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A complex system that works is invariably found to have
evolved from a simple system that works.
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foreword

Building on thirty-five years of collaborative reflection and observation, plus a vast
amount of fieldwork and teaching, David Tongway and John Ludwig have writ-
ten a marvelous book summing up their intertwined and complementary stocks
of knowledge and experience in the science and practice of ecological restoration.
This renowned duo have devoted their professional lives to understanding how
natural landscapes work as biophysical systems, and how they are damaged by dis-
turbances of various kinds. The assumption—borne out by much testing in the
field—is that ecosystem rehabilitation and restoration strategies to some specified
goal can become a much more assured process when based on the principles iden-
tified in the functional analysis of landscapes, and when applying a rational, step-
wise approach, with regular reference to a specific, well-studied situation.

The approach and procedures provided here will help you learn not only how
to “read” almost any terrestrial landscape, in a detailed but highly practical way,
but also how to use that skill set for purposes of designing workable solutions to
repair damage for your specific case, without getting locked into trying to apply
restoration “recipes” or off-the-shelf approaches that very likely may not work. As
the authors remind us, “you can’t fix something unless you know how it works”
(part 1). Focusing on biophysical realities at the landscape scale, Restoring Dis-
turbed Landscapes presents a readily transferable approach and illustrates how
restoration practitioners can reverse declines in the flow of goods and services sup-
plied by landscapes of all kinds, provided they have studied how the systems work
in the first place.

What the authors present, in a lucid, fluid, and accessible style, supported by
ample illustrations and examples from their own experience, is their widely
tested five-step procedure—setting clear goals; defining the problem; designing
solutions; applying technologies and monitoring their effects; and, finally, as
needed, adaptively improving technologies. Although first developed in arid and
semiarid lands in Australia, Tongway and Ludwig’s procedure and the underly-
ing conceptual model, which the reader will find in chapter 2, is applicable in
high rainfall areas as well. This model provides the framework for the five-step
procedure that has been tested by the authors in dozens of difficult sites and
imparted to dozens of student and trainee groups around the world.



I am convinced that for those practitioners who discover these authors for the
first time, as well as for all those who have had the good fortune to participate in
Dave Tongway’s training sessions in landscape function analysis procedures, this
book will be invaluable. It makes available the sound scientific underpinnings of
landscape function analysis, stated in a manner that laypeople and students can
follow. The authors wrote to me recently that “having observed a lot of poor reha-
bilitation and ineffective monitoring, we wanted to provide a synthesis of the needs
for both activities, but not in a site-specific manner. This is where our articula-
tion of the principles is so potentially useful to folk who want to do a good job,
but only have intuition and rumors to work with. We want to open up all the sci-
ence needed for restoration, but in an uncomplicated way. Few ordinary folk will
have had the opportunity of reading the scientific literature as broadly as we have,
so the book is to show that science is useful at the grassroots level of application.”

This book will be of great interest to, and use for, teachers, students, volun-
teer and professional restoration practitioners, and, indeed, a wide range of sci-
entists more or less closely engaged with restoration, as well. As anyone familiar
with arid and semiarid land ecology, in particular, will recognize, the late, emi-
nent ecologist Immanuel Noy-Meir was a strong influence on Dave and John, by
drawing their attention to the need for heterogeneity of water distribution in semi-
arid and arid landscapes. A finer pedigree than that, one could hardly ask for. And
Noy-Meir himself enthusiastically acknowledged what an important contribution
the team of John Ludwig and David Tongway has made to applied ecology.

A word about The Science and Practice of Ecological Restoration Series: since
the first volume appeared in 2002, this series has sought to embrace and, indeed,
illuminate the entire breadth of the rapidly evolving field of ecological restora-
tion, including all the different sciences and all the different forms of practice.
The range of books nicely reflects SER and Island Press’s shared mission vis-à-vis
an ever-wider public concerned with conservation, sustainable use of resources,
sustainability in general, and ecological restoration. However, there is certainly
a need for more books that primarily address practitioners—and beginning stu-
dents. This fine work by Tongway and Ludwig, which is the twentieth volume to
appear in the series, goes a long way to rectify the balance, and it has the great
virtue of being written by people who bridge the divide between scientists and prac-
titioners. The scientific credentials and underpinnings of Tongway and Ludwig
are as impeccable as their field experience—which is a(nother) rare and valuable
asset, although it is a hallmark of this series that many of the contributing authors
help make this vital bridge between science and effective practice. That way lies
sustainability and restoration not only of landscapes but also of societies, cultures,
and a global community looking for new models and alternative futures.

Global society urgently needs to change the way we do many things if we wish
for a sustainable and desirable future. We need to control population growth; heav-
ily tax stock market speculators; remove perverse subsidies wherever they persist;
reduce ridiculous consumption patterns among the affluent and the very afflu-
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ent; and deeply respect the rights of all cultures, all species, and future genera-
tions of people. In light of the sorry state of our environment and ecosystems, and
our overall relationship with the natural world, we also need to start investing much
more heavily in the science, practice, and teaching of ecological restoration.

“Being able to ‘read the landscape’ is a rare and valuable asset.” Those are the
last words of this book you are about to read, and it won’t spoil anything to quote
them here. If you want to become more effective in restoring the functional capac-
ity of disturbed landscapes and damaged ecosystems around the globe, you need
to learn how to read landscapes, so please read and ponder this valuable and much-
awaited book. Then, if you agree it is useful, share it with other people looking
for insight and inspiration from two of the most experienced restoration scien-
tists/practitioners anywhere.

James Aronson, editor
The Science and Practice of Restoration Ecology Series

Foreword xvii





preface

In our changing world, human populations are rapidly growing and demanding
more of the goods and services provided by landscapes. Restoration practitioners
are needed who can improve the capacity of damaged landscapes to carry on these
functions. Our aim in writing this book is to provide these practitioners with an
approach to restoring the functional capacity of landscapes. Our function-based
approach centers on a five-step, adaptive landscape restoration procedure, which
we have found effective in restoring the functional capacity of disturbed landscapes
in a wide variety of environments around the globe. This approach builds on a
solid foundation of ecological concepts and principles, which can readily be put
into practice.

The level of functional improvement aimed for depends on the goals of stake-
holders—those people with an interest in, or dependence on, a landscape,
whether or not they live in that landscape. Stakeholders may wish to restore a
landscape to a more natural state to achieve improved biodiversity goals, for exam-
ple, and this book can help practitioners work with stakeholders to achieve
such goals.

However,Restoring Disturbed Landscapes is not about returning damaged lands
to some notional “pristine” state; it is about repairing landscapes to an acceptable
level of functionality. Unfortunately, the terms landscape renewal, reclamation,
and rehabilitation are frequently used to imply that a pristine state is aimed for,
especially in cases where the goal is to restore habitats for specific fauna. In this
book we use such terms in the broader sense of repairing landscapes, damaged
by various land uses, to an agreed state, rather than the narrow definition of restor-
ing lands to some notionally prior state.

At the heart of Restoring Disturbed Landscapes is the five-step procedure of
setting clear goals, defining the problem, designing solutions, applying tech-
nologies, and monitoring their effects, and, if needed, adaptively improving tech-
nologies. We will explain the principles behind this adaptive landscape restoration
procedure and present examples to demonstrate why we believe that putting these
principles into practice leads to successful landscape restoration.

Restoring Disturbed Landscapes will be of interest to restoration practitioners,
such as natural resource managers, mine-site rehab professionals, elected lead-
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ers responsible for public lands, scientists, educators training their students, and
members of the public caring for their lands. We feel that these dedicated peo-
ple need easy-to-understand information that explains how to put basic principles
into practice to facilitate the attainment of their landscape-restoration goals.
This need was confirmed by practitioners who participated in workshops held
around Australia and who contributed to the report “Restoring landscapes with
confidence” (Lovett et al. 2008). Our aim is to meet this need and to encourage
practitioners to think broadly and critically about their restoration problems, so
that they can achieve their goals with as few “wrong turns” as possible.

David J. Tongway
John A. Ludwig

June 2010
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1

part i

A Function-Based Approach to
Restoring Disturbed Landscapes

The world’s landscapes provide goods, such as food, fiber, andminerals, and ecosys-
tem services, such as clean water, to billions of people. The demand for such goods
and services is increasing as human populations grow, but the capacity of landscapes
to meet human needs is diminishing. Consequently, it is critical that we address
this supply and demand problem before further declines in capacity occur. This
book illustrates how restoration practitioners can reverse declines in goods and serv-
ices by improving the functional capacity of damaged landscapes.

We begin by defining what we mean by landscapes and functional land-
scapes. Landscapes are areas of interconnected ecosystems, which are communities
of organisms interacting with one another and their physical environment. Organ-
isms are the biotic components of ecosystems and include plants (primary
producers); animals (macroconsumers); and microorganisms (microconsumers),
such as fungi and bacteria. Microorganisms are included because they decompose
complex organic materials tied up in dead organisms and release these materials
as simple mineral nutrients, which are then available for use again by plants and
animals. Physical or abiotic components of ecosystems include, for example, min-
eral ions in soils, such as calcium, potassium, and phosphate, and climatic
factors, such as precipitation and temperature. Humans are part of ecosystems and
the greater landscape because we influence their functioning or health both
directly and indirectly.

Functional landscapes are those that have a high capacity to provide impor-
tant biophysical and socioeconomic goods and services (Ludwig et al. 1997;
Tongway and Ludwig 2007). Landscape functions include the following:

• Maintaining basic processes such as capturing energy, retaining and using
water, and cycling nutrients

• Providing habitats for populations of plants, animals, and microorganisms
• Sustaining people by providing their material, cultural, and spiritual needs

Dysfunctional landscapes have impaired capacities for one or more of these
functions. Restoring disturbed landscapes essentially means repairing damaged
functions.

We have organized part 1 into three chapters. In chapter 1 we describe our
approach to restoring landscapes—an orderly five-step adaptive procedure. In chap-
ter 2 we present a conceptual framework that we have found useful in helping us



to understand the complexities of how landscapes function or work as biophysi-
cal systems. Then in chapter 3 we build on this conceptual framework by defining
four principles underlying adaptive landscape restoration. We believe that in order
to be able to restore disturbed landscapes it is essential that practitioners under-
stand landscape functioning concepts and principles. The well-known axiom “You
can’t fix something unless you know how it works” emphasizes this point.
Throughout this book we refer to axioms when we find them pertinent.

