis with heat transfer equations from conventional engi-
neering.

Composting is basically a natural process that is controlled by humans. Most
attention has been given to managing or engineering for microbial decomposition
of organic wastes. This emphasis is reflected in the standard texts (Golueke, 1977;
Insam et al., 2002), which only consider the roles of microbes (see, however, the
children’s book by Lavies, 1993). Microbes also are the main driving force in
decomposition in natural ecosystems but much more biodiversity is involved. Inver-

FIGURE 6.5 Patterns of change in temperature and pH over time in a closed composting
system. (Adapted from Gray, K. R. and A. J. Biddlestone. 1974. Biology of Plant Litter
Decomposition. C. H. Dickinson and G. J. F. Pugh (eds.). Academic Press, London.)
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tebrate animals dominate the complex detritus food webs in natural ecosystems, in
contrast to the relatively short detritus food chains of microbes found in most human-
designed composting systems. Detritus food webs occur primarily in the soil for
terrestrial ecosystems and in sediments for wetland and aquatic ecosystems (Ander-
son and MacFadyen, 1976; Brussaard et al., 1997; Palmer et al., 1997; Snelgrove
et al., 1997). Waring and Schlesinger (1985) illustrate the range of invertebrate
animal diversity involved in the breakdown of leaf litter detritus with a graph of 50
taxa which spans three orders of magnitude in size — from protozoans at the small
end to crayfish and earthworms at the large end of the spectrum. The work of detritus
food webs has been called detritus- or leaf-processing which includes physical
breakdown, mixing, and consumption of organic matter (Boling et al., 1975; Maltby,
1992; Petersen and Cummins, 1974; Petersen et al., 1989). Successions of different
organisms are involved in detritus processing, each with different functional roles
(Anderson, 1975; Frankland, 1966; Visser and Parkinson, 1975; Watson et al., 1974).
Cousins (1980) also has referred to this kind of processing as a detritus cascade
with emphasis on the different sizes of organisms that are involved. Cummins (1973;

FIGURE 6.6 Comparison of a muskrat mound (above) with a compost pile (below). The top part
of the figure is from Hodgson, R.G. 1930. Successful Muskrat Farming. Fur Trade Journal of
Canada, Toronto. The bottom part of the figure is from United Press International. With permission.
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Cummins and Klug, 1979) has developed a classification of functional feeding types
of stream invertebrates which illustrates the different roles. His classification includes
shredders, collectors, scrapers, and predators, depending on mouthparts and behavior
of the animal. The shredder category is particularly important in fragmentation of
large pieces of detritus into smaller particles (Anderson and Sedell, 1979; Cummins
et al., 1973, 1989; Wallace et al., 1982). Particle size is important in decomposition
because it determines the surface area per unit mass exposed to microbial coloniza-
tion and metabolism. In some commercial-scale composting facilities this kind of
fragmentation is carried out with mechanical grinding machines but it is an expensive
step that is not always possible. However, in nature it is an inherently important
contribution that accelerates the decay process. Figure 6.7 depicts the leaf breakdown
process that occurs in freshwater streams. Physical leaching quickly causes an initial
weight loss during the first few days. Mineralization by microbes follows after they
begin to colonize the leaf surface. Invertebrate animals colonize later and breakdown
the main structure of the leaf through their feeding. Complete detritus processing
requires approximately 1 year in the temperate zone and follows the exponential
decay model described in Chapter 2. A more detailed graphic display of leaf break-
down for a terrestrial forest ecosystem is given by Schaller (1968). Bormann and
Likens (1979) identify several fragmentation processes: fenestration, perforation,
and deskeletonization and refer to these actions as a kind of “coordinated attack”
in the quote given below:

… it would appear that as soon as soft tissues such as leaves or bud scales fall to the
forest floor they are subject to a coordinated attack. … Fungi and bacteria initiate the
action but are soon joined by springtails, bark lice, and various larvae which eat or
tear holes in the tissue (fenestration), opening it to more rapid microbial attack. Larger
larvae and mites bring about further perforation and skeletonization. Large amounts of

FIGURE 6.7 Leaf litter breakdown in a stream ecosystem. (From Cushing, C. E. and J. D. Allan.
2001. Streams: Their Ecology and Life. Academic Press, San Diego, CA. With permission.)
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feces, or frass, are produced, which may be consumed again by other fauna. The
activities of the soil fauna and microflora are thus closely linked. Chewing, ingestion,
and digestion by fauna not only result in decomposition of the organic matter but
simultaneously create surface and moisture conditions more favorable to microbial
action both within the faunal gut and in the resultant frass. It seems likely that the
detritivores obtain their principal energy supplies from the easily decomposable sub-
stances within the litter such as sugars, starches, and simple and crude proteins.
Exoenzymes of fungi and bacteria not only attack these easily decomposable substances
but are largely responsible for the decomposition of the more resistant compounds,
such as hemicellulose, cellulose, and lignins, which compose the bulk of the leafy and
wood litter.

Thus, invertebrates are important regulators of the decomposition process in
natural ecosystems (Anderson and MacFadyen, 1976; Coleman, 1996; Edwards et
al., 1970; Lussenhop, 1992; Seastedt, 1984; Visser, 1985). In addition to the physical
breakdown or fragmentation which facilitates microbial colonization, invertebrates
(1) create zones of active microbial growth through mixing and other actions,
(2) select for fast-growing microbial populations through direct grazing, and
(3) fertilize microbes through release of nutrients in their excretion. When highly
focused, these kinds of control actions have been referred to as “microbial gardening”
(Hylleberg, 1975; Reise, 1985; Rhoads et al., 1978) in that the animals directly
channel microbial production into their own growth. An example of this interaction
can be seen with the leaf-cutter ants (Attine ants: genera Atta and Acromyrmex) of
the tropics that intentionally cultivate fungi for food in their belowground nests with
leaves that they cut from the surrounding trees (Lugo et al., 1972; Weber, 1972).

The control of decomposition in soils by earthworms is well known. Charles
Darwin (1881) provided some early quantification of the role of earthworms in the
last book he wrote before his death in 1882. He felt earthworms were the most
important animals on Earth because of their contribution to soil fertility. Earthworms
are considered to be keystone species in terrestrial ecosystems because of their
(1) physical effects on soils, (2) biogeochemical effects on nutrient cycles, and
(3) enhancement of species diversity (Blondel and Aronson, 1995). A huge literature
exists on the ecology of earthworms (Edwards, 1998; Satchell, 1983), including
popular books with titles such as Worms Eat My Garbage (Appelhof, 1997) and
Harnessing the Earthworm (Barrett, 1947). Earthworm biotechnology (Hartenstein,
1986) includes vermicomposting, where earthworms are managed to accelerate
composting, and vermistabilization, where they are managed for sewage sludge
processing (Reed et al., 1995).

The paradigm that emerges from this review is that animals manage microbial
work in natural ecosystems (Figure 6.8A). In some cases anaerobic microbes occur
within the digestive systems of animals (Figure 6.8B). This is an important type of
symbiotic relationship to which both taxa contribute. The animals bring food to the
microbes and provide anaerobic microenvironments that are necessary for their survival
in otherwise aerobic environments. The microbes break down the food with special
enzymes that the animals lack. Although many animals have symbiotic gut microbes,
the most highly developed example is the herbivore group of ruminants, including
cattle, sheep, and deer. These animals have four stomachs and a symbiotic food web
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of bacteria and protozoans with densities of more than 100 million organisms/ml of
stomach solution (Hoshino et al., 1990; Hungate, 1966). Ruminant digestion consists
of a sequential set of processes: mastication (chewing), pregastric fermentation (break-
down of cellulose in the first stomach), regurgitation of “cud,” and acid hydrolysis in
the last stomach. This pattern has been suggested as being comparable to the processes
in a sewage treatment plant and even has been an inspiration for the design of biore-
actors (Beeby, 1993)! Also relevant here is the work of Penry and Jumars (1986, 1987;
Jumars, 2000) on modeling animal guts as chemical reactors. Other animals control
microbes in external environments (Figure 6.8C). Examples of this kind of control
include shredding and gardening mentioned earlier. Burrowing by animals in soils,
sediments, and other materials also provides microenvironments that enhance micro-
bial activities (Meadows and Meadows, 1991). Various invertebrates have been classed
as “ecosystem engineers” because of these kinds of roles in aquatic sediments
(Levinton, 1995) and soils (Anderson, 1995).

The question for ecological engineering is whether elements of animal control
over microbes can be incorporated into composting systems. Does the tremendous

FIGURE 6.8 Energy circuit diagrams of animal control over microbes in various ecosystems.
(A) Conceptual view. (B) Digestive microbes in a ruminant system. (C) Soil microbes in crab
burrows. (From Odum, H. T. 1983. Systems Ecology: An Introduction. John Wiley & Sons,
New York.)
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untapped biodiversity of animals from natural ecosystems represent an opportunity
for improved composting? The challenge is to design and test new composting
ecosystems that have higher biodiversity and more effective decomposition effi-
ciency. Many possible systems can be imagined. Can carrion-based food webs
(Payne, 1965) be used to accelerate composting of carcasses at animal farm
operations (Murphy and Carr, 1991)? Can burrowing clams (Pholadidae) (Komar,
1998) or the high diversity of bioeroders on coral reefs (Glynn, 1997) be used to
break down limestone and concrete construction materials? Can marine boring
organisms such as gribbles (isopods of the family Limnoridae) or shipworms
(clams of the family Teredinidae) (Ray, 1959) or terrestrial termites (Termitidae)
(Lee and Wood, 1971) be used to break down wooden construction materials?

Although some commercial-scale municipal composting facilities do operate in
the U.S. and elsewhere, the economics is not very favorable. An exception is com-
posting of sewage sludge which is generated by conventional wastewater treatment
plants and by septic tank owners. This is a major industry with well-developed
technologies (Clapp et al., 1994; Smith, 1996). Stabilization of sewage sludge
requires dewatering, after which composting is often utilized. One fairly common
practice is to spread the stabilized sludge on agricultural fields for further decom-
position and for use as a soil amendment. This mimics the old practice of manuring,
whereby animal wastes from farms are applied to fields (Klausner, no date). This
kind of composting can have positive benefits as long as proper application rates
are used. The application of excess sludge or animal manure can lead to environ-
mental problems such as nonpoint source pollution. This issue brings to focus the
sometimes conflicting motivations of composting. On the one hand, composting is
(1) a way of disposing of a waste product while, on the other hand, it is (2) a way
of producing a useful product. The potential exists for conflicts to arise between
these two motivations. For example, sewage sludge or animal manure may be spread
on land with the apparent motivation of improving the soil (motivation [2] above)
when actually it is done just to dispose of waste materials (motivation [1] above).
In this case, excessive applications can easily occur, creating environmental impacts
rather than subsidies. This same phenomenon can occur with the use of dredge
material for marsh restoration, as was described in Chapter 5. Composting systems
for sewage sludge and animal manures may represent the best opportunities for the
incorporation of ecological engineering improvements because these operations are
large-scale and common. In this regard reed-based wetland systems are widely used
for dewatering sewage sludge at the present time.

The compost toilet is a commercially successful composting system that is
particularly relevant for ecological engineering (Del Porto and Steinfeld, 1999;
Jenkins, 1994; Stoner, 1977; Van der Ryn, 1995). These are toilets which are meant
as a substitute for the flush toilet, requiring little or no water. Human feces are
collected and stabilized in the composting toilet and, later, used as a soil amendment.
Many designs are available but most take the form of an outhouse with storage
chambers, aeration with ducts or venting and the addition of a material such as
sawdust that acts as an absorbent (Figure 6.9).
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INDUSTRIAL ECOLOGY

Industrial ecology is an emerging new paradigm that concerns methods for increasing
industrial efficiency and improving the relationships between industry and the envi-
ronment (Graedel and Allenby, 2003; Lifset, 2000; McDonough and Braungart,
2002; Richards, 1997; Richards and Pearson, 1998; Socolow et al., 1994). It is
relevant in this chapter on solid waste management because it emphasizes energy
and material flows often with a focus on two management methods described earlier:
source reduction and recycling (Graedel, 1994). One version of industrial ecology
is for a particular industry to become “green” by improving its material cycle
(Goldberg and Middleton, 2000; Stevens, 2002). The existing field arose in the 1990s
with initiatives from industrial engineers, so it is a very recent development with
many ideas and proposals but few working examples. A journal entitled Industrial
Ecology was begun in 1998, and the International Society for Industrial Ecology
was formed in 2001.

One of the most interesting features of industrial ecology in the context of
ecological engineering is that it uses ecology as a model for examining industries,
as noted in the quote by Richards et al. (1994) below:

Industrial ecology offers a unique systems approach within which environmental issues
can be comprehensively addressed. It is based on an analogy of industrial systems to
natural ecological systems …

There are obviously limits to this analogy, but it can help illuminate useful directions
in which the system might be changed. Consider, for instance, waste minimization at
a scale larger than that of a single unit or facility in light of the biological analogue.
A mature natural ecological community operates as a waste minimization system. In
general, the waste produced by one organism, or by one part of the community, is not
disposed of as waste by the total system as long as it is a source of useful material

FIGURE 6.9 Energy circuit diagram of a composting toilet.
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and energy. Some organism, some part of the ecological system, tends to evolve or
adjust to make a living out of any particular waste …

In an industrial ecology, unit processes and industries are interacting systems rather
than isolated components. This view provides the basis for thinking about ways to
connect different waste-producing processes, plants, or industries into an operating
web that minimizes the total amount of industrial material that goes to disposal sinks
or is lost in intermediate processes. The focus changes from merely minimizing waste
from a particular process or facility, commonly known as “pollution prevention,” to
minimizing waste produced by the larger system as a whole.

Industrial ecology uses ecological principles but not actual living organisms to
design new systems. David Tilley (personal communication) suggests that in indus-
trial ecology “the ecosystem provides the software for industrial design.” Thus,
industrial ecology can be thought of as an abstract form of ecological engineering
or perhaps as a kind of reverse engineering based on natural ecosystems. For
example, Figure 6.10 illustrates some of the strategies of this new field including
waste prevention and reduction, product-life extension, and recycling, and is quite
reminiscent of the resource spiraling concept from ecology (see Chapter 2). A more
concrete example is given by Klimisch (1994) in which the automobile industry is
depicted like an ecosystem with trophic levels, material flows, and recycling. Benefits
will accrue to both society and the environment if industrial ecology as a field can
mature and result in working models. Ecological engineers may be able to help
develop the new ideas of industrial ecology since they have backgrounds in both
ecology and engineering.

Although industrial ecology is clearly a recent development there are historic
precedents for the field. Henry Ford may have been the first true industrial ecologist
as evidenced by a number of efforts undertaken from about 1910 until his death in
1948 [though Friedlander (1994) traces origins of the field back to Benjamin Franklin
in colonial America]. Ford is best known for developing affordable cars, utilizing
mass production techniques, and creating one of the first industrial empires in the
U.S. However, he maintained an interest in agriculture throughout his life and
continually tried to create compatible system of agriculture and industry (Bryan,
1990; Wik, 1972). For example, his village industry idea has been proposed as a

FIGURE 6.10 The spiraling process from industrial ecology, which has similarities with
material processing in ecosystems. (From Stahel, W. R. 1994. The Greening of Industrial
Ecosystems. B. R. Allenby and D. J. Richards (eds.). National Academy Press, Washington,
DC. With permission.)
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model for sustainable development (Kangas, 1997) because it combined farms with
local manufacturing plants fueled with renewable energy sources. Ford was also a
leader in the “Chemurgy” movement that was popular during the Depression period.
Chemurgy, which is a term analogous to metallurgy, attempted to produce and utilize
industrial materials derived from agricultural crops. Soybeans were the focus of a
major research effort by the Ford Motor Company. This crop was used to produce
a number of items such as oils, paints, varnishes, and plastic-like parts for automo-
biles. Ford wanted to control all of the raw materials that went into his cars and to
utilize as much of the waste products from the automobile as possible. According
to Wik (1972), because of Ford’s interest in recycling,

… engineers in his company tried to salvage everything from floor sweepings to
platinum. Wood shavings were converted into charcoal briquets, formaldehyde, creo-
sote, and ethyl acetate. Coal derivatives yielded coke, benzol, and ammonium sulfate,
while the slag from steel furnaces was used for surfacing roads. In 1925 the company
sold coke commercially as well as ammonium sulfate as fertilizer. Eighty-eight gas
stations in Detroit sold benzol to auto drivers at the same price as gasoline. Seven tons
of Dearborn garbage were distilled daily in the River Rouge plant where it yielded
alcohol, refined oil, and gas suitable for heating purposes. Residues were mixed with
sand and sold as fertilizer to greenhouses. Tests were made to extract soap from the
sewage in Detroit. Sale of the various Ford by-products in 1928 amounted to $20
million. The New York Times in 1930 claimed Ford threw nothing away, not even the
smoke from his factories.

A thorough review of Henry Ford’s work may provide many examples that can
inspire modern industrial ecology efforts.

ECONOMIC CONCEPTS AND THE PARADOX OF 
WASTE

The simple diagram shown in Figure 6.11 illustrates the idea of wastes. A process
exists (the work gate on the left) in which energy is transformed to create an intended,
useful product, which is subsequently used as an input in another process (the work

FIGURE 6.11 Energy circuit diagram illustrating the concept of valuation of waste by-
products.
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gate on the right). The product is considered useful because it serves as an input to
a productive process. Waste material also is created by the initial process, but because
it doesn’t serve as an input to a subsequent productive process, it is considered to
be useless (or in other words, a waste), and therefore, it is a by-product. While this
is logical, a paradox arises when it is realized that the same amount of energy, from
the source to the left and from the feedback out of the storage, is required to make
both the intended, useful product and the unintended, waste by-product. From the
perspective of the energy theory of value (H.T. Odum, 1996; see Chapter 8), both
the useful product and the waste by-product can be thought to be equally valuable
because they both required the same amount of energy to produce. Kangas (1983a)
applied this theory to strip-mined landscapes in central Florida. He proposed that
the spoil mounds formed by mining had value in proportion to mining energy inputs
and that they should not be leveled for reclamation. Plant communities colonized
the mounds and, with sufficient time, succession could produce forests with structure
comparable to natural forests. Ultimately, however, the argument was not convincing
enough to change mine reclamation policy. Obviously, the energy theory contrasts
dramatically with the utility-based value system of market economics, where the
balance of supply and demand determines value or price. In human society, which
is driven by market economics, wastes occur when no demand exists for their use.
In fact, these wastes actually have a negative value because there are costs associated
with their disposal.

In natural ecosystems, wastes seldom arise because some population or process
evolves to use by-products for a productive purpose. For example, in the basic P–R
model of the ecosystem (see Chapter 1), primary productivity (P) produces oxygen
as an apparent by-product that is used as an input by respiration (R) and respiration
produces carbon dioxide as an apparent by-product that is used as an input by primary
productivity. There is no waste in this P–R system because by-products are utilized.
The energy theory of value represents this evolutionary perspective of the natural
ecosystem by assigning equal values to all outflows from a process. Industrial
ecology is striving to achieve this goal in human economics, wherein all waste by-
products are used as resources (Allen and Behmanesh, 1994). In a sense, the loss
of value that occurs when by-products are wasted, such as in landfilling, is the cost
to human society for the evolution of closed material loops characteristic of natural
ecosystems.

Of course, some wastes are being recycled but markets are not widely available
(Aquino, 1995; Lund, 2001). Many creative uses have been found for certain wastes,
often outside of market transactions (Piburn, 1972), such as the use of waste tires
for artificial reefs (see Chapter 5), composting examples described earlier in this
chapter, and the recycling of oceangoing vessels by “ship breakers” (Langewiesche,
2000). An extreme case occurs when trash is used as art (Greenfield, 1986), which
reveals a surprising aesthetic value of waste. Finding productive uses for waste by-
products is a goal of ecological engineering, and examples are described throughout
the text.
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7 Exotic Species and 
Their Control

INTRODUCTION

The invasion of ecosystems by exotic species is a major environmental problem that
has become widely recognized (Culotta, 1991; Mack et al., 2000; Malakoff, 1999).
This phenomenon is occurring globally and causing changes to ecosystems, along
with associated economic impacts. The most important issue with the invasion of
exotics is the replacement of native species, in terms of either reduction of their
relative abundance or, in the extreme, their outright extinction. Associated costs to
human economies from the invasion of exotics include losses of value derived from
the natives they replace, direct damages caused by them, and expenditures for control
programs directed at exotics (Pimentel et al., 2000). The invasion of exotic species
occurs because of introduction by humans, either intentionally or unintentionally.
Of course, intentional introductions are undertaken in an effort to add a useful species
to an ecosystem, and there are positive examples of this action such as the intro-
duction of honey bees as a pollinator for crop species. Problems arise, however,
when intentionally introduced species take on unintended, expanded, and negative
roles in ecosystems or when this occurs with unintentional introductions.

Perhaps because it is an environmental problem caused by excessive growth or
“biology gone wrong,” the invasion of exotics has become sensationalized by envi-
ronmentalists and the news media with seemingly good reason. This situation is
reflected in titles of news stories about exotics such as “Unstoppable Seaweed
Becomes Monster of the Deep” (Simmons, 1997) and other evocative descriptions
such as “the Frankenstein effect” (Moyle et al., 1986) and the need to consider
exotics as “guilty until proven innocent” (Ruesink et al., 1995; Simberloff and
Stiling, 1996). A further example is the announcement of “America’s Least Wanted”
(Table 7.1), which is a list of the dirty dozen of the country’s worst exotics, according
to the Nature Conservancy (Flack and Furrlow, 1996). The problem of invasion of
exotics has captured the imagination of the public and the scientific community and
is receiving greater and greater attention. Figure 7.1 illustrates this growing interest
by plotting the number of books published on exotics by decade since World War
II (Appendix 1). Although this listing may not be complete, the pattern is clear with
relatively little publishing until the 1980s and especially the 1990s when there was
an explosion of writing about exotics. This growing literature includes mostly the
standard scientific writing but also popular books (e.g., Bright, 1998), books com-
missioned by the federal government (National Research Council [NRC], 1996a;
Office of Technology Assessment, 1993), and even a children’s book (Lesinski,
1996). The latter clearly reflects a trickle-down effect and a growing awareness of
the issue. This trend is also seen in a growing body of policy and legislation such
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as the National Invasive Species Act of 1996 (Blankenship, 1996) and the proposed
Species Protection and Conservation of the Environment Act (Paul, 2002).

Although interest and concern about exotics have recently exploded, the problem
is an old one, probably as old as human civilization. For example, Haemig (1978)
describes introductions by pre-Colombian people in Mexico several thousand years
ago. Modern awareness about exotic species as an environmental impact dates to

TABLE 7.1
List of the Worst Invasive Exotic Species in the U.S.

Zebra mussel

Flathead catfish

Purple loosestrife

Hydrilla

Rosy wolfsnail

Green crab

Tamarisk

Balsam wooly adelgid

Leafy spurge

Brown tree snake

Miconia

Chinese tallow

Dreissena polymorpha

Pylodictis olivaris

Lythrum salicaria

Hydrilla verticillata

EugCarcinus maenas

Landina rosea

Tamarix sp.

Adelges piceae

Euphorbia esula

Boiga irregularis

Miconia calvescens

Sapium sebiferum

Note: This list has been called “America’s Least Wanted” and “The
Country’s Twelve Meanest Environmental Scoundrels.”

Source: Adapted from Flack, S. and E. Furlow. 1996. Nature Conser-
vancy. 46(6):17–23.

FIGURE 7.1 Exponential increase in the publication of books about exotic species. (See
Appendix 1 of this chapter for a list of titles.)
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Charles Elton’s monograph from 1958. Elton defined biological invasions as occur-
ring when species move from an area where they evolved to an area where they did
not evolve, and this still may be the best definition of the concept. Although some
of the approaches Elton used to explain invasions may be outdated by standards of
current ecological theory, his book was clearly far ahead of its time. Recent interest
in exotics by ecologists dates to the 1970s when W. E. Odum coined the term living
pollutants to describe the problem (W. E. Odum, 1974). Also, Courtenay and Robins
published what may be the first general paper on exotics in 1975. Finally, Holm et
al. (1977) may have presaged the Nature Conservancy’s Dirty Dozen list of exotics
with their listing of “The World’s Worst Weeds.”

The greatest fear from exotics for environmentalists, conservation biologists,
and natural resource managers is “the homogenization of the world” (Culotta, 1991;
Lockwood and McKinney, 2001). In this view a relatively few exotics spread
throughout the world’s ecosystems reducing native biodiversity. This phenomenon
has already occurred with humans, who are exotics in most ecosystems. The fear
of homogenization of the world’s biodiversity seems real as exotics are clearly
occurring as a global environmental problem (Schmitz and Simberloff, 1997; Soule,
1990; Vitousek et al., 1996). This fear cannot be denied but there is still much to
understand about the ecology of exotic invasions. For example, MacDonald and
Cooper (1995) suggest that alien-dominated ecosystems may be unstable over long
time periods and therefore perhaps only a temporary problem. Many new eco-
systems, which need to be described and explained, are being formed by the com-
bination of exotics and natives. The prevailing view of exotics as negative additions
to ecosystems has been accepted rather uncritically by the scientific majority, and
the small amount of published literature on any controversy has been largely ignored
(Lugo, 1988, 1990, 1994). Alternative views of exotic species can be imagined (Table
7.2) and some of these are examined in this chapter. The study of exotic species
seems to be a wave of the future, and it will be a challenge to ecological theory for
some time.

STRATEGY OF THE CHAPTER

A chapter on exotic species is included in this text for several reasons. The systems
they come to dominate are not consciously designed by humans, but they are still
human-generated systems due to increased dispersal and disturbance. In fact, exotic-
dominated ecosystems represent the ultimate in self-organization, one that can
become a threat to certain human values. Exotic species often dominate systems
because of their high degree of preadaptation to new conditions created by humans.
Thus, these species embody several of the important ecological engineering princi-
ples introduced in Chapter 1.

Under certain conditions, invasive exotic species provide a significant challenge
to environmental managers because of their explosive growth. However, there is
potential to take advantage of the successful qualities of these species. It is possible
to imagine designs that utilize exotic species under appropriate circumstances, but
this use must be carefully employed so as not to increase the problems these species
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can cause to natural ecosystems (Bates and Hentges, 1976; Ewel et al., 1999). This
chapter examines the positive and negative contributions exotics make to biodiversity
and outlines the new form of organization they represent. Exotic species provide
opportunities to learn about basic ecological structure and function, if viewed objec-
tively, and their success is a challenge to existing ecological knowledge. Finally,
ideas of control strategies are reviewed. These strategies vary in their effectiveness
and may be better described as management rather than engineering. As a group,
exotics are forms of biodiversity that have escaped control by factors that would
have regulated their populations. Thus, concepts of control in ecology and engineer-
ing are discussed for perspective.

TABLE 7.2
A Comparison of Different Views Concerning Invasive Exotic Species in 
Ecosystems

Conventional Thinking Alternative Hypothesis

Ecosystems infected with exotics
are imbalanced systems that must
be restored.

Ecosystems infected with exotics are
examples of a new class of ecosystems
heavily influenced by humans and have 
value of their own.

Our knowledge of exotics is sufficient
to develop management strategies and
value judgments on them.

Almost all research on exotics has been at
the population scale, with little emphasis on
ecosystem relations. More research is
needed on ecosystems with high amounts of
exoticism (as opposed to endemism).

Exotics are problems that must be
exterminated.

Exotic-dominated ecosystems may reveal
some aspects of ecology that we have not 
seen previously; they are a scientific tool for 
doing ecological theory.

Exotics should not be used in restoration
projects; only native species should be used.

Exotics sometime grow faster or have
special qualities that may speed up restoration. 
The key may be to managing exotics. This may 
be the most effective way of restoring 
ecosystems.

Ecosystems infected with exotics are less
valuable because of their ability to
outcompete or harvest to extinction 
native species.

Exotics may improve certain overall
ecosystem parameters such as biomass,
production, decomposition, stability, and
even diversity.

All exotics should be controlled or kept out
of natural systems to reduce their impacts.

The best way to manage exotics may be to
add more exotics, so that more control
networks (food webs) will arise.

Exotic-free ecosystems are attainable. There is no way to keep exotics out or to
remove them once they have invaded. 
Exotics may be inevitable. Humans are exotics.



Exotic Species and Their Control 239

EXOTICS AS A FORM OF BIODIVERSITY

Exotic species affect biodiversity in two opposite ways. On one hand, through their
invasion of a community they can reduce biodiversity by reducing populations of
native species. On the other hand, through their invasion of a community they
increase biodiversity by their own addition to the system. The former process (of
exotics’ reducing native biodiversity) is often seen as the central problem of the
invasions. Reduction in biodiversity is sometimes difficult to attribute solely to
exotics because other factors such as pollution, disturbance by humans, and habitat
loss also may be involved. However, exotics certainly contribute to declines in native
diversity to a greater or lesser extent through competition or predation when they
invade natural systems.