In the chapters of part 2, we demonstrate how practitioners have put the con-
cepts and principles of landscape restoration into practice by describing case studies.
In part 3, we build on these case studies by outlining scenarios of successful land-
scape restoration from around the globe. In part 4, we provide practitioners with
descriptions of the tools and methods they need to evaluate landscape dysfunction
and to monitor restoration trends toward desired goals.

2
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In this chapter we describe our approach, which we
feel is central toRestoring Disturbed Landscapes.We
think of our approach as an orderly five-step adaptive
procedure for restoring landscapes, or for short,
adaptive landscape restoration. It comprises a
sequence of steps (figure 1.1) where stakeholders in
the disturbed landscape work with the restoration
practitioner (hereafter abbreviated as RP) to (1)
articulate the goals of restoration, (2) define and
carefully analyze the problem, (3) identify appro-
priate solutions, (4) select treatments to apply, and (5)
monitor restoration indicators and assess progress
as trends in these data. If trends are negative, RPs
should then adaptively revise treatments to improve
trends. In practice, we view this procedure like plan-
ning a journey using a road map. The start and end
points are known, but there are options to exercise in
the actual route taken to reach the destination—the
successful restoration of a landscape.

Before describing each of the five steps in our
adaptive landscape restoration procedure we make
a few observations and note some of its key fea-
tures. We emphasize that our adaptive procedure is
not a prescription or recipe for RPs to follow like a
global positioning system (GPS)–guided route from
start to finish. As with planning a journey, choices
made at each road junction along the way require
critical analysis and careful consideration. Some-
times the choice of route is crucial; sometimes
options are roughly equivalent. The shortest route is
not necessarily the most appropriate. For example,
on revegetated mine sites, RPs often sow (in suitable

climates) the colorful, exotic red natal grass because
it quickly provides an attractive cover. However,
red natal is a tufted grass (big top, small base), and

Chapter 1

Our Approach to Restoring Disturbed Landscapes:
A Five-Step Adaptive Procedure

Figure 1.1. An orderly five-step procedure for
restoring damaged landscapes that, if assessed
trends are not OK, includes an adaptive learning
loop to help achieve success by adjusting
restoration technologies.

-  © 
, D.J. Tongway and J.A. Ludwig Restoring Disturbed Landscapes: Putting Principles into Practice, The Science and Practice

of Ecological Restoration, DOI 10.5822/978-1-61091-007 1_1, David J. Tongway and John A. Ludwig 2011



from our monitoring experiences, we know it usually
fails to adequately function to prevent soil erosion on
sloping sites (even if soil materials are only moder-
ately erodible). We have found that a better option
for protecting sloping rehabilitated surfaces against
erosion is to revegetate mine sites with native, spread-
ing perennial plants.

In designing ways to restore the functional capac-
ity of damaged landscapes, we first need to be clear
about what we are aiming to achieve. The next step
is to critically analyze the problem:Which landscape
goods and services have been lost and which have
been retained? What landscape processes have
become ineffective?What caused losses in capacity?
By understanding the problem, RPs can design
solutions by selecting and applying appropriate
landscape restoration technologies. The restoration
procedure must include monitoring, that is, RPs
need to collect data to evaluate whether gains in
capacity have been achieved. If gains have not been
achieved, then they need to go back and reexamine
whether the goals are still appropriate (e.g., are they
too ambitious?).

In most cases, goals will remain appropriate,
but we sometimes find that we underestimated the
importance of some processes so that some tech-
nologies need to be adjusted. This revision to
improve restoration is called an adaptive learning
loop (figure 1.1), which is an essential component
of an adaptive landscape restoration procedure.
After adjusting technologies, the RP must continue
monitoring and analyzing data to see if restoration
trends are toward desired goals. With time, these
monitoring data will confirm if goals are being suc-
cessfully achieved.

Our Five-step Procedure

Step 1: Setting goals
In step 1, stakeholders, or those with an interest in
restoring a specified landscape, set goals that clearly
define what they aim to achieve. When setting
restoration goals, stakeholders require a clear under-

standing of underlying constraints, such as whether
goals are driven by regulations, laws, or treaties, or
by agreements based on the aspirations of particular
stakeholder groups. Often the groups involved in
defining and setting restoration goals have different
views about the initial state or condition of the land-
scape being restored, as well as having different
desires for the shape, appearance, and final use of the
restored landscape. To have clearly defined, agreed-
upon goals, conflicting views and competing tensions
need to be resolved.

Goals need to be stated in measurable terms so
that RPs can collect the data that measures both
progress toward the final goal and validates its
achievement (i.e., whether rehabilitation trends
are heading in the right direction and at an appro-
priate rate). If progress is lacking, monitoring data
must provide the information needed for RPs to
adjust technologies.

Step 2: Defining the problem
In step 2, stakeholders and RPs work together to
carefully analyze the specific problem. This is a log-
ical progression from having a clear understanding
of constraints and goals. Step 2 involves a critical
analysis of the landscape as a biophysical-
socioeconomic system and the causes of the
problem, not just a list of the symptoms. This
analysis includes knowing the seriousness of the
problem, how quickly it needs to be solved, and
what information is available, or needs to be col-
lected, to better understand the problem.

As well as identifying the underlying causes of
the disturbance, we view step 2 as an analysis of
damaged landscape processes, what we call dys-
functional landscapes (Tongway and Ludwig 1996,
2007). Background information also needs to be
evaluated, ideally from reference sites in landscapes
that reflect the level of functionality aimed for in
restoration goals. Reference sites provide stake-
holders and RPs with a clearer perception of the
magnitude of the problem by highlighting the gap
in functionality between the damaged landscape
and the reference landscape.

4 restoring disturbed landscapes



Step 3: Designing solutions
In the third step, stakeholders and RPs examine
possible solutions to the problem. Their aim is to
identify the biophysical, social, and economic
processes that need to be improved to achieve the
desired goals. We view step 3 as landscape restoration
design, rather than technology selection, because to
deal most effectively with the problem this step
focuses on understanding and articulating the
processes and functions that need restoring.

Step 4: Applying technologies
In step 4, stakeholders and RPs select appropriate
solutions and technologies to apply. This is crucial,
because if an inappropriate technology is chosen, or
if an action is delayed, subsequent remedial (adap-
tive) actions may be very costly. For example,
applying a treatment that inadvertently exposes a dis-
persive soil B horizon can lead to gully erosion that
is very difficult and costly to repair.

Step 4 involves an if–then decision-making
process where possible technologies are examined
relative to problems and goals. Decision-making
criteria include factors such as cost and technical dif-
ficulty. If, after being selected and applied, the RP
finds that the technology does not lead to the desired
goals, it is modified or replaced (revised by adaptive
learning; figure 1.1). Examples of adaptive learning
being applied to achieve desired restoration goals are
presented in chapters of parts 2 and 3.

Step 5: Monitoring and assessing trends
The fifth step is about RPs monitoring the out-
comes of applied technologies over time and then
evaluating trends in monitoring data. It involves
establishing a baseline by collecting data before, and
as soon as possible after, implementing the selected
rehabilitation technologies. To provide context and
benchmark data, the RP needs to collect monitor-
ing data from reference sites. These data provide the

basis for evaluating the overall trend in rehabilitation
progress over time and answering questions such as,
are trends in the data toward values expected from
measurements taken on reference sites?

We view the trend analysis phase of step 5 as an
active and essential part of monitoring. This is
important because if the RP detects unsatisfactory
progress toward goals early on, rehabilitation tech-
nologies can be adapted to improve progress; this can
greatly reduce costs of repairing future failures. The
process of evaluating trends also adds to our knowl-
edge about the landscape.

It is also important that RPs collect data over a
sufficient length of time to detect genuine restoration
trends. Then they can confidently ask the question,
are trends OK? If not, this flags a need for RPs to
reexamine goals, reanalyze the problem, and
redesign solutions, whichmay simply lead to a mod-
ification of an already applied technology.

Further Thoughts

Over the years we have observed that less successful
rehabilitation has usually glossed over one or more
of the steps in our five-step adaptive landscape
restoration procedure or has not put basic land-
scape function concepts and principles into practice.
We describe these concepts and principles in chap-
ters 2 and 3. We have observed that successful
restoration can be achieved in deserts, grasslands,
shrublands, savannas, woodlands, forests, and rain-
forests by putting these concepts and principles into
practice within our five-step adaptive procedure.
Sometimes this success was achieved by intuition,
rather than by formally following our five-step pro-
cedure, but retrospective evaluation showed that
all steps had been taken in order.

Chapter 1: Our Approach to Restoring Disturbed Landscapes 5
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People see landscapes differently: Some people
respondmainly to the topography, that is, the shapes
of mountains, hills, and valleys; others respond
mainly to the diversity of the trees, shrubs, grasses,
birds, and so on. However, to understand how dis-
turbances affect landscapes so that a restoration
practitioner (RP) can design effective projects, we
believe it is important to view landscapes as func-
tioning systems (Ludwig and Tongway 2000).We feel
that with a function-based approach, landscape
restoration becomes a matter of making the system
work properly, rather than just replacing organisms
that might be missing.

Landscapes, defined as interconnected ecosys-
tems, are complex and dynamic (Tongway and
Ludwig 2009). We marvel at the biological diversity
of landscapes, such as tropical rainforests, and at the
power of physical forces on landscapes, such as by
glaciers. Landscapes that we also find fascinating are
those that slowly tick along and then suddenly spurt
into action because of an event such as a rain-
storm. Arid and semiarid shrublands, grasslands, and
savannas are examples of such landscapes; they
have alternating slow and then fast dynamics, and
they are sometimes referred to by scientists as pulse-
and-decline and stop-go ecosystems, because they
stop or slow down when water is limiting and
become active when it is available (Westoby et al.
1989; Robin 2007).

Landscapes range in size (scale) from small to
large depending on the extent of the area being
considered by different groups. For example, a local

community group may be interested in repairing a
damaged hillslope of a few hectares, whereas a
regional natural resource management group may
be interested in the health of a river catchment of
thousands of hectares. Given this variation in land-
scape scale, and the complexity and dynamics of
landscapes, the question is, what can we do to help
understand how disturbed landscapes function so
that we can readily repair damaged processes?