The process of exotics’ adding biodiversity to communities is much less studied
and discussed than their role in causing biodiversity declines. Of course, exotics are
biological species as are natives, and they are as intrinsically interesting and valuable
as any species taken within an appropriate context. When an exotic invades a
community, its addition represents an increase in the community’s biodiversity. At
least in some cases this process can greatly increase diversity. This phenomenon is
especially characteristic of islands which naturally have few species due to dispersal
limitations (see the discussion of the theory of island biogeography in Chapters 4
and 5). Fosberg (1987) cites a dramatic example of this situation for an isolated
island (Johnson Island) in the central Pacific Ocean. When first visited by a botanist
there were only three species of vascular plants on the island. The island became
occupied by humans as a military base during World War II, and by 1973 the number
of vascular plants had increased to 127. Fosberg (1987) termed this “artificial
diversity” because it was attributable to species brought in by humans. He goes on
to describe a “pantropical flora” of plants that “… are either commensals with man,
cultivated useful or ornamental plants, or what have been called camp-followers,
door-yard or garden weeds, or else aggressive pioneer-type plants that produce many
long-lived seeds and thrive on disturbed ground, or even in bare mineral soil.” This
is not a particularly attractive description of biodiversity, but the new communities
on Johnson Island and in other locations have higher diversity that deserves to be
studied. A continental example for Arizona fishes was described by Cole (1983):

Thus by constructing artificial waters, we have increased diversity on one hand even
as we have decreased it. The overall picture, however, is probably a lessening of
diversity. Although the number of fish species in Arizona was originally about 25,
exotic introductions have increased the state’s fish fauna to more than 100 species
(Minckley, 1973). Some of the original native species have disappeared or are endan-
gered because of competition from the new arrivals and alteration of their fragile aquatic
habitats.

This quote is instructive because it shows how exotics have increased biodiversity,
but the author is quick to qualify the phenomenon by noting possible negative
impacts. Ecologists generally have avoided the paradox (though, see Angermeier,
1994), but there is a need to take on the problem of understanding the new systems
of exotics and native survivors, which may have more biodiversity than the old
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systems without exotics. Lugo (1988, 1990, 1994) seems to be the only ecologist
who has discussed the problem in any depth. He has tried to take a balanced approach
as reflected in the following quote (Lugo, 1988):

Although conservationists and biologists have an aversion to exotic species such as
predatory mammals and pests (with good reason!), this may not be totally justified
if the full inventory of exotic fauna and flora and certain ecological arguments are
taken into consideration. For example, the growth of exotic plant species is usually
an indication of disturbed environments, and under these conditions, exotic species
compete successfully (Vermeij, 1986). They accumulate and process carbon and
nutrients more efficiently than do the native organisms they replace. In so doing,
many exotic species improve soil and site quality and either pave the way for the
succession of native species or form stable communities themselves. There is no
biological criterion on which to judge a priori the smaller or greater value of one
species against that of another, and if exotic species are occupying environments that
are unavailable to native species, it would probably be too costly or impossible to
pursue their local extinction.

The paradox of exotic species invasion of islands with high levels of endemism is
discussed by Vitousek (1988) in Chapter 20. He correctly points out that if the invasion
of exotic species is at the expense of the extinction of local endemics, the total species
richness of the biosphere decreases and the Earth’s biota is homogenized since most
of the invading exotics are cosmopolitan. 

Biodiversity exists at several scales (Whittaker, 1977), and exotics can increase
alpha or local (within habitat) diversity. Thus, during the invasion process, a com-
munity adds one or more exotics. Biodiversity goes up if there are fewer local
extinctions of native species than there are additions of exotics. Beta (between
habitats) and gamma (regional) diversity can go down, even while alpha diversity
goes up, if local endemic species are driven to extinction. The reductions in beta
and gamma diversities with concurrent increase in alpha diversity characterize the
homogenization phenomenon mentioned earlier. Although there have been few stud-
ies of this phenomenon with sufficient depth to document simultaneous change in
diversity at different spatial scales, these kinds of biogeographical surveys are
needed. Is homogenization actually happening? How many species have been added
through introductions and how many species have gone extinct because of these
introductions? If invasions of exotics are proceeding in all geographical directions,
perhaps the actual net losses in species diversity are small. For every Asian species
that invades North America, is there a North American species that invades Asia?
In reality, there seem to be few studies spanning the geographic dimensions of
biodiversity (alpha, beta, and gamma) that document changes solely attributable to
invasions of exotics. Known losses in biodiversity are perhaps best thought as
resulting from cumulative impacts of a number of factors which include exotic
invasion, pollution, habitat loss, and others. In this context, it would be interesting
to know the contribution of the different factors, especially for decision makers who
must allocate scarce resources to mitigate separate impacts, such as invasions of
exotic species.
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As a form of biodiversity, exotics seem to generally share certain traits, but they
are also a diverse group. It is sometimes even difficult to state definitely whether a
species is even an exotic (Peek et al., 1987). The problem with defining these kinds
of species mirrors the related challenge of defining a “weed.” Herbert G. Baker
(1965) defined a weed as a plant which grows “entirely or predominantly in situations
markedly disturbed by man (without, of course, being deliberately cultivated plants).”
The relation between exotics and human disturbance is a key in this definition and
it will be explored in more depth in a later section of this chapter. Terminological
challenges to defining weeds can be seen in the long lists of alternative definitions
given by Harlan (1975) and Randall (1997).

The old range plant terminology (Ellison, 1960) also is instructive for defining
exotic biodiversity. Rangeland plants were classified as increasers, decreasers, or
invaders depending on their response to grazing. Thus, with increasing grazing
intensity, increasers increase in density, decreasers decrease in density, and invaders
invade from outside the community (Figure 7.2). This is a common-sense kind of
classification that is value-free and that relies on a species response to perturbation.

Exotic species range in size from microbial diseases to wide-ranging wildlife
and canopy-level trees. Most are fast growing with wide dispersal capabilities (“r-
selected,” see Chapter 5) but they have other qualities that allow them to be invasive.
Some authors have tried to characterize “ideal” invaders (Baker, 1965, 1974, 1986;
Ehrlich, 1986, 1989; Mack, 1992; Noble, 1989; Sakai et al., 2001), but many kinds
of organisms can take on this role.

One fairly general feature of successful exotic invaders is preadaptation for the
conditions of their new community (Allee et al., 1949; Bazzaz, 1986; Weir, 1977).

FIGURE 7.2 Classification of rangeland plant species based on adaptation to grazing inten-
sity. Exotic species are like increasers or invaders. (Adapted from Strassmann, B. I., 1986.
Energy and Resource Quality: The Ecology of the Economic Process. C. A. S. Hall, C. J.
Cleveland, and R. Kaufman (eds.). John Wiley & Sons, New York.)
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Preadaptation is a chance feature for unintentional introductions but a conscious
choice for those species intentionally introduced by humans. In many cases invasive
exotic species are preadapted to the disturbances caused by humans.

A final note on exotics as a form of biodiversity deals with the context of human
value judgment. There is an underlying subjective feeling that natural ecosystems
should have only native species. In this context, exotic species represent biodiversity
in the wrong place. There are anachronistic exceptions such as the feral horses on
several U.S. east coast barrier islands (Keiper, 1985), but exotics generally have a
negative connotation. In the U.S. this is appropriate for national parks (Houston,
1971; Westman, 1990) where the objective is to preserve natural conditions despite
changes in the surrounding landscape. However, in other situations exotics could be
viewed with less negative bias. For example, Rooth and Windham (2000) document
the positive values of the common reed (Phragmites australis) along the eastern
U.S. coast, where it is regarded as one of the worst exotic plant species by many
workers. These values include marsh animal habitat, water quality improvement,
and sediment accumulation, the last of which is especially significant in terms of
the impacts caused by the global rising of the sea level. The case for introducing an
exotic oyster into Chesapeake Bay for reef restoration provides another case study
(Gottlieb and Schweighofer, 1996). Brown (1989) summarizes ideas on value judg-
ments about exotics with the following statement:

Unless one is a fisherman, hunter, or member of an acclimatization society, there is a
tendency to view all exotic vertebrates as “bad” and all native species as “good.” For
example, most birdwatchers, conservationists, and biologists in North America view
house sparrows and starlings with disfavor, if not with outright loathing; they would
like to see these alien birds eliminated from the continent if only this were practical.
There is a kind of irrational xenophobia about invading animals and plants that resembles
the inherent fear and intolerance of foreign races, cultures, and religions. I detect some
of this attitude at this conference. Perhaps it is understandable, given the damage caused
by some alien species and the often frustrating efforts to eliminate or control them.

This xenophobia needs to be replaced by a rational, scientifically justifiable view of
the ecological role of exotic species. In a world increasingly beset with destruction of
its natural habitats and extinction of its native species, there is a place for the exotic.
Two points are particularly relevant. First, increasing homogenization of the earth’s
biota is inevitable, given current trends in the human population and land use. …

The second point is that exotic species will sometimes be among the few organisms
capable of inhabiting the drastically disturbed landscapes that are increasingly covering
the earth’s surface. …

It has become imperative that ecologists, evolutionary biologists, and biogeographers
recognize the inevitable consequences of human population growth and its environ-
mental impact, and that we use our expertise as scientists not for a futile effort to hold
back the clock and preserve some romantic idealized version of a pristine natural world,
but for a rational attempt to understand the disturbed ecosystems that we have created
and to manage them to support both humans and wildlife. …
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The current sentiment among most ecologists and environmentalists is that
invasive exotics are “bad” species. However, it must be remembered that this is a
subjective assessment. Perspective on the degree of this subjectivity comes from a
consideration of a historical case. From the early 1900s until the 1950s, the U.S.
government conducted a predator control program on public lands including national
parks. Professional hunters and even park rangers were specifically employed in this
program to kill wolves, coyotes, and many other mammalian predator species
because they were judged to be “bad” species. This situation is described, with an
emphasis on national parks, by McIntyre (1996):

Our country invented the concept of national parks, an idea that represented a new
attitude toward nature. In the midst of settling the West, of civilizing the continent,
some far-sighted citizens argued for setting aside and preserving the best examples of
wild America. Public opinion supported the proposal, and Congress established a
system of national parks, including such crown jewels as Yellowstone, Yosemite,
Sequoia, Rocky Mountain, Grand Canyon, Glacier, and McKinley. The natural features
and wildlife found within these parks would be protected as a trusted legacy, passed
on from one generation to another.

But the early managers of these national parks defined preservation and protection in
ways that seem incredible today. The contemporary attitude classified wildlife species
as either ‘‘good’’ or ‘‘bad’’ animals. Big game species such as elk, deer, moose, bison,
and big-horn sheep fell into the favored category. Park administrators felt that national
parks existed to preserve and protect those animals. Anything that threatened them,
whether poachers, forest fires, or predators, had to be controlled. Based on that premise,
predators, especially wolves, became bad animals, and any action that killed them off
could be justified.

Besides wolves, many other animals were also blacklisted and shot, trapped, or poi-
soned during the early decades of the national park system: mountain lions, lynx,
bobcats, red foxes, gray foxes, swift foxes, badgers, wolverines, mink, weasels, fishers,
otters, martens, and coyotes. Amazingly, rangers even destroyed pelicans in Yellowstone
on the premise of protecting trout.

The predator control program in the national parks was just an extension of a national
policy to rid the country of undesirable species. …

This control program stopped in the 1950s, and many are questioning its wisdom
to the degree that wolves are now being reintroduced to the national parks. Thus,
the judgment of these species as being “bad” and needing to be controlled has been
reversed as attitudes have changed. Will a similar reversal in attitudes happen with
invasive exotics some day? Chase (1986) in his critical review of management
policies at Yellowstone National Park labeled the old predator control program as
an example of “playing god” with the species. The comparison is striking with
current exotic control programs.
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EXOTICS AND THE NEW ORDER

Mooney and Drake (1989), in summarizing a text on the ecology of biological
invasions, suggested that humans have transformed nature to such a great extent that
a “new order” now exists. They list a number of dramatic changes that have occurred
due to human population growth and state that the world is now dominated by new
systems because of these changes, as is highlighted in the following quote:

All of these alterations are providing a new landscape with an abundance of disturbed
habitats favoring organisms with certain traits. This massive alteration of the biosphere
has occurred in conjunction with the disintegration of the great barriers to migration
and interchange of biota between continents due to the development by humans of
long-distance mass transport systems. The introduction of a propagule of an organism
from one region to a distant one has changed from a highly unlikely event to a certainty.
The establishment and spread of certain kinds of organisms in these modified habitats,
wherever they may occur, is enhanced. The net result of these events is a new biological
order. Favored organisms are now found throughout the world and in ever increasing
numbers. It is evident that these changes have not yet totally stabilized either in the
Old or New World. In the former the success of invading species has changed through
time with differing cultural practices and new directions and modes of transport. Old
invaders are being replaced by new ones (Heywood, this volume). In the New World
additional invading species are still being added.

The kinds of disruptions that non-intentionally introduced invading species can play
in natural systems have been outlined above and have been the focus of the SCOPE
study. These disruptions may in time stabilize on the basis of a new system equilibrium.

This interpretation might be translated as a kind of algebraic equation for under-
standing exotic species:

Increased disturbance by humans + Increased dispersal by humans = 
New systems with dominance of exotic species

This equation is useful in illustrating the two main causes of exotic invasions but it
especially focuses on the idea that the resulting systems are new. To some this is an
exciting concept in that these are systems that have never existed previously, and
they are new challenges for science to describe and explain. To others this is an
environmental disaster that requires remediation or restoration. While the concept
is a philosophical statement, there is a definite reality in the new organization of
systems with exotic invasion.

Some have focused on the role of disturbance by humans as a key factor in
exotic invasions. Elton (1958) was the first to tie exotics to disturbance, as did Baker
(1965) in his definition of weeds. More recently others have discussed the connection
(Hobbs, 1989; Hobbs and Huenneke, 1992; Horvitz, 1997; Lepart and Debussche,
1991; Orians, 1986). The notion is that invasions are more likely in disturbed
ecosystems because resources are available and competition from resident native
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species is reduced. This is a promising focus to take for understanding exotic
invasions, especially due to the well-developed theory of disturbance in ecology
(Clark, 1989; Connell, 1978; Levin and Paine, 1974; Petraitis et al., 1989; Pickett
and White, 1985; Pickett et al., 1989; Reice, 2001; Sousa, 1984; Walker, 1999). This
theory states that species can adapt to natural disturbances, and in some cases they
even use the disturbance as an energy source. As examples, energy from disturbances
can be used for accelerating nutrient cycling or dispersing propagules. Connell’s
(1978) study, which showed that the maximum diversity was found at intermediate
levels of disturbance (Figure 7.3), became a benchmark in documenting the impor-
tant role of disturbance in ecology. The hump-shaped pattern arises for several
reasons. At low levels of disturbance, the most adapted species outcompete all of
the other species (for example, those that are “K-selected,” see Chapter 5), which
lowers diversity. At high levels of disturbance, only a few species can adapt to the
environmental conditions that change so often (for example, those that are “r-
selected”), which also lowers diversity. The highest diversity occurs at intermediate
levels of disturbance because some species adapted to the entire disturbance spec-
trum are supported. Energy theory provides an alternative explanation: the interme-
diate levels of disturbance provide the most energy subsidy to the ecosystem, while
low levels of disturbances provide less energy subsidy and high levels of disturbance
act as stress rather than subsidy (E. P. Odum et al., 1979). Disturbance theory has
led ecologists to emphasize nonequilibrium concepts of ecosystems over the earlier
ideas of more static “balance-of-nature” concepts. The theory of island biogeography
(see Chapters 4 and 5) is an example of an equilibrium model for explaining species
diversity. Under equilibrium conditions competitive exclusion can run its course,
eliminating inferior competitors and selecting for the species best adapted to a site.
However, under nonequilibrium conditions the environment changes frequently
enough that competitive exclusion cannot run its course and thus more species are
supported on the site. Nonequilibrium theory was first used by Hutchinson (1961)

FIGURE 7.3 Graph of the intermediate disturbance hypothesis which suggests that the max-
imum diversity occurs when the disturbance level is moderate. (Adapted from Connell, J. H.,
1978. Science. 199:1302–1310.)
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to explain the “paradox of the plankton” or why so many species of phytoplankton
are found to coexist in the epilimnion or upper layer of a lake. The epilimnion
seemed to offer only one niche for phytoplankton since it was uniformly mixed with
constant light intensity. Under these conditions the competitive exclusion principle
(see Chapter 1) dictated that only one species of phytoplankton should be found at
equilibrium. Yet many species are found there. Hutchinson solved this paradox by
suggesting that environmental conditions (such as temperature and nutrient concen-
trations) actually change with sufficient frequency to preclude the onset of compet-
itive equilibrium, thus allowing many species to coexist. Huston (1979) elaborated
and generalized Hutchinson’s nonequilibrium concept of species diversity in an
important paper published one year after Connell’s classic. Since the 1970s non-
equilibrium and disturbance theory have become dominant in ecology (Chesson and
Case, 1986; DeAngleis and Waterhouse, 1987; Reice, 1994; Wiens, 1984). The shift
in emphasis from equilibrium to nonequilibrium perspectives is critically important
in ecology, but it does not necessarily imply that the field is without order or
predictability. Rather, as noted by Wu and Loucks (1996), “harmony is embedded
in the patterns of fluctuation, and ecological persistence is ‘order within disorder’.”

It is not enough to simply correlate exotic invasion with disturbances caused by
humans. Much research is needed for understanding how the various kinds of human
disturbances act. Frequency, intensity, and duration have been found to be good
descriptors of natural disturbances. Work is needed to quantitatively derive similar
descriptors of human disturbances in relation to exotic invasions. For example, no
simple relation was found between urbanization as a form of disturbance and degree
of exotic invasion by Zinecker (1997) for riparian forest plant species in northern
Virginia. The approach of Reeves et al. (1995) in developing “a new human-influ-
enced disturbance regime” might be a good model for the disturbances that facilitate
invasion of exotic species.

Relatively less attention has been given to the factor of increased dispersal by
humans as the cause of exotic invasions, although it is usually acknowledged as
being important. In fact, invasions can occur in systems that are not necessarily
disturbed by humans, as long as an invader can reach the system. The invasion of
isolated oceanic islands, such as the introduction of goats by explorers in the 1700s,
is an example of this situation. However, increased disturbance and dispersal usually
occur simultaneously, making it difficult to separate the two factors in most case
studies. Increased dispersal of species from one biogeographic province to another
is occurring due to increased rates of travel and trade within the global economy.
Total amounts of dispersal are seldom known because only successful introductions
are recorded (Simberloff, 1981, 1989; Welcomme, 1984). Ship ballast, as a form of
increased dispersal for aquatic organisms, is a good example of a well-studied
mechanism (Carlton, 1985; Williams, 1988) and has potential for regulation
(National Research Council [NRC], 1996a). New syntheses of dispersal by exotic
organisms must be based on detailed species-specific studies, such as Carlton’s
(1993) work on zebra mussels (Dreissena polymorpha), which are only now starting
to accumulate in the literature. Studies of the dispersal of native species (Bullock
et al., 2002; Clobert et al., 2001; Gunn and Dennis, 1976; Howe and Smallwood,
1982; van der Pijl, 1972; Wolfenbarger, 1975) can be models for the syntheses, but
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there will probably be new elements of preadaptation that help explain increased
dispersal rates by exotic organisms.

The final component of the equation given earlier in this section is the concept
of new systems with mixes of natives and exotics. Mooney and Drake (1989)
emphasize the idea that these are “new,” which is a different perspective than one
gets from reading most literature on exotics. Rather than thinking of these as natural
systems that have been degraded by the introduction of exotic species, they can be
seen as new systems that have been reorganized from the old “natural” systems. The
value of this perspective is that it allows thinking to be freed from biases to consider
new forms of organization (see Chapter 9).

Humans are creating a tremendous number of new habitats that in turn create
opportunities for new mixes of species. Cohen and Carlton (1998) describe the San
Francisco Bay and Delta ecosystem as having perhaps the highest exotic species
diversity of any estuary because the bay is a focal point for transport and, therefore,
increased dispersal and because of extensive human disturbance (Nichols et al.,
1986; Pestrong, 1974). In another example, Ewel (1986a) describes the new soil
conditions of South Florida as being an important factor in the exotic invasion of
terrestrial systems in the following quote:

Substrate modification, such as rock plowing, diking, strip-mining, and bedding, has
created soils and topographic features heretofore unknown to Florida. These human-
created soils, or anthrosols, are likely to support new ecosystems in which exotic species
play dominant roles. The Hole-in-the-Doughnut in Everglades National Park exempli-
fies this situation. Despite efforts by the National Park Service to restore native vege-
tation to this rock plowed land, a peppertree/wax myrtle/saltbush ecosystem persists
there.

The story of invasion of Gatun Lake in Panama by cichlid fish species (Swartzmann
and Zaret, 1983; Zaret, 1975; Zaret and Paine, 1973) offers another view of new
systems. This is an example that is often used to illustrate the severity of changes
that exotic introductions can have on an ecosystem. In this case the cichlid is a
voracious predator that was introduced into the lake. Changes in the lake’s food web
over time, which included dramatic reductions in native species and a simplification
of the structure of the food web, were documented (Figure 7.4). While this is often
used as an example of how much change an exotic can make in a native food web,
in fact it may be better explained as an example of a reorganization of a new system
because Gatun Lake is a reservoir formed as part of the Panama Canal rather than
a natural lake. The original natural system was a river that was subsequently turned
into a reservoir when the canal was built. This change in hydrology must have played
a significant role in the changes in the food web that Zaret and Paine described.
This interpretation is not intended to diminish the importance of Gatun Lake as an
example of exotic invasion but rather to highlight the context of the example as a
reorganized new system rather than a degraded natural system.

One way to think of the new systems is as examples of alternative stable states.
In this concept if a system is perturbed beyond some threshold of resilience, the
system may change through succession to a new organization or stable state and not
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revert back to the old organization (Holling, 1973; May, 1977). Thus, some form of
disturbance may push a natural system into a new domain of stability with an entirely
new set of species (Figure 7.5). Alternative stable states have been discussed for a
number of ecosystems including coral reefs (Done, 1992; Hughes, 1994; Knowlton,
1992), grazing systems (Augustine et al., 1998; Dublin et al., 1990; Laycock, 1991;
Rietkerk and Van de Koppel, 1997), mud flats (Van de Koppel et al., 2001), and
lakes (Blindow et al., 1993; Scheffer and Jeppesen, 1998). The concept remains
controversial but seems to be generally applicable (Carpenter, 2001; Law and Mor-
ton, 1993; Sutherland, 1974). Introduction of exotic species can be thought of as an
impact that causes the system to change from one stable state to a new one with a
reorganized ecosystem structure and function. For example, the invasion of zebra
mussels into the Great Lakes has been suggested to cause a shift from a pelagic
stable state to a benthic stable state because of the zebra mussels’ ability to strip
sediments and algae from the water column through suspension feeding (Kay and
Regier, 1999; MacIsaac, 1996). With increased dispersal by humans many new mixes

FIGURE 7.4 Comparison of food webs in Gatun Lake, Panama, with and without an exotic
fish predator. (A) Tarpon atlanticus. (B) Chlidonias niger. (C) Several species of herons and
kingfishers. (D) Gobiomorus dormitor. (E) Melaniris chagresi. (F) Characinidae, including four
common species. (G) Poeciliidae, including two common species; on exclusively herbivorous,
Poecilia mexicana, and one exclusively insectivorous, Gambusia nicaraguagensis. (H) Cichla-
soma maculicauda. (I) Zooplankton. (J) Terrestrial insects. (K) Nannophtoplankton. (L) Fila-
mentous green algae. (M) Adult Cichla ocellaris. (N) young Cichla. (From Zaret, T.M. and R.
T. Paine. 1973. Science. 182:449–455. With permission.)
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of species may come together on a site and allow for the creation of new alternative
stable states. Perhaps the number of possible alternative stable states is much greater
with the accelerated seeding rates of human introductions as compared with what
is possible under the old natural conditions. In a sense, genetics is a limiting factor
to ecosystem development in natural systems and may be overcome by exotic
invasions that add species to the system.

LEARNING FROM EXOTICS

The new order created by exotic invasions is both a challenge and a stimulus for
learning about ecology. Marston Bates (1961) made this connection in a relatively
early reference:

The animals and plants that have been accidentally or purposefully introduced into
various parts of the world in the past offer many opportunities for study that have
hardly been utilized. They can, in a way, be considered as gigantic, though unplanned,
experiments in ecology, geography, and evolution, and surely we can learn much from
them.

This was also stated by Allee et al. (1949) in their classic text on animal ecology:

The concept of biotic barriers may be tested by introducing animals and plants from
foreign associations and observing the results. In most instances such tests have not
been performed consciously. With the advent of modern transportation, many organisms
are inadvertently introduced into ancient balanced communities. These unwitting exper-
iments may be studied with profit.

FIGURE 7.5 Theory of alternative stable states in ecology. An ecosystem can be pushed
between alternative domains by major disturbances. (Adopted from Bradbury, R.H. et al.
1984. Australasian Science. 14(11–12):323–325.)
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Furthermore, Vitousek (1988) suggested that ecological theory can benefit from
studies of exotic invasions:

Better understanding of biological invasions and their consequences for biological
diversity on islands will contribute to the development and testing of basic ecological
theory on all levels of biological organization. … An understanding of the effects of
invasions on biological diversity in rapidly responding island ecosystems may give us
the time and the tools needed to deal with similar problems on continents; it may even
contribute to the prediction and evaluation of the effects of environmental releases of
genetically altered organisms.

Ecologists are just beginning to explore the use of exotic invasions as unplanned
and uncontrolled experiments. Simberloff (1981) used historical records on intro-
ductions to examine two relevant ecological theories (equilibrium island biogeog-
raphy and limiting similarity of competing species). He found little support for the
theories in his analysis, and generated discussion about how to use historical data
sets on introductions (Herbold and Moyle, 1986; Pimm, 1989). While a few other
attempts at using exotics to examine ecological theories have been made (MacDonald
and Thom, 2001; Mack, 1985; Ross, 1991), many relevant topics, such as assembly
theory, keystone species, and the role of indirect effects, could be examined. Here,
two theories are discussed as examples.

Catastrophe theory is a branch of mathematical topology which describes
dynamic systems that can exist in alternative stable states and that can dramatically
change between states over short periods of time in a discontinuous fashion (Thom,
1975). Although the mathematical basis of the theory was criticized soon after it
came out (Kolata, 1977), catastrophe theory has been profitably applied to several
kinds of outbreak-type systems including forest insects (Casti, 1982; Jones, 1975;
Ludwig et al., 1978), Dutch elm disease (Jeffers, 1978), algal blooms (Beltrami,
1989, 1990), and others (Loehle, 1989; Saunders, 1983). The theory is receiving
renewed attention for understanding alternative stable states in ecosystems (Allen,
1998; Scheffer and Jeppeson, 1998) and it may offer a language for understanding
invasion and dominance of natural communities by exotic species. For catastrophe
theory to apply to exotic takeover, the system must have a certain structure of control
variables that results in an equilibrium surface or a map that tracks a periodic
outbreak-type of dynamic behavior. Several kinds of maps are described by the
theory; most common are the fold and cusp catastrophes, which depend on one and
two control variables, respectively. Thus, for catastrophe theory to be useful for
understanding exotic invasions, the structure of control variables must be understood.
Phelps (1994) suggested that a cusp catastrophe might help explain the invasion of
the Potomac River near Washington, DC, by Asiatic clams (Corbicula fluminea),
and perhaps other exotic invasions can be understood with this approach.

The maximum power principle may also be useful for understanding exotic
invasions. This is a systems-level theory that states that systems develop designs
that generate the maximum useful power through self-organization (Hall, 1995b; H.
T. Odum, 1971, 1983). The concept is based on the premise that “systems that gain
more power have more energy to maintain themselves and … to overcome any other
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shortages or stresses and are able to predominate over competing units” (H. T. Odum,
1983). The general systems design that tends to maximize power is one that develops
feedbacks which increase energy inflow during early successional stages or which
increase energy efficiency during later successional stages. Feedbacks are performed
by species within ecosystems, so the maximum power principle also is a theory
about how species composition develops. The theory suggests that those species that
are successful and dominate a system must contribute to the system’s ability to
maximize power. Exotic species that invade a system then should lead to an increase
in power flow, if the maximum power principle holds. Thus, exotic invasions may
allow a test of the theory by examining power flow or metabolism of systems before
invasion and after invasion. For example, the theory predicts that a natural Chesa-
peake Bay marsh dominated by Spartina or Scripus would have lower energy flow
than the same marsh after invasion by Phragmites. This test has not been formally
made yet but the work discussed by Vitousek seems to be consistent with the
maximum power principle (Vitousek, 1986, 1990; Vitousek et al., 1987) as does the
analysis of exotic Spartina marshes in New Zealand (Campbell et al., 1991; H. T.
Odum et al., 1983).

Existing ecological theory may not be completely adequate to understand exotic
invasions (Abrams, 1996), and entirely new ideas may be needed for their description
and explanation. The prospects are good for new theory to be developed from the
study of exotics. Much new quantitative modelling has focused on how exotics
spread across landscapes (Higgins and Richardson, 1996; Shigesada and Kawasaki,
1997), but the best prospects for new theory may be with invasibility of communities.
This subject was first treated by MacArthur and Wilson (1967) in the context of
islands using equilibrium approaches to theory. Invasion is the process of species
entering an established community. It differs from colonization, which is the process
of species entering a community while it is being established. Ewel (1987) noted
the importance of this topic when he suggested that invasibility is one of the five
most important criteria for assessing newly restored ecosystems. The concept of
invasion is receiving increasing attention with empirical studies (Burke and Grime,
1996; Planty-Tabacchi et al., 1996; Robinson and Dickerson, 1984), review articles
(Crawley, 1984; Fox and Fox, 1986) and application of existing theory (Hastings,
1986). Elton’s (1958) old concept of resistance to invasion is more or less the inverse
of invasibility (Orians et al., 1996; Pimm, 1989; Rejmanek, 1989). Resistance of a
community to invasion is sometimes found to be proportional to its diversity
(Kennedy et al., 2002), but in other cases “invasional meltdowns” can occur where
the invasion rate accelerates as more species are added (Ricciardi and MacIsaac,
2000; Simberloff and von Holle, 1999). The invasional meltdown concept has only
recently been introduced and may be explained by facilitation interactions between
exotic invaders. This is an example of new ecological theory that is being developed
to understand exotic invasions.

A final value of exotic invasions as a stimulus to learning would be if knowledge
generated from their study can help deal with new problems facing society. The
connection between invasions of exotic species and releases of genetically engineered
or modified organisms (GMOs) has been made (National Research Council [NRC],
1989b) and similar theories may apply to both problems (Kareiva et al., 1996;
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Purrington and Bergelson, 1995). There are many risks associated with the release
of GMOs. For example, adding genes for disease resistance to crops is risky because
they may pass these genes on to weeds, creating superweeds with enhanced growth
potential (Kaiser, 2001b; Snow and Palma, 1997). Moreover, the disease-resistant
crops may themselves become weeds (Rissler and Mellon, 1996)! Understanding
degrees of weediness in exotic species may help assess the risks associated with
GMOs. Products derived from genetically altered food crops have been called “fran-
kenfoods,” referring to Mary Shelley’s story of Frankenstein. This reference is evoc-
ative because in the story the man-made monster escapes and kills his creator. Another
issue deals with possible biological cross-contamination caused by extraterrestrial
space travel. The concerns are that missions to other planets may infect them with
organisms from the Earth and that missions that return from other planets may infect
the Earth with alien organisms. Assessment of this risk began with lunar missions in
the 1960s and protocols for planetary quarantines were established by NASA (Lorsch
et al., 1968). Interest became more intense with planned Mars missions because life
on Mars was then thought to be a definite possibility (Pittendrigh et al., 1966). An
interesting controversy about the need for quarantines and space craft sterilization
developed between some engineers who thought the probabilities of cross-contami-
nation were too remote for concern, and some biologists who understood the ability
of living organisms to grow and spread even under harsh environmental conditions.
Carl Sagan was a vocal supporter of the need for precautions, and the controversy
between engineers and biologists is discussed in depth in one of his biographies
(Poundstone, 1999). There is now renewed interest about the issue of cross-contam-
ination because of the chance of false-positive results in planned extraterrestrial life
detection experiments caused by Earth organisms (Clarke, 2001) and because of the
chance of alien invasion from samples of rocks and soils that are planned to be
returned from space (Space Studies Board, 1997, 1998). Perhaps NASA would be
well advised to include ecologists specializing in exotic species invasions on com-
mittees and advisory boards dealing with planetary cross-contamination.

CONTROL OF EXOTIC SPECIES AND ITS 
IMPLICATIONS

Control of exotic species is a goal of natural resource managers and conservation
biologists. Many methods are available, ranging from quarantining in order to keep
them out to eradication so as to remove them once they are established (Dahlsten,
1986; Dahlsten and Garcia, 1989; Groves, 1989; Reichard, 1997; Schardt, 1997;
Simberloff, 1997). Eradication in particular is usually difficult and often unpleasant
work, but in some cases such as in national parks, it is necessary. As noted by Temple
(1990),

In spite of all that is known about the negative influence of exotics and the obvious
conservation benefits of controlling them, their eradication inspires little enthusiasm
among most conservationists, the public, or governments. Reasons for this apathy
include misconceptions about the nature and magnitude of the problem, fears of the
negative public reactions that almost invariably accompany eradication efforts, espe-
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cially for animals, and intimidation by the inefficient labor-intensive nature of current
eradication technologies.

These challenges need to be addressed if exotic control is to be a realistic goal. To
meet the challenges Temple (1990) calls for “a better job of educating the public
about the threats of exotics,” the development of “more palatable methods of erad-
ication that avoid issues of ethics or cruelty,” and the recruitment of “scientists whose
research will produce new approaches for controlling or eradicating exotic species.”
This is a call for creative research on control methods that will occupy increasing
numbers of applied ecologists in the future.

Foundations of exotic control rest on the long history of pest control, especially
in agriculture and forestry in terms of diseases, weeds, and insects. A tremendous
amount of knowledge has accumulated on the subject over a long history. However,
modern pest management essentially dates from after World War II when agricultural
production and pesticide use expanded greatly. A succession of paradigms has
emerged (Figure 7.6) but pest problems continue to accelerate. The consensus is
that eradication is often impossible, and even control is difficult. At best some form
of management is the most reasonable goal (National Research Council [NRC],
1996b). The primary tools for controlling many exotic species are still chemical
pesticides, which have positive and negative aspects (Table 7.3). 

While the environmental and social costs of pesticides in agriculture and forestry
are becoming better understood (Pimentel et al., 1980, 1992), pesticide use continues
to increase. Embedded in these pest control systems is an ironic feedback circuit,
termed the pesticide treadmill (van den Bosch, 1978). In this circuit greater use of

FIGURE 7.6 Succession of pest control paradigms that started after World War II with
chemical pesticides.
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pesticides leads to higher levels of pest populations due to the development of
increased resistance in pests and due to declines in natural pest predators from
pesticide toxicity. The circuit is completed when the resistant pests, which are now
released from predation, increase thereby requiring the application of even more
pesticides. The numbers of arthropod (insects and mites), plant pathogen, and weed
species resistant to chemical pesticides has risen dramatically since World War II
(Gould, 1991), and there is no easy solution to the positive feedback circuit. In fact,
there are a series of these feedback circuits involved in pest management (Figure
7.7), including pesticide manufacturers who advocate use, farmers and other users,
and even extending to scientists and the general public whose perspectives on
pesticides are often out of phase (van den Bosch, 1978; Winston, 1997). Narcotics
addiction has been used as a metaphor for these feedback circuits by several authors
to signify the insidiousness of the problem (DeBach, 1974; Ehrlich, 1978). These
circuits are actually interacting coevolutionary games or arms races, such as the
“Red Queen relationship” (Van Valen, 1973, 1977) from evolutionary theory. A Red

TABLE 7.3
Positive and Negative Aspects of Pesticides

Positive Aspects

Pesticides save lives.

They increase food supplies and lower food costs.

They increase profits for farmers.

They work faster and better than other pest control alternatives.

Safer and more effective pesticides are continually being developed.

Negative Aspects

Development of genetic resistance reduces the effectiveness of pesticides and leads to the 
pesticide treadmill.

Pesticides kill natural pest enemies and convert minor pest species into major pest species.

Certain persistent pesticides are mobile and can amplify up food chains causing environmental 
impacts.

There are short-term and long-term threats to human health from pesticide use and manufacture.

Source: Adapted from Miller, G. T., Jr. 1991. Environmental Science. Wadsworth, Belmont, CA. 

FIGURE 7.7 Linkages in feedback circuits associated with the chemical control of pests.
This network creates a cascade of effects when pesticides are used.
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Queen relationship occurs when any gain in fitness by one species is balanced by
losses in fitness by another species. Thus, adaptive success of one species creates
selective pressure on the other species to evolve a counter move, which in turn
creates selective pressure on the first species, starting the process over again. The
Red Queen relationship can occur either between two competing species or between
a predator and prey. This kind of coevolution has been named after the Red Queen
from Lewis Carroll’s Through the Looking Glass because she lived in a land where
people had to do all the running they could just to stay in the same place; if they
actually wanted to go anywhere, they had to run twice as fast as they could. Other
examples of the Red Queen type of evolution are given by Clay and Kover (1996),
Hauert et al. (2002), and Stenseth (1979). Exotic species and the natural resource
managers who try to control them are being drawn into this kind of coevolutionary
circuit and they may have to start working as hard as they can to keep up with one
another. Figure 7.8 illustrates some aspects of the pesticide treadmill. Genetic resis-
tance reduces mortality of the pest population due to the pesticide applications and
resistance to pesticides increases in proportion to pesticide use in this model. These
problems force the farmer to use greater doses of pesticides or different types of
pesticides to maintain yield. A similar phenomenon is occurring with the develop-
ment of drug-resistant pathogens, such as the increasing resistance of bacteria to
penicillin and other antibiotics. Whole new strategies of dealing with medical wastes
are needed to deal with this growing problem (see, for example, Rau et al., 2000).

Frank Egler’s work may stand as a model for the kind of creative research that
is needed to deal with the problems of exotic species control. Egler was a consum-
mate plant ecologist (Burgess, 1997) who was committed to understanding and using
herbicides as part of his research. He published many papers on herbicide effects
(Egler, 1947, 1948, 1949, 1950, 1952b), on overviews of the social ecology of
pesticides (Egler, 1964, 1979), and on vegetation management with herbicides
(Egler, 1958; Egler and Foote, 1975; Pound and Egler, 1953) along with his collab-
orator, William Niering (Dreyer and Niering, 1986; Niering, 1958; Niering and

FIGURE 7.8 Energy circuit diagram of the pesticide treadmill concept. Applications of
pesticides increase the genetic resistance of the pest population which reduces mortality due
to pesticide toxicity.
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Goodwin, 1958). He developed a new kind of ecology that used herbicides as an
experimental tool for applied problems. If exotic plants are to be controlled once
they have become established, Egler’s work on controlling plant community com-
position may provide lessons on the selective use of herbicides.

Perhaps some kind of ecosystem management (Agee and Johnson, 1988; Boyce
and Haney, 1997; Haeuber and Franklin, 1996; Meffe et al., 2002) will be required
for exotic species control. The ecosystem scale was examined by traditional pest
ecologists (Haynes et al., 1980; Pimentel and Edwards, 1982) before the concept of
ecosystem management arose, but most work in agriculture and forestry has focused
on the population scale. Although ecosystem management has been criticized for
being a philosophy rather than a set of specific techniques, it does present a different
context against which exotic species and pests are judged.

A final topic is the economics of exotic control. Economics involves accounting
for costs and benefits of exotic control and determines how much control is possible.
Unfortunately, economics of exotics control has been overlooked in most assess-
ments of the problem, so it is difficult to know how much control is possible. Studies
are needed which evaluate the costs of control (such as purchases of pesticides and
labor costs) and relate them to the relative success of control efforts. That such
studies have not been published in the many symposium volumes and other texts
on exotics is probably a measure of the preliminary stage of the field. Here again,
work on pest control in agriculture and forestry can be a guide for the economics
of exotic control. As is usually the case in these situations, it may be cheaper to
exclude an exotic from a system (i.e., quarantining) rather than trying to eradicate
it once established. Detailed studies must confirm this supposition. Exotic control
must find a place among other priorities in the budgets of natural resource managers,
and new forms of financing may be required. Economics is a reality for managers
whose responsibilities it is to control exotics. Will it be possible to control exotic
species with the amount of money available? Is there a risk of getting on a coevo-
lutionary treadmill with exotics where more and more money will be required just
to maintain levels of invasion? Answers to these kinds of questions will be needed
to predict the future of exotics control.

OTHER CONCEPTS OF CONTROL IN ECOLOGY AND 
ENGINEERING

Considerations of exotic species and their control relates to the broader topic of
control in ecology and engineering. Exotic species are often said to cause problems
because they have escaped from the natural processes that control or regulate their
populations. Human managers of exotic species have attempted to reestablish this
control but with uneven success. In this final section of the chapter, discussion of
control is expanded because of its importance to ecological engineering in a general
sense.

Historically, control in ecology has been discussed in many contexts and often
with controversial positions. One of the earliest controversies involved the control
or regulation of population sizes. One group led by David Lack (1954) believed in
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density dependence in which the severity of mortality factors is correlated with
population density (such as for mortality caused by disease, predators or parasites,
and food shortage). Another group led by Andrewartha and Birch (1954) believed
in density independence in which the severity of mortality is the same at all popu-
lation densities (such as for mortality caused by extreme weather events). This is a
critically important distinction because density dependence allows for a self-regu-
lation mechanism within a population. Cole (1957) reviewed the subject in terms of
the search for a “governor” or controlling influence on population size. He showed
the governor as a term added to the population growth equation, which converts
uncontrolled, exponential growth (Figure 7.9a) into controlled, logistic or limited
growth (Figure 7.9b):

dN/dt = rN exponential growth equation (7.1)

where

N is the population size
r is the reproductive rate

FIGURE 7.9 Patterns of population growth. (A) Exponential growth. (B) Logistic growth.
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and

dN/dt = g(rN) logistic growth equation (7.2)

where g is the governor

Cole explored various forms for the governor term, the simplest of which has
evolved to be the carrying capacity term, which causes the population to be regulated
by density dependence:

g = (K – N)/N (7.3)

where K is the carrying capacity or the maximum size of the population that the
environment can support the addition of this term (g) to the exponential growth
equation causes population growth to stop and population numbers to level off when
N = K (see Equation 3.4). Carrying capacity therefore is an important quality within
this elementary theory of population ecology because it causes controlled growth
of the logistic equation as opposed to the out-of-control growth of the exponential
equation. Much argument occurred between members of the density dependence
and density independence schools of thought from the 1950s onward and to some
extent the controversy continues (Chitty, 1996). Reviews are given by Krebs (1995)
and Tamarin (1978).

At the ecosystem scale, control has been considered to occur either due to
resource limitations (i.e., bottom-up control) or due to harvesting by consumers (i.e.,
top-down control). Bottom-up control of food webs is determined by resources,
specifically those resources that are required for primary productivity. This is the
process whereby solar energy is transformed into the chemical energy of biomass
and is at the base of most food webs (i.e., the bottom). A number of resources are
required for primary productivity, such as water, carbon dioxide, and nutrients. Justus
Liebig, a German agronomist, proposed his famous Law of the Minimum in the
1800s to describe how resources limit (i.e., control) primary productivity (E. P.
Odum, 1971; see also the excerpts of Liebig’s publications in Kormondy, 1965; and
Pomeroy, 1974). Liebig’s law states that the required resource in the least supply
will limit production. Thus, resources that limit primary productivity are called
limiting factors. The primary way to identify a limiting nutrient is with nutrient
addition experiments. In this kind of experiment different nutrients are added to a
system in controlled locations in order to test for increases in plant growth. Although
traditionally it has been thought that only one factor at a time can limit primary
production, there is a growing trend of examining how limiting factors are linked
or dynamically related. Alfred Redfield was the first to consider this idea in his study
of “The Biological Control of Chemical Factors in the Environment” (Redfield,
1958; see also Redfield et al., 1963). In particular, he studied the biogeochemical
cycle of the photic zone of the open ocean and found that carbon, nitrogen, and
phosphorus cycled in a constant proportion that was roughly equivalent to the ratio
of these elements in the biomass of the plankton. This observation indicates that of
these three elements, no single one limited production but rather they all simulta-
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neously were limiting. The implication was that the plankton biota had coevolved
with the ocean nutrient cycles so that the ratio of elements released by decomposition
matched the ratio of elements taken up by primary production. This was judged to
be a highly evolved state and the element ratio became known as the Redfield ratio.
The coevolution of biota and macronutrient cycles was considered to be possible
only in the open ocean where the variable geology of land masses have little influence
on chemistry, but even here other micronutrients such as iron may limit primary
production (see Chapter 9). H. T. Odum attempted to generalize Redfield’s concept
with the introduction of the “ecomix” which he defined as “the particular ratio of
elemental substances being synthesized into biomass and subsequently released and
recirculated” (H. T. Odum, 1960). He suggested that

Although shortage or excessive accumulation of any one element will stop or retard
the system, there is a self-selection for compatibility of the photosynthesis and the
regenerative respiration. The characteristic ratio of elements which tends to be stabilized
in the average mix of the system is the chemical ecomix .... (H. T. Odum, 1970)

Although Odum’s ecomix idea was not picked up by other ecologists, more recently
a whole new area of study on ecological stoichiometry has arisen based on Redfield’s
nutrient ratio approach to understanding bottom-up control in ecosystems (Daufresne
and Loreau, 2001; Elser et al., 1996; Hessen, 1997; Lampert, 1999; Lockaby and
Conner, 1999; Sterner, 1995).

The top-down control of food webs by consumers has received a great deal of
attention in ecology with review articles of field and empirical studies (Chew, 1974;
Huntly, 1995; Kitchell et al., 1979; Naiman, 1988; Owen and Wiegert, 1976;
Petrusewicz and Grodzinski, 1975; Zlotin and Khodashova, 1980) and with theoret-
ical work (Lee and Inman, 1975; O’Neill, 1976). Consumers make up many cate-
gories of organisms including carnivores, herbivores, detritivores, and omnivores
along with parasites and even diseases. In each of these categories the consumer
consumes different things. When the thing being consumed is living, then the
predator–prey theory applies. All predator–prey relationships have the potential for
control of prey by predators (see experiments by Gause in Chapter 4), but the strength
of the relationship varies significantly. The most dramatic examples are keystone
predators which exert strong control over multispecies assemblages (i.e., from the
top of the food web). The keystone species concept was introduced by Robert Paine
based on his experimental studies of a rocky intertidal food web in Mukkaw Bay,
WA. This system is composed of a diverse assemblage of macroscopic attached
algae, mussels, barnacles, and a large predatory starfish (Pisaster ochraceus). Paine
(1966) experimentally removed the starfish from a section of the intertidal zone and
compared the dynamics with a control section that contained the starfish. The
removal of the predator caused a succession of species to occur with eventual
competitive exclusion of other species by the mussel Mytilus. This result demon-
strated that the predator had diversified the system by regulating the population of
an otherwise dominant competitor. Any kind of species can be a keystone species
and several are noted throughout this text. The primary way to identify a keystone
species is with species removal experiments, as Paine conducted in the rocky inter-
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tidal zone. Paine’s work is a benchmark in ecology which led to a generation of
experimental studies and to the important keystone species concept (Mills et al.,
1993; Paine, 1995; Power et al., 1996).

Bottom-up and top-down control are combined in the trophic cascade model
(Carpenter et al., 1985; Carpenter and Kitchell, 1993) which uses a food chain
approach to describe ecosystem control. These authors studied lake ecosystems and
showed how productivity is controlled both by nutrient concentration in the lake
water and its effect on phytoplankton, which are at the base of the food chain, and
by the effects of the top predator fish species, which are at the top of the food chain.
Thus, control can “cascade” either up or down the food chain. One generalization
of this model suggests that in certain food chains the direction of control depends
on the number of links (Fretwell, 1987) in such a way that top carnivores enhance
primary productivity by reducing the intensity of herbivory in odd-numbered chains,
while top carnivores reduce primary productivity by enhancing the intensity of
herbivory in even-numbered chains. This generalization would be a useful design
rule if ecological engineers were able to construct food chains of any significant
length. Overall, the trophic cascade is an interesting theory which is much discussed
in the literature (Hunter and Price, 1992; Perrson et al., 1996; Strong, 1992).

Another approach to control in ecology has been the application of cybernetics
concepts to the ecosystem. Cybernetics as a discipline was first articulated by Norbert
Wiener (1948) to cover examples of “control and communication in the animal and
the machine.” At the heart of cybernetics is an understanding of feedback pathways
between components of a system that influence (i.e., control) its behavior. From the
start, as envisioned by Wiener, cybernetics involved study of both machine controls
developed by human designers and control systems in organisms that have evolved
through natural selection, especially in terms of physiology. It was logical for
ecologists to apply cybernetics because there seem to be many examples of self-
regulation in nature.

Ramon Margalef (1968) was the first ecologist to embrace cybernetics as a
foundation for describing control in ecosystems. He set out his ideas in his classic
book whose first chapter had the title “The Ecosystem as a Cybernetic System.”
This chapter is filled with ideas of feedbacks, organization, diversity, stability, and
energetics which are presented as general theory in Margalef’s unique writing style.
In his view ecosystems are composed of many feedback circuits mediated by species
which collectively result in macroscopic behavior. E. P. Odum (1971) also added
cybernetics to the introductory chapter on ecosystems in the third edition of his text.
He uses the example of the heating of a room with a thermostat-controlled furnace
to illustrate feedback and control concepts, but he also discusses several more
complex ecological applications which contrast with the thermostat-heating system.
For example, he states:

… control mechanisms operating at the ecosystem level include those which regulate
the storage and release of nutrients and the production and decomposition of organic
substances. The interplay of material cycles and energy flows in large ecosystems
generates a self-correcting homeostasis with no control or set-point required.
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The concept of homeostasis mentioned in E. P. Odum’s quote has come to be
important in cybernetics and has been applied to ecology. In a homeostatic system
adjustments take place in components so that some property of the system remains
constant despite changes in the surrounding environment. For example, a thermostat
maintains room temperature by adjusting the amount of fuel used in heating. Adjust-
ments occur because of feedback about the system property that is being homeo-
statically controlled. The mechanisms of adjustment in ecology are diverse. Wynne-
Edwards (1970) spoke of the “homeostatic machinery” involved in population reg-
ulation as including “changes in mutual tolerance or aggression, in territory size,
the amount of emigration, the age of sexual maturation, changes in fertility and
reproductive success, in cannibalism and other socially-promoted forms of mortality
both of young stages and adults.” Hardin (1993) spoke of a “demostat,” using the
thermostat as an analogy, for similar mechanisms. Levins (1998) listed systems-level
factors of homeostasis including “the redundancy of the set of variables (if they are
species, niche overlap expresses this property), self-damping of the variable, positive
and negative feedbacks among variables, long and short pathways in the system, the
connectivity of the network, time delays and sinks, the heterogeneity of flows and
interactions and the ‘shapes’ of functional relationships.” However, one problem
with applying the concept of homeostasis to ecosystems is identifying the system
property that is maintained at a constant level. This relates to the ecological notions
of stability mentioned earlier (see Chapter 4). Stability has many meanings and there
is no consensus among ecologists about which aspects are most important. Species
composition and community structure of an ecosystem are not good candidates
because species can move across landscapes and change relative abundances through
time. More likely, species are the components that adjust within the homeostatic
process. A microcosm experiment conducted by Copeland (1965) indicated homeo-
stasis of ecosystem metabolism. He moved a turtle grass (Thalassia testudinum)
microcosm that was at steady-state with a light regime of 1,500-ft candles to a new
light regime of 230-ft candles. Under the lower light environment the turtle grass
died back and was replaced by blue-green algae as the dominant primary producer.
Ecosystem metabolism declined initially after the drop in light intensity, but it
returned to the previous level within 3 months. This is a remarkable experiment that
ought to be repeated. Schultz (1964, 1969) provides another example concerning
the Arctic tundra as a homeostatic system. A feedback model of homeostasis is given
which includes levels of the lemming population, plant biomass and nutrient content,
and soil temperature. The overall system oscillates but the composition remains
stable.

H. T. Odum (1971) developed ideas of cybernetics and homeostasis by differenti-
ating between power and control circuits in ecosystems, as noted in the following quote:

In very highly organized natural systems the flows of power are much divided among
the species circuits, but they can be roughly separated into power circuits and control
circuits. Thus, if oak trees process 50 percent of the power budget of a forest system,
they constitute a power circuit. The squirrels of that forest may be processing much
less than 1 percent of the forest budget. Their procedures for gathering and planting
acorns may, however, serve as a control on the patterns of the oaks. Thus, we must
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distinguish between the power flow in a circuit and the power being controlled by a
circuit. … Power circuits must be large and sluggish, whereas control circuits with
small energies are easily insulated and can perform delicate operations and provide a
directive influence on the power circuits. These principles are the same in electrical
power distribution, in the forest, or in the complex industrial systems of man.

These generalizations were applied to a specific example of the grazing control
system in the Puerto Rican rainforest study (H. T. Odum and Ruiz-Reyes, 1970).
He further illustrated his ideas on control in terms of the maximum power theory.
In this context work of consumer organisms in the forest increases total system
energy flow through their dispersed control actions. In the following quote (H. T.
Odum, 1978b), he suggests a demonstration of this aggregate control action by
comparing a forest plantation, which lacks most of the complex consumer diversity,
with the rain forest that grows side by side in the Luquillo Mountains of eastern
Puerto Rico:

A tropical forest plantation of Cadam trees in Puerto Rico has a productive net yield
of photosynthesis 20g/m2/day (80 Calories/m2/day wood equivalents) as a monoculture
without many consumers. In contrast, a fully developed ecosystem nearby (with fully
developed consumers feeding back in an organized manner) showed an increase in this
basic primary production. An increase of 7 g/m2/day (28 Calories/m2/day), most of
which was used by the consumers without any net energy, was measured. The system
with consumers contained more energy flow (power) than the same system without
consumers. Most of the web of producer-consumer interaction was required to maxi-
mize power.

In addition to the more or less classic approaches to cybernetics in ecology listed
above, many other studies are noteworthy. Knight (1983) developed H. T. Odum’s
consumer-control hypothesis and made experimental tests with microcosms in Silver
Springs, FL. He concluded that the stable population levels of aquatic organisms
seen by tourists through the famous glass bottom boats of the springs were main-
tained by “a harmonious system of feedback controls.” Mattson and Addy (1975)
provided a review of insect herbivory with many examples of similarities between
insects and cybernetic regulators. Further examples of cybernetics in ecology are
Montague’s (1980) model of feedback actions of fiddler crabs in temperate salt-
marshes, Gutierrez and Fey’s (1980) discussion of feedback and ecosystem succes-
sion, and the review of DeAngelis et al. (1986).

Other ecologists have criticized the application of cybernetics. Perhaps the most
vehement has been Lawrence Slobodkin (1993) who provided the quote below in a
review of a book on the Gaia hypothesis:

The idea of feedback and cybernetics was born in engineering and imported into
environmental sciences and biology so long ago that there is a tendency to forget that
organisms have not been constructed by, or even for, engineers. Biological systems
may indeed be represented by diagrams that look like those of a cybernetic engineer,
but they do not have the properties of engineered cybernetic systems.

For example, compare a temperature control system for a living room and the processes
that regulate the number of animals in a population. The thermostat–furnace–air con-
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ditioner system is designed by an engineer with the express purpose of keeping a
comfortable temperature for humans despite ambient changes outside the living room.
It has an engineered purpose. Population size, on the other hand, is an epiphenomenal
consequence of the environment and the properties of the organisms in the environment.
The properties of the organisms are an outcome of an evolutionary process in which
absolute population size has no particularly important meaning except for the trivial
stipulation that the organisms’ ancestors did not die before they reproduced. Therefore,
although population regulation may appear to be comparable to an engineered cyber-
netic system, the appearance is deceiving. But the deceptive appearance of effective
feedback in nature extends well beyond the scale of a single population.

It was already clear 30 years ago that some of the processes carried out by organisms
on Earth tended to negate deviations from existing properties that are of importance
for organisms. The carbon cycle, for example, is portrayed in elementary biology texts
as a set of boxes representing plants, animals, and microbes and little else. The boxes
are connected by arrows representing flow. They are wired together as if they were a
diagram of a negative feedback system, maintaining constancy of atmospheric oxygen
and carbon dioxide. … Despite the cybernetic appearance of the block-and-arrow
diagrams, there is no guarantee that the carbon cycle actually is an effective feedback
system, particularly in the context of anthropogenic returns of buried carbon to the
atmosphere … .

Earlier in his career Slobodkin (1964, 1968) was a bit more generous towards
cybernetics and he suggested that the optimal strategy for species was to maximize
homeostatic ability. The context for this suggestion was a model of evolution as an
“existential game” that he developed. Slobodkin contended that the only measure
of success of a species playing the existential game of evolution was persistence,
which was proportional to homeostatic ability. Conrad’s (1995) model of the eco-
system as an “existential computer” is a systems-level expression of this same kind
of behavior.

Other critiques of cybernetics in ecology are given by O’Neill et al. (1986) and
DeAngelis (1995). An interesting dialogue involved a critique by Engelberg and
Boyarsky (1979) that elicited a number of rebuttals (Jordan, 1981; Knight and
Swaney, 1981; McNaughton and Coughenour, 1981; Patten and Odum, 1981). These
arguments involved much semantics with the positive result of recording a number
of opinions on the cybernetic nature of ecosystems.

Unlike ecology, control theory in engineering is noncontroversial and straight-
forward. Control theory is a technical field common to all engineering disciplines.
Traditionally, controls were small machines (sometimes called servo-mechanisms)
which used feedback information to regulate larger processes. These devices date
back to nearly 5000 BC in Egypt with many applications (Mayr, 1970). One old
version was called a “governor,” because it governed the rate at which a larger
machine (such as a steam engine) operated. As noted earlier in this section, Cole
(1957) used the “governor” as a metaphor for the regulatory mechanism in population
dynamics. Perhaps the most widely known example of a mechanical control is the
thermostat, which is part of the heating system of all modern homes and in many
types of industries. Cornelius Drebbel, a Dutch engineer, is credited with inventing
the thermostat in the 17th century for controlling temperature in his alchemy exper-
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iments (Angrist, 1973). The modern thermostat is a device which senses temperature
with a bimetallic strip and opens or closes an electrical circuit to a fuel source with
reference to a set-point temperature (Figure 7.10). It is therefore a small engineered
device that processes information (i.e., about temperature) and controls the operation
of a larger system. Figure 7.11 shows an engineering block diagram of a temperature
control system along with a translation in the energy circuit language. In the block
diagram the thermostat is shown as the comparator unit while in the energy circuit
diagram it is shown with the switch symbol. Basically, the thermostat compares the
temperature in the building against the set-point value and turns on the furnace if
the building temperature is below the set-point or turns off the furnace if the building
temperature is above the set-point. This operation stabilizes the entire system by
maintaining a constant indoor temperature even if the outdoor temperature changes
dramatically.

Mathematical techniques describing control in engineering have developed espe-
cially within the last 100 years to provide a quantitative basis for design. These
techniques are standardized and described in a number of textbooks, variously titled
Control Engineering (Murphy, 1959), Feedback Control System Analysis and Syn-
thesis (D’Azzo and Houpis, 1960), etc. Analysis is performed on sets of equations
that describe the system, and designs are modified to ensure stable performance.
Frequency response is one example where system performance is evaluated against
variations in input conditions, followed by design modification. These kinds of
techniques along with others represent the powerful tools that have allowed engineers
to design, build, and operate the amazing array of technologies characteristic of
modern society.