In this chapter our aim is to describe what sci-
entists call a conceptual framework,which is a device
that enables us to structure or make sense of all the
information we have about a landscape as a complex
and dynamic process-based system (Ryan et al.
2007). In constructing a framework, we take care to
be comprehensive and to not inadvertently omit
important processes. Such frameworks, once fully
developed, enable observers to read the landscape
and understand why landscapes have become dys-
functional and fail, to some extent, to provide the
goods and services desired by humans. We empha-
size that conceptual frameworks help us design and
apply effective restoration technologies by identify-
ing defective or missing processes.

Although conceptual frameworks can take dif-
ferent forms, here we use box-and-arrow diagrams
where we label boxes to represent the functioning
biological (biotic) and physical (abiotic) compo-
nents of the landscape system. We position boxes in
our diagrams to represent the order, or sequence, of
interactions between components of the system.
Arrows are used to illustrate resource flows between
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and in and out of the components of the system. For
example, rainwater enters a landscape as an exter-
nal input and then flows as runoff within the
landscape. These flows of water may then be cap-
tured by internal components, such as patches of
vegetation, or water may run out of the defined land-
scape area into a different area, such as a creek or
river located down the catchment. Flows of
resources out of a landscape system represent exter-
nal outputs.

Because water is essential to all life, the main
focus in our conceptual framework is on the role of
water. We provide examples of processes where
water andmaterials such as soil particles and organic
matter carried in runoff water enter, move around,
are stored, utilized, and leave the landscape sys-
tem. At times we also note how this framework
applies to flows of materials driven by other forces,
for example, wind-blown dust particles.

This focus of our conceptual framework on
those biological and physical processes, such as
water-driven soil erosion and growth of vegetation,
is, in part, due to our area of expertise, but we feel
strongly that this focus on biophysical processes is
very important when restoring landscapes. We has-
ten to note, however, the important role that
socioeconomic processes play in restoring land-
scapes, for example, in setting goals. (See step 1,
figure 1.1 in chapter 1.) Socioeconomic criteria
are also important in evaluating whether landscape
restoration goals have been successfully achieved.
Such evaluations can have huge economic conse-
quences. For example, bonds worth millions of
dollars may not be returned to mining companies
after mine closure until they can demonstrate to reg-
ulators that they have successfully rehabilitated
damaged landscapes.

Our Conceptual Framework

In this section we build a conceptual framework
composed of landscape components (boxes) and
processes (arrows). Our framework defines how

materials flow into, around, and out of compo-
nents of the landscape system. Our aim is to
describe how landscapes function as complex and
dynamic systems involving a sequence of important
processes between components, but without intro-
ducing too much detail. We build our framework
piece by piece, starting with external inputs and
ending with external outputs, and put it all together
in one diagram at the end. We illustrate how to put
the framework to work by examples in chapters of
parts 2 and 3. In the chapters of part 4, we describe
how monitoring allows acquisition of data about
changes and trends in landscape components and
processes; these data are needed to evaluate
whether trends are toward those specified by restora-
tion goals.

Triggers and Transfers of Water

In pulse-and-decline landscape systems, dynam-
ics are triggered into action, for example, by
external inputs of water from rainfall events (fig-
ure 2.1a). We all know that storms can be intense
and deliver large amounts of water in a short
period of time over small areas. Intense storm
events can trigger rapid and strong responses,
including transfer processes (figure 2.1). In func-
tional landscapes such events mostly involve
redistribution of water within the landscape, but
in disturbed landscapes disproportionate amounts
flow out of the system as runoff (figure 2.1b).
Functional landscapes have the capacity to cap-
ture high proportions of rainwater by the process
of infiltration, because they typically have a high
density and cover of vegetation that obstructs,
contorts, and slows down overland flows (figure
2.1c). Dense vegetation allows more time for
water to soak or infiltrate into the soil and for
trapping the litter and the sediments and nutrients
often carried in runoff.

These trigger and transfer processes also apply
to small rainfall events, which can also produce
infiltration and runoff but of smaller magnitude
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than for intense events. Highly functional land-
scapes typically have the capacity to infiltrate most
of the inputs of water during small, less intense
events. In functional landscapes, small rainfall
events are of great value to organisms, such as
ephemeral plants (figure 2.2) or fungi. In dys-
functional landscapes, small rainfall events can
quickly initiate runoff (figure 2.3). An example of
this would be a landscape in which excessive graz-
ing has reduced vegetation cover so that soil
surfaces have become compacted and crusted. In
this situation, flows are less impeded and surfaces
readily erode (plate 2.1).

Reserves: Stores of Soil Moisture

In functional landscapes, processes such as the
infiltration of rainwater into the soil will build up
stores or reserves of moisture. Dysfunctional land-
scapes with low plant cover and soils with physical
surface crusts and compacted subcrusts (figure
2.4a) have low infiltration rates, hence most
inputs of rainwater flow or run off along soil sur-
faces causing erosion (figure 2.5a). Even on
mildly sloping landscapes, runoff can become
channelized into gullies (plate 2.2). Dysfunc-
tional landscapes have a relatively low capacity

Figure 2.1. Rainstorm events (a) can trigger large inputs of waters to a landscape, which then initiate
transfer processes such as runoff and infiltration. A dysfunctional landscape (b) has a low capacity to cap-
ture flows of runoff water (illustrated by long, wide arrows representing flow pathways between vegetation
patches and down the slope), whereas a functional landscape (c) has dense vegetation patches with a
high capacity to obstruct runoff and to infiltrate water (depicted by numerous, short arrows representing
contorted flow pathways).

(b)

(a)

(c)
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to build reserves of soil moisture from given
rain events.

Functional landscapes have healthy soils infused

Figure 2.3. An example of a dysfunctional land-
scape where water mostly runs off to trigger soil
erosion.

Figure 2.2. A highly functional landscape that
retains water from small rainfall events, which is
important for ephemeral plants (foreground).

(a)

with plant roots and have a highly porous structure
(figure 2.4b) and high infiltration rates. Func-
tional landscapes have a high capacity for building

Figure 2.4. (a) Soils with dense physical surface crusts and compacted subcrusts have low infiltration
rates, which are typical of many dysfunctional landscapes around the globe. (b) Porous soils have high
infiltration capacity, which typically occur under plants in highly functional landscapes.

(b)
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reserves of soil moisture, and even small rainfall
events can store useful amounts of water under
plants (figure 2.5b).

Pulses of Growth by Plants, Animals,
and Microorganisms

If the amount of soil moisture stored in the soil is
above that required by plants to initiate growth (an
amount referred to as a critical moisture threshold),
and other environmental factors, such as tempera-
ture, are favorable, these conditions can initiate
responses or pulses of vegetative growth in a land-
scape (figure 2.6a). Microbial activity simultaneously

leads to pulses of mineralization so that nutrients,
such as nitrogen and phosphorus in plant-available
forms, are produced. Thus plants grow, flower, and
produce seeds (figure 2.6b). Also, by retaining vital
water and nutrient resources in soil and plant
reserves, functional landscapes provide the food
and shelter (habitat) needs of wildlife (figure 2.7).

Gains to, and Losses from, Landscape
Systems

To recap, inputs of water from rains trigger or drive
transfer processes, such as infiltration, which in
functional landscapes replenish soil water reserves,

Figure 2.5. Inputs of rainwater to dysfunctional
landscapes store little water because of runoff (a).
Inputs of rainwater to functional landscapes initi-
ate infiltration processes that store water in the soil,
which can be called reserves. For example, an 11
mm input event wets a sandy loam soil to a depth
of about 12 mm ([b] dark surface layer), and under
the grass plant water flowed deeper along root
channels or macropores ([b] dark tubes).(b)

(a)
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that is, the amount of moisture stored in the soil. If
adequate, soil moisture initiates pulses of plant,
animal, and microbial growth, for example, pulses
of new plant leaves, stems, roots, and seeds, larger
and more animals, and increased microbial activity.
If the products from these growth and reproduction
pulses stay within the landscape, as is largely the case
in functional landscapes, they represent feedbacks
and gains to the system as seen, for example, in a
thick growth of perennial grasses such as spinifex
(figure 2.8b).

All landscapes, even highly functional ones, also

lose some resources. Earlier we noted losses of
runoff from landscapes. Some products gained from
growth and reproduction pulses are also lost from the
landscape by what we call offtake processes. For
example, fire is an offtake process that can dramat-
ically reduce the amount of standing plant biomass
(figure 2.8a). Two other major offtake processes
that affect landscapes around the globe include the
removal of vegetation by livestock grazing (figure 2.9)
and tree clearing for agriculture (figure 2.10). Other
offtake processes include, for example, game hunt-
ing and firewood harvesting.

Figure 2.6. During rainfall events functional
landscapes infiltrate and store water, and if
reserves of soil moisture are adequate, they
respond with (a) pulses of growth in vegetation
and (b) plant reproduction.

(b)

(a)
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Feedback Processes: Building the System

Resource gains to a landscape initiate a number of
biological and physical feedback processes (figure
2.11). Such processes are called positive feedbacks
because they positively, or beneficially, affect com-
ponents and processes within the landscape system.
For example, a positive biological feedback process
occurs when gains in plant biomass build the struc-
tural diversity of vegetation in the landscape (plate

2.3), which provides more habitats for a greater
diversity of animals.

Biological feedback processes also enhance
physical feedback processes. This is because an
increase in the number, density, and diversity of
vegetation patches covering the landscape surface
(figure 2.11a) also improves the capacity of that
landscape to retain more rainfall in the next storm
event. Vegetation patches function by obstructing
more flows and allowing more time for more
water to soak into the soil, which can ultimately

Figure 2.7. Functional Australian landscapes provide habitats for thriving populations of wildlife:
(a) kangaroos, (b) echidna, (c) wombat, (d) Tasmanian devils. Photographs courtesy of Timothy
Blanche.

(a) (b)

(c) (d)
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Figure 2.8. In a landscape
system, pulses of growth and
reproduction represent
losses if, for example, (a)
spinifex grassland biomass is
removed in a wildfire, but
gains if, for example, (b)
there is an increase in the
thickness of spinifex.

(a)

(b)
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Figure 2.10. Landscape offtake occurs when rainforest is cut and burned to grow crops that are sold
out of the area.

Figure 2.9. Landscape offtake occurs when cattle consume forage and are then taken off the
landscape and sold.
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stimulate more growth of plants, animals, and
microorganisms.

A Fluctuating but Balanced Dynamic
System

Landscapes are continually changing as inputs
that drive the dynamic processes that influence
gains and losses in these systems fluctuate over
time and space. We have depicted this by having
gains and losses being balanced on a fulcrum
(figure 2.12). Obviously at various times of the
year, such as during a dry spell, landscape systems
lose more than they gain, but this tilt in the bal-
ance reverses during rainy periods. In the long
term we can view a landscape system as balancing
gains and losses, while fully acknowledging that
these gains and losses fluctuate over the short
term as, for example, between seasons. In an ear-
lier book (Ludwig et al. 1997), we illustrated how
gains and losses become out of balance in dys-
functional landscapes.

Further Thoughts

In ending this chapter we feel that it is important to
note some additional points about our framework.
Our first point relates to the axiom mentioned ear-
lier: “You can’t manage what you can’t measure.”We
used arrows between boxes to specify the dynamic
processes that need to be measured in the land-
scape system. These processes must be measured in
terms of changes in amounts and rates, for example,
the rate at which rainwater infiltrates or soaks into the
soil versus the amount that runs off the landscape.
Processes are directly measured or, if difficult to
measure, estimated by observing simple surrogates
(indicators). The kinds of landscape processes that
are directly measured versus those that are esti-
mated by indicators will become evident by the
examples we present in later chapters where we
describe what monitoring data need to be collected
to evaluate trends in restoration.

Second, we feel that a focus on processes enables
RPs to apply field assessment or monitoring proce-

Figure 2.11. Pulses of growth and reproduction
represent feedbacks or gains to the landscape by
building, for example, a higher density and diver-
sity of vegetation patches, (a) which obstruct flows
of water during future rainfall events (a physical
feedback process), and also store larger reserves of
soil nutrients including organic carbon (a biologi-
cal feedback process).

(a)
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dures to a wide variety of landscape types, from
rainforests to deserts. Although each landscape type
has its own spatial scale and functional identity,
they can all be described in terms of our conceptual
framework; this is because they all have similar gen-
eral components (plants, animals, microorganisms)
and processes (e.g., infiltration, storage, growth
pulses). The conceptual framework enables the
information contained in monitoring data to be
immediately appreciated by RPs, which helps them
to read the landscape.

Finally, we feel confident that our landscape
function-based approach, with its focus on processes,
will lead to an understanding of how landscapes can
be restored to be sustainable in the long term. We
feel that there has been too much emphasis on
restoring species rather than repairing fundamental
landscape processes, which is putting the cart before
the horse. Obviously the species present in a land-
scape are important, but species are most usefully
expressed in terms of their role in landscape
processes and in providing a diversity of functions.

Figure 2.12. A completed conceptual framework depicting how functional landscapes, when triggered
by events such as rainfall, respond in space and time with processes that transfer water by runoff and
storage in soil reserves, which then initiate pulses of growth that are gained or lost by the system. The
landscape system sits on a fulcrum to represent the fact that, in the long term, internal gains and exter-
nal losses are dynamically balanced.





Principles are important demonstrable assumptions
or laws about the way a systemworks. Principles have
been widely developed for systems that affect our
daily lives, such as how to process and market
healthy foods. In science, numerous principles have
emerged from various studies of physical, chemical,
and biological systems, such as howmolecules move
and how organisms evolve. From our studies of
landscape rehabilitation, a number of principles
have emerged that, when put into practice, help
restoration practitioners (RPs) achieve their goals.

In this chapter we describe four of these princi-
ples, which we have tested in a wide range of
environments from arid lands to tropical rainforests.
They are an extension and a practical outcome of our
function-based framework and our five-step proce-
dure for adaptively restoring landscapes, which we
described in the two previous chapters. After describ-
ing these four principles in this chapter we will
illustrate how they apply to examples of landscape
restoration in chapters within parts 2 and 3. If these
four principles initially appear too complex, we ask
readers to recall the dictum “For every complex
question there is a simple answer: neat, plausible,
and wrong” (H. L. Mencken).

As we noted earlier, our examples will usually
emphasize processes involving water dynamics.
This is not just whimsy; we choose water for our
examples because it is a crucial driver in all living
systems, whether it comes in the form of a gentle
rain or a raging flood. Furthermore, based on our
experiences, and those of many RPs, the failure of

damaged landscapes to effectively retain water for
the benefit of plants, animals, and microorganisms
is, universally, a key process that almost always
requires restoration.

Principle 1: Analyze the causes of landscape
dysfunction.

Our first principle essentially means to know your
landscape setting and the underlying causes of your
problem. To apply this principle, we ask questions
such as what other landscapes are like in the area.
Who has an interest in the specific area? What are
the restoration goals? What, exactly, disturbed the
landscape causing problems that initiated the need
for a restoration project?

Why some landscapes have become damaged
is very obvious, considering, for example, impacts
caused by disturbances due to mining operations
(plate 3.1). However, many problems have a range
of causes that began many decades or centuries
ago and have slowly accumulated over the years,
such as those caused by long-term overgrazing in
rangelands.

We emphasize that it is critical to fully under-
stand how disturbances affect landscape processes,
for example, how well landscapes retain water. We
know that undisturbed landscapes strongly regulate
overland flows of water because they typically have
a high density and cover of perennial shrubs, grasses,
and forbs (plate 3.2). In contrast, we have observed
how a nearby damaged landscape with almost no
vegetation cover (plate 3.3) is ineffective in regu-
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lating runoff within, and out of, this landscape. We
also know that analyzing the causes of landscape dys-
function will reveal those properties and processes
that are beneficial to the system, which helps RPs
design and select the most effective restoration tech-
nologies and actions.

To analyze the causes of landscape dysfunction,
we need to consider all of the components and
flows (boxes and arrows) in the conceptual frame-
work described in chapter 2. (See figure 2.12.) This
enables us to systematically identify which processes
have become ineffective within the landscape system
and which have retained significant function. Have
some processes simply ceased or have they been
reduced in effectiveness? For example, in plate 3.3,
it is obvious that biophysical feedback processes
regulated by the plants have simply ceased. This
leads to the next question: What physical and bio-
logical technologies can be applied to restore the
processes involved in retaining water within dam-
aged landscapes?

Principle 2: Restore ineffective processes
sequentially.

Our second principle, which we have found to be
essential, basically says that to restore damaged
processes, such as the capacity of a landscape to
retain water, apply physical and biological tech-
nologies in an ordered sequence. This means that
you first apply technologies to improve those phys-
ical processes that function to retain water in the
landscape. For example, compacted soil surfaces
can be deep-ripped by machinery to loosen sur-
faces so that rainwater readily soaks (infiltrates) into
the soil. Then you apply technologies that improve
biological processes that enhance water retention in
the landscape. For example, sowing seeds or plant-
ing seedlings on loose soil surfaces establishes a
vegetation cover that functions to reduce raindrop
impact, to slow flows of runoff, and to promote infil-
tration; all these help to retain water and soil in
the landscape.

We have found that this principle of first restor-
ing physical processes followed by biological

processes applies universally to all cases of suc-
cessful rehabilitation of seriously disturbed
landscapes. We will document this principle repeat-
edly by presenting graphs of data for indicators of
rehabilitation progress in later chapters. Recall
from chapter 2 that we defined indicators as simple
surrogates for difficult-to-measure landscape
processes. Data trends for biological indicators
reflecting the development of landscape function-
ality typically follow an upward or increasing
S-shaped (sigmoidal) curve with time (dashed line;
figure 3.1). Indicators of physical processes typi-
cally follow a downward or declining S-shaped
curve (dash-dot line). Net or whole landscape devel-
opment is an upward S-shaped curve (solid line).
Although rates (slopes of the curves in figure 3.1)
vary, the contribution of physical technologies to
improve functions such as water retention diminish
as biological processes come increasingly into play
and largely take over as the landscape progresses
toward becoming a fully functional, self-sustain-
ing system (leveling off of curves after time).
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Figure 3.1. The net development of a rehabili-
tated landscape toward becoming a highly
functional, self-sustaining, dynamically balanced
system initially depends on applying technologies
to improve physical processes (e.g., water reten-
tion), but over time the role of these processes is
largely taken over by self-replacing biological
processes (e.g., plant growth and reproduction).



The importance of applying principle 2 has also
been confirmed from our studies of cases of unsuc-
cessful landscape rehabilitation. For example, we
have observed that spreading grass seed or planting
seedling trees on a rehabilitation site before apply-
ing physical technologies to ensure that the site has
the capacity to retain an adequate water supply for
establishing and growing these plants is bound to fail.
In other words, it does not work to put the cart
before the horse.

Although examples of the application of prin-
ciple 2 will be presented in subsequent chapters, we
feel this principle is so important that the sequence
of biological processes taking over from physical
processes needs to be briefly illustrated here. We
use an example of rehabilitation of a landscape
damaged by mining. Although hypothetical, this
typical example is based on our extensive experi-
ences with restoring mined landscapes (e.g.,
Tongway et al. 1997; Ludwig et al. 2003; Tongway
and Ludwig 2006).

For step 1 in our procedure (see chapter 1, figure
1.1), we simply assume that the goal is to restore the

disturbed landscape so that it does not lose excessive
amounts of runoff during and after rainstorm events.
After applying steps 2 and 3 (problem analysis and
designing solutions), two physical technologies were
selected and applied (step 4) to enhance water reten-
tion in the landscape. First, themined landscape was
physically reshaped into a new landform using a
design that minimizes runoff rate and sediment trans-
port, which is to reduce slopes to a minimum (figure
3.2). Second, these slopes were deep-ripped along
contours to reduce the compaction caused by the
heavymachinery used in land forming. As seen in fig-
ure 3.2, deep-ripping forms banks and troughs, which
are known to be very effective for improving land-
scape processes such as increasing rates of water
infiltration and the amount of water stored in the soil.
If it is necessary to form steep slopes, then to reduce
runoff and erosion, large banks and troughs are con-
structed along slopes (figure 3.3).

At this point we note that there is an extensive lit-
erature on post-mining landform design and
construction, which is beyond the scope of our
book. We refer readers to a paper by Loch et al.
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Figure 3.2. A landscape where piles of waste rock were reshaped to have minimum slopes. The
reshaped surface was then deep-ripped to create banks and troughs.