Engineering control theory has been successfully applied in physiology (Grod-
ins, 1963; Milhorn, 1966; Milsum, 1966; Toates, 1975). This is not surprising since
there are many examples of self-regulation of physiological processes where steady-

FIGURE 7.10 Details of a typical thermostat. (From Sutton, D. B. and N. P. Harmon, 1973.
Ecology: Selected Concepts. John Wiley & Sons, New York. With permission.)
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state conditions are maintained, as in body temperature, breathing rates, etc. (Lan-
gley, 1965, 1973). In fact, Walter Cannon, a physiologist and medical doctor, coined
the important cybernetic term homeostasis to describe these systems in his classic
work in 1932. However, the application of engineering control theory to ecology
has not been nearly as successful. Some attempts were made in the 1960s and 1970s
(Lowes and Blackwell, 1974; Mulholland and Sims, 1976), but the applications did
not lead to advancements in ecological understanding. Clearly, ecological circuits
do not behave very much like human-designed circuits such as the thermostat-furnace
system. For example, on the one hand, if the thermostat is removed from the system
in Figure 7.11, as Paine did in his experiment of the keystone predator of the rocky
intertidal zone, then the heating system becomes unstable and basically stops func-
tioning. On the other hand, removal of the keystone species in Paine’s ecosystem
changed the system dramatically but it continued to function. One hypothesis to
explain the difference between ecological and engineering control systems may be
that ecosystems are more complex. Hill and Wiegert (1980) indicate the difference
in control mechanisms between ecosystems and human-designed systems in the
following quote:

Applying feedback control theory to engineered system is often much more successful
than applying it to ecosystems. One reason is that engineered systems and control
theory are eminently compatible because they have coevolved.

FIGURE 7.11 Comparison of an engineering block diagram of a thermostat controlled sys-
tem with a translation in the energy circuit language. The thermostat is the comparator unit
in the block diagram above and the switch symbol in the energy diagram below. Note the
role of feedback in each model.
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Thus, engineering control theory was specifically developed for systems that have
been designed by humans. Because engineering control theory does not apply to
ecosystems, fundamental differences must exist between these two kinds of systems.
Berryman et al. (1992) also suggest that engineering control theory “should evolve
to meet the needs and terminology of the ecologist.”

Even though engineering ideas of control have not provided much new insight in
ecology, they are useful in order to contrast the degree of difference in understanding
about control between the two fields. There is no general theory of control in ecology,
unlike in engineering. Perhaps new generations of ecological engineers with balanced
training and experience in both disciplines will be able to make contributions to the
academic field of ecology about the nature of control in an ecosystem context. Possible
directions are outlined by Conrad (1976) and Hannon (1986; Hannon and Bentsman,
1991). E. P. Odum (1997) suggested that ecologists should shift emphasis from the
tight control homeostasis of to homeorhesis, which is a looser form of control, for
ecological studies above the organismal level of organization.

An interesting aside to the discussion of control ideas in ecology and engineering
is the role of the machine analogy. Machines or mechanical devices, which have
obvious relations to engineering, have long been used as analogies to help understand
complex living systems. Calow (1976), Channell (1991), and Grmek (1972) reviewed
the history of this subject which is filled with fascinating examples such as the
importance of the development of the mechanical clock to theories of biology during
the Renaissance. Unlike these historical references, mechanical analogies have sel-
dom been useful in explaining ecology. Examples are given in Table 7.4, but none
are well known. Clarke’s (1946) gear diagram is perhaps most noteworthy (Figure
7.12). Here gears in the mechanism represent different trophic levels, which are
scaled to turn at different speeds depending on production rates. H. T. Odum (1950)
elaborated on the gear analogy in a section of his dissertation entitled “A Biosphere
of Cogwheels,” citing Clarke’s paper (see also Figure 8.7 in H. T. Odum and E. C.
Odum, 1976). Even though he also once used a gear model of a food web in his
earlier work (see H. T. Odum, 1983, Figures 15–24), Margalef (1985) offers an
explanation for this general lack of success of the mechanical analogy in ecology
in the following quote:

TABLE 7.4
Comparison of Machine Analogies in Ecology

Machine Analogy Ecological System Modelled Reference

Block-and-springs

Conveyor belt

Pin ball machine

Connected gears

Chemical reactor

Cannon-ball catcher

Freshwater plankton food chain

Population dynamics

Population dynamics

Marine plankton food chain

Oceanic biogeochemistry

Euphotic zone of ecosystems

Leavitt, 1992

Oster, 1974

Pearson, 1960

Clarke, 1946; Margalef, seen in Odum, 1983

Siever, 1968

H.T Odum et al., 1958
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The essence of the ecosystem is the pattern that links its components. The a priori
freedom of behavior of each of the parts is more or less diminished when the parts
join the system. But the elements retain some flexibility or elasticity, because of time
delays at the junctions. Ecosystems behave in just this way, being made up of individ-
uals of a certain size, of behavior more less unpredictable, and out of equilibrium most
of the time.

The ecosystem is not a rigid machine made of gears and levers, but involves more
costly transmission of information across a fluid (and turbulent) environment. In one
sense it is comparable to a Turing machine, an automaton able to read information
from a tape, and to use it for any purpose, including writing it on to a new tape, or for
building the machines. However, it makes little sense to keep separate the instructions
to build the machines, to operate them, or to process and pass information to other
machines. The blurring of proper distinctions between operative parts and memories
makes organisms and ecosystems quite different from computers, and this has to be
kept in mind in formulating ecosystem models. They cannot be rigid clockwork.

Ulanowicz (1993, 1997) provides an even stronger critique of the machine
analogy in ecology. He even suggests that mechanistic (machinelike) explanations
are inadequate, and he calls for a post-Newtonian ecology with alternative concepts
of causality. While these criticisms have merit and need to be explored, ecological
engineering brings a renewed interest to the machine analogy. John Todd’s living
machines (see Chapter 2) and Robert Kadlec’s (1997) “biomachine” treatment wet-

FIGURE 7.12 Example of a machine analogy from ecology. (From Clarke, G. L. 1946.
Ecological Monographs. 16:321–335. With permission.)
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lands are hybrid systems. Todd’s work in particular goes beyond the use of machine
as analogy in development of design knowledge for hybrid systems. His work on
living machines is somewhat reminiscent of the work of Franz Reuleaux, the German
engineer who is credited with developing the fundamental theory of machine design
in mechanical engineering in the late 1800s (O’Brien, 1964). At an elemental level,
design of complex machines consists of combinations of the five basic “simple
machines”: the lever, the wheel and axle, the pulley, the wedge, and the screw.
Reuleaux developed principles and algorithms for machine design based on kine-
matics, which is the science of motion. Thus, the simple machines are combined in
such a way that their coordinated motion results in the transformation of energy and
the output of useful work. Todd’s design of living machines represents a kind of
kinematics for ecological engineering that is both effective and elegant. Concepts
of both machine and ecosystem are needed for the design of the new living machines.
Ideas of the ecosystem as a computer and succession as a form of computation (see
Chapter 5) are possible examples of new directions for the machine analogy in
ecology. Technoecosystems are discussed as a future direction in Chapter 9. An
interesting nexus may emerge as the field of ecological engineering develops among
the machine analogs in ecology, the living machine concept, and the theory of self-
reproducing machines (see Chapter 3).

At least two management fields exist which involve actual ecological control
through manipulation of species. The field of biological control is well established
in agriculture (Batra, 1982; Debach, 1974; Murdoch and Briggs, 1996; National
Research Council, 1996), involving the introduction of predators, parasites, or dis-
eases for pest population control. This is a population scale approach that is imple-
mented to reduce the use of chemical pesticides. Although well established, the field
is coming under greater scrutiny because of the risks of biological control agents
becoming invasive (Simberloff and Stiling, 1996). Biomanipulation is an ecosystem
scale approach to control of eutrophication in lakes (Kitchell, 1992; Reynolds, 1994).
This field was first outlined by Shapiro et al. (1975), and it involves manipulating
piscivore (fish predators) abundance to reduce phytoplankton abundance and to
improve water clarity. Biomanipulation is based on the trophic cascade model dis-
cussed earlier and, like this model, remains controversial (Carpenter and Kitchell,
1992; DeMelo et al., 1992). However, the advocates of biomanipulation are ambi-
tious as noted in the quote by Carpenter et al. (1985) given below:

The concept of cascading trophic interactions links the principles of limnology with
those of fisheries biology and suggests a biological alternative to the engineering
techniques that presently dominate lake management. Variation in primary productivity
is mechanistically linked to variation in piscivore populations. Piscivore reproduction
and mortality control the cascade of trophic interactions that regulate algal dynamics.
Through programs of stocking and harvesting, fish populations can be managed to
regulate algal biomass and productivity.

Drenner and Hambright (1999) reviewed 41 biomanipulation trials and found that
61% were successful at improving water quality.
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The fields of biological control and biomanipulation represent examples of the
concept of “ecological engineering through control species” that was introduced by
H. T. Odum (1971). Berryman et al. (1992) also advocate ecological engineering
through species manipulation in the following quote:

Natural ecosystems contain a plethora of feedbacks between their biotic components;
for example, negative feedbacks between predators and prey and positive feedbacks
between competing species. The ecological control engineer can, theoretically, manip-
ulate these feedbacks in an attempt to regulate the system at desired steady states or
to amplify certain components.

Unlike other examples of ecological engineering, manipulation of control species
involves no familiar hardware such as pumps and pipes or electrical circuits. It is
more analogous to the new discipline of software engineering, with manipulations
of information rather than energy and materials. This may be the most sophisticated
form of ecological engineering and will require much more experience in order to
achieve success, as opposed to other applications discussed in earlier chapters where
successful progress is established and growing.

In conclusion, invasive exotic species are an example of biology that is “out of
control.” On the one hand this may be thought of negatively as in the story of
Frankenstein, where exotics represent the monster turned loose on the innocent
villagers. It is interesting to note that this same fear occurs with certain forms of
modern technology that exceed their intended functions (Winner, 1977). Tenner
(1997) describes many of these examples in his book entitled Why Things Bite Back:
Technology and the Revenge of Unintended Consequences.” Bill Joy presents an
even stronger case for the potential dangers of genetic engineering nanotechnology
and robotics, which he refers to as the GNR technologies because these technologies
are capable of self-reproduction, Joy (2000) warns that “they can spawn whole new
classes of accidents and abuses” (see Crichton, 2002 for a science fiction interpre-
tation). On the other hand, the idea of being “out of control” may be an example of
a higher level phenomenon where new forms of order emerge out of old systems
(Kelly, 1994). Rodney Brooks has also written on the positive aspects of being out
of control. Control mechanisms require extra energy input for maintenance. If a
system can be designed that does not require control (i.e., one that is out of control),
then energy can be saved and used for other productive purposes. Brooks (2002;
Brooks and Flynn, 1989) has explored this concept by desigining and building simple
robots that achieve complex tasks through collective, emergent behavior (See
Chapter 3). In a sense, the design of all ecologically engineered systems is “out of
control” to some extent because of the contributions of self-organization. For exam-
ple, the restoration ecologist may try to achieve a certain species composition in a
restored marsh through intentional plantings but the final plant community is dif-
ferent because of natural selection and the addition of volunteer species that disperse
in from the surrounding landscape. Thus, ecological engineers must be able to give
up some control over their designs in order to create them. This represents a new
kind of design paradigm for engineering, which is actively evolving as noted by the
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many examples given in this text. How much control are ecological engineers willing
and able to give up in order to “design” new systems? The self-organization that is
taking place with invasive exotic species may be a guide. In fact, the best way to
conserve biodiversity may be to maximize dispersal and invasion globally. Instead
of allowing a subset of highly preadapted species to homogenize the biosphere, more
species may be supported by accelerating the dispersal processes. For example,
species endangered in the U.S. might flourish in China and vice versa. In this way
humans give up control in order to create a more diverse planet. Perhaps humanity
needs both preserves (i.e., national parks), where the old ecosystems without exotics
are maintained with care and at high cost, and new systems, where exotic species
and native species are actively and intentionally mixed together. These new systems
might be called mixing zones where self-organization is encouraged in order to save
species and to create useful ecosystem designs. This may happen anyway, whether
or not humans wish it to happen. Perhaps ecological engineers are best prepared by
their balanced training to study these ideas and to be leaders in encouraging a new
order of biodiversity.
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8 Economics and 
Ecological Engineering

INTRODUCTION

Economics plays an important role in any engineering field, primarily as an aid in
making design decisions. There is always a need to find the least expensive way to
solve a problem and, at the most basic level, economics provides a system for this
accounting. The typical approach is to generate alternative solutions or designs and
to evaluate these alternatives with economic criteria. The application of economics
to engineering is a traditional subdiscipline called engineering economics (Grant
and Ireson, 1964; Sepulveda et al., 1984).

In a sense economics reveals which alternatives are realistic in terms of imple-
mentation. Some may be too costly and are thus not realistic. However, reality in
this context depends on the accounting system that is used for evaluation. As will
be discussed in this chapter, conventional economics has some limitations, especially
in terms of being capable of evaluating aspects of the environment. To deal with
these limitations, new forms of economics are being developed and applied to
ecological engineering in order to improve decision making (Maxwell and Costanza,
1989; H. T. Odum, 1994b; Van Ierland and deMan, 1996). An accounting system is
needed for a variety of special issues in ecological engineering. For example, it is
often stated that pollution is cheaper to prevent than to clean up. This is an economic
generalization that requires the capability of full accounting of costs of pollution
treatment technologies, costs of pollution impacts on the environment, and costs of
pollution cleanup which might include site remediation or even ecological restora-
tion. Hazard evaluation with microcosms is another example. How much funding is
appropriate for adequate testing of potential toxins that are to be released into the
environment? This decision requires costs of testing with microcosms and meso-
cosms vs. costs of potential environmental impacts of the toxins.

In practice engineers usually become involved in a project after a certain stage
of decision making. Often, they are not asked whether the project should be done,
but rather they are asked how best to implement the project. For example, the
engineer is asked where to build a dam or what kind of dam to build, not whether
the dam should be built. Thus, engineers do not usually go beyond the typical uses
of economic accounting. However, ecological engineering implies a wider scale of
thinking. Ecological engineering designs are specifically intended to combine nature
with human technology, which requires a complete accounting system. In this chapter
alternative accounting systems are presented with recommendations for those best
suited to the field of ecological engineering.
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A related issue concerning economics is the large-scale question of the future
of society. Some believe that growth will continue without limit, while others believe
society is already or will soon be limited. These limits come from declining amounts
of fossil fuels that are the driving force supporting society and from the carrying
capacity constraints of the biosphere. Classical economic theory suggests that forms
of human capital can substitute for natural resources such as fossil fuels through
technology. In this view the future depends on the power of technology to overcome
limits (Ausubel, 1996). A dichotomy has evolved between people who believe
technology will continue to develop fast enough to compensate for lost or spent
natural resources and people who believe that the planet’s capacity to absorb society’s
wastes and provide raw materials and energy is finite and limited. Costanza (1989)
referred to these groups as technological optimists and technological pessimists,
respectively, and he suggests that policy makers need to carefully weigh their
perspectives in making decisions. No definite resolution is possible to the dichotomy
at this time because both sides can present evidence to support their beliefs, but
fossil fuels are definitely becoming more expensive and limits to humanity are
becoming apparent.

A relevant question is where the field of ecological engineering falls along the
gradient of opinions. On one hand ecological engineering designs are among the
most advanced forms of technology by combining conventional engineering with
living ecosystems in a symbiotic coupling, making them consistent with the beliefs
of the technological optimists. On the other hand, by relying on renewable energies,
by reducing costs, and by emphasizing natural ecosystems, ecological engineering
designs are best adapted to a future with limited resources, making them consistent
with the belief of the technological pessimists. Thus, ecological engineering has a
dual conception that makes it correct and appropriate for either the technological
optimist or the technological pessimist position.

STRATEGY OF THE CHAPTER

Issues of economic evaluation and assessment are covered in this chapter. All
ecological engineering projects are concerned with economics, usually in several
contexts, making this a subject of general relevance. The conventional economic
approaches are covered first with a survey of cost–benefit analysis and assessments
based on market valuation. Ecological engineering designs can save money espe-
cially because they use more free, renewable energies and less purchased energies
than traditional alternatives. They also can produce by-products that add value to
their assessment. Limitations of conventional economic analysis are discussed with
focus on environment. While a number of approaches have evolved to include
environmental issues and values in conventional economics, some aspects are still
not adequately considered. Alternative policy and accounting systems, such as the
new field of ecological economics, have been developed in response to these limi-
tations. Important topics stimulated by the development of this field are discussed,
including ecosystem services, carrying capacity, natural capital, and sustainability.
A new approach, emergy analysis, is presented in some depth as an example of an
accounting system that is appropriate for ecological engineering. The chapter con-
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cludes with brief considerations of relevant economic policies and issues: financing,
patenting, regulatory permitting, and ethics.

CLASSICAL ECONOMICS PERSPECTIVES ON 
ECOLOGICAL ENGINEERING

One of the primary roles of economics is in assessments of costs and benefits of a
system or project. The most practical applications are financial assessments that deal
with classical microeconomics of market values. A market is a self-organizing
economic system that balances supply of and demand for goods and services.
Theoretically, the market controls production of goods and services to match the
demand by consumers so that there is no excess in terms of extra supply or unmet
demand. In this context, the price of a good or service is the measure of its value.
Financial analyses deal only with values of costs and benefits that are determined
by markets. This is the day-to-day reality of the business world in which most
decisions are made.

A financial goal of ecological engineering designs is to reduce costs of a project
by substituting free renewable energies, through use of natural or constructed eco-
systems, for some of the purchased energies that dominate conventional alternative
designs. Thus, a goal of ecological engineering is to save money. This saving may
occur at any or all of the stages of the design–build–operate sequence of a project.
However, it is at the operating stage of a project that savings are most likely to occur
because it is here that free, renewable energies are used to drive the long-term
dynamics of the ecosystem part of the design.

Perhaps the best demonstration of financial savings comes from the field of
treatment wetlands which is the most advanced application of ecological engineering.
Table 8.1 compares financial aspects of a conventional treatment system with a
treatment wetland. Although this example leaves off the design costs, the treatment
wetland is cheaper for both the construction and operating costs. Other examples of
financial cost savings from treatment wetlands are given by Breaux et al. (1995),
Campbell and Ogden (1999), Cueto (1993), Ko et al. (2000), and Petersen (1991),
though savings do not always occur (Latchum and Kangas, 1996).

Another quality of at least some ecological engineering designs is by-products
which have market value. In other words, ecologically engineered systems often
generate beneficial goods that have value as by-products of the normal operation of
the system. Two examples of living machines with by-product values are shown in
Figure 8.1. The direct purpose of these systems is to treat wastewater and produce
clean water that can be discharged back into the environment. However, they also
have the ability to generate by-products that can be sold to add value to the system.
The Frederick, MD, living machine was a demonstration project that treated a small
portion of the domestic sewage from the local urban area (Josephson et al., 1996a,b).
In this system ornamental plants and aquarium fish were produced in the tanks near
the end of the living machine and sold to local businesses. At one point more than
$1,000/month was generated from these sales, which was an indirect benefit of
treating the wastewater. The Henderson, NV, living machine treats wastewater from
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a chocolate factory (Shaw, 1999). In this system some of the clean water produced
by the treatment process is used as irrigation water for the company’s landscape
plants. This generates value because the company is located near Las Vegas in the
arid southwest U.S. where the value of irrigation water is considerable. A savings
is realized by the company because they produce their own irrigation water and do
not have to buy an equivalent amount of water for the landscaping. This system also
produces vegetables (Figure 8.2), though these are not sold but rather distributed to
the operators of the living machine. Federal laws prohibit sale of food products
grown in treated sewage waters, but because the Henderson living machine is not
treating sewage, it is possible to raise food products.

There are many opportunities to develop valuable by-products from ecologically
engineered systems because of the production capacity of ecosystems. Although
several system-specific examples have been discussed (Devik, 1976; National
Research Council, 1981), the topic of by-product generation is underdeveloped. To
some extent knowledge of business and marketing is essential along with ecological
engineering to develop these opportunities. The future will likely include more

TABLE 8.1
Comparison of Budgets for Wastewater Treatment Alternatives

Cost Category
Conventional Sewage 

Treatment Plant
Treatment Wetland 

System

Construction Costs ($)

Mobilization and administration 95,000 91,000
Earthwork 381,000 1,336,000
Wetland Planting 0 309,000
Other Sitework (electrical, controls, and 
piping)

728,000 1,720,000

Conventional primary 639,900 0
Conventional activated sludge 698,000 0
Sludge handling 687,000 0
Biological nitrification 476,000 0
Chlorination and outfall 208,000 208,000
Total 4,112,000 3,664,000

Operating Costs ($/year)

Personnel 63,000 24,000
Utilities 23,000 5,000
Chemicals 23,000 11,000
Equipment and supplies 47,000 5,000
Total 156,000 45,000

Source: Adapted from Kadlec, R. H. and R. L. Knight. 1996. Treatment Wetlands. CRC Press, Boca
Raton, FL. 
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multipurpose uses of ecological engineered systems, and policies that regulate by-
products should be critically examined.

The by-products produced from a system can be added up to assess total indirect
benefits. This approach has also been applied in a related context for assessing the
value of natural ecosystems. It has been termed the component value method and

FIGURE 8.1 Comparison of two living machines with different by-product values: Frederick,
MD (top) and Henderson, NV (bottom).

FIGURE 8.2 Tomatoes are being grown in the living machine in Henderson, NV, which treats
food wastewater rather than sewage.
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one of the earliest applications was in wetland valuation. Table 8.2 shows an early
example by Raphael and Jaworski (1979) for Great Lakes wetlands. Using market
values they estimated benefits to local economies from wetlands for five different
uses. They then extrapolated their unit value ($489.69/acre/year) across the total
acreage of Great Lakes wetlands (105,855 acres or 42,870 ha) to make a total
assessment of $51,836,135/year. This exercise is useful to communicate the concept
of value of natural ecosystems, especially in units (dollars) that are widely under-
stood. More recently, the component value method has been applied to tropical
rainforest conservation by showing the value of nontimber products that can be
harvested from intact forests. Peters et al. (1989) produced the first comprehensive
assessment of these nontimber forest products, and their estimations indicated that
more value could be generated to local economies from intact forests than from
conversion of the forest to other land uses such as ranching or tree plantations.
Although controversial, assessments of value of nontimber forest products are an
important conservation strategy for the tropics (Nepstad and Schwartzman, 1992;
Plotkin and Famolare, 1992). Balmford et al. (2002) extend this type of analysis to
a global scale.

The most comprehensive form of financial assessment is cost–benefit analysis,
in which all costs and benefits of a project are considered. This has been the standard
technique used for choosing between alternative designs in the field of engineering
economics. In this analysis the costs and benefits of each alternative design for a
project are evaluated in the same units, usually dollars, and then summed. Annual
values of costs and benefits over a given life cycle of the project generally are divided
by a discount rate to calculate net present value. After this calculation, the alternative
with the highest ratio of benefits to costs is considered to be the best choice for
implementing the project. The strength of this approach is in the logic of summing
costs and benefits to determine the best alternative. The particular alternative with
the best cost–benefit ratio represents the best investment opportunity for either a
private or public (i.e., government) funded initiative. McAllister (1980) reviews this
and other evaluation approaches. Reviews of methods for incorporating environmen-
tal values into economic cost–benefit analyses are given by Loomis and Walsh (1986)
and Schulze (1991).

TABLE 8.2
Summary of Use Values for Michigan’s Coastal Wetlands for 1977

Use Category Economic Value ($/acre/year)

Sport fishing 286.00
Nonconsumptive recreation 138.24
Waterfowl hunting 31.23
Trapping of furbearers 30.44
Commercial fishing 3.78
Total 489.69

Source: Adapted from Raphael, C. N. and E. Jaworski. 1979. Coastal Zone Management
Journal. 5:181–194.
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PROBLEMS WITH CONVENTIONAL ECONOMICS

Problems arise with classical economics when it extends beyond the market system.
Classical economics is intentionally anthropocentric; it was developed to deal with
issues between humans and especially about goods and services that humans can
provide, make, sell, and own. However, this is only a subset of human concerns
because the environment enters into human affairs in many ways. The environment,
which consists of natural energy sources and ecosystems, provides to humans many
goods and services that are not accounted for by classical economics. Figure 8.3
illustrates this fact for an estuary where fish are harvested and sold by fishermen.
The estuarine ecosystem produces fish through interactions with an energy signature
of tide and sun. Fishing is a process that removes fish from the estuary through
interaction with purchased inputs from the fisherman. Money, shown with the dashed
line, flows into the system in proportion to sales of fish, and it flows out in proportion
to the inputs used by the fisherman. The problem here is that the process of fishing
is based on inputs both from the estuary and from the fisherman, but money only
goes to compensate the fisherman and not the estuary. Thus, the inputs from the
estuary are considered to be free and are not accounted for in the economic trans-
action. The market, which determines the price of fish, only considers part of the
actual system that produces fish. This problem has serious consequences because
the accounting system used for decision making (conventional economics) does not
properly account for all of the value. Overfishing inevitably occurs in the case shown
in Figure 8.3 because of an inadequate accounting of value, and it ultimately leads
to the collapse of the fishery to the detriment of both the estuary and the fisherman!
This is an example of the “tragedy of the commons” in which the estuary is a
common property resource (Hardin, 1968).

Another example of the failure of classical economics to account for value is
shown in Table 8.3. This table lists values to humans from wetland ecosystems in
a hierarchical ranking. The market system adequately accounts for only the popu-
lation level of values. This is the realm considered in the analysis by Raphael and

FIGURE 8.3 Energy circuit model of a fisheries system. The solid lines represent energy
flows and the dashed lines represent flows of money. This model illustrates how money flows
account only for the work done by the fisherman and are not connected to the actual production
of fish by the estuary. (From Odum, H. T. and E. C. Odum. 1976. Energy Basis for Man and
Nature. McGraw-Hill, New York. With permission.)
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Jaworski for the Great Lakes wetlands described earlier (Table 8.2). Higher level
values, at the ecosystem and global levels, are not accounted for by the market
system and thus are largely considered to be free by humans. These values can be
considered to be free as long as humans do not drain the system. However, when
the drain on the systems becomes too great, the values must be accounted for and
managed, or there is a threat of collapse due to overuse.

This problem of valuation is well known as are other criticisms of classical
economics. Particularly interesting discussions are given by ecologists who provide
a fresh perspective on these problems (Farnworth et al., 1981; Hall, 1990; Hall et
al., 2001; Maxwell and Costanza, 1989; E. P. Odum, 1979a). Economists have
attempted to deal with the problems in various ways. To some extent these are termed
“market imperfections,” which occur because people have incomplete knowledge of
the basis of true value when making decisions. Various concepts have been developed
to deal with these “imperfections,” such as externalities for common property
resources and shadow prices for adjusting values derived from the market. Whole
subdisciplines have evolved with environmental economics dealing with the use of
the environment as a sink for waste products from the human economy and natural
resource economics dealing with the use of natural resources as inputs into the
human economy. The next section deals with new approaches for integrating ecology
and economics more fully.

However, even though conventional economics has limitations, in terms of
assessing the environment, it is useful. It does account for things that have markets,
which allows for financial analyses, and it is still the language of decision makers,
which gives it practical utility. Thus, conventional economics should not be aban-
doned but new ways of thinking are needed to improve its utility during times of
growing environmental impacts and resource shortages. Public policy decisions are

TABLE 8.3
Listing of Wetland Values According to Hierarchical Level

Hierarchical Level Value Category Economic Values as Percent Total

Market
System

Nonmarket
Accounting

Population Fish and wildlife and
   other component values

100% 5%

Ecosystem and global Hydrological values
Productivity values
Waste assimilation values
Atmospheric values
Life-support values

0% 95%

Source: Adapted from Odum, E. P. 1979a. Wetland Function and Values: The State of Our
Understanding. P. E. Greeson, J. R. Clark, and J. E. Clark (eds.). American Water Resources
Association, Minneapolis, MN. 
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determined by conventional economics for the most part and ecologists should at
least develop “diplomatic relations” with economists (Roughgarden, 2001).

ECOLOGICAL ECONOMICS

A new field that has developed to deal with the problems of accounting for the
environment is ecological economics. This is a somewhat radical departure from
classical economics that attempts to address “the relationships between ecosystems
and economic systems in the broadest sense” (Costanza, 1989). The intention of
workers in this new field is to reinvent economics with connections to ecology, rather
than simply trying to correct “market imperfections” as with natural resource eco-
nomics or environmental economics.

At a very basic level of comparison, ecology and economics have some com-
monalities or similarities that support the development of the new field. Both fields
are named with the same prefix, eco from the Greek oikos, which refers to household.
Thus, they appear to deal with similar systems. Ecology deals with natural environ-
ments and with environments that include human use and impact. Economics deals
with interactions between humans and between humans and the environment. Thus,
there is some overlap between the fields (Figure 8.4). Ecological economists hope
to expand this overlap so that methods are developed that can be used to make better
decisions about the environment.

Further evidence of the similarities between ecology and economics is the
sharing of concepts and techniques by analogy. This sharing has been especially
influential in ecology, which went through a phase during which economic tools
and approaches were applied to a number situations (see reviews given by Bernstein,
1981, and Rapport and Turner, 1977). This same phenomenon has occurred in
economics but apparently to a much lesser extent. Table 8.4 lists some examples of
these cross-disciplinary analogies.