(2006) because of their successful and award-winning
approach to landform rehabilitation. Their “key
performance indicators” approach lists five compo-
nents of successful landform rehabilitation that are
very similar to, and confirm, the usefulness of our
adaptive landscape restoration procedure.

After the mined landscape was treated by apply-
ing physical reforming and ripping technologies,
biological technologies were applied, in this case,
by establishing vegetation in troughs (figure 3.4).
This is where water from light rain showers tends
to accumulate. Establishing vegetation in troughs
was achieved by first applying fresh topsoil stored
during mining operations. (See chapter 4.) Using
fresh topsoil with viable seeds helps ensure that the
final species composition of the vegetation is sim-
ilar to that of nearby native landscapes. To improve
plant growth, fertilizer was applied because soil
analyses indicated nutrient deficiencies. As plants
grow, they produce litter that accumulates within
troughs and decomposes to develop soils with
greater infiltration rates.

After these physical and biological technologies
were applied in sequence to rehabilitate this hypo-
thetical landscape, key indicators were monitored
and trends were evaluated. (See figure 1.1, step 5.)
Trends indicated that water was now being retained
in the landscape. In actual rather than hypothetical
cases, such findings would verify that restoration
goals were being achieved.

Principle 3: Monitor indicators reflecting
landscape processes.

As noted at the end of the previous example, mon-
itoring is required to evaluate how well a
rehabilitated landscape is progressing toward desired
goals. Monitoring addresses a number of important
questions, such as what evidence confirms that the
technologies selected and applied are being effective
in restoring the damaged processes? What can be
measured to provide this evidence? Is progress occur-
ring at an appropriate rate? In answering these kinds
of questions over the years, we formed principle 3,
which emphasizes the critical importance of mon-
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Figure 3.3. A landscape reformed from piles of waste rock into one with sloping sides and a series of
banks and troughs shaped along slope contours.



itoring or measuring simple, yet quantitative, indi-
cators of processes over time that provide data on
how well the landscape is functioning.

Although some attributes of landscape func-
tionality are easily and directly measured, such as the
number and size of erosion gullies found along a
slope, other landscape attributes and processes are
very difficult to directly measure. For example,
measuring actual rates of water infiltration into soil
following rainstorm events is not only difficult to
directly measure but, even if easily measurable,
would only provide a brief snapshot of a landscape
process. As implied by principle 3, we strongly rec-
ommend measuring simple indicators reflecting
landscape processes that can be readily monitored
over time. We have found that principle 3 greatly
helps RPs with designing restoration technologies
and with monitoring and evaluating the outcomes
of putting these technologies into practice.

There are a number of simple indicators that
reflect landscape processes and that can be easily
measured using simple methods and inexpensive
tools. For example, the number and size (length and

width) of perennial vegetation clumps (patches)
can be readily measured along transects (defined by
a measuring tape) on a site (figure 3.5). Vegetation
patch density and size indicate the potential capac-
ity of the landscape to retain water after storm events.
The functional role of different plant species can be
indicated by measuring the shape and thickness of
the foliage comprising different types of vegetation
patches, which also function as habitat for a variety
of fauna. We place far less weight on indicators
such as the absence of species, which may simply
show that a problem exists. The kinds of indicators
we and others have found most useful for monitor-
ing landscape functionality will become evident as
we describe examples in later chapters.

The potential for soil surfaces on the landscape
to infiltrate water can also be estimated by a small set
of simple indicators derived as part of a monitoring
procedure known as LFA, short for landscape func-
tion analysis. The LFA procedure includes
measuring surface erosion features and many other
indicators of how well landscapes are functioning.
(See chapters in part 4.)
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Figure 3.4. Vegetation has successfully established in troughs on a slope.



Principle 4: View landscape functionality
as a continuum.

We have found from experience that another useful
restoration principle is to view landscape function-
ality as a continuum. This view is important because
an analysis of landscape function/dysfunction
involves dynamic processes and fluctuations that
contribute to the balance of gains and losses from a
landscape system. (See figure 2.12 in chapter 2.)
Although all landscape processes are linked within
the system, they all respond to disturbances in dif-
ferent ways and at different rates; some may respond
quickly and strongly to disturbances while others may
change only slightly. The net system response results
in a sliding scale effect, because each process
responds in its own way with increasing disturbance,
thus producing a continuum from very dysfunc-
tional to highly functional landscapes. Because our

adaptive landscape restoration procedure measures
a diverse range of indicators of landscape processes
and their responses, assessing these responses along
a continuum of landscape functionality has proven
to be a very useful way to view the progress of land-
scape restoration.

Another way to view this continuum principle is
to think of step 5 in the adaptive landscape restora-
tion procedure. (See figure 1.1 in chapter 1.) Step
5 is where indicators reflecting landscape processes
are monitored over time until sufficient data are
available to robustly evaluate trends in these data.
These trends are then assessed as to whether they are
moving along a continuum toward values expected
for a highly functional landscape.

A useful graphical approach is to show photo-
graphs illustrating changes in landscape functionality
along a continuum (figure 3.6a). These photographs
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Figure 3.5. Measuring the size of vegetation clumps along a transect.



validate the axiom that a picture is worth a thousand
words. It is also useful to plot trends in landscape
functionality as time-marks along a line representing
a continuum (figure 3.6b). Marks (vertical bars)
noting the time (year) that indicators were measured
are positioned along a continuum; these time-marks
document any trends in the monitoring data.

Further Thoughts

We finish chapter 3, which is the last chapter in part
1, with a few additional points. The first is probably
obvious but worth noting. Restoration technologies
need to be applied at a scale appropriate to the

extent of the problem. We have observed that in
some cases treatments have been applied to only a
small landscape area when the damage is quite
extensive. Although less common, we have also
seen treatments applied to extensive areas when
the problem was actually localized.

Related to this point is the need to identify where
to apply restoration treatments. In many cases we
know that the cause of damage to processes is located
upslope from where the signs of damage are actually
observed. For example, a gully on a lower slope is
actually caused by excessive runoff from upslope. By
applying restoration technologies to these upslope
areas, RPs can more efficiently and less expensively
treat the problem.
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Figure 3.6. Photographs taken at the same photo point illustrating vegetation development from a very
dysfunctional landscape in 1973 (top left), to intermediate functionality in 1989 (top center), and to a
highly functional landscape in 2002 (top right). Cattle grazing and fire were strictly controlled to restore
this savanna landscape. Time-marks for a perennial grass indicator (biomass as kilograms per hectare)
were measured to reflect landscape restoration over time, which aimed to promote the retention of water
and to reduce erosion by water and wind.



Tackling landscape restoration problems with a
multidisciplinary team is very useful. The ideal
team has researchers and RPs working together,
because restoring landscapes requires information
from a number of sources. For example, under-
standing the drivers and processes involved in how
landscapes function to retain water requires contri-

butions from people in a wide range of disciplines,
from geology, geomorphology, hydrology, and ecol-
ogy to microbiology. A thorough analysis of different
kinds of landscape data can help RPs select and
apply those technologies that are most likely to
achieve restoration goals.
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part ii

Case Studies on Restoring Landscapes:
Mine Sites and Rangelands

Landscape restoration presents an apparently bewildering variety of problems, espe-
cially when expressed in terms of renewing damaged ecosystem processes and
restoring ecosystem components such as species biodiversity. To negotiate all these
problems at specific sites, we want to provide restoration practitioners with a gen-
eral approach, or template, that has a solid conceptual framework and rigorous
principles underlying it. In part 1, chapter 1, we went through our five-step
approach to adaptive landscape restoration. In chapter 2 we described a function-
based conceptual framework forming the foundation for this approach, and in
chapter 3 we defined four landscape restoration principles.
In part 2, chapters 4 and 5, our aim is to illustrate for restoration practitioners

how to put our landscape restoration approach into practice by applying the con-
ceptual framework and the four principles. We present four case studies where an
adaptive landscape restoration procedure and the principles underlying this pro-
cedure were followed.We were directly or indirectly involved in projects described
by these four case studies; our five-step adaptive procedure for restoring landscapes
developed from these experiences. We selected these four case studies from a num-
ber of projects because they demonstrate most clearly the application of the
adaptive landscape restoration procedure outlined in this book.

Three of these case studies are based in Australia and one in Indonesia. Our
experience on other continents confirms that our landscape function-based
approach is effective outside Australia and Indonesia as well. Restoring some land-
scapes is very difficult, of course, anywhere in the world. For example, we all know
that repairing rangelands in arid or desert climates, especially where the landscape
has deteriorated to shifting sand dunes, is extremely difficult and usually uneco-
nomic. Restoring mine sites having severe geochemistry problems (e.g., acid
drainage) can present restoration practitioners with nearly intractable problems.
In the introduction to each of the four case studies, we will describe the char-

acteristics of the damaged landscape and the goals of the restoration process. We
will discuss how other landscapes with similar characteristics are likely to respond
positively to similar restoration efforts. These four case studies have progressed a
long way toward achieving their restoration goals, so that we would say “trends are
OK.” (See figure 1.1 in chapter 1.)





We describe two case studies in this chapter on
restoring mined lands. We first provide restoration
practitioners (RPs) an example on how our five-
step adaptive restoration procedure is being put into
practice on landscapes disturbed by open-cut, baux-
ite (aluminum) mining operations. We present
major findings from restoration projects we partici-
pated in on a mine site located on the Gove
Peninsula in northern Australia; detailed results are
provided in a report by Spain et al. (2009) and in a
thesis by Wedd (2002).
Although this first case study is specific to Gove,

we are confident that our five-step procedure also
applies to restoring other landscapes where open-
cut, surface-mining operations are being used to
extract valuable resources, such as the examples we
describe in chapters 6 (precious metals) and 8
(coal). Other examples of open-cut surface opera-
tions include mineral sand mining and pisolitic
iron ore mining, although we do not describe these
specific cases in our book.
In our second case study, we briefly describe for

RPs how a rainforest landscape can be restored after
mining for gold in East Kalimantan, Indonesia.
One of us (DT) participated in monitoring this
mine-site restoration project, which is described in
detail in a thesis by Setyawan (2004). Although
restoring mined landscapes in a high rainfall envi-
ronment has some advantages over mine-site
restoration projects in drier environments (see chap-
ters 6 and 8), rainy landscapes pose other challenges,
which we describe in this second case study.

Bauxite Mining, Gove Peninsula,
Northern Australia

Aluminum is mined from geological deposits
rich in hydrates of aluminum (bauxites). Thiry
and Simon-Coincon (1999) estimate that 88 per-
cent of the globe’s bauxite is within lateritic
deposits. Bauxite and laterite deposits formed
during tropical and subtropical geological peri-
ods by surface and subsurface weathering
processes. Laterite and bauxite are similar, but
bauxite contains more aluminum and iron.
Where bauxite deposits occur near the surface,
they are readily mined. These deposits mostly
occur in equatorial and subequatorial regions in
South America, Africa, India, Southeast Asia,
and in northern Australia (e.g., Gove Peninsula
and Cape York).
Operations to mine lateritic bauxite are very

similar around the globe. First vegetation (typi-
cally savannas, woodlands, and forests) is cleared
away. Topsoil is then stripped off and moved to
an area that is ready for rehabilitation. Then
the layer of bauxite is excavated, dumped into
trucks, and transported to a processing plant.
These plants are usually located near a port so
that either the bauxite or concentrated products
such as alumina can be shipped to refineries to
extract the metal; these refineries are located
in places where electricity is less expensive, such
as Iceland.
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Study Area

Themined landscape being restored is located near
Nuhlunbuy on the Gove Peninsula in northern
Australia (figure 4.1). The region is seasonally humid.
About 70 percent of the average annual rainfall of
1,444 mm (Gove Airport) occurs in the December
to April wet season. The dry season from May to
November is such that the average annual pan evap-
oration of 2,153mm exceeds annual rainfall. When
it is wet, it is very wet, and when dry, very dry. Tem-
peratures on the Gove Peninsula are mild
throughout the year, largely because of the influence
of winds off the Gulf of Carpentaria to the east. In
December the wet season maximum andminimum
temperatures average 33°C and 25°C, respectively.
In August the dry seasonmaximums andminimums
average 28°C and 19°C, respectively.

The natural vegetation is grassy open forest or
savanna (figure 4.2), which is dominated by two
eucalypt tree species, Eucalyptus miniata and E.
tetrodonta. This vegetation type is common across
northern Australia on well-drained sites with deep, red
lateritic sands and gravels. Although the understory
is typically grassy (tall tropical grasses), some palms
and shrubs occur in themid- to lower-canopy layers.
Soils are highly weathered laterites, rich in

oxides of aluminum and iron. The lateritic topsoil
is largely composed of large soil aggregates (plate
4.1) and numerous small roots and silica-rich, pea-
sized nodules called pisolites (figure 4.3). The soil
surface readily takes in rainwater (i.e., high infil-
tration capacity). The Gove Peninsula has a layer
of bauxite about three to five meters deep below the
topsoil in a number of locations, and these layers
are mined.

30 restoring disturbed landscapes

Figure 4.1. Location of the case study near Nhulunbuy on the Gove Peninsula in the Northern Terri-
tory, Australia.



Step 1: Setting goals
Landscapes being mined for bauxite at Gove
are leased from the local traditional indigenous
owners of the land. Restoration goals are speci-
fied in the lease agreement between the
traditional owners and the mining company.
The primary restoration goals in this agreement
are to repair mined landscapes so that (1) land-
forms are stable and blend in with surrounding
natural landscapes; (2) restored vegetation is
self-sustaining and is similar to that of nearby nat-
ural forests; and (3) the traditional uses of these
landscapes by indigenous people can be reestab-
lished, including the preservation of totemic
species and the establishment of specified tradi-
tional food plants.
Landscape restoration projects are an integral

component of mining operations at Gove, and our
role was to work with the ecologist-restorationist
Mr. Dieter Hinz to specifically evaluate whether

trends in vegetation and soil development on
restored sites were toward those expected from nat-
ural sites (Spain et al. 2009).

Chapter 4: Restoring Mined Landscapes 31

Figure 4.2. A typical grassy open forest (savanna) in northern Australia, which serves as a reference
area for evaluating rehabilitated sites. Photograph courtesy of Sue Gould.

Figure 4.3. A typical soil profile under grassy
open forests on the Gove Peninsula showing the
friable soil structure and the abundance of
pisolites in the profile.



Step 2: Defining the problem
At Gove, lateritic bauxite is mined on about 125
hectares each year. About the same amount of
area has been rehabilitated each year since 1973
because the mining company has a policy of con-
tinuous restoration. There is a running five-year
plan, so that mining and restoration can be har-
monized over time. Unlike many mine sites,
restoration procedures at Gove have been rela-
tively consistent since mining started. This is
because essentially the same system of rehabilita-
tion has been applied by Mr. Hinz and his team
since mining operations began in 1972. This system
conforms to our five-step adaptive restoration
process and its underlying principles.

Mining bauxite at Gove, as in other strip-min-
ing operations around the globe, uses large
machinery to push vegetation into rows, which
are burned after drying (plate 4.2). This cleared
landscape is not mined for about two years. During
this time some vegetation grows from root-sprouts
and seeds, which maintains soil biological activity.
When mining starts, the topsoil (about 150 mil-
limeters in depth) is stripped from the surface and
is hauled to, and spread over, a new site being
prepared for restoration. If no new sites are avail-
able, the stripped topsoil is hauled to a lay-down
area. Mr. Hinz emphasizes the importance of “lay-
ing down” topsoil rather than stockpiling it. Laying
down topsoil (spreading it in many small piles over
an area) helps retain the biological vitality of the
soil, whereas stockpiling typically creates a deep pile
of soil, the interior of which dies from lack of oxy-
gen and water.
The subsoil below the removed topsoil is then

stripped and pushed into piles adjacent to where the
bauxite layer (typically in 2 to 5 m thick layer below
the subsoil) is then mined. Extracting the bauxite
layer lowers the landscape and exposes a surface that
is typically a hard, iron-rich laterite (plate 4.3),
which is aptly referred to as ironstone. RPs face a dif-
ficult challenge when restoring such ironstone
landscapes, but at Gove,Mr. Hinz and his team have
a number of conditions working in their favor:

1. There are no steep slopes to deal with because
landforms on the Gove Peninsula are subdued (i.e.,
not hilly or mountainous).
2. There are no highly toxic minerals to dispose

of (e.g., sulfur-bearing rocks) because surface geo-
logical layers are relatively benign iron and
aluminum oxides (i.e., laterites and bauxites).

3. When topsoil is stripped from surfaces, it can
be managed to preserve its biological quality.

4. The Gove climate is favorable. As noted in the
study area description, temperatures are moderate
and there is a reliable wet season. These factors
make it easier to regenerate self-sustaining vegeta-
tion because native plant seeds can be sown at the
start of the wet season when they will quickly ger-
minate and rapidly grow, and eventually produce
more seeds.

Before designing a specific restoration project,
Mr. Hinz first analyzed a problem that relates to prin-
ciple 2: restoring the capacity of the landscape to
retain water. Because natural landscapes in the area
are very gently undulating, the mined area can read-
ily be reshaped with machinery into a similar gently
undulating landscape. However, as noted, after min-
ing the landscape has been lowered by a fewmeters
and an ironstone layer is exposed in most places. Mr.
Hinz examined mined areas to see where ironstone
layers needed to be deep-ripped to open up the sur-
face and produce deep fractures. This deep-ripping
allows water to infiltrate deeply into the soil, which
promotes plant roots to grow deeper. To reduce
compaction by machinery after subsoil and topsoil
were moved back onto the ironstone surface, Mr.
Hinz had this surface tilled (figure 4.4).
At this point we reemphasize that the function of

resource retention, initially enhanced by physical
processes such as surface ripping, needs to be even-
tually taken over by self-sustaining biological
processes. (See figure 3.1 in chapter 3.) To pro-
mote biological processes, Mr. Hinz planted the
site with native, perennial, self-replacing vegeta-
tion, which then functioned to retain and utilize
resources within the landscape. To determine what
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kinds of plants to sow on mined landscapes, Mr.
Hinz analyzed the plant composition of nearby nat-
ural open forests.
To protect surfaces from wind and water ero-

sion,Mr. Hinz also examined natural landscapes and
found that the function of surface protection was
largely provided by a groundcover of native peren-
nial plants, mostly tall tropical grasses. He also
conducted experiments to see if the seeds of native
plants remained viable in topsoil after being stored
in the field for up to two years. If seed remained
viable, a simple solution would be to spread fresh top-
soil from a site being stripped, or older topsoil from
lay-down areas, onto sites being prepared for reha-
bilitation. In addition, because local trees typically
germinate under shade, Mr. Hinz created shady
microclimates, using both local grasses and a hybrid
annual sorghum. These microclimates facilitated a
high germination rate of tree seeds and growth into
saplings in the first year (plate 4.4).

Mr. Hinz also conducted soil analyses to identify
any nutrient-deficiency problems. Northern Aus-
tralia’s tropical soils tend to have low concentrations
of plant-available phosphorus due to having high
concentrations of oxides of iron and aluminum;
these oxides tightly hold phosphate ions so that they
are unavailable for plant growth. If deficient, a
small, single application of phosphate fertilizer
could be applied, but this was considered a minor
and inexpensive problem because the native plants
being sown are well adapted to growing in low phos-
phorus soils.
A critical process on mine restoration sites is soil

development (Spain et al. 2009). Soils are needed
that are favorable for retaining rainfall and organic
matter on-site and for storing and cycling of nutrients.
Feedbacks from pulses of plant growth effectively
promote soil development by biological and physi-
cal feedback processes. (See figure 2.11 in chapter
2.) With time, soil properties and processes should
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Figure 4.4. A landscape prepared for sowing (age zero) by reshaping, deep-ripping (after returning
subsoil), and surface tilling (after returning topsoil). Photograph courtesy of Sue Gould.



develop along a continuum toward becoming highly
functional. (See figure 3.6.)
Mr. Hinz examined nearby natural forest sites

and concluded that the species composition and the
size of native trees found on these sites would be use-
ful indicators of how well the vegetation was
developing on restoration sites. Mine sites are often
planted with Acacia species because they germi-
nate readily and grow rapidly, and they notionally
provide important ecosystem services, such as fixing
soil nitrogen, adding litter to surfaces and organic
matter to soils, and providing shade and shelter for
a diverse biota. However, most of the acacias used for
rehabilitation in northern Australia are sourced
from areas outside the region. These acacias, which
commonly occur as thickets in forest and savanna
landscapes, are typically fire sensitive, that is, they are
readily killed by the wildfires that occur in the dry
season when grassy fuels are thick and highly flam-
mable. But, native eucalypt trees in northern
Australia are highly fire resistant when mature, and
eucalypts form self-sustaining open forests, which are
needed to meet restoration goals. Long-lived euca-
lypt forests also provide a wealth of goods and services
that far outweigh those provided by short-lived aca-
cia thickets.
Recall from earlier in this chapter that indigenous

people on the Gove Peninsula greatly value cer-
tain tree and shrub species, and restoring these
species is an important restoration goal. For exam-
ple, Darwin stringybark (Eucalyptus tetrodonta) is a
tree that needs to be established on restoration sites
because it is of great spiritual, medicinal, and prac-
tical value to local traditional owners. If the plant
species valued by traditional owners proved to have
low viability in the available topsoil, Mr. Hinz col-
lected seeds from these species and either sowed
them onto sites or grew them in pots in a nursery
until ready to plant as seedlings.