FIGURE 8.4 Venn diagram showing the differences and similarities between the fields of
ecology and economics.
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Ecological economics goes beyond analogies in order to remake classical eco-
nomics with emphasis on philosophy as much as on actual accounting techniques.
The field emerged in the 1980s from several starting points. On the one hand there
were a number of established economists who began discussing fundamental prob-
lems of their field around the time of the first Earth Day in 1970. These included
E. F. Schumacher (1968, 1973) with his reference to Buddhist economics, N.
Georgescu-Roegen (1971, 1977) with his reference to “the entropy law and the
economic process,” and K. E. Boulding (1966, 1972, 1973, 1978) who made many
connections between ecology and economics. The most influential of these workers
trained as classical economists has been Herman Daly (1968, 1973, 1977, 1996;
Daly and Towsend, 1993), a student of Georgescu-Roegen, whose early contribution
was the idea of an economy based on steady-state rather than growth. Daly is one
of the founders of ecological economics, and he continues to add original ideas to
the field.

On the other hand founders of ecological economics came from ecology-based
training. H. T. Odum was a forerunner in this effort and his emergy analysis will be
described in the next section. Perhaps the most influential person in ecological
economics has been Robert Costanza, who was a student of H. T. Odum. Starting

TABLE 8.4
Cross-Disciplinary Analogies between Ecology and Economics

Topic Reference

Ecology Applied to Economics

Natural selection Winter, 1964

Niche Hardesty, 1975; Lloyd et al., 1975; Mark et al., 
1985

Diversity patterns Golley, 1966

Resource partitioning Kangas and Risser, 1979

Economics Applied to Ecology

Consumer behavior Tullock, 1971; Covich, 1972, 1974

Cost–benefit analysis Roughgarden, 1975; Orians and Solbrig,
   1977; Solbrig and Orians, 1977; Givnish et
   al., 1984; Riessen, 1992; Matsuda and
   Shimada, 1993

The theory of the firm Bloom et al., 1985

Input–output analysis Richey et al., 1978

Equilibrium concepts Tschirhart, 2000
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with the publication of his dissertation research (Costanza, 1980), Costanza has been
at the center of developments in the field. For example, he has edited many confer-
ence proceedings (Costanza, 1991; Costanza and Daly, 1987; Costanza and O’Neill,
1996) and the new journal called Ecological Economics. He was the first president
of the International Society of Ecological Economics and the lead author on the first
text on the subject (Costanza et al., 1997a). The agenda Costanza outlined with co-
workers (Costanza et al., 1991) continues to identify areas of work in ecological
economics: (1) valuation of natural resources and natural capital, (2) ecological
economic system accounting, (3) sustainability, (4) developing innovative instru-
ments for environmental management, and (5) ecological modelling at all scales.
Several of these areas are discussed in relation to ecological engineering below.

LIFE-SUPPORT VALUATION OF ECOSYSTEM SERVICES

One of the earliest quantitative measures in ecological economics was the calculation
of the value of an ecosystem based on its contribution to the overall life-support
system that the biosphere provides to humans. The concept states that ecosystems
produce clean water and air through the biogeochemistry of their normal metabolism.
These actions collectively constitute a life-support system for humans that is not
valued by the economic system. However, it is expensive to reproduce by techno-
logical means, as is evidenced for example in the case of a physio–chemical life-
support system for manned space flight (see the discussion of closed systems in
Chapter 4). H. T. Odum (1971) first discussed and quantified the concept of life-
support valuation by using the gross primary productivity (GPP) of the ecosystem
and an energy-to-dollar ratio, which he estimated by dividing the total energy flow
of the U.S. by the gross national product (GNP). This was fundamentally an eco-
logical economics calculation because it combined ecology (through the use of GPP)
and economics (through the use of an energy-to-dollar ratio) to quantify the value
of an ecosystem. GPP is the appropriate measure to use for energy flow in the
ecosystem because it integrates the metabolism (photosynthesis and respiration) of
all biological populations within most systems. This calculation was a significant
breakthrough that allowed for natural ecosystems to be evaluated with dollar values.
H. T. Odum (1971) extended the concept by suggesting that humans have a consti-
tutional right to a life-support system, as noted below:

Basic to many of the legal battles underway and developing in the defense of the
environment is a long ignored constitutional freedom — the human right to a safe life-
support system. There can be no more fundamental right to an individual than his
opportunity to breathe, drink water, eat, and move about with safety. Long taken for
granted, these rights are not free but are paid for daily by the metabolic works of the
life-support system processing the wastes and by-products. The water and mineral
cycles, the complex of complicated organisms that process varied chemicals, and the
panorama of ecological subsystems that organize and manage the earth’s surface are
not the property of individuals, but are part of the essential basic right, the life-support
system. A fundamental flaw in the legal systems allowed owners of land to assume
special rights to the public life-support means.
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H. T. Odum even suggested how the calculation could be used to estimate losses
in the life-support system due to pollution. Using a human population figure from
the late 1960s and an average global ecosystem metabolism, he calculated that

Each human’s portion of the earth’s life-support system is 1.7 � 10E5 g oxygen or 4
times this amount of energy (6.8 ¥ 10E5 kcal) processing by the system daily. Every
time someone discharges about 380 pounds of organic waste per day he has diverted
the life-support fraction of one person. If the substances are toxic, the amplifier destruc-
tive action is much greater. Large storages of oxygen and carbon in air and sea protect
us from immediate difficulty with them, but we use their flows as an index to our
disturbance of nature.

The life-support calculation approach was used in a classic paper on valuation
of coastal wetlands (Gosselink et al., 1973). This paper was important because it
provided the first comparison of different methods for calculation of ecosystem
values (Table 8.5). The life-support approach provided the highest estimate of value.
Of particular interest, the life-support value was higher than the component sum-
mations of individual values. This result attracted criticism from economists (i.e.,
King et al., 1979) and, in particular, an interesting exchange of opinions is recorded
among Shabman and Batie (1978, 1980) and H. T. Odum (1979) and E. P. Odum
(1979b). H. T. Odum and Hornbeck (1997) provide a review of the issue of saltmarsh
valuation and update the early calculations by incorporating emergy analysis. The
basic difference of opinion seems to be that some workers feel that the life-support

TABLE 8.5
An Early Comparison of Different Wetland Values

Value Category Annual Return
Capitalized Value

(at 5% interest rate)
($/acre/year) ($/acre)

Commercial and sports fisheries 100 2000

Aquaculture potential Moderate oyster culture 350 7000

Intensive oyster culture 900 18,000

Waste treatment Secondary only 280 5600

Tertiary 2500 50,000

Maximum noncompetitive summation of values from above:

Commercial and sports fisheries + Tertiary waste 
treatment

2600 52,000

Intensive oyster culture + Tertiary waste treatment 3400 68,000

Total life-support value 4150 83,000

Source: Adapted from Gosselink, J. G., E. P. Odum, and R. M. Pope. 1973. The value of the tidal marsh. 
Working Paper No. 3. Urban and Regional Development Center, University of Florida, Gainesville, FL.
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approach is an overestimate because it implicitly includes values beyond what society
is normally prepared to acknowledge. Other applications of the life-support calcu-
lation, all of which happen to involve coastal wetlands, are given by Lugo and
Brinson (1979), Faber and Costanza (1987), and Costanza et al. (1989).

Probably for various reasons attention has turned in a different direction, and
there has been no recent application of the life-support approach to ecosystem
valuation. The discussion by ecological economists has evolved to focus on what
are termed ecosystem services (Daily, 1997; Daily et al., 1997, 2000; Dakers, 2002;
Ehrlich and Mooney, 1983; van Wilgen et al., 1996; Westman, 1977), which essen-
tially constitute life-support functions (Table 8.6). The approach is to identify indi-
vidual services that ecosystems provide to society and to estimate their value based
on methods that are more consistent with classical economics, such as the “willing-
ness-to-pay” approach. A fundamental difference between life-support and ecosys-
tem services revolves around using one number as a measure of value (i.e., ecosystem
metabolism) or breaking down a number of individual measures of value (various
ecosystem services). The most extensive calculation of ecosystem services is given
by Costanza et al. (1997b) who estimated a biosphere value of $16 to 54 trillion
(1012) per year with an average of $33 trillion per year for global ecosystem services,
which is greater than the global gross national product of strictly economic flows
at $18 trillion per year.

These approaches are very relevant to ecological engineering, which involves
the construction of new ecosystems to solve problems. These new ecosystems will
contribute life-support values and ecosystem services to society beyond their

TABLE 8.6
Listing of Ecosystem Services

Purification of air and water

Mitigation of floods and droughts

Detoxification and decomposition of wastes

Generation and renewal of soil and soil fertility

Pollination of crops and natural vegetation

Control of the vast majority of potential agricultural pests

Dispersal of seeds and translocation of nutrients

Maintenance of biodiversity, from which humanity has derived key elements of its agricultural, medicinal, 
and industrial enterprise

Protection from the sun’s harmful ultraviolet rays

Partial stabilization of climate

Moderation of temperature extremes and the force of winds and waves

Support of diverse human cultures

Providing of aesthetic beauty and intellectual stimulation that lift the human spirit

Source: Adapted from Daily, G. C. (ed.). 1997. Nature’s Services. Island Press, Washington, DC. 
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intended purposes. Thus, each new constructed ecosystem, such as a treatment
wetland or even a microcosm, adds to the life-support capacity of the environment.
Some feasibility studies in ecological engineering are being undertaken to account
for this kind of value and the interest can only be expected to grow in the future.

A related valuation approach is to calculate the value of an ecosystem as the
cost required to replace it. This is also very relevant to ecological engineering in
regard to restoration ecology and associated fields, which seek the least expensive
method of ecosystem creation.

NATURAL CAPITAL, SUSTAINABILITY, AND CARRYING CAPACITY

Ecological economics includes many other ideas that relate to ecological engineer-
ing. One example is the concept of natural capital, which is analogous to human
capital traditionally considered by economists (Prugh et al., 1995). In a sense, natural
capital is the structure of the biosphere’s economy from which ecosystem services
flow. The concept is described below by Costanza et al. (1997a):

Thinking of the natural environment as “natural capital” is in some ways unsatisfactory,
but useful within limits. We may define capital broadly as a stock of something that
yields a flow of useful goods or services. Traditionally capital was defined as produced
means of production, which we call here human-made capital, as distinct from natural
capital which, though not made by man, is nevertheless functionally a stock that yields
a flow of useful goods and services. We can distinguish renewable from nonrenewable
natural capital, and marketed from nonmarketed natural capital, giving four cross-
categories. Pricing natural capital, especially nonmarketable natural capital, is so far
an intractable problem, … All that need be recognized for the argument at hand is that
natural capital consists of physical stocks that are complementary to human-made
capital.

Although this concept has been developed by ecological economists, Wes Jack-
son, an environmentalist and agroecologist, introduced the term ecological capital
in his proposed revision of modern agriculture (Jackson, 1980). Jackson elaborated
his conception in terms of topsoil, with concern for erosion. Figure 8.5 illustrates
the data he provides as a simple mass balance analogous to a bank account. The
storage of topsoil represents natural or ecological capital, which is produced slowly
by biogeochemical processes and soil management procedures but drained relatively
quickly by agricultural erosion. Jackson’s proposed switch to perennial plant species
for crop production, along with other techniques such as no-till cultivation, reduces
erosion and allows for greater accumulations of natural capital (in terms of topsoil
storage) by agricultural systems. Thus, Jackson presaged the ecological economics
concept of natural capital with his metaphor about the value of topsoil.

The natural capital concept has led to a macroeconomics perspective for eco-
logical economics. Developments include the incorporation of natural resources into
national-scale accounting (Repetto et al., 1989, 1999) and alternative indices such
as the index of sustainable economic welfare (Costanza et al., 1997a; Daly and Cobb,
1989) that provide different perspectives from traditional measures, like gross
national product.
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Another important topic in ecological economics is the creation of new kinds
of economies that are sustainable over long time periods. Ecological engineering
can help society move towards sustainability by reducing costs and by utilizing
natural, renewable energy sources. The concept of sustainable development covers
many adaptations of society for long-term survival, of which ecological engineering
is one of several recent advancements. In this larger context, ecological engineering
can play an important role for society as a whole. Two definitions of sustainable
development are given below:

1. To live on renewable income and to not deplete natural capital
2. To provide for the needs of the present generation without sacrificing the

ability of future generations to meet their needs

A significant contribution from ecological economics has been to differentiate
between aspects of growth and development in thinking about sustainable develop-
ment of an economy (Costanza and Daly, 1992). As noted by Costanza et al. (1997a),

Improvement in human welfare can come about by pushing more matter-energy through
the economy, or by squeezing more human want satisfaction out of each unit of matter-
energy that passes through. These two processes are so different in their effect on the
environment that we must stop conflating them. Better to refer to throughput increase
as growth, and efficiency increase as development. Growth is destructive of natural
capital and beyond some point will cost us more than it is worth — that is, sacrificed
natural capital will be worth more than the extra man-made capital whose production
necessitated the sacrifice. At this point growth has become anti-economic, impoverish-
ing rather that enriching. Development, or qualitative improvement, is not at the expense
of natural capital. There are clear economic limits to growth, but not to development.

The great challenge of sustainability is a kind of social engineering. Ecological
economists not only must help design new systems of resource use but also must
find ways to change people’s attitudes so that they can change from consumptive
lifestyles to sustainable lifestyles. This is a major challenge and the long-term fate
of global civilization may depend on its outcome.

One approach to sustainability is to establish the carrying capacity of a system
for humans. Carrying capacity is the maximum number of individuals of a population
that can be stably maintained in a given environment. It is an important ecological
concept that has developed from both mathematical population biology and wildlife

FIGURE 8.5 Energy circuit diagram of the system used by Jackson (1980) to discuss the
concept of “ecological capital,” shown by the storage of topsoil on a farm. Flows are in units
of tons/acre/year and the storage is in units of tons/acre, assuming a 4-in. topsoil layer. These
values are typical of U.S. agriculture. 
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management. In mathematical population biology, carrying capacity is a constant
(K) developed for the logistic growth equation (see Chapters 3 and 7) that represents
the equilibrium population size. It is an asymptote that a population grows up toward
when starting from low initial conditions. The mathematical concept was first used
by Pierre Verhulst in the early 1800s, but it was “rediscovered” in the early 1900s
by Raymond Pearl who incorporated it into modern population biology (Kingsland,
1985). In wildlife management, carrying capacity was defined as the “maximum
density of wild game which a particular range is capable of carrying” (Leopold,
1933). It is usually related to the amount of food, water, and cover available to the
animals. While this basic definition is quite simple and straightforward, the concept
has been used in different ways (Edwards and Fowle, 1955). If a carrying capacity
for humans could be established, then the limits to sustainability could be known.
This is a critical and controversial subject (Cohen, 1995; Daly, 1995; Hardin, 1986;
H. T. Odum, 1976; Sagoff, 1995). One of the latest developments along this line of
thought is ecological footprint analysis which attempts to calculate the land and
water areas required to support human communities (Wackernagel and Rees, 1996;
Wackernagel et al., 1999).

EMERGY ANALYSIS

One example of a new form of economics, related to ecological economics, is termed
emergy analysis (H. T. Odum, 1996). Emergy (short for “energy memory”) is a
measure of embodied energy in a product or process which in turn is a measure of
its value. Emergy analysis is an accounting system in which everything is accounted
for with energy units rather than money. In this way contributions from nature and
environmental impacts can be assessed with the same units as traditional economic
values. Emergy analysis is an analytical technique that calculates values that can be
used for making decisions. This makes it one of only a few existing types of
accounting systems. The concept and method were developed by H. T. Odum, based
on his earlier work on ecological energetics. Recently, Mark Brown, who was a
student of H. T. Odum, has become a leader in applying emergy analysis to a number
of problems (Brown and Herendeen, 1996; Brown and Ulgiati, 1997, 1999; Brown
et al., 1995).

The approach of emergy analysis is to convert everything to one unit which is
then used in decision-making algorithms, such as cost–benefit analysis, and others,
such as the investment ratio, that have been developed especially for this approach
(H. T. Odum, 1996). Thus, two major steps are involved. First, all flows and storages
relevant to a problem are quantified and converted to emergy, using published
conversion factors called transformities. Then, the emergy values are used in algo-
rithms to make assessments and to provide perspective for decision making. Emergy
analysis was applied to the energy signature of a mesocosm in Chapter 4. Several
other examples are discussed below to illustrate the approach.

Figure 8.6 shows an assessment of the estuarine fishery discussed earlier. The
fish harvest is shown as input from the environment to the economic process of the
fishery. It is valued as the emergy flow from the estuarine ecosystem that produces
the fish. This flow (3 � 106 coal equivalent calories) is then divided by an energy-
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to-dollar ratio (11,000 coal equivalent calories to the dollar) to calculate the value
of the fish in dollars. Thus, fishes are valued at $272 through emergy analysis, while
the traditional economic analysis established the value at $20. This is an example
of the common result that traditional economics undervalues nature.

Table 8.7 is an example of emergy analysis applied to the wetland option of
wastewater treatment. The alternative of treating wastewater in a cypress wetland is
compared with conventional technology in terms of two kinds of emergy. The
conventional treatment alternative requires more fossil fuel energy and uses essen-
tially no natural energy compared with the wetland alternative. Thus, the rational
choice would be to choose the wetland alternative over the conventional technology
alternative for wastewater treatment.

FIGURE 8.6 Energy circuit model of a fishery evaluated with emergy analysis. The economic
contribution of the estuary is equivalent to $272/acre/year whereas the economy only recog-
nizes a value of $20/acre/year, based on the work of the fisherman. This type of analysis
documents the undervaluing of nature by conventional economics. (From Odum, H. T. and
E. C. Odum. 1976. Energy Basis for Man and Nature. McGraw-Hill, New York. With
permission.)

TABLE 8.7
Comparison of Costs for a Treatment Wetland vs. a Conventional 
Wastewater Treatment Plant Using Emergy Analysis

Energy Input (fossil fuel Kcal/gal) Treatment Wetland
Conventional 

Treatment Plant

Fossil fuel energy input 3.28 25.3

Natural energy input 3.30 0

Note: The inputs are expressed in equivalent units so that direct comparisons can be made
between the different energy types.

Source: Adapted from Mitsch, W. J. 1977. Proceedings of the International Conference on
Energy Use Management. R. Fazzolari and C. B. Smith (eds.). Pergamon Press, Oxford, UK. 
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While the results of emergy analysis from Table 8.7 are consistent with the
results from traditional economic analysis (Table 8.1), surprises do occur when
emergy analysis is applied. Figure 8.7 illustrates a case for alternative methods of
treating thermal pollution from a power plant (H. T. Odum et al., 1977b). Water can
be cooled by either discharging it into an estuary or by passing it through constructed
cooling towers. Both alternatives are evaluated on the diagram in terms of the
emergy: for estuarine discharge the environmental impact is quantified, and for the
cooling towers the total cost of construction and operation is shown. The results
indicate a relatively small environmental impact (3.4 � 109 fossil fuel equivalents)
due to thermal pollution vs. a larger load put on the economy by the cooling tower
(276 � 109 fossil fuel equivalents), which causes more environmental impact else-
where. This is consistent with the nature of thermal pollution, which is not highly
disruptive to natural systems, especially in comparison with other kinds of pollution.
The best choice then may be to discharge the heated water into the natural estuary
even though intuition based on environmentalism might suggest that the cooling
towers be built in order to avoid any impact to the environment.

The examples mentioned above are just a small sample of the set of problems
and issues that can be addressed with emergy analysis (H. T. Odum, 1996). However,
difficulties arise from several directions when attempting to implement emergy
analysis for public policy. It is a radical new form of economics because it is based
on a completely different currency than humans are familiar with. Emergy analysis
represents a kind of physical theory of value rather than a social theory of value,
which seems to make it objectionable to some people. Many problems arise because
this currency is a physical quantity (i.e., a form of energy) rather than an information

FIGURE 8.7 Energy circuit diagram showing alternative choices for treating thermal pollu-
tion from cooling water. Using the estuary for cooling drains much less energy from the entire
system than using a cooling tower, and therefore it is the optimal choice for treatment from
the perspective of emergy analysis. (From Odum, H. T., W. Kemp, M. Sell, W. Boynton, and
M. Lehman. 1977. Environmental Management. 1:297. Springer-Verlag GmbH & Co. KG,
Heidelberg, Germany. With permission.)
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marker (i.e., money). Part of the problem also is that existing fields such as physics
have other ideas of energy which easily get confused with emergy. Exergy is one
example (Jorgenson, 1982, 2000), which is based on a form of mechanical energy.
Unfortunately, people unfamiliar with these fields and concepts quickly get confused
and turn away from the approach.

Major disagreements exist between emergy analysis and conventional economics
(Lavine and Butler, 1981). In large part the disagreement concerns the issue of
accounting for both human-centered and ecosystem-centered values. Conventional
economics does not do this completely, even with various kinds of adjustments
mentioned earlier; emergy analysis does, at least theoretically. This goal is achieved
in emergy analysis by utilizing a quantity, emergy, which can be calculated for both
human-centered and ecosystem-centered quantities, making it a “common denomi-
nator.” Conventional economics is computationally sophisticated enough to account
for both these quantities, but it philosophically denies that certain kinds of values
exist (such as fishes in Figure 8.3). The philosophy and analytical techniques of
conventional economics evolved when human populations were at low densities and
the ecological life-support system seemed limitless. Under these conditions it was
possible, and it even made sense, to exclude certain things from the value system.
Thus, the ecological life-support system was taken for granted, and it was assumed
that it didn’t need to be accounted for. As populations grew, however, the environment
became more important to humans and new approaches have evolved to recognize
this importance, sometimes through accounting techniques with conventional eco-
nomics and at other times through social instruments such as regulations and public
policies. However, even though the human–environment relationship has changed
over time, the philosophical basis of conventional economics has not changed, only
the details of some of the accounting techniques. Thus, there may always be dis-
agreement between those who believe in conventional economics and those who
believe in emergy analysis because of the philosophical differences between the
approaches.

Should society as a whole question the accounting systems used for public
policy? Which of the different approaches (conventional economics, ecological
economics, emergy analysis) is correct and should be used by society as a guide for
making decisions? Is it just a matter of personal preference or belief? The answers
to these questions are very important, but they are beyond the scope of this text.
However, because ecological engineering involves systems of both man and nature,
the more holistic approaches seem to be necessary and appropriate for evaluation,
assessment, and design activities.

RELATED ISSUES

A number of topics related to ecological engineering economics are presented below.
Many steps are required for a project to be implemented, and the project can be
stopped for any of a number of reasons. While this text focuses more on the technical
and specifically the ecological dimensions of ecological engineering, various eco-
nomic, business, and policy concerns deserve attention.
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FINANCING

Financing involves developing the capital necessary for paying for a project. This
action obviously involves economic and business-oriented information but politics
can also be a critical factor. Ecological engineering projects can be financed with
either public or private funding sources. Some examples, such as domestic waste-
water treatment, are financed as public projects with traditional methods (Green,
1932). Monies raised through taxes or similar means are available for these types
of projects, and engineering firms submit bids to undertake them. Usually, the firm
with the lowest bid wins the contract and conducts the project. Ecological restoration
is being funded in this fashion, though these projects must compete for public funds
with other projects. In this situation the government decision makers decide the
allocation of the monies. Thus, the financing of restoration projects is often a political
decision.

Other financing methods are used to fund ecological engineering projects from
private sources. Interesting examples come from situations where a private company
causes pollution or environmental impact, requiring an ecological engineering sys-
tem for cleanup or restoration. In this case the company must pay for damages,
which are assessed through legal means. Large-scale examples are cleanup of super-
fund sites and of the Exxon Valdez oil spill, which have been dramatic and conten-
tious, but many other examples are small-scale.

An exceptional example of private funding of an ecological engineering project
was Biosphere 2 in southern Arizona. In this case a wealthy individual became
convinced of the merits of the project and provided funding. A company was formed,
named Space Biosphere Ventures, Inc. (SBV), to develop technologies from the
construction and operation of Biosphere 2, in particular for space travel and for the
eventual colonization of Mars. This was an example of a venture capital business.
SBV ultimately failed, as do many of these kinds of businesses that involve high
financial risk.

A final example of private finance is the situation with strip-mine restoration or
wetland mitigation. In this case mining companies or developers pay money into a
fund in proportion to their activities of clearing land. These monies are later used
to reclaim or restore the land that was disturbed in the case of mining, or to create
new ecosystems elsewhere in the case of wetland mitigation. This is similar to the
situation where a polluter must pay for environmental damages. Costanza and Per-
rings (1990) have developed this idea further as an assurance bonding model.

REGULATION

Ecological engineering projects are regulated by government agencies, in various
cases from city or county, to state, to federal scales. Regulation is necessary (1) to
document and maintain system performance, (2) to protect the environment, and
(3) to ensure human health and safety. Wastewater treatment systems have perhaps
the most developed regulatory system because environment and human welfare
depend on their effective operation; they are used as an example below.
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Regulation usually begins with evaluation of plans or designs for a proposed
treatment system. These documents must be signed by registered professional engi-
neers as a first step in validating the proposed project. Plans and designs are examined
for adequacy by the government agency and if they are found to be satisfactory, a
permit for construction and operation is issued. Permits usually stipulate perfor-
mance ratings that must be achieved for continued operation of the system and a
monitoring program to provide information to the regulatory agency that verifies
that the performance ratings are being met.

Regulations establish standards or criteria of performance and hold the operators
of the treatment systems accountable based on these ratings. The absolute values of
the standards or criteria are very important because if they are not met, then the
system must be upgraded or closed. Thus, regulatory standards and criteria can
become contentious with large amounts of money at stake from the perspective of
the treatment plant operator who suffers the costs of plant closure or upgrade, or
with environmental and human health at stake from the perspective of the regulator
who represents the public interest. Unfortunately, there is often insufficient infor-
mation available to establish standards or criteria for ecological systems and many
problems occur as a consequence. For wastewater treatment systems these standards
are concentrations of chemicals or other materials in the discharge waters released
from the system. Regulatory criteria for restoration or mitigation projects may be
levels of vegetation coverage or the presence of particular plant species that indicate
overall ecosystem character.

Because ecological engineering alternatives are relatively new and therefore
relatively unknown, there is a resistance to them by potential clients and regulators.
This is a general phenomenon with any new technology (Bauer, 1995). Clients and
regulators are comfortable with conventional technologies that are known and reli-
able, and they naturally resist new alternatives because of their risk of failure. The
resistance is natural and prudent up to a point. However, at some point in the
development of a new technology, resistance becomes nonadaptive and can cause
resources to be wasted. This occurs when the new technology has been tested and
proven effective in a number of trials. The state of the art of at least some examples
of ecological engineering seems to be at the threshold of overcoming resistance.
More data and studies are needed on these systems to help convince clients and
regulators on the attributes of ecologically engineered alternatives. Figure 8.8 pre-
sents a general model showing the role of resistance, which comes from several
sources, in reducing the flow of technology for the solution of a problem. See Chapter
2 for a discussion of resistance to the development of treatment wetland technology.

PATENTS

The U.S. Patent System consists of a federal unit within the Department of Com-
merce and a set of laws that govern invention rights. Patents are granted for inven-
tions, which provide a property right to the inventor. The patent system is important
not just because it protects the rights of inventors but also because it promotes the
progress of technology at the larger scale. At the scale of the inventor the patent
gives the patentee the right to exclude others from practicing the invention and thus
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gives the patentee rights to profits from the sale of the invention for a limited period
of time (20 years). After the allotted time period the exclusion rights expire and the
invention enters the public domain. The patent system promotes technology at a
larger scale by the disclosure to the public of the invention in the patent document
which can stimulate the creation of other inventions. According to the legal statute,
any person who “invents or discovers any new or useful process, machine, manu-
facture, or composition of matter, or any new and useful improvement thereof, may
obtain a patent.” An invention must exhibit three qualities to be patentable: novelty,
utility, and nonobviousness. Descriptions of the patent system are given by Anon-
ymous (1997), Gordon and Cookfair (1995), and Tuska (1947).

The patent application includes a complete written description and drawings that
illustrate the invention. Once the patent is granted these materials are published
through the Patent Office which constitutes disclosure. Thus, a patent is both a
technical publication and a legal document. In a sense, patents represent one of the
best available sources of information on current technological developments. More-
over, patents take the place of the traditional, academic publications in scientific and
engineering journals for some inventors. For example, Thomas Edison published
little on any of his inventions, but he was granted 1093 patents over his lifetime.
Buckminster Fuller, perhaps best known for inventing the geodesic dome, similarly
emphasized patents over academic publication for his technical work (Fuller, 1983;
Robertson, 1974).

Some ecological engineering designs have been patented and examples are given
in Table 8.8. These are interesting because they represent constructed ecosystems,

FIGURE 8.8 Energy circuit model of the flow of technology in problem solving. The flow
of new technology to the solution, shown on the right-hand side of the diagram, is high if
the technology is effective (high T) or if the problem is urgent (high P), but it is reduced in
proportion to the resistance (R).
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which are part living in terms of biological populations and part nonliving in terms
of containment structure, pumps, pipes, etc. “Products of nature” are not supposed
to be patentable, but in the case of ecological engineering systems, constructed
ecosystems are patentable. There are similarities here with patenting of genetic
engineering or biotechnology designs (Adler, 1984), where patents are assigned to
organisms whose genetic code has been altered by humans for useful purposes.
However, it may be even more interesting or contentious in ecological engineering
because of the role of self-organization in creating designs. Should the patent rights
for a constructed ecosystem be given to a human inventor if nature is responsible
for a significant portion of the design? Perhaps a legal statute is needed for at least
a sharing of profits from an ecological engineering design with some monies going
to the human inventor and some going back to nature in the form of feedbacks
supporting biodiversity.