Steps 3 and 4: Designing solutions and
applying technologies

To successfully restore mined landscapes at Gove,
Mr. Hinz used an adaptive process to design themost

effective treatments. This process was built on find-
ings from a number of experiments conducted
during the early days of rehabilitation. For example,
at first Mr. Hinz simply placed topsoil onto reformed
mined areas without sowing any seeds collected
from local native forests. However, he found from
early trials that some of the vegetation developed
from this topsoil was dominated by undesirable fire-
prone acacias. This vegetation is not stable because
acacias are killed by lightning-initiated wildfires,
which are difficult to control. At Gove, human-
started fire damage to rehabilitated areas was
controlled by a system of firebreaks.

In other early trials, Mr. Hinz planted exotic
trees, but these too proved to be unsustainable
because of fire sensitivity. He learned that sowing
seeds collected from fire-resistant native eucalypt
forests was the most useful practice. In the 1970s, he
trialed different seed mixes, rates of sowing, and
fertilizer applications to establish the most effective
applications.
Currently, Mr. Hinz and his team have put into

practice the following treatments to restore mined
landscapes at Gove:

1. The ironstone subsoil layer is fractured by
deep-ripping with heavy machinery.

2. The subsoil originally located between the
topsoil and the bauxite is returned from nearby
piles to the site being rehabilitated.
3. Topsoil from a nearby site being cleared for

mining, or from a lay-down area, is spread on surfaces
and tilled to reduce compaction (figure 4.4).
4. A seed mix of native trees and grasses is sown

and tilled into the topsoil surface.
5. A single application of 100 kg per hectare

of superphosphate fertilizer is spread over sown
surfaces.
6. The scheduling of seed sowing and fertilization

is set to occur just before the onset of the wet season.
7. Vegetation development is assessed by meas-

uring the species composition (e.g., eucalypt versus
acacia trees) and the size (e.g., height and basal
area) of trees on rehabilitated sites, along with the
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abundance (e.g., number per hectare) of other tree
and shrub species important to the indigenous peo-
ple of the region.
8. The role of soil fauna is observed, especially

termite activity because of their role in transform-
ing plant litter and improving soil structure (Spain
et al. 2009).
9. Soil development is assessed by conducting

some specific soil chemical and physical analyses
(e.g., organic matter, nitrogen, phosphorus) and by
observing a number of soil-surface indicators, which
are specified in a set of landscape-monitoring meth-
ods known as landscape function analysis (LFA).
(See chapters 13 to 16.)
10. Fire is actively excluded from all rehabilitated

sites by building and managing fire breaks.

Step 5: Monitoring and assessing trends
To assess how rehabilitated mine sites at Gove were
progressing toward specified goals, we worked with
Mr. Hinz and his team to collect data on indicators
of vegetation and soil development. Here we sum-
marize a few key findings from this work, which we
selected from the results reported in Spain et al.
(2009). When wemeasured indicators on restoration
sites, we used what is called a space-for-time substi-

tution approach, where sites at different locations of
different rehabilitation ages were measured during
the same project period (2001–2). This approach was
necessary because indicators were not repeatedly
measured (monitored) enough times at individual
sites to adequately assess site trends through time.
Ideally, data for indicators should be collected a
number of times at every rehabilitated site so that suf-
ficient data are obtained to have confidence in the
generality of any trends found.
We will first illustrate the development of the veg-

etation on rehabilitated landscapes using
photographs taken at a sequence of sites restored in
different years. Then we will present data on indi-
cators of vegetation and soil development collected
from these sites.
Initially, sites rehabilitated just prior to the onset

of the wet season are completely bare of vegetation
(figure 4.4), but, in the wet season, seeds rapidly ger-
minated and seedlings successfully established so
that a three-year-old site had well-developed tree
saplings and grasses (figure 4.5). On a thirteen-year-
old site, trees were more fully developed (figure
4.6). Also evident in this photograph is that small tree
and shrub species are dead or dying because of self-
thinning. A site at a rehabilitation age of twenty-six
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Figure 4.5. Three-year-old rehabilitation site at
Gove illustrating how tree and grass species have
established.

Figure 4.6. Thirteen-year-old rehabilitation at
Gove showing how dense tree and shrub saplings
are dying due to self-thinning processes.



years had very well-developed trees, and the ground
was covered with grasses and tree litter (figure 4.7).
The appearance of the vegetation in this photo-
graph is quite typical for natural forest sites in the
region. (See figure 4.2.) The twenty-six-year-old site
was the oldest restored mine site we studied.
This trend in vegetation development was con-

firmed by color photographs taken at other sites over
a sequence of time (years) since rehabilitation:

• Tree seedlings and grasses successfully estab-
lished on a one-year-old site (plate 4.4).

• Tree saplings were abundant on a seven-year-
old site (plate 4.5).

• Plant litter and grasses extensively covered an
open forest floor on a twenty-year-old site (plate
4.6), which is similar to natural forest sites
(figure 4.2).

Although the establishment of native trees is
evident in figures 4.5 to 4.7 and in color plates 4.4
to 4.6, we noted earlier in this chapter that the
species composition of the trees is also important.
Recall that our desired goal is to have a dominance
of native eucalypt trees, not fire-prone acacias. At
Gove, our data on basal areas (a measure of tree size)
of eucalypts and acacias at restoration sites of increas-
ing age showed that trends were, in fact, toward the
desired goal of eucalypt dominance (figure 4.8).
Note that at the twenty-year-old site, eucalypt basal
area (e.g.,Eucalyptus miniata andE. tetrodonta) was
approaching the mean basal areas measured at a
number of native forest sites. This is a positive find-
ing for tree composition and size. Also note that
eucalypt basal area at the twenty-six-year-old site
was well below that expected from the trend line.
This is because the basal area at this site was domi-
nated by native noneucalypt trees such as
Brachychiton diversifolius,Callitris intratropica, and
Ficus opposita. Although the reason for this twenty-
six-year-old site being dominated by non-eucalypts
is unknown, the total basal area of all trees on the site
was 21.3 m2 per hectare compared to a mean of 15.7
m2 per hectare on nearby unmined sites, thus devel-

opment of all trees on our oldest rehabilitated site
was actually above that expected.
We found another positive result in the data:

the height of developing eucalypt trees was toward
that expected for trees measured in natural forests
(figure 4.9). We also found that the height of acacia
trees was declining as taller and older acacia trees
were dying off, which is part of their natural cycle.
This declining trend in acacia tree heights was
toward that expected for acacia height data we col-
lected on natural unmined sites.
In the first few years, the grass layer rapidly devel-

oped on restored mine sites at Gove, which we
measured as the mean size of grass clumps (figure
4.10). Recall from chapter 2 that clumps of grasses
help prevent erosion by obstructing flows of water
and wind over the landscape surface. But after about
five years the size of grass clumps reached a peak on
rehabilitated sites and then declined toward that
expected on natural forest sites. This decline in
grass clump size is related to factors such as increased
levels of shading as the tree canopy thickened over
time and because trees take more of the available soil
water and nutrients.
The cover of tree litter on the surface of restored

sites steadily increased with site age so that sites
older than fifteen years had litter covers of greater
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Figure 4.7. Twenty-six-year-old rehabilitation at
Gove having large trees and a thick layer of tree
and grass litter.



than 85 percent (figure 4.11) and showed abun-
dant evidence of litter decomposition and
incorporation into the mineral soil. These high val-
ues for litter cover were very similar to those for an
unmined natural site that had not been burned.
Sites recently burned by wildfires will have reduced
covers of litter.
On rehabilitated sites we measured rates of water

infiltration into soils using specialized equipment
(Spain et al. 2009). We found that rates were initially
about 1,000 mm per hour on freshly tilled soil but
declined to about 200 mm per hour on a three-
year-old site (figure 4.12). These low rates were

related to the formation of surface physical crusts,
and to the natural consolidation and compaction of
the tilled surface. After three years, soils become
muchmore porous to water, primarily because of the
construction of biopores by soil macrofauna such as
termites. Plants also produced litter to promote ter-
mite activity and other macrofauna, and plant
canopies protected the soil surface from compaction
by rainsplash. We found that mean infiltration rates
on twenty- and twenty-six-year-old sites increased to
about 3,400 mm per hour, which exceeded the
mean value of 1,875 mm per hour we found on a
nearby unmined site. This lower infiltration rate
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Figure 4.8. Basal areas of eucalypts and acacias
on rehabilitated mine sites of increasing age and
on an unmined site at Gove.

Figure 4.9. Heights of eucalypt and acacia trees
on rehabilitated mine sites of increasing age and
on an unmined reference site at Gove.

Figure 4.11. Mean litter cover on rehabilitation
sites of increasing age and on an unmined site at
Gove.