The general method of ecological engineering is not patented and it can be used
by anyone to construct a useful ecosystem. Basically, the method is to construct a
containment system which includes the problem to be solved (eroded shoreline or
waste stream) and to over-seed it with biodiversity. Self-organization will create an
appropriate ecosystem for the given boundary conditions that will solve the problem
over time. Self-organization can be accelerated by the human designer by seeding
with species preadapted to the specific problem. The role of self-organization in this
process is in selecting useful species for the identified problem. This is similar to
the role ascribed to indigenous peoples in selecting species useful to pharmaceutical
companies in medical drug production (Cunningham, 1991; Greaves, 1994).

TABLE 8.8
Examples of Ecological Engineering Patents

Patent Title Inventor Patent Number

Method for treating wastewater using
microorganisms and vascular aquatic
plants

W. C. Wolverton 4,415,450

Water purification system and apparatus W. H. Adey 4,966,096

Algal turf scrubber W. H. Adey 4,333,263

Ecological fluidized bed method for the
treatment of polluted water

J. H. Todd
J. M. Shaw

5,486,291

Method for treating water J. H. Todd
B. Silverstein

5,389,257

Solar aquatic apparatus for treating waste J. H. Todd
B. Silverstein

5,087,353



296 Ecological Engineering: Principles and Practice

ETHICS

It may seem strange to conclude a chapter on economics with the subject of ethics;
however, like economics, ethics is a guide to decision making. Ethics is a system
of beliefs that provide self-imposed limitations on the freedom to act. Formal codes
of ethics or conduct exist for engineers who become members of professional
societies or who become licensed by engineering boards. These codes provide
guidance to engineers, especially in terms of understanding the consequences of
their actions on the health and safety of humans. While this role for ethics in
engineering is well established, some believe that the ethical boundaries need to be
expanded to include the environment (Gunn and Vesilind, 1986). The need for
sustainability requires development of ethics that may be very difficult to achieve
in the present-day society, which is often oriented towards growth and short-term
objectives.

The new field of ecological engineering must develop its own code of ethics,
from its own unique perspective. This will probably include traditional concerns for
human health and safety, environmental ethics, sustainability, and perhaps a new
respect for biodiversity, which provides an important component of ecological engi-
neering designs. In terms of a concern for biodiversity, engineers might look to ideas
on Biophilia or the philosophical connections between humans and all other forms
of life (Wilson, 1984). The list of “78 reasonable questions to ask about any tech-
nology” given by Mills (1997) might be a good starting point for ethical develop-
ments in any engineering discipline. An ecological engineering code of ethics based
on ethics of computer hackers is suggested in Chapter 9.
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9 Conclusions
These ecosystems, as we may call them, are of the most various kinds and sizes.

—  A. G. Tansley, 1935

THE EMERGENCE OF NEW ECOSYSTEMS

A central theme of this book has been the development of the concept that new
ecosystems can be designed, constructed, and operated for the benefit of humanity
through ecological engineering. The concept of new ecosystems was introduced in
Chapter 1 and was elaborated in subsequent chapters that focused on particular case
studies. New ecosystems originate through human management, along with the self-
organizational properties of living systems. The mix of engineered design with
nature’s self-design makes these ecosystems unique. The study of new ecosystems
is often marked with surprises because they are not yet fully understood (Loucks,
1985; O’Neill and Waide, 1981). Like genetically engineered organisms, these eco-
systems have never existed previously. Those who design, construct, and operate the
new ecosystems are therefore exploring new possibilities of ecological structure and
function. In this sense, ecological engineering is really a form of theoretical ecology.
This book is an introduction to the new ecosystems that are emerging all around us
through self-organization in different contexts.

Humans have been creating new ecosystems for thousands of years, but it is
only in the last 30 years or so that these ecosystems have been recognized as objects
for study by ecologists. Some of these ecosystems have been intentionally created
while others have developed for various unintended reasons. Agriculture is probably
the best example of a system that has been intentionally created. The origin of
agriculture, on the order of 10,000 years ago, consisted of domesticating certain
wild plants and animals and creating production systems from these species in
modified natural ecosystems. Thus, plants were raised on cropland and grazing
animals were raised on pastures or rangeland. Early agriculture differed little from
natural ecosystems, but the modifications increased over time with greater uses of
energy subsidies. Although the agricultural system is dominated by domesticated
species, a variety of pest species has self-organized as part of the system. Manage-
ment of agricultural land involves inputs of energy to channel production to humans
and away from pests, and to reduce losses due to community respiration. In their
modern forms, agricultural systems differ greatly from natural ecosystems, often
with very low diversity (i.e., monocultures), large inputs of fossil fuel-based energies
(i.e., mechanized tillage, fertilizers, etc.), and regular, orderly spatial patterns of
component units (i.e., row crops arrangements).

The idea that agricultural systems actually were ecosystems evolved in the early
1970s. This occurred concurrently with the wide use of the ecosystem concept in
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the International Biological Program. Previously, ecologists almost exclusively stud-
ied natural ecosystems or their components. During this time agricultural systems
themselves were studied by applied scientists with narrow focus in agronomy,
entomology, or animal science. The ecosystem concept allowed ecologists to “dis-
cover” agriculture as systems of interest and for the applied scientists to expand
their view to a more holistic perspective. Antecedent ecological studies of agricul-
tural crops had been undertaken, with emphasis on primary production and energy
flow (Bray, 1963; Bray et al., 1959; Gordon, 1969; Transeau, 1926), but this work
had relatively little influence on the science of ecology. After the early 1970s,
however, whole system studies of agriculture by ecologists became common (Cox
and Atkins, 1975; Harper, 1974; Janzen, 1973; Loucks, 1977) and similar studies
by the traditional agricultural scientists followed soon after. In fact, a journal named
Agroecosystems was initiated in 1974 as a special outlet for ecological studies of
agricultural systems. This line of research is very active with many useful contribu-
tions on nutrient cycling (Hendrix et al., 1986; Peterson and Paul, 1998; Stinner et
al., 1984), conservation biology (Vandermeer and Perfecto, 1997), and the design
of sustainable agroecosystems (Altieri et al., 1983; Ewel, 1986b).

Around this same time period the ecosystem concept was applied to other new
systems. For example, Falk (1976, 1980) studied suburban lawn ecosystems near
Washington, DC. Lawns are heavily managed ecosystems that provide aesthetic
value to humans. Falk identified food chains, measured energy flows, and docu-
mented management techniques using approaches developed for natural grassland
systems. This work was an in-depth study of a new ecosystem type that later was
expanded on by Bormann et al. (1993). Much more significant has been research
on urban ecosystems. This work began in the 1970s (Davis and Glick, 1978; Stearns
and Montag, 1974) and steadily increased, especially in Europe (Bernkamm et al.,
1982; Gilbert, 1989; Tangley, 1986). Urban areas include many fragments of natural
habitats along with entirely new habitats (Kelcey, 1975) and have unique features
as noted by Rebele (1994):

… there are some special features of urban ecosystems like mosaic phenomena, specific
disturbance regimes, the processes of species invasions and extinctions, which influence
the structure and dynamics of plant and animal populations, the organization and
characteristics of biotic communities and the landscape pattern as well in a different
manner compared with natural ecosystems. On behalf of the ongoing urbanization
process, urban ecosystems should attract increasing attention by ecologists, not only
to solve practical problems, but also to use the opportunity for the study of fundamental
questions in ecology.

Much research is currently being carried out on urban ecosystems (Adams, 1994;
Collins et al., 2000; Pickett et al., 2001; Platt et al., 1994; Rebele, 1994), including
significant projects funded by the National Science Foundation at two long-term
ecological research sites in Baltimore, MD, and Phoenix, AZ (Parlange, 1998). In
addition, a journal named Urban Ecosystems was begun in 1996 for publishing the
growing research on this special type of new system.
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In a sense, then, there has been a paradigm shift in ecology since the 1970s with
ecologists embracing the idea that humans have created new ecosystems. Most
ecologists probably still prefer to study only natural systems, but research is estab-
lished and growing on agroecosystems and urban ecosystems. This work is not
necessarily considered to be applied research, though it is certainly an easy and
logical connection to make. Rather, there are a number of ecologists who are studying
agriculture and urban areas as straightforward examples of ecosystems. These are
new systems with basic features (energy flow, nutrient cycling, patterns of species
distributions, etc.) common to all ecosystems but with unique quantitative and
qualitative characteristics that require study to elucidate. Ludwig (1989) called these
anthropic ecosystems because of their strong human influence and proposed an
ambitious program for their study.

There are many examples of new ecosystems beyond those mentioned above
and throughout this book. Hedgerows, fragmented forests, brownfields, rights-of-
way, and even cemeteries (Thomas and Dixon, 1973) are examples of new terrestrial
systems, and there are many aquatic examples as well. H. T. Odum originally began
referring to polluted marine systems as new ecosystems and developed a classifica-
tion system that can be generalized to cover all ecosystem types. His ideas developed
from research along the Texas coast in the late 1950s and early 1960s. This work
involved ecosystem metabolism studies of natural coastal systems and those altered
by human influences. The latter included brine lagoons from oil well pumping, ship
channels, harbors receiving seafood industry waste discharges, and bays with mul-
tiple sources of pollution. H. T. Odum first referred to these systems as “abnormal
marine ecosystems” (H. T. Odum et al., 1963), then as “new systems associated with
waste flows” (H. T. Odum, 1967), and finally as “emergent new systems coupled to
man’s influence” (H. T. Odum and Copeland, 1972). The concept of emergent new
systems is best articulated in the classification system developed for U.S. coastal
systems (Copeland, 1970; H. T. Odum and Copeland, 1969, 1972). This system
classified ecosystems by their energy signatures with names associated with the most
prominent feature or, in other words, the one that had the greatest impact on the
energy budget of the ecosystem. A whole category in this classification was given
to new ecosystems (Table 9.1) with examples of all major types of human-dominated
estuarine systems. This is a philosophically important conceptualization. Although
H. T. Odum acknowledged that these ecosystems were “unnaturally” stressed by
humans, he chose to refer to them as new systems rather than stressed systems. This
distinction may at first seem subtle, but it is not. It carries with it a special notion
of ecosystem organization.

The concept of new ecosystems implies that the human influence is literally a
part of the system and therefore an additional feature to which organisms must adapt
(Figure 9.1A). Thus, human pollution is viewed the same as natural stressors such
as salt concentration or frost, and ecosystems exposed to pollution reorganize to
accommodate it. The tendency to consider humans and their stressors as being
outside of the ecosystem is common in modern thought. This conception generally
holds that human influence, such as pollution, leads to a degraded ecosystem (Figure
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9.1B). However, is it appropriate only to think of an ecosystem as degraded when
a source of pollution is added to the energy signature? What actually happens is that
the ecosystem reorganizes itself in response to the new pollution source. Thus,
degradation (Figure 9.1B) is really reorganization of a new ecosystem (Figure 9.1A).
This seems like a contradiction because degradation carries a negative connotation
while reorganization has a more positive sense. Both views in Figure 9 are valid.
What is advocated here is the straightforward notion that ecosystem identity (i.e.,
elements of structure and function) is determined by the energy signature, and if the
energy signature is changed, then a new ecosystem is created.

In another sense the concept of emergent new systems attempts to reduce value
judgment in ecosystem classification. Rather than considering ecosystems with
human pollution as degraded natural systems, the classification labels them as new
systems. The value-free approach frees thinking so that the organization of new

TABLE 9.1
Classification of New Estuarine Ecosystems

Name of Type Characteristic Energy Source or Stress

Sewage waste Organic and inorganic enrichment

Seafood wastes Organic and inorganic enrichment

Pesticides An organic poison

Dredging spoil Heavy sedimentation by man

Impoundment Blocking of current

Thermal pollution High and variable temperature discharges

Pulp mill waste Wastes of wood processing

Sugarcane waste Organics, fibers, soils of sugar industry wastes

Phosphate wastes Wastes of phosphate mining

Acid waters Release or generation of low pH

Oil shores Petroleum spills

Piling Treated wood substrates

Salina Brine complex of salt manufacture

Brine pollution Stress of high salt wastes and odd element ratios

Petrochemicals Refinery and petrochemical manufacturing wastes

Radioactive stress Radioactivity

Multiple stress Alternating stress of many kinds of wastes in drifting patches

Artificial reef Strong currents

Source: Adapted from Odum, H. T. and B. J. Copeland. 1972. Environmental Framework of 
Coastal Plain Estuaries. The Geological Society of America, Boulder, CO. 
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systems can be more clearly understood. Of course, the trick is to not throw out the
value-laden thinking. It is important to understand and account for human influences
which society judges to be negative. Some new systems are “good” (cropland
agriculture dominated by domesticated exotic species) and some are “bad” (forest
invaded by exotic species), but this distinction is determined by human social
convention, not by ecological structure or function.

Consider another application of this way of thinking. A distinction is made
between native species and exotic species in ecosystems as discussed in Chapter
7. Native species are those that are found in a particular location naturally or, in
other words, without recent human disturbance, while exotic species are those that
evolved in a distant biogeographical region but have invaded the particular location
under discussion. The reference point in the distinction between natives and exotics
is location. However, in the energy theory of ecosystems the reference point is
the energy signature that exists at the location, not the location itself. A causal
relationship is implied which matches a set of energy sources to ecosystem com-
ponents. Thus, if the energy signature of a location changes, then the species native
to the location may no longer be as well adapted to it as compared with exotic
species that invade. Under these circumstances nature favors the exotic species
which are preadapted to the new energy signature, while human policy favors the
old native species due to an inappropriate respect for location. Exotics are said to
be the problem, when really the problem is that the energy signature has changed.
Clear examples of this circumstance are the tree species that invade where hydrol-
ogy has changed dramatically as in the southwest U.S. with salt cedar (Tamarix
sp.) and in South Florida with melaleuca (Melaleuca quinquenervia). Tree-of-
heaven (Ailanthus altissima) is another example of an exotic tree species which
occupies urban areas and roadside edges (Parrish, 2000). These habitats have

FIGURE 9.1 Comparison of philosophical positions or interpretations of the effects of human
influence on ecosystems. (A) View focusing on change to a new system. (B) View focusing
on degradation.
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different energy signatures as compared with the surrounding forests in the eastern
U.S. and tree-of-heaven can dominate under these new conditions. Humans are
everywhere changing old energy signatures and creating new ones that never
existed previously, and the results are changing ecosystems. The issue is how to
choose reference points to interpret changes. This requires a philosophical position
and the position advocated here is that new ecosystems are being created which
have few or no reference points for comparison in the past. Thus, the future will
require new ways of thinking about the new ecosystems that are being created as
humans change the biosphere. The concept of new ecosystems may be especially
useful for the ecological engineer who designs ecosystems. What criteria will be
used to judge the new systems? Will new designs be limited to native species that
are no longer fully adapted or can exotic species be used? Can humans allow
nature to perform some of the design, even if it results in unanticipated or unde-
sirable species compositions? What are the limits to ecological structure and
function that can be achieved through design?

THE ECOLOGICAL THEATER AND THE SELF-
ORGANIZATIONAL PLAY

Study of the new systems that are emerging unintentionally is especially instructive.
These systems demonstrate the process of self-organization, and their study can be
a guide to the intentional engineering of new systems. The two main classes of
unintentional new systems are (1) those ecosystems exposed to human stresses, in
one form or another, for which they have no adaptational history and (2) those
ecosystems with mixes of species that didn’t evolve together (i.e., native and exotic
species). These kinds of unintentional new systems are coming to dominate land-
scapes, and therefore, they deserve study even independent of ecological engineering.
A very interesting common feature of these systems is that the traditional Darwinian
evolution concept no longer provides the fullest context for understanding them.
This common feature comes from the fact that the new systems lack direct or explicit
adaptations for some features of their current situation because humans have changed
conditions faster than evolution can occur. New systems differ from what are nor-
mally considered to be natural systems in which a more or less stable set of associated
species has evolved together, in the Darwinian sense, over a long period of time
with a given external environment. G. E. Hutchinson described the natural situation
as the “ecological theater and the evolutionary play” (Hutchinson, 1965), in which
ecology and evolution act together to produce organization in ecosystems. This is a
wonderful metaphor that captures the way that nature consists of multiple, simulta-
neous time scales. Populations interact over the short-term in the “ecological theater”
while simultaneously being subjected to natural selection over the long-term in the
“evolutionary play.” However, in the view presented here for the new unintentional
systems, the conventional concept of evolution is becoming less important, and
perhaps a new evolutionary biology will be required.

This is a strong statement that requires elaboration. First, consider those eco-
systems stressed by human influences that never existed in the natural world. There
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are, of course, many kinds of pollution that have been created by humans; many
new kinds of habitats have also been created, especially in agricultural and urban
landscapes. A whole new field of stress ecology has arisen to understand these
systems with many interesting generalizations (Barrett and Rosenberg, 1981; Barrett
et al., 1976; Lugo, 1978; E. P. Odum, 1985; Rapport and Whitford, 1999; Rapport
et al., 1985). These references indicate that many changes in natural ecosystems
caused by human impacts are similar and predictable, such as simplification (reduc-
tions in diversity) and shifts in metabolism (increased production or respiration). A
good example is the set of experiments done in the 1960s which exposed ecosystems
to chronic irradiation from a 137 Cs source, such as at Brookhaven National Lab-
oratory in New York. These experiments were conducted to help understand the
possible consequences of various uses of atomic energy by society. In these studies
point sources of radiation were placed in forests for various lengths of time and
ecosystem responses were studied. At Brookhaven, “the effect was a systematic
dissection of the forest, strata being removed layer by layer” (Woodwell, 1970).
Thus, a pattern of concentric zones of impact emerged outward from the radiation
source, perhaps best characterized by these vegetation zones (Figure 9.2):

1. Central zone with no higher plants (though with some mosses and lichens)
2. Sedge zone of Carex pennsylvanica
3. Shrub zone with species of Vaccinium and Gaylussacia
4. Zone of tolerant trees (Quercus species)
5. Undisturbed forest

FIGURE 9.2 Patterns of vegetation extending out from a radiation source in the temperate
forest at Brookhaven, New York. (From Woodwell, G. M. and R. A. Houghton. 1990. The
Earth in Transition: Patterns and Processes of Biotic Impoverishment. G. M. Woodwell (ed.).
Cambridge University Press, Cambridge, U.K. With permission.)
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In this case the ecosystem had no adaptational history to the stress but self-
organization took place in the different zones of exposure, resulting in viable but
simpler systems based on genetic input from the surrounding undisturbed forest. It
is interesting to note that Woodwell (1970) found similarities between the new stress
of radiation and the “natural stress” of fire. Some species in this forest were adapted
to fire, and there was a direct correspondence in species adaptation between fire
frequency and radiation exposure. Thus, with high fire frequency Carex pennsylvan-
ica dominates vegetation just as it does with relatively high radiation exposure. This
is an example of preadaptation, which has been noted as being important in stress
ecology by Rapport et al. (1985). A general model for the special case described
above is shown in Figure 9.3. Concentration of the pollutant declines away from a
point source along a linear transect in the model. Associated with the decline in
pollutant concentration is a longitudinal succession of species, shown by the series
of bell-shaped species performance curves. Each curve represents the ability of a
species to exploit resources within the context of the pollution gradient (see Figure
1.8). This pattern of species is characteristic of a variety of ecological gradients and
Robert Whittaker developed an analytical procedure for studying the pattern called
gradient analysis (Whittaker, 1967). When there is no adaptational history for the
pollutant, then the species closest to the point source can be said to be preadapted
to the pollutant. In the classic river pollution model (Figure 2.3) the species closest
to the sewage outfall are classified as tolerant. Using an alternative line of reasoning,
these species are preadapted to the high sewage concentrations, and the proximity
of the peak in their performance curves to the point source is an index of the degree
of preadaptation. The decline in pollutant concentration in the model is due to various
biogeochemical processes. When species have a role to play in the decline, then
ecological engineering is possible to enhance treatment capacity of the pollution.
To some extent the sequential design of John Todd’s living machines (see Chapter
2) corresponds with the species patterns shown in Figure 9.3. Perhaps an adaptation
of Whittaker’s gradient analysis can be used as a tool for living machine design (see
the upcoming section on a universal pollution treatment ecosystem).

FIGURE 9.3 Model of longitudinal succession caused by a pollutant source, illustrating the
position of preadapted species.
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The other class of unintentional system is the system dominated by exotic
species. The situation here is that species with no common evolutionary history are
being mixed together by enhanced human dispersal at rates faster than evolution.
The results, as described in Chapter 7, are new viable communities with some exotic
and some native species.

In both cases of unintentional systems then, evolution does not provide full
understanding or predictive value of the new systems. There are a few examples of
evolution taking place in the new systems, such as resistance to pesticides in insect
pests or to antibiotics by bacteria and tolerance to heavy metals by certain plants
(Antonovics et al., 1971; Bradshaw et al., 1965), but these are exceptions. Certain
species with fast turnover can adapt to rapid changes caused by humans (Hoffmann
and Parsons, 1997), but this is not possible for all species. Soule’s (1980) discussion
of “the end of vertebrate evolution in the tropics” is a dramatic commentary on the
inability of some species with low reproductive rates to adapt, in this case, to loss
of habitat due to tropical deforestation. The idea that Soule refers to is loss of genetic
variability in vertebrate populations due to declining population sizes. Natural selec-
tion operates on genetic variability to produce evolution, so with less genetic vari-
ability there is less evolution.

Thus, the new systems are being organized at least in part by new processes.
Janzen (1985) discussed this situation and proposed the term ecological fitting for
these processes. Self-organization is proposed as the general process organizing new
systems in this book. To address this new situation, Hutchinson’s classic phrase may
need to be reworded as “the ecological theater and the self-organizational play.”

A key feature of the organization of new systems is preadaptation. The new
systems are often dominated by preadapted species, whether they be native species
that are tolerant of the new conditions or exotic species that evolved in a distant
biogeographical region under conditions similar to the new system. There appear to
be two avenues of preadaptation: those species that are preadapted through physi-
ology and those that are preadapted through intelligence or the capacity to learn.

The best example of physiological preadaptation is for species that have been
used as indicator organisms. These species indicate or identify particular environ-
mental conditions by their presence or absence, or by their relative abundance.
Indicator organisms can be either tolerant, (i.e., those present and/or abundant under
stressful conditions) or intolerant, (i.e., those absent or with reduced abundance
under stressful conditions). Only tolerant organisms are preadapted and they indicate
the existence of new systems. Tolerant indicator organisms have been widely used
in water quality assessments, dating back to the German Saprobien system in the
early 1900s. A large literature exists in this field (Bartsch, 1948; Cairns, 1974; Ford,
1989; Gaufin, 1973; Patrick, 1949; Rosenberg and Resh, 1993; Wilhm and Dorris,
1968), and it can be an important starting point to developing an understanding of
preadaptation as a phenomenon. Hart and Fuller (1974) provide a tremendous
amount of information about the adaptations and preadaptations of freshwater inver-
tebrates in relation to pollution. Another example of indicator organisms is plant
species found on soils with unusual mineral conditions. Methods of biogeochemical
prospecting have been developed by identifying particular indicator species of plants
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(Brooks, 1972; Cannon, 1960; Kovalevsky, 1987; Malyuga, 1964); this approach
could be important in selecting species for phytoremediation of waste zones in the
future (Brown, 1995). The study of tolerant organisms for the purpose of under-
standing preadaption is similar to the approach of genetic engineers who study “super
bugs” or microbes adapted to extreme environmental conditions (Horikoshi and
Grant, 1991). These microbes have special physiological adaptations that the genetic
engineers hope to exploit when designing microbes for new applications. Species
can be found with adaptations for high (thermophilic) and low (psychrophilic)
temperature, high salt concentrations (halophilic), low (acidophilic) and high (alka-
liphilic) pH, and other extreme environments.

The other avenue of preadaptation involves intelligence or the capacity to learn.
This is primarily found in vertebrate species with sophisticated nervous systems.
Intelligence or the capacity to learn allows organisms to react to new systems. A.
S. Leopold (1966) provided a discussion of this kind of preadaptation in the context
of habitat change. Animals that can learn are able to adjust to new systems by
avoiding stressful or dangerous conditions and by taking advantage of additional
resources or habitats. Many examples exist including urban rats and suburban deer,
along with a variety of bird species, which take advantage of new habitats: falcons
in cities (Frank, 1994), gulls at landfills (Belant et al., 1995), terns on roof tops
(Shea, 1997), and crows in a variety of situations (Savage, 1995).

Although some empirical generalities exist such as those from the field of stress
ecology or from the long history of use of indicator organisms, little or no theory
exists to provide an understanding of the organization of new emerging ecosystems.
As mentioned earlier (see Chapter 1), preadaptation is little discussed in the con-
ventional evolutionary biology literature, yet it is a major source of species that
become established and dominate in the new systems through self-organization.
More research on preadaptation is clearly needed. Can there be a predictive theory
of preadaptation? Or is it simply based on chance matching of existing adaptations
with new environmental conditions? Is a new evolutionary biology possible based
on preadaptation?

One interesting topic from ecology that offers possibilities for an explanation
of new systems is the theory of alternative stable states (see Chapter 7). This theory
suggests that alternative equilibria or states, in terms of species composition, exist
for ecosystems and that a system may move between these alternatives through
bifurcations caused by environmental changes. Several authors have suggested pos-
sible views of alternative stable states in terms of human impact (Bendoricchio,
2000; Cairns, 1986b; Margalef, 1969; Rapport and Regier, 1995; Regier et al., 1995)
and Gunderson et al. (2002) propose a theory called “panarchy” to explain how
systems can shift between alternative states. This theory describes system dynamics
across scales of hierarchy (hence the name panarchy) with a four-phase cycle of
adaptive renewal. One view of the alternative stable state concept is shown in Figure
7.5 with a Venn diagram in which different sets represent alternative states. A system
moves within a set due to normal environmental variations, but can jump to another
set, representing a new system in the terminology of this chapter, due to some major
environmental change (Parsons, 1990). The states differ qualitatively in their basic
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species compositions, but within a state a similar species composition exists, though
in quantitatively different combinations. The alternative stable-state concept involves
folded equilibria from dynamical systems theory, which may provide a foundation
for understanding the new emerging systems of human impact and exotic species.
Can we predict new alternative states that have never been recorded previously? Can
we create alternative states through ecological engineering?

Ecological engineers will be interested in the new emerging systems for several
reasons. First, these systems will be sources of organisms to seed into their new
designs. Species from the new emerging systems will be variously preadapted to
human-dominated conditions so that they may also be successful in interface eco-
systems. For example, biodiversity prospecting is taking place at Chernobyl (where
the nuclear reactor disaster took place in 1989) for microbes that might have special
value due to mutations. Ecological engineers also can learn from the new systems
as in reverse engineering. What kinds of patterns of ecological structure and function
exist in communities of preadapted species? Useful design principles may arise from
the study of the new emerging ecosystems, and the engineering method may be a
helpful vantage point for study, as discussed in the next section.

EPISTEMOLOGY AND ECOLOGICAL ENGINEERING

The inherent qualities of ecological engineering — the combination of science and
engineering and the goal of designing and studying ecosystems that have never
existed before — lead to a consideration of methods and ways of knowing, which
is the subject of a branch of philosophy termed epistemology. Here the orientation
used is that given by Gregory Bateson (1979) who defines epistemology as “the
study of the necessary limits and other characteristics of the processes of knowing,
thinking, and deciding.” While science, as the application of the scientific method,
is philosophically well understood as a way of knowing, methods of engineering
are not well articulated as noted in Chapter 1. For this reason the methods of
ecological engineering are considered in the context of ecology, which is a scientific
discipline, rather than in the context of engineering. Moreover, from this perspective,
ecological engineering can be seen to offer a new way of knowing about ecology,
which can be a significant contribution to the science.

Ecologists have not formally examined epistemology very deeply and only a
few references have even mentioned the branch of philosophy (Kitchell et al., 1988;
Scheiner et al., 1993; Zaret, 1984). Most ecologists seem to consider only the
scientific method of hypothesis testing as the way of knowing about nature (Loehle,
1987, 1988). Although standard hypothesis testing is an excellent method, it is not
the only approach available for studying ecosystems. For example, Norgaard (1987)
discusses how certain indigenous peoples use different thinking processes compared
with the traditional Western worldview in dealing with agroecosystems. Also, the
complexity found in ecosystems creates challenges to the conventional philosophy
of science as discussed by Morowitz (1996) and Weaver (1947). It is proposed here
that the new discipline of ecological engineering should utilize a distinct, alternative
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method of epistemology that arises from the fundamental basis of engineering as a
way of knowing.

Figure 9.4 provides a view of the methods used to develop knowledge in ecology
along two axes. The horizontal axis represents the degree to which a method involves
manipulation of the environment. The vertical axis represents the degree to which
a method relies on dissecting a system into parts and mechanisms (i.e., analysis) vs.
synthesizing parts into a whole system (i.e., synthesis). The space enclosed by these
axes allows for different methods to be contrasted by their relative positions. By
moving outward from the ordinate along either axis, a historical track of scientific
development in ecology is outlined. Thus, ecology began with simple descriptions
of populations and processes and advanced by focusing on experiments (movement
along the horizontal axis) or by focusing on modelling (movement along the vertical
axis). Each of the four methods shown in Figure 9.4 is a fundamental approach to
developing knowledge, and each has a special contribution to make.

Description is the most basic approach in any discipline. It involves observations
of systems, which usually lead to classifications of component parts and their
behaviors. This approach is highly empirical and is the foundation of any of the
other approaches shown in Figure 9.4. It also is the least respected method because
the kinds of knowledge that can be generated from pure description are limited. As
a science, ecology was in a descriptive phase from its origins around the turn of the
century until after World War II when more advanced methods came to dominate
the field.

Modelling refers to the mathematical description and prediction of interacting
component parts of a system. At minimum, some knowledge of the component parts
and how they interact is needed to create a model, and this knowledge comes from
description, though other methods can also contribute. Modelling is primarily an act
of synthesis as opposed to analysis because the emphasis is on connecting compo-
nents in such a way as to capture their collective behavior. Although there is
continuing interest in the parts, the focus of the modelling method is on the inter-
action of the parts and the building up of networks of interaction. The construction

FIGURE 9.4 Spectrum of methods for ecology. Note the important new approach of building
an ecosystem which is the main activity in ecological engineering.

Synthesis
Modeling

Description

No
Manipulation

Strong
Manipulation

Building an
Ecosystem

Experiment
Analysis



Conclusions 309

of the model requires a very systematic and precise description with mathematical
relationships. This effort often identifies missing data, which leads to more descrip-
tion or to additional experiments. Once the model is built, it can be analyzed by
various techniques. In this sense the model itself becomes an object of description,
and the work can be thought to move back down the axis from synthesis to analysis.
The models also can be simulated to study their dynamic behavior. This work can
lead to a better understanding of the system being modelled and/or to predictions
of how the system will behave under some new conditions. A somewhat extreme
position on the heuristic value of models was given by H. T. Odum who taught that
“you don’t really understand a system until you can model it.” Model-building itself
involves no manipulation of the environment but, once constructed, a model is often
“validated” in relation to the systems being modelled through a comparison of
predictions with data gathered from the environment.

Experimentation, as shown in Figure 9.4, refers to the traditional scientific
method of hypothesis testing. In this sense an experiment is a test of hypotheses.
This is of importance in the philosophy of science since, as noted by Frankel and
Soule (1981), “human science evolves by the natural selection of hypotheses.”
Hypotheses are statements about how component parts or whole systems behave,
and an experiment is an event in which the validity of a hypothesis is checked.
Experiments are carefully designed so that only one variable changes with a treat-
ment, as described by the hypothesis in question. In this way a causal link is
established between the treatment and the change in the variable. The method is
thus analytical because only one variable at a time is studied while all others are
held constant. The critical goal of this method is to disprove a hypothesis rather than
to prove it. This is necessary because it is never possible to prove something is
always true, but it is possible to demonstrate that something is definitely false.
Experiments involve manipulating the environment through various treatments so
that the consequences of hypotheses can be examined. Experimentation is the dom-
inant method used in the present state of ecology (Resetarits and Bernardo, 1998;
Roush, 1995).

The final method shown in Figure 9.4 is most important to the present discussion
because it relates to ecological engineering. Building ecosystems is the defining
activity of ecological engineering, whether it be a treatment wetland for absorbing
stormwater runoff, a microcosm for testing toxicity of a pollutant, or a forest planted
to restore strip-mined lands. Each constructed ecosystem is a special kind of exper-
iment from which the ecological engineer “learns by building.” This action is at
once a form of strong manipulation of the environment and a form of synthesis so
that the method occupies the extreme upper right-hand portion of Figure 9.4. More-
over, the method of building an ecosystem occupies a critical position in the plot
because the science of ecology has no approach for developing knowledge in this
region of space in the diagram. Building ecosystems is inherently an engineering
method but it represents a whole new epistemology for ecology. In a sense it
represents one of the “existential pleasures of engineering” described by Florman
(1976). Through the process of designing, building, and operating objects, engineers
have always utilized this approach to learning as noted in Chapter 1. It is essentially
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a kind of trial-and-error method in which each trial (a design) is tested for perfor-
mance. The test provides a feedback of information to the designer, which represents
learning. Engineers search for successful designs or, in other words, things that work.
Errors provide a large feedback but, in a sense, they are not really looked upon as
problems as much as opportunities to learn, as described by MacCready (1997) in
the following quote:

In a new area, where you can’t do everything by prediction, it’s just so important to
get out there and make mistakes: have things break, not work, and learn about it early.
Then you’re able to improve them. If your first test in some new area is a success, it
is rarely the quickest way to get a lasting success, because something will be wrong.
It’s much better to get quickly to that point where you’re doing testing.

You must tailor the technique to the job. Breaking and having something seem like it’s
going wrong in a development program is not bad. It’s just one of the best ways to get
information and speed the program along. If you’ve had nothing but success in a
development program, it means that you shot too low, and were too cautious, and that
you could’ve done it in half the time. Pursuing excellence is not often a worthy goal.
You should pursue good enough, which in many cases, requires excellence, but in other
cases is quick and dirty. The pursuit of excellence has infected our society. Excellence
is not a goal; good enough is a goal. Nature just worries about what is good enough.
What succeeds enough to pass the genes down and have progeny.

Several other authors have discussed the philosophical view of errors as being
an inherent part of the learning process (Baldwin, 1986; Dennett, 1995; Petroski,
1982, 1997b). This kind of trial-and-error is not a blind, random process, but rather
it is always informed by past experience. In this way it is self-correcting. Thomas
Edison used a variation of this approach, which he called the “hunt-and-try method,”
as the basis for his inventions. Edison’s approach blended theory and systematic
investigation of a range of likely solutions. As noted by Millard (1990), “in Edison’s
lab it was inventing by doing, altering the experimental model over and over again
to try out new ideas.”

The emphasis of the engineering method is on testing a design to demonstrate
that it works. In this way, it differs fundamentally from the scientific method of
hypothesis testing described earlier. In hypothesis testing the goal is to disprove a
hypothesis, while in the engineering method the goal is to prove that a design works.
Philosophically this difference arises because in science there is only one correct
answer to a question, and its method works by systematically removing incorrect
answers from consideration. However, in engineering many designs are possible
solutions to a problem, and its method works by systematically improving designs
with continual testing (see Figure 1.4).

Several ecologists have begun to declare the value of building an ecosystem as
an epistemological method. In terms of restoration Bradshaw (1987b) called it “an
acid test for ecology” and Ewel (1987) added the following quote:
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Ecologists have learned much about ecosystem structure and function by dissecting
communities and examining their parts and processes. The true test of our understand-
ing of how ecosystems work, however, is our ability to recreate them.

Ecological engineering, then, may increasingly become important as a method
for understanding nature, as well as an active, applied field that adds to the
conservation value of society as a whole. All of the methods listed in Figure 9.4
should be utilized. A special emphasis on description of the new systems that are
emerging both intentionally and unintentionally may be necessary because they
may have patterns and behaviors that have not been seen previously. Finally, Aldo
Leopold’s (1953) famous quote (which, interestingly, implies a machine analogy
of nature — see Chapter 7) is particularly relevant to a consideration of the
ecological engineering method:

If the biota, in the course of aeons, has built something we like but do not understand,
then who but a fool would discard seemingly useless parts? To keep every cog and
wheel is the first precaution of intelligent tinkering.

Ecological engineers are doing “intelligent tinkering” when they design, build,
and operate new constructed ecosystems.

FUTURE DIRECTIONS FOR DESIGN

Ecological engineering is a growing field with many possible future directions. Most
existing technologies, such as described in Chapters 2 through 6, are of relatively
recent origin, and they can be expected to be improved upon. Whole new paths of
developments also can be expected, especially as more young people are educated
in the field. However, although the future appears to be promising, there is much to
be done to bring ecological engineering into the mainstream of societal, academic,
and professional arenas. The field does not yet even appear in the vocabulary of the
U.S. National Environmental Technology Strategy (National Science and Technol-
ogy Council, 1995), though several related applications such as bioremediation and
restoration ecology are becoming widely recognized. Mitsch (1998b) has summa-
rized the recent accomplishments of the field and has posed a number of questions
about the future (Table 9.2). He concludes with several recommendations and a call
for ecologists and engineers to work together for continued development of the field.

One critical fact about the future is that environmental problems will continue
to grow and to multiply. These problems include global climate change and sea level
rise, along with declining levels of freshwater availability, agricultural land and fossil
fuels, and increasing levels of pollution. These pressures may lead society to focus
on ecological engineering designs that “do more with less,” that utilize natural
energies and biodiversity, and that convert by-product wastes into resources. Several
examples of possible directions are outlined below. These are selected to illustrate
various dimensions such as size extremes from molecular to planetary and applica-
tions of biodiversity, technology, and social action. Some directions rely on futures
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with expanding energy resources (technoptimism) while others require less energy
(technopessimism).

ECOLOGICAL NANOTECHNOLOGY

The smallest size ecological engineering application may be in nanotechnology,
which has been called the last frontier of miniaturization. Nanotechnology is molec-
ular engineering or “the art and science of building complex, practical devices with
atomic precision” (Crandall, 1999). It involves working at the scale of billionths of
a meter with microscopic probes. This field was first articulated by physicist Richard
Feynman in 1959 and has been championed by futurist Eric Drexler (1986, 1990).
While nanotechnology is very early in its development (Stix, 1996), small-scale
engineering applications are arising (for examples, see Caruso et al., 1998; Singhvi
et al., 1994). There are probably many possible uses of nanotechnology in ecological
engineering, such as the construction of molecular machines that cleanse polluted
sediments or regulate biofilms, but this kind of design must wait for future devel-
opments in the field. Several speculative environmental applications are listed by
Chesley (1999) and Lampton (1993). To be truly ecological, these applications need
to affect interactions between species or biogeochemical pathways. A molecular
machine, for example, that improves phosphorus sequestering in a treatment wetland
might significantly increase overall performance.

Beyond speculation, however, there is already an interesting connection between
ecological engineering and nanotechnology. Both fields rely on self-organization as
the basis for design. In ecological engineering, species populations and abiotic

TABLE 9.2
Questions for the Future of Ecological Engineering

What is the rationale for ecological engineering and what are its goals?

What are the major concepts of ecological engineering?

What are the boundaries of ecological engineering?

What are the measures of success of ecological engineering projects?

What are the linkages of ecological engineering to the science of ecology?

How do we balance theory vs. empiricism?

At what scale do we approach ecological engineering?

What tools are available for analyzing ecological engineering?

What are the ramifications of ecological engineering in developing countries with differing values

and cultures?

How do we institutionalize ecological engineering education?

How will we integrate the ecological and the engineering paradigms?

Under what conditions will ecological engineering flourish or disappear?

Source: Adapted from Mitsch, W. J. 1998. Ecological Engineering. 10:119–130.
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components self-organize into ecosystems that provide some service to humans. In
nanotechnology, molecular self-assembly is used to create desired products and
functions (Rietman, 2001; Service, 1995; Whitesides, 1995; Whitesides et al., 1991).
Chemical molecules and their environments are manipulated to facilitate the self-
organization of devices in this form of engineering (Figure 9.5). Perhaps in the
future, engineers from these widely different scales may be able to share ideas about
self-organization as an engineering design approach.

FIGURE 9.5 An example of self-assembly in nanotechnology, which occurs in step E of the
diagram. Led: Light emitting diode. (From Gracias, D. H., J. Tien, T. L. Breen, C. Hsu, and
G. M. Whitesides. 2000. Science 289:1170. With permission.)
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TERRAFORMING AND GLOBAL ENGINEERING

The largest scale of ecological engineering is terraforming, which is the modifi-
cation of a planetary surface so that it can support life (Fogg, 1995). While this
application is still in the realm of science fiction, it is receiving credible attention.
Some interesting theory about biosphere-scale ecological engineering is being
discussed, especially in terms of Mars (Allaby and Lovelock, 1984; Haynes and
McKay, 1991; McKay, 1999; Thomas, 1995). Mars has a thin atmosphere and
probably has water frozen in various locations. The principal factor limiting life
seems to be low temperature. One idea to terraform Mars is to melt the polar ice
cap in order to initiate a greenhouse effect that would raise temperature (Figure
9.6). Then, living populations would be added, perhaps starting with microbial
mats from cold, dry regions of the earth that might be preadapted to the Martian
surface. The mats are dark-colored and would facilitate planetary warming by
lowering the albedo and absorbing solar radiation. These actions are envisioned
to set up climate control, as described by the Gaia hypothesis on earth (Margulis
and Lovelock, 1989). Arthur C. Clarke (1994), the famous science fiction author,
has extended the theory with many imaginative views of the stages of succession
involved in terraforming Mars.

While actual terraforming may not be expected to be possible for hundreds of
years in the future, some practical applications are being debated for engineering at
this scale on the earth. There is much interest in understanding feedbacks between
the biota and climate systems (see, for example, Woodwell and MacKenzie, 1995).
Some applied planetary engineering has been suggested to deal with the present
climate change in the form of tree plantings to absorb and sequester carbon dioxide
(Booth, 1988), though these calculations are not promising as a long-term solution
to the greenhouse effect (Vitousek, 1991). A more uncertain plan is ocean fertilization
with iron as a planetary scale CO2 mitigation plan. John Martin (1992) first suggested
the “iron hypothesis” to explain limitation of open ocean primary productivity based
on small-scale bottle experiments. He later proposed that large-scale iron fertilization
could generate a significant sink for global CO2 and boldly stated, “give me a half
a tanker of iron and I will give you the next ice age” (Dopyera, 1996)! Since his
proposal (and his untimely death), two large-scale experiments (Transient Iron
Addition Experiment I and II or IRONEX I and II) in the southern Pacific Ocean
have basically confirmed Martin’s hypothesis. Proposals about commercial iron
fertilization for CO2 mitigation are currently being debated (Chisholm et al., 2001;
Johnson and Karl, 2002; Lawrence, 2002).

FROM BIOSENSORS TO ECOSENSORS

Biosensors are a growing form of technology becoming widely used in medical
applications (Schultz, 1991). As noted by Higgins (1988)

a biosensor is an analytical device in which a biological material, capable of specific
chemical recognition, is in intimate contact with a physico-chemical transducer to give
an electrical signal.



Conclusions 315

FI
G

U
R

E 
9.

6
H

yp
ot

he
tic

al
 s

eq
ue

nc
e 

of
 e

ve
nt

s 
ca

us
ed

 d
ur

in
g 

te
rr

af
or

m
in

g 
on

 M
ar

s,
 i

ni
tia

te
d 

by
 v

ol
at

ili
za

tio
n 

of
 t

he
 n

or
th

er
n 

po
la

r 
ic

e 
ca

p.
 (

A
da

pt
ed

fr
om

 W
ha

rt
on

, 
R

. 
A

., 
Jr

., 
D

. 
T.

 S
m

er
of

f,
 a

nd
 M

. 
M

. 
A

ve
rn

er
. 

19
88

. 
A

lg
ae

 a
nd

 H
um

an
 A

ffa
ir

s.
 C

. 
A

. 
L

em
bi

 a
nd

 J
. 

R
. 

W
aa

la
nd

 (
ed

s.
).

 C
am

br
id

ge
U

ni
ve

rs
ity

 P
re

ss
, 

C
am

br
id

ge
, 

U
.K

.)

In
cr

ea
se

d
cl

ou
d 

la
ye

r

In
cr

ea
se

d 
ga

se
ou

s 
C

O
2,

 H
2O

ph
ot

ol
ys

is

Pr
ec

ip
ita

tio
n

In
cr

ea
se

d
cl

ou
d 

la
ye

r
In

cr
ea

se
d 

liq
ui

d 
H

2O
ga

se
ou

s 
H

2O

Se
ed

 O
2

pr
od

uc
in

g
or

ga
ni

sm
s

Ph
ot

os
yn

th
es

is
op

tio
n 

A

Ph
ot

ol
ys

is
op

tio
n 

B

Ph
ot

ol
ys

is

Ph
ot

ol
ys

is

In
cr

ea
se

d
bi

om
as

s

In
cr

ea
se

d
bi

om
as

s

Se
ed

 o
rg

an
is

m
s

re
qu

ir
ed

 f
or

ba
la

nc
ed

 e
co

lo
gy

Se
ed

 o
rg

an
is

m
s

re
qu

ir
ed

 f
or

ba
la

nc
ed

 e
co

lo
gy

U
V

 s
hi

el
d

st
ra

to
sp

he
re

te
m

pe
ra

tu
re

in
ve

rs
io

n

In
cr

ea
se

d 
O

3
In

cr
ea

se
d 

O
2

In
cr

ea
se

d 
O

2
In

cr
ea

se
d 

O
3

U
V

 s
hi

el
d

Se
ed

 O
2

pr
od

uc
in

g
or

ga
ni

sm
s

R
em

na
nt

 p
ol

ar
 c

ap
H

2O
 p

er
m

af
ro

st

In
cr

ea
se

d 
te

m
pe

ra
tu

re
   

  (
gr

ee
nh

ou
se

 a
dv

ec
tio

n)

V
ol

at
ili

ze
po

rt
io

n 
of

no
rt

he
rn

po
la

r 
ca

p

In
cr

ea
se

d 
at

m
os

ph
er

 p
re

ss
ur

e
D

ec
re

as
ed

 d
iu

rn
al

 te
m

. v
ar

ia
tio

n
D

ec
re

as
ed

 s
to

rm
s

H
2O

C
O

2
O

2
O

3
…

…
}



316 Ecological Engineering: Principles and Practice

Biological materials offer unique capabilities in specificity, affinity, catalytic
conversion, and selective transport, which make them attractive alternatives to chem-
ical methods of sensing. This is an interesting area that involves the interfacing of
biology with electronics. The three basic components of a biosensor are (1) a
biological receptor, (2) a transducer, such as an optical fiber or electrode, and (3)
associated signal processing electronics. Environmental applications of biosensors
have focused on continuous monitoring for water quality evaluation (Grubber and
Diamond, 1988; Harris et al., 1998; Rawson, 1993; Riedel, 1998). An example
employing respiratory behavioral toxicity testing with fish (American Society for
Testing and Materials, 1996) is shown in Figure 9.7. In this case gill movements
are sensed with electrodes placed in the fish tank and related to pollutant concen-
trations in the water. The system can predict toxicity of a water stream with associated
interfacing. In the future, biosensors may be able to be scaled up to ecosensors by
ecological engineers. As noted by Cairns and Orvos (1989), most environmental
uses of biosensors rely on single-species indicators of pollution stress that may not
be adequate for all purposes. Ecosensors could be devised that utilize information
on multispecies community composition or on ecosystem metabolism, as mentioned
in the next section on technoecosystems.

FIGURE 9.7 An example of a system for toxicity assessment with continuous monitoring
sensors. (Adapted from American Society for Testing and Materials. 1996. Annual Book of
ASTM Standards. American Society for Testing and Materials, West Conshohocken, PA.)
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TECHNOECOSYSTEMS

H. T. Odum (1983) defined technoecosystems as “homeostatically coupled” hybrids
of living ecosystems and hardware from technological systems. This is a vision of
a living machine but with added control. The simplest version would be the turbi-
dostat (Myers and Clark, 1944; Novick, 1955) which is a continuous culture device
for studying suspended populations of algae or bacteria. In this device, turbidity of
the suspension is proportional to density of the microbial population. A photocell
senses turbidity and is connected to a circuit that controls a valve to a culture media
reservoir. If the turbidity is higher than a given threshold, then the circuit remains
off, leaving the valve to the reservoir closed. However, if the turbidity is lower than
the threshold, then the circuit opens the valve which adds culture media to the
suspension. The added media causes growth of the population, which in turn causes
an increase in turbidity. The increased turbidity thus causes the circuit to turn off,
halting the addition of media. In this fashion the turbidostat provides for density
dependent growth of the microbial population. The key to the turbidostat and other
technoecosystems is feedback through a sensor circuit which allows for self-control.
This action is similar to the concept of biofeedback from psychobiology (Basmajian,
1979; Schwartz, 1975). Biofeedback allows humans or other animals to control
processes such as heart rate, blood pressure, or electrical activity of the brain when
provided with information from a sensor about their physiological function. 

A variety of simple technoagroecosystems have been developed including irri-
gation systems that sense soil water status (Anonymous, 2001), aquacultural systems
that sense growth conditions for fishes (Ebeling, 1994), and computerized green-
houses (Goto et al., 1997; Hashimoto et al., 1993; Jones, 1989). Ecological engineers
may design more complex technoecosystems. For example, studies by R. Beyers
and J. Petersen were described in Chapter 4 for microcosms which sensed ecosystem
metabolism and regulated light inputs. Wolf (1996) constructed a similar system
which regulated nutrient fertilizer inputs for experimental bioregeneration. Robert
Kok of McGill University envisioned even more complicated hardware interfaces
in his “Ecocyborg Project.” Along with his students and colleagues Kok published
many designs and analyzes for ecosystems with artificial intelligence control net-
works (Clark et al., 1996, 1998, 1999; Kok and Lacroix, 1993; Parrott et al., 1996).
Blersch (in preparation) has built this kind of design around a wetland soil microcosm
(Figure 9.8). The microcosm is part of a hardware system that attempts to maximize
denitrification in the microcosm by controlling limiting factors. Based on a sensing
of the change in the microcosm’s redox potential, either nitrogen or carbon is added
to accelerate microbial metabolism. Denitrification is monitored as the rate of con-
sumption of nitrogen addition, and microbial metabolism is monitored as the rate
of decline in redox potential. Artificial intelligence is being investigated with a logic
system that evaluates inputs from the redox probe in the actual microcosm and inputs
from a simulation model of the system that is run simultaneously with the
microcosm. The goal is to achieve the maximum denitrification rate through the use
of the decision algorithm to optimize the input of elements that stimulate microbial
metabolism.
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A UNIVERSAL POLLUTION TREATMENT ECOSYSTEM

The main component elements of ecological engineering designs are species popu-
lations, and the designs themselves are ecosystems. If ecological engineering was
similar to other fields such as chemical, electrical, or civil engineering, it would be
possible to build up designs from component elements that are well known in terms
such as capacity, conductance, and reliability. However, species populations are not
so well known. A million species have been discovered in nature and even for the
common, widely occurring species, knowledge isn’t complete. Agricultural species
are best known, and the discipline of agriculture involves design of production
systems with these species. Ecological engineering seeks to use the much greater
biodiversity of wild species for its designs. Attempts have been made to summarize
information on wild species, but these efforts have always been incomplete. The
closest examples to a handbook as exists in other engineering disciplines are those
produced by the Committee on Biological Handbooks in the 1960s (see, for example,
Altman and Dittmer, 1966), which are composed of hundreds of tables of data. While
these are interesting compilations, the ecological engineer needs different informa-
tion to design networks of species. Needed are lists of who eats what and whom,
chemical compositions of excretion, behaviors, tolerances, performance ranges,
adaptations to successional sequences, and much other information (i.e., the species

FIGURE 9.8 Diagram of a redox microcosm with artificial control from a simulation model.
(From Blersch, in preparation. With permission.)
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niche). The closest existing examples may be the work on national biotic inventories,
such as exists for Costa Rica (Gamez et al., 1993; Janzen, 1983) or the records on
species used for biological control of agricultural pests (Clausen, 1978). However,
the conventional engineer would be disappointed even in these extensive sources.

In place of handbooks on component elements, the ecological engineer utilizes
the self-organizing properties of nature. H. T. Odum envisioned an example of what
might be a universal pollution treatment ecosystem based on this principle that has
yet to be intentionally tried (Figure 9.9 and Figure 9.10). Basically, the design would
mix a variety of pollutants together in a large circulating impoundment that would
be seeded with as much aquatic biodiversity as possible. H. T. Odum projected that
the result would be a treatment ecosystem that could absorb and cleanse any pollution
source. The growth of treatment wetland technology as described in Chapter 2 dem-
onstrates that such ecosystems are possible. Furthermore, species from around the
world can self-organize into new networks, as discussed in Chapter 7. Thus, H. T.
Odum’s vision for a universal treatment ecosystem may be possible. The critical
aspect seems to be size of the impoundment necessary for self-organization to tran-
scend adaptation to any particular pollutant and result in more universal treatment
capacity. Size relates to spatial heterogeneity, which improves ecosystem qualities
such as diversity and stability. Interestingly, H. T. Odum expanded the size of his
design from a maximum diameter of 1 mi (1.6 km) in 1967 (Figure 9.9) to 5 mi (8
km) in 1971 (Figure 9.10). Perhaps his experience at Morehead City, NC, with self-
organization of marine ponds and domestic sewage in the late 1960s suggested to H.
T. Odum that his conception needed enlargement.

H. T. Odum’s design may be equivalent to a living machine consisting of a very
large number of tanks connected in series (see Chapter 2). The hypothesis is that
any pollution source can be treated, given a long enough set of tanks filled with

FIGURE 9.9 H. T. Odum’s concept for a universal pollution treatment ecosystem from 1967.
(From Odum, H. T. 1967. Pollution and Marine Ecology. T. A. Olson and F. J. Burgess (eds.).
John Wiley & Sons, New York. With permission.)
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different biota. A quantitative expression for the treatment capacity of a living
machine is given below:

(9.1)

where

T = total treatment capacity of the living machine
P – Ci = physical–chemical treatment capacity of tank i

Bi = biological treatment capacity of tank i
n = number of tanks in the living machine

Treatment capacity is increased by increasing the number of tanks (n in the
equation). In an analogous sense, the digestive system of a ruminant is an example
of this principle. Three extra stomachs are found in ruminants which aid in digestion
of plant material with low nutritive value (see Chapter 6). Each stomach has a
different function in the digestion process, and recycle is even included in the
regurgitation of cud.

FIGURE 9.10 H. T. Odum’s concept for a universal pollution treatment ecosystem from
1971. (From Odum, H. T. 1971. Environment, Power, and Society. John Wiley & Sons, New
York. With permission.)

Main
economy

Mean waste
of U.S. society

Water
intake

to
human
sector

5 Miles

Multiple
seeding

here

Waste
Pump

T P C Bi i
i 1

n

� � �� �
�
�



Conclusions 321

While the experiments described above may be as much science fiction as
terraforming, they also may be happening inadvertently in polluted bays and harbors
around the world today. For example, see the discussion of San Francisco Bay in
Chapter 7 for a possible candidate. Intentional ecological engineering of the design
would increase progress, which may require “a national project of self-design” as
proposed by H. T. Odum more than 30 years ago.

ECOLOGICAL ARCHITECTURE

Strong ties already exist between architecture and ecological engineering. Architec-
ture deals with design of human environments, and many architects have evolved
approaches that are responsive to, or even inspired by, nature (Zeiher, 1996). Well-
known examples are philosophies of organic or living architecture (Wright, 1958)
and the idea of “design with nature” as a guide to landscape architecture (McHarg,
1969). McHarg’s famous phrase actually may have been derived from Olgyay’s
(1963) treatise on bioclimatic architecture that was titled “Design with Climate.”

The design process is somewhat different in architecture as compared with
traditional engineering, and ecological engineers can learn much from the contrast.
Often times, architects seem to open up new lines of thinking by creating bold
designs that are unconstrained by practical limitations. Buckminister Fuller’s
“Dymaxion” house is an example of this creative approach to design from the 1920s.
The Dymaxion house included many features that were completely unconventional
but farsighted. For example, (1) it was made out of aluminum and could be mass-
produced, and (2) it had a circular floor plan and was suspended on a central mast
which made maximum use of space and facilitated climate control. Also, the amount
of material used per unit floor space was minimized, which reflects Fuller’s motto
of “doing more with less.” Although the Dymaxion house was never commercially

FIGURE 9.11 The example of Buckminister Fuller’s Dymaxion house on display at the
Henry Ford Museum in Dearborn, MI.
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produced, it generated new thinking that was influential (Baldwin, 1996). An exam-
ple of an actual Dymaxion house is on exhibit at the Henry Ford Museum in
Dearborn, MI (Figure 9.11). Paolo Soleri’s “Arcosanti” is another example of an
extremely visionary form of architecture. Soleri (1973) developed a unique philos-
ophy of the future building environment and ecology of humans. His approach is to
design and build huge skyscrapers of highly integrated living and working spaces,
in this way concentrating the built environment onto a small footprint and leaving
as much as possible of the surrounding open space for agriculture and nature
preservation. An actual model of Soleri’s Arcosanti exists and is growing as an
experiment in the desert grassland north of Phoenix, AZ.

Of course, at another extreme architecture can be eminently practical, as dem-
onstrated by Butler (1981) in his book on how to build an “ecological house” based
on principles of energy efficiency. John and Nancy Todd’s work on bioshelters is
another expression of ecological architecture that also emphasizes food production
and wastewater treatment designs (Todd and Todd, 1984). Reviews of these
approaches to architecture are given by Steele (1997) and Stitt (1999).

Several initiatives of ecological architecture represent new directions for collab-
oration between architects and ecological engineers. Plant-based systems are being
integrated with architecture in innovative ways, such as for air quality improvement
in interior environments (see below) and roof gardens (Kohler and Schmidt, 1990)
for stormwater management in external environments. Although these applications
involved straightforward horticulture, ecological engineering may be important espe-
cially if treatment function is to be optimized. For example, Golueke and Oswald
(1973) describe a plan for a home that uses an algal regenerative system for multiple
functions. Another direction for collaboration may be in terms of the recycling of
buildings and their materials (Brand, 1994). Here, ideas of industrial ecology such
as life cycle analysis and network accounting of material flows may be appropriate.
The term construction ecology recently has been used to describe some or all the
applications listed above (Kibert et al., 2002).

BIOFILTRATION AND INDOOR ENVIRONMENTAL QUALITY

The quality of the indoor environment is directly related to ecological architecture
but at a smaller scale. Many aspects are involved (Godish, 2001), though air quality
with respect to human occupation and activity has received the greatest attention
(Meckler, 1991). Human health problems can arise inside buildings due to the
accumulation of toxic chemicals or organisms. These accumulations are facilitated
by the static atmosphere that occurs inside buildings, especially in those buildings
that are tightly sealed for energy efficiency. Furthermore, because humans spend a
high percentage of their time indoors, exposure levels can become critical. When
the cause of the health problem is diagnosable, the condition is known as “building
related illness.” When the cause of the health problem cannot be diagnosed, the
condition is known as “sick building syndrome.” Together these kinds of problems
are serious enough to require costly treatment or even the abandonment of whole
buildings. Causes include such factors as volatile organic chemicals, dust fibers,
asbestos, carbon monoxide, and molds.
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Biofiltration is an ecological engineering approach that has been taken to solve
these problems. The approach is to pass contaminated air through chambers con-
taining media and organisms (i.e., biofilters) in order to remove the contaminants.
Soil beds have a long history of use for this purpose, for example, in treating odors
from sewage treatment plants (Bohn, 1972; Carlson and Leiser, 1966). However,
recent trends are to explore more sophisticated designs (Darlington et al., 2000,
2001; Leson and Winer, 1991; Wood et al., 2002). Most biofilters rely on microbes
for biological treatment processes such as oxidation of volatile organic chemicals.
However, higher plants also are used. These applications can involve common
houseplants that contribute to the air processing in buildings (Figure 9.12). B. C.
Wolverton has been a leader in this approach, building on his early experience in
treatment wetland design (see Chapter 2). Much of his extensive published research
on use of houseplants in biofiltration is summarized in a text entitled How to Grow
Fresh Air (Wolverton, 1996).

One direction for future design is to begin thinking of the indoor environment
as an ecosystem. A significant amount of biodiversity can be found in houses, even
though these species are largely considered pests. For example, Ordish (1981) lists
more than 150 taxa as being found in a review of the history of a bicentennial house,
and he even gives graphs of relative abundances and estimates of animal metabolism.
These organisms are links in food webs and in biogeochemical cycles within the
houses. Conscious design of house animal food chains might be able to control mold
populations, when practically no other solutions are available. The ecosystem
approach used by ecological engineers could aid in future solutions to indoor envi-
ronmental quality problems.

ECOLOGY AND AQUACULTURAL DESIGN

Aquaculture is the controlled production of aquatic organisms for human use. This
is an important field that has the potential to provide a significant source of food to

FIGURE 9.12 Energy circuit diagram of the role of house plants in air quality improvement
in a house environment.
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the world’s growing population (Bardach et al., 1972; Brown, 1980; Limburg, 1980;
Naylor et al., 2001). Designs in aquaculture range from commercial scale, energy
intensive, indoor tank systems to backyard-scale, low energy, outdoor pond systems.
Engineering aspects of aquaculture, especially on a commercial scale, are well devel-
oped (Wheaton, 1977) and mostly concern problems such as temperature and oxygen
controls, water filtration, and waste disposal. Thus, aquacultural engineering largely
involves controlling and maximizing conditions for growth of particular species of
fish and other organisms within constructed environments. The economic basis of
commercial scale aquaculture is tenuous because both capital and operating costs are
high and markets are often uncertain. Some systems such as catfish production in the
southern U.S. are established and economically viable, while many others require
stronger markets and/or further technological development.

Ecological engineering probably can make little contribution to commercial scale
aquaculture where emphasis is on producing large amounts of food product from
monocultures of single species. Work on intermediate scale or backyard-type aquac-
ulture systems is more appropriate for ecological engineering. Systems that rely on
a polyculture of multiple species and/or an integration of multiple uses of water may
be able to be improved with ecological engineering knowledge. Much is already
known about lower-energy aquaculture (Chakroff, 1976; Logsdon, 1978), but some
new initiatives may be possible. Swingle’s (1950; Swingle and Smith, 1941) old
work on fishing ponds actually represents an early version of ecological engineering.
He developed much design knowledge from experimentation with artificial impound-
ments at the Alabama Agricultural Experiment Station. For example, he found that
the ratio of forage fish to game fish should be about 4 to 1 for optimal productivity
of a fish community. One approach would be to try to incorporate aspects of Chinese
fish culture, which focuses on a polyculture production system (Jingson and Honglu,
1989; Lin, 1982), into the Western world. The Chinese systems are remarkable for
their diversity and they incorporate features based on ecological principles. Creative
designs based on these models are possible and could be constructed widely in rural
and suburban environments (Todd, 1998). Other models also are possible. For exam-
ple, Pinchot (1966, 1974) designed an aquacultural system based on natural oceanic
upwelling ecosystems. These ecosystems are usually found on the west coasts of
continents where wind patterns cause a localized circulation that brings deep ocean
water to the surface (i.e., upwelling). The water from the deep ocean is nutrient rich,
because of the dominance of decomposition processes there. Thus, upwellings are
naturally eutrophic sites with high production and short food chains due to the
fertilization effect of nutrient rich water being brought to the surface where sunlight
levels are highest (Boje and Tomczak, 1978; Cushing, 1971). Pinchot’s design for
an artificial upwelling involved pumping deep ocean water into a coral reef lagoon
with power from windmills (Figure 9.13). Whales would then be raised in the lagoon
where they could be easily harvested for food because of their confinement in the
enclosure of surrounding reef. This is a rather imaginative design, which represents
an ecological engineering approach, but it probably would not be feasible at present
due to animal rights concerns about the welfare of whales. Other examples of
integrated systems of aquaculture and sewage treatment are described in Chapter 2.
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The last area in which ecological engineering may possibly contribute to aqua-
culture involves pest biodiversity. Outdoor aquacultural systems often attract natural
predators that feed on the species being cultured. For example, fish-eating birds,
such as pelicans and cormorants, are responsible annually through their feeding
actions for millions of dollars of damage to outdoor aquaculture. An ecologically
engineered design for reducing this energy flow in a humane fashion would be a
significant achievement.

BIOTECHNOLOGY AND ECOLOGICAL ENGINEERING

Biotechnology or genetic engineering, as it is sometimes referred to, involves the
creation of organisms with new properties through various forms of genetic manip-
ulation. The field has a long history of producing useful organisms that contribute
to the well-being of humans, such as the centuries-old examples of microorganisms
that function in the leavening of bread and the fermentation of grapes to make wine.
Recombinant DNA technology, which developed in the mid-1970s, is only the most
recent form of biotechnology. In all forms of biotechnology the genetic makeup of
organisms is modified to produce an organism (or a product) that is different from
the starting organism. However, significant differences exist between classical tech-
niques such as controlled breeding and the new molecular techniques. The recom-
binant DNA technology is faster, can deal with many more kinds of genes, and is
more precise than the classic methods. Because of these developments, a biotech-
nology revolution has been envisioned with great advances expected in medicine,
agriculture, and other fields (see, for example, Koshland, 1989). Many kinds of
improvements can be imagined and are being studied such as engineering crop
species that use less water or that have enhanced resistance to disease, or microbes

FIGURE 9.13 Energy circuit diagram of a hypothetical whale aquaculture system proposed
by Pinchot. 
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which metabolize hazardous wastes. The potential benefits of biotechnology seem
endless, but there are risks associated with releasing genetically engineered organ-
isms into the environment (Flanagan, 1986; Gillett, 1986; Pimentel et al., 1989;
Tiedje et al., 1989). The risks are similar to those described in Chapter 7 for exotic
species, but with a somewhat greater degree of uncertainty about impacts (Drake et
al., 1988).

While there are fundamental differences between genetic and ecological engi-
neering (Mitsch, 1991), the two fields might find areas of collaboration (Forcella,
1984). Ecological engineering could contribute the perspective of multispecies net-
works to genetic engineering which otherwise focuses on individual species. Perhaps
biotechnology could involve pairs or sets of interacting species in a kind of coevo-
lutionary genetic engineering. Thus, predator–prey pairs might be coengineered
rather than just a single species. This might build more security into releases because
a predator or parasite would be simultaneously designed for a specific purpose. In
this way a predator would already be available to control the new engineered
organism if its populations caused unintended impacts. Biotechnologists would need
to collaborate with their ecological counterparts to ensure success of the pair of
species. Other kinds of interspecific interactions could also be explored such as
symbiotic systems for decomposition and nutrient cycling. Contributions from ecol-
ogy in the relationship could be seen as amplifying biotechnology in the long run,
though in the short run more genetic–ecological engineering design would be
required than presently occurs. This would be the opposite of the typical negative
role that ecology has had with biotechnology in terms of simply regulating releases
of genetically engineered organisms.

BIOCULTURAL SURVEY FOR ALTERNATIVE DESIGNS

Most designs discussed in this text have been the product of Western thinking.
Possible examples from the Orient were mentioned in Chapter 3 but alternative
designs might be employed by many different cultures. Perhaps biocultural surveys
could be undertaken to search for these alternatives. An analogous approach exists
for useful plants, called ethnobotany, in which anthropologists conduct studies of
the ways different cultures utilize plants of economic importance. This is a well-
known approach to learning about indigenous knowledge that can then be adapted
to Western society. Interfacing with other cultures is a complicated enterprise that
involves human rights issues (Rubin and Fish, 1994; Schmink et al., 1992), and
biocultural surveys must be conducted with care and respect.

Alternate ways of thinking about ecological engineering can be expected to
occur because different human societies are known to develop unique material
cultures, such as house form (Rapoport, 1969) or agriculture (Gliessman, 1988).
Todd (1996b) has warned against the disappearance of regional and local technol-
ogies and the spread of a “technological monoculture” found in Western society.
Thus, there may be a need to search out and “salvage” cultural approaches to
ecological engineering before they are lost (Cox, 2000). Balinese irrigation engi-
neering may be one such example as shown in Lansing’s studies (1987, 1991). In
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this case, social organizations and irrigation structures as well as management are
highly integrated into a form of “ritual technology” (Figure 9.14). Kremer and
Lansing (1995) constructed simulation models of this system of water management
and used them as a way of facilitating communication between the indigenous culture
and officials from the Westernized government of Bali. Further studies such as these
are needed to know whether a kind of ethnoecological engineering would be an
instructive activity. Perhaps similar philosophies to McHarg’s “design with nature”
or Buckminster Fuller’s “do more with less” can be found embedded in some
Amazon Indian cosmology (Reichel-Dolmatoff, 1976); or perhaps some new tech-
nology such as a novel living fence (Steavenson et al., 1943) tucked away in a Mayan
field in the highlands of Guatemala can be discovered and incorporated into Western
ecological engineering. Can the sacred groves of India (Gadgil and Vartak, 1976;
Marglin and Mishra, 1993; Reddy, 1998) provide designs for socially integrated
urban rain gardens and riparian buffers?

FIGURE 9.14 Two views of Balinese water temples in terms of (A) religion and (B) hydrol-
ogy. (Adapted from Lansing, J. S. 1991. Priests and Programmers: Technologies of Power
in the Engineered Landscape of Bali. Princeton University Press, Princeton, NJ.)
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ECOLOGICAL ENGINEERING EDUCATION

Education in ecological engineering will need to develop for significant advance-
ments in the field to occur. In the present state of the art there are very few academic
programs in ecological engineering, and most of these are of recent origin. Existing
practitioners are largely self-taught with backgrounds that combine training in ecol-
ogy and some established engineering discipline, along with on-the-job experience.
Ecological engineering is probably more interdisciplinary than any traditional engi-
neering field, and this presents challenges for the evolution of academic programs.
Many important questions exist about how to provide training in this new hybrid
field of ecology and engineering (Table 9.3). Perhaps the self-organization of cur-
ricula and courses taking place at universities in the U.S. and elsewhere will lead
to one educational model through natural selection, and it is premature to generalize
yet on the best approach for education. In this section some issues are discussed
and educational initiatives are explored.

CURRICULA

Obviously, an academic program in ecological engineering must consist of some
kind of balance of ecology and environmental science with engineering principles
and technology. However, many paths are possible and no agreed-upon solutions
have yet arisen. Whole new educational approaches are needed and, as discussed in

TABLE 9.3
Some of the Educational Challenges of Ecological Engineering

Ecological Engineering Curricula

Should curricula be offered at the graduate or undergraduate level?

What balance should there be between ecology courses and engineering courses in the curricula?

What particular ecology courses should be required?

What particular engineering courses should be required?

Should there be ABET review of curricula?

Ecological Engineering Course

At what level (graduate, senior, junior, etc.) should an ecological engineering course be taught?

What prerequisites should there be for the course?

Should the course be lecture only or should it be taught with a lab?

How many credits should be given for the course?

What coverage of topical material should be given in the course?

Note: Questions are arranged according to two scales: the entire curriculum for a major and an
individual course on the subject.
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Chapter 1, no existing disciplines in ecology or engineering can serve as exact
models. One possible approach would be to require ecological engineering projects
to be carried out by teams of specialists with training in traditional disciplines, but
most workers agree that it is possible to educate individuals in this new interdisci-
plinary field. H. T. Odum, who is the founder of ecological engineering, has written
about his experiences in offering an “informal” academic program for more than 30
years (H. T. Odum, 1989, 1994). He suggests that ecological engineering requires
at least education through a master’s level degree (typically with 4 years of an
undergraduate degree and 2 years of a master’s degree) to cover all of the necessary
coursework. The optimal program may be the combination of an undergraduate
engineering degree and a graduate degree that emphasizes ecology and environmen-
tal science, though he also notes the success of individuals who entered his graduate
program with education in a biologically based undergraduate degree program.

A workshop was held in 1999 at Ohio State Univeristy in Columbus to discuss
educational options in ecological engineering, and several different curricula were
discussed (Mitsch and Kangas, 1999). These included stand-alone undergraduate
degrees modelled after existing engineering disciplines, and graduate degrees that
would accept undergraduates with training in either ecology or engineering. The
special challenge of a stand-alone undergraduate degree is fitting enough coursework
into an approximately 4-year time period characteristic of a bachelor’s degree. This
coursework must include enough depth in both engineering and ecology to produce
a professional who might enter the job market. This will require sacrifices that might
result in training that is too weak in either ecology or engineering for an individual
to be able to carry out ecological engineering design, construction, and operation.
The special challenge of a graduate degree is overcoming the biases of specialized
undergraduate training in a relatively short time period, usually 2 years for a master’s
degree. Also, different tracks of graduate coursework would be required for those
entering with an undergraduate engineering degree vs. those entering with an under-
graduate science degree, such as biology.

Some of these issues can be addressed by having any educational program
formally accredited by an external board of experts. Undergraduate engineering
degrees are accredited by the American Board for Engineering and Technology
(ABET), which reviews programs periodically and confers a standardized certifica-
tion of adequate educational depth and quality. This kind of accreditation allows
entrants into an academic program to know they will receive a proper education and
allows employers who hire graduates from a program to know that they are employ-
ing people with appropriate backgrounds. Accreditation by ABET is accepted as the
best approach by those advocating a stand-alone undergraduate degree in ecological
engineering, but much work will have to be done to achieve this goal. ABET
accreditation requires a certain number of existing professionals to be available to
establish review criteria and to carry out the routine accreditation activities. Also,
current rules dictate that a field must have a minimum of 50 graduates per year
across all universities before accreditation can begin. Because ecological engineering
is such a new field, ABET accreditation may have to wait until a critical mass of
practitioners is available to meet the formal requirements of the process.
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Another process from traditional engineering that may address educational issues
is professional certification. This kind of certification is bestowed on individuals
who meet certain criteria and who pass a standardized exam. Currently, professional
engineering exams in the U.S. are administered by state boards that have different
requirements. Most require that an applicant have graduated from an ABET-accred-
ited academic program and have worked in the field for several years to develop
practical experience. Those who pass the exam are thus formally certified as engi-
neers. Certification documents that the recipient has a given level of knowledge and
ability. This option also requires a critical mass of practitioners before exams can
be designed and administered and, at least as presently conducted, it requires that
ABET-accredited academic programs exist. Other relevant certification models have
been developed, such as with the Ecological Society of America and the Society of
Wetland Scientists. These are less formal and rigorous than certification as a pro-
fessional engineer but they could be modified and implemented by a professional
society, such as the existing International Society for Ecological Engineering or the
new American Society for Ecological Engineering.

While discussions about accreditation and certification need to continue, they
may be premature because both require a critical mass of practitioners. This group
either does not yet exist or, at least, has not yet emerged from the many disciplines
related to ecological engineering (see Table 1.6). Indications from the workshop on
education (Mitsch and Kangas, 1999) and from the growth of the journal Ecological
Engineering suggest that many universities are developing academic programs in
ecological engineering and that these programs will generate a critical mass of
practitioners soon. The existing programs combine training in ecology and engineer-
ing with traditional university core requirements of humanities, social sciences,
history, and other disciplines. Most curricula include several ecology and/or envi-
ronmental science courses, such as general ecology, population and ecosystem ecol-
ogy, and applied ecology, along with electives from fields such as aquaculture,
bioremediation, and restoration ecology. Required engineering background includes
thermodynamics, fluids, and principles of design, along with the associated mathe-
matics, physics, and chemistry characteristic of traditional programs. Specialized
requirements include a basic course in ecological engineering, ecological modelling,
some form of economics for design evaluation, and a practicum course that involves
a group experience in an actual design. Examples of design seminars are given by
Biermann et al. (1999) and Yaron et al. (2000). This kind of curriculum requires
participation by a number of faculty with different skills. As noted in Chapter 1 the
best environment for this kind of curriculum may be in agricultural or biological
engineering departments in which existing faculty have training in engineering with
biology. Environmental engineering departments are another logical location for an
ecological engineering academic program. Other situations are also possible such
as the more liberal arts approach advocated by Orr (1992a, 1992b, 2002), but there
is a growing consensus for academic programs in ecological engineering to take on
some modification of a traditional engineering curriculum.
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THE ECOLOGICAL ENGINEERING LABORATORY OF THE FUTURE

What is the best learning environment to train ecological engineers? Because of the
special interdisciplinary nature of the field, a new kind of lab may be required that
generates both ecology and engineering experiences. The ecology side must provide
knowledge and skills dealing with biodiversity as the building blocks of design. It
must also provide a whole system perspective necessary to create domestic and
interface ecosystems that perform useful functions. The engineering side must pro-
vide access to existing technologies in terms of machines and electronics, with an
emphasis on the design process itself. Considered below are two historical and two
existing models for perspective on the ecological engineering laboratory of the
future.

Thomas Edison’s “Invention Factory”

Thomas Edison, sometimes referred to as the “Wizard of Menlo Park,” was one of
the great American inventors. Although best known for his work on the incandescent
light, he produced many useful devices in his lifetime, as witnessed by his more
than 1,000 patents. These devices were the products of his “invention factory” which
evolved as a kind of institution through three physical complexes over his adult
lifetime of 55 years. It was a place where he developed a method of invention that
involved the organized application of scientific research to commercial ends. This
work was especially significant because it took place before engineering formally
emerged and broke into academic and professional disciplines, and it became the
forerunner of modern industrial research and development. At its peak, Edison’s
invention factory realized his prediction of “a minor invention every ten days and a
big thing every six months or so.” Because Edison was privately supported, either
through venture capitalists or companies he created himself, his inventions had to
make a profit. Thus, his institution was half research lab and half factory.

Edison’s work began at Menlo Park, NJ, where he operated from 1876 to 1881.
Work here focused on early telephone designs, the phonograph and, of course, the
electric lighting system. He temporarily left the invention field to develop electric
lighting as a commercial industry but returned in 1887 when he built a larger lab in
West Orange, NJ. Emphasis in this lab was on five product lines: musical phono-
graphs, dictating machines, primary batteries, storage batteries, and cement (Millard,
1990). Edison worked in the West Orange lab until his death in 1931, but he also
established a small lab at his winter home in Fort Myers, FL. This was the “green
laboratory” where he worked on alternate sources of natural rubber, primarily in the
years just before his death (Thulesius, 1997). Remarkably, each of these labs exists
as a public museum: the Menlo Park lab was moved to southeastern Michigan and
reconstructed by Henry Ford at Greenfield Village in Dearborn (Figure 9.15), the
West Orange lab became a national park, and the green laboratory became a museum
administered by the City of Fort Myers.

The Menlo Park lab was where Edison achieved the fame that continued to
develop throughout his life. It also was where he established a method of invention
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that was the product of his creative genius (Pretzer, 1989). The Menlo Park lab began in
1876 with a simple two-story frame structure that contained an office, machine shop, and
lab. It was expanded to six buildings in 1878 to work on the electric lighting system. These
included the main lab building, a separate and enlarged machine shop, the office/library,
and three small buildings that housed essential skills and materials that were constantly
needed (a glasshouse, carpenters’ shop, and the carbon shed). Most of the principal work
took place in the main lab which was filled with chemicals and mechanisms used to conduct
experimental projects in the spacious, second-floor work room. The machine shop was
also a critical part of the overall lab in producing experimental devices for the continual
process of testing and redesign. As noted by Israel (1989),

By adapting the machine shop solely to inventive work Edison and his assistants could rapidly
construct, test, and alter experimental devices, thus increasing the rate at which inventions
were developed. In this way the laboratory became a true invention factory.

FIGURE 9.15 Views of Menlo Park at the Henry Ford Museum in Dearborn, MI.
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Moreover, Edison adopted the machine shop culture into his invention process.
This was a unique work culture “that stemmed from craft traditions of the pre-
industrial era, traditions that stressed the skill of the worker and preserved the dignity
and independence of his work” (Millard, 1990). The American machine shop was
an innovative institution that evolved in the early 19th century with the industrial
revolution, as noted in the following quote.

Most of the early shops worked almost entirely on special order rather than for a broad,
competitive market requiring mass production and standardization. This was true partly
because the designs of the products made, steam engines, machine tools, and locomo-
tives, had not yet fully evolved. The shop frequently was an experimental laboratory
which developed and perfected industrial and mechanical processes and equipment
(Calvert, 1967).

Machine shops supplied machines, advice, designs, and repair services. They also
provided a unique social environment in which information was shared between
shops and within shops as a kind of educational network. Included in the machine
shops were lathes, drills, milling machines, and planers used to cut and shape iron
and steel with great precision. These were machines that made machines, and they
were the backbone of America’s industrial revolution.

Connections between Edison’s invention factory and a modern ecological engi-
neering lab are through analogies. The important connection is Edison’s spirit of
invention and his method, which can be directly applied. New ecosystems must be
invented to provide specific functions in ecological engineering. It can be contended
that the Edison spirit of invention exists in several leading ecological engineers such
as John Todd and Walter Adey, and an educational goal is to instill this quality in
the next generation of students.

The New Alchemy Institute

The New Alchemy Institute was initiated in 1969 through the shared discussions of
John Todd, his wife Nancy Jack Todd, and William McLarney. It became a small,
nonprofit organization dedicated to research and education on renewable resource
technologies. Although the official goal was grandiose, “To Restore the Lands,
Protect the Seas, and Inform the Earth’s Stewards,” the institute produced a number
of very practical technologies and provided education to many through workshops,
tours, and publications. As a formal organization, New Alchemy lasted for more
than 20 years; it has evolved into new organizations with similar goals.

In the early 1970s the Institute became centered at a 12-acre (4.8 ha) farm on
Cape Cod, MA, where work focused on development of technologies that support
low-cost, year-round food production and energy-efficient shelter design (Figure
9.16). Examples of projects included intensive agriculture, aquaculture, tree crops,
and renewable energy alternatives using solar and wind power. These were full-scale
experimental projects in alternative technologies. The living machine, which was
described in Chapter 2, is a good example of these designs. Another important
invention was the bioshelter which is a solar-heated building that links a variety of
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biological elements together for food and energy production and biological waste
treatment. Large bioshelters were called arks and several were built in different
locations.

In many ways the New Alchemy Institute was an “invention factory” in produc-
ing ecological engineering designs. The living machines of New Alchemy are anal-
ogous to the machine tools of Edison’s labs, which were described earlier as
“machines that made machines.” Also, New Alchemy fostered a social organization
somewhat analogous to the machine shop culture, with a sharing of information and
value systems among participants. A final similarity is dominance by a big thinker.
Although New Alchemy had an egalitarian structure involving many individuals,
John Todd does emerge as a dominant figure that was somewhat analogous to Edison
in providing inspiration and organizational skills. Todd left the Institute in the early
1980s and started a new organization called Ocean Arks International in which he
continues some of the work started in the New Alchemy Institute. However, unlike
Edison’s operations which were driven by profit and capitalism, the New Alchemy
Institute was a nonprofit organization driven by the goal of fostering sustainable
development.

The Waterways Experiment Station

The U.S. Army Corps of Engineers Waterways Experiment Station (WES) in Vicks-
burg, MS, is a national lab with many activities related to ecological engineering
(Anonymous, no date). Although the scale of WES is much larger than could be
achieved at an individual university, it provides an existing model for perspective
on the ecological engineering lab of the future. WES consists of five engineering
labs along with various administrative and technical support units (Figure 9.17). It
was established in 1929 with emphasis on hydraulics, after the disastrous 1927 flood
on the Mississippi River. Various missions were added to the lab over the years,
including a significant military role after World War II.

The environmental lab at WES already is involved with a variety of research
lines that relate to ecological engineering such as aquatic plant control, simulation
modelling, and wetland creation. The association of these activities with the other
engineering labs, especially the geotechnical and hydraulics units, makes WES an
ideal location for the development of ecological engineering technologies. Somewhat
of a paradigm shift may be required, however, for the Corps of Engineers to become
heavily involved in this field. Past work of the Corps has not always demonstrated
the holistic thinking inherent in ecology, though as noted in Chapter 5 they have
initiated several programs that are moving in this direction. It remains to be seen if
the Corps of Engineers will become a leader in the field of ecological engineering,
which it is clearly capable of, or continue to generate environmental problems that
require ecological engineering solutions.

The Olentangy River Wetland Research Park

Perhaps the closest model for the ecological engineering lab of the future at a
university is the Olentangy River Wetland Research Park on the Ohio State Univer-
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sity campus in Columbus. This is a 307-acre (123-ha) outdoor lab composed of a
set of natural and constructed wetlands that was initiated in 1994 by William Mitsch.
The purpose of the lab is to foster research and education on wetland ecology and
engineering. Development of the lab is in progress, and it will ultimately include a
number of features (Figure 9.18). Presently, the site is dominated by two 2.5 acre
(1 ha) kidney-shaped constructed marshes that are supported by a flow-through
pumping of the adjacent Olentangy River. Water is pumped continuously into the
two wetlands and then flows by gravity back into the river. An experiment in planting 
strategies is being undertaken with one wetland receiving an intentional planting
effort of known species while the other wetland received no intentional plantings
but is self-designing a plant community from volunteer species. Preliminary results
demonstrate many similarities between the wetlands (Mitsch et al., 1998), and the
plan is to continue this study indefinitely with contributions by OSU students and
faculty. The site also includes a number of replicated wetland mesocosms for small-
scale research and several other experimental wetland cells. A variety of educational
uses are made of the site, which is facilitated by its location on the OSU campus
(Mitsch, 1998c). The strengths of the Olentangy River Wetland Research Park are

FIGURE 9.18 View of the Wetlands Field Lab at the Ohio State University. (From William
Mitsch. Ohio State University, Columbus, OH. With permission.)
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the variety of experimental settings available and the hands-on research experiences
made available to students. A wetland research and education building on the site
has recently opened which will enhance the utility of the park.

The ideal ecological engineering lab of the future would combine the strengths
of the facilities described above. Emphasis would be on the design and construction
of experimental living machines and other practical systems. An association with
commercial companies would be desirable to keep research practical. Symbiotic
relationships should be tried in which research is conducted for companies by faculty
and students, and the companies provide equipment, guest lectures, and grants to
the lab. The best learning situation is in which students build experimental systems
themselves; perhaps a new generation of “hackers” might be envisioned in ecological
engineering design that would be analogous to the young people who learned to
program computers in the 1960s. Levy (1984) describes the early hackers as “heroes

TABLE 9.4
A Code of Ethics for Ecological Engineering Based on the Hacker Code of 
Ethics

Hacker’s Ethic Analogous Ecological Engineering Ethic

Access to computers – and anything
   which might teach you something about
   the way the world works – should be
   unlimited and total. Always yield to the
   Hands-On Imperative!

Access to ecosystems – and anything which
   might teach you something about the way
   the world works – should be unlimited and
   total. Always yield to the Hands-On
   Imperative!

All information should be free. All species should be free and be able to be
   used in ecological engineering design (including
   invasive exotics).

Mistrust Authority – Promote
   Decentralization.

Mistrust Environmental Regulators who
   give permits and Funding Agencies who give 
 research grants — Promote Self-Organization.

Hackers should be judged by their
   hacking, not bogus criteria such as
   degrees, age, race, or position.

Ecological engineers should be judged by
   their ability to create ecosystems, not bogus
   criteria such as a degree in engineering, passing the 
   P.E. exam, or ABET certification.

You can create art and beauty on a
   computer.

You can create art and beauty with a
   constructed ecosystem.

Computers can change your life
   for the better.

Ecosystems can change your life for the
   better.

Note: The ethics listed on the left are direct quotes from Chapter 2 of Levy’s book while the ethics
listed on the right are the analogous equivalents for ecological engineering.

Source: Adapted from Levy, S. 1984. Hackers: Heroes of the Computer Revolution. Dell, New York. 
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of the computer revolution.” Through their passion for programming the old main-
frame computers, these young people are credited with developing the software and
hardware of personal computers and even with initiating the Internet. Perhaps a new
generation of ecological engineering hackers is needed — young people beginning
to program living machines to develop new appropriate technologies. Levy recorded
the original hacker ethics which guided their productive work, and Table 9.4 offers
a possible corresponding ethic for ecological engineering hackers. Providing an
educational environment that facilitates this kind of spirited learning will accelerate
the development of the discipline. To some extent this is already happening in
academic departments of a few universities where experiments in ecological engi-
neering education are taking place.
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