Figure 4.10. The mean size of grass clumps on
rehabilitated mine sites of increasing age at Gove
and on a nearby unmined site.



on a natural site is likely caused by frequent use of
fire, which removes plant litter thus depriving ter-
mites and other soil macrofauna with the resources
they need to provide ecosystem services, such as
building biopores. Compared to water infiltration
rates for soils in other regions of northern Australia,
these rates are relatively high because of the per-
meable pisolitic soils found at Gove (figure 4.3).
Lateritic bauxite materials also form relatively sta-

ble surfaces. On rehabilitated sites at Gove we
estimated surface stability using a synthetic index,
which is derived from a number of readily observed
indicators such as the amount of litter covering the
soil surface. (See chapter 14.) The surface stability
index is scaled as a percentage, where greater values
indicate an increased resistance of the surface to ero-
sion (i.e., stability). We found that a site of age zero
had a mean surface stability index of about 40 per-
cent (figure 4.13), which reflects the intrinsic
resistance to erosion by mineral soil properties alone.
This site had no vegetation (figure 4.4) and therefore
had no biological feedbacks from plant growth
pulses to improve soil-surface stability. But, as veg-
etation developed, we found that the surface stability
index steadily increased so that a thirteen-year-old
rehabilitation site had a stability index of about 80
percent, as did older sites, which exceeded that
expected from an unmined site.

On each of the rehabilitated sites we studied at
Gove, we also estimated a nutrient-cycling index,
which is assessed with indicators of the effectiveness
of nutrient-cycling processes and is expressed as a per-
centage. (See chapter 14.) For example, the
nutrient-cycling index strongly draws on the amount
and degree of incorporation of organicmatter to form
humus at the soil surface (e.g., the amount of litter
and activity of decomposing organisms). We found
that rehabilitated sites less than three years of age had
nutrient-cycling indices of less than 20 percent (fig-
ure 4.14). The nutrient-cycling index then steadily
increased to about 75 percent on a twenty-six-year-
old site, which exceeded the expected value of
about 50 percent on an unmined natural site. How-
ever, this lower value of 50 percent indicates that
most of the natural open forests on the Gove Penin-
sula are frequently burned so that the litter layer is
frequently lost, which results in a lower nutrient-
cycling index and a reduction in the decomposition
processes that improve soil biological quality.
We also directly measured some nutrient pool

sizes in soil samples collected on Gove sites. We
found, for example, that because superphosphate
was added at the time of sowing, soil phosphorus on
restored landscapes was higher (at all soil profile
depths) than that found in nearby natural forests.
(These data will not be presented here, but they are
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Figure 4.13. Surface stability index values
assessed on rehabilitated sites of increasing age at
Gove and on a nearby unmined site.

Figure 4.12. Measured water infiltration rates
on rehabilitated sites of increasing age and on an
unmined site at Gove.



reported in Spain et al. 2009.) Rehabilitated sites
showed a steady increase in nitrogen concentra-
tion and eight years of age had measured soil
nitrogen contents (at the 0 to 1 cm depth) that
exceeded those found in unmined sites, and after
twenty years this trend held for soil samples collected
down to 10 cm.
It is evident from photographs and an analysis

of data from rehabilitated sites that, compared to
unmined natural sites, restoration trends were OK.
(See figure 1.1 in chapter 1.) This “trends OK”
assessment applies for two of the three goals set to
be achieved for mine-site rehabilitation at Gove.
These two goals were to create stable landforms that
blended in with surrounding natural landscapes
and to restore self-sustaining ecosystems similar
to those found in nearby natural forests. Our proj-
ect did not specifically examine the third goal,
which was to restore the landscape so that it would
meet the material, cultural, and spiritual needs of
the local indigenous people. Confirmation of meet-
ing this third goal can be seen in the 1996 video
Walyamirri: Return of the Living Environment
(Dieter Hinz, pers. comm.). This video indicates
that local Aboriginal art from about 1990 on incor-
porates symbols of a partnership between
indigenous people and the miners now working on
the Gove Peninsula.

Fire had been excluded from studied rehabili-
tated sites at Gove from the beginning of restoration,
so questions remain as to howwell restoredmine sites
will resist damage fromwildfires and severe cyclones,
and how quickly vegetation and fauna such as birds
will recover from such disturbances. These questions
are beginning to be addressed (e.g., Ross et al. 2004;
Gould 2010).

Gold Mining, East Kalimantan,
Indonesia

Although the discovery of gold nuggets along surfaces
of stream beds ignited famous gold rushes such as in
California (1848) and in Victoria, Australia (1851),
today gold is primarily mined from subsurface ore
bodies. Gold is also obtained as a by-product of
mining for other metals such as silver, lead, zinc,
nickel, and copper. Gold-bearing ore bodies are
found around the world, notably in countries such
as Australia, Brazil, Canada, South Africa, and the
United States, and in other places where tectonic
events have thrust these ore bodies close to, or onto,
the earth’s surface, especially along geologic faults.
Except for recent tectonic events (e.g., volcanic
eruptions), geologic intrusions of metal-richminerals
have undergone prolonged geological processes to
form distinctive deposits.
Depending on the geologic process, three general

types of gold deposits are formed:

1. Lode-gold deposits occur as veins of quartz
(lodes, reefs) formed as intrusions within volcanic
(e.g., basalt), sedimentary (e.g., turbite), or igneous
(e.g., granite) rocks.
2. Laterite-gold deposits are formed when geo-

chemical weathering processes modify gold-bearing
rocks to create gold deposits within iron-rich laterites
(e.g., in Western Australia).
3. Placer-gold deposits are formed by alluvial

processes, such as along rivers, which create sec-
ondary deposits of gold (e.g., nuggets, flakes) by the
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Figure 4.14. Nutrient-cycling index values for
rehabilitated sites of increasing age and for an
unmined site at Gove.



weathering and transport of primary deposits. Allu-
vial processes have also formed deep-leads of gold
within ancient sedimentary rocks (e.g., Witwater-
srand deposits in South Africa).

During historic gold rush periods, mining placer
gold primarily involved panning, sluicing, and using
jets of water to extract gold flakes and nuggets from
alluvium deposits along rivers and creeks. These
mining methods are still used in a few mines, but
most large commercial gold mining operations use
open-pit and subsurface (tunnel) techniques to
reach rich, gold-bearing lode, laterite, and deep-
lead ore bodies.
Although gold ore-body extraction techniques,

and how ore is processed to obtain gold, vary in detail
at different mines around the globe, a common fea-
ture is that they all disturb natural landscapes and
create dumps of waste rock (i.e., piles of regolith,
spoil, and low-grade ore) and tailings ponds (i.e., con-
tainment or storage facilities for slurries of the finely
ground rock remaining after gold and other metals
are processed).
Here, we briefly report on landscape-restoration

findings after gold mining at Kelian in East Kali-
mantan, Indonesia. Mining at Kelian disturbs
rainforest and creates piles of waste rock and tailings
ponds, which are similar in general structure to
those created at other gold mines around the world,
but Kelian is tropical and mountainous. Because of
our extensive work on mine sites in arid and semi-
arid environments (e.g., Tongway and Ludwig 2007),
our aim here is to demonstrate that our five-step
adaptive landscape restoration procedure also applies
to the wet tropics. For brevity we will present only a
few findings from the extensive results in a PhD dis-
sertation by Setyawan (2004), which documents
landscape restoration trends at Kelian.

Study Area

Kelian gold mine is located near the equator in
East Kalimantan, Indonesia. In 2004 it was the

largest gold mine operating in Indonesia (Setyawan
2004), but it was heading toward closure. In the
mountainous region of East Kalimantan the cli-
mate is wet tropical. The annual rainfall exceeds
4,000 mm and the wet season is almost continuous.
The natural vegetation surrounding the mine site is
thick rainforest (figure 4.15). Slopes typically exceed
30 percent in the mined area. Soil profiles are char-
acterized by a dark topsoil (due to humified organic
matter) and a lighter subsoil (due to leaching).

Step 1: Setting goals
At the Kelian site, the mine operators’ primary goals
were to prevent excessive erosion (i.e., to retain
water and soils on-site) and to return landscapes
disturbed bymining back to tropical rainforest so that
local people could use these landscapes as they did
before mining.
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Figure 4.15. Natural rainforest near a mine site
in East Kalimantan, Indonesia.



Step 2: Defining the problem
Restoring disturbed landscapes in wet, tropical,
mountainous environments would seem to pose
monumental challenges because high rainfall inten-
sities can readily erode steep slopes exposed by
mining. However, RPs can successfully restore rain-
forests in these landscapes provided problems are
carefully analyzed relative to landscape-function
concepts and principles (chapters 2 and 3). In these
wet and steep landscapes, a team of RPs worked on
the problem of retaining water and soil resources in
disturbed landscapes. This essentially means that
they needed to protect slopes disturbed by mining
from erosion. To solve this problem, they analyzed
and designed ways to apply principle 2, that is, how
to sequentially restore landscape processes that have
become ineffective.
Fortunately, the team found that the natural

geological and soil materials on the Kelian mine site

were highly porous to water intake, which helps
physical infiltration processes. They found that top-
soil had a low potential for physical crust formation
and contained high concentrations of organic car-
bon. The team explored ways to save and manage
this high-quality topsoil so that it would be available
for restoring disturbed areas.

Steps 3 and 4: Designing solutions and
applying technologies

When conditions became favorable (i.e., a break in
rainfall), the team added biologically active topsoil
to slopes disturbed by mining operations. They
dumped topsoil in discrete heaps so that the bases of
the heaps overlapped across the slope (figure 4.16)
to form a checkerboard of microcatchments, each
about 25 m2 in area. This procedure has various
names, including paddock dumping and pimple
dumping, the latter name referring to the appearance
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Figure 4.16. Topsoil has been dumped in discrete heaps to form a patchwork of microcatchments
across a slope on a mine site in East Kalimantan.



of the landscape when dumping topsoil has ended.
The team then planted rainforest vegetation, includ-
ing a leguminous, rapidly spreading vine; this
planting supplements the germination of viable
seeds already in the topsoil.

Step 5: Monitoring and assessing trends
Mine sites at Kelian rapidly rehabilitated when the
RPs put principles into practice to restore key land-
scape processes. They sequentially applied
technologies to retaining water and soil resources on
disturbed slopes by first physically creating micro-
catchments and then planting rainforest vegetation.
During rains, the microcatchments held and slowed
surface runoff so that runoff did not cause erosion
rills and gullies down the slopes (figure 4.17). In just
weeks, vines were growing on rehabilitated slopes
(figure 4.18), further protecting these slopes from

erosion. After about twelve months of vegetation
growth, the team (with help from local people)
was able to physically clear small spots within the
emerging tropical forest floor to plant seedlings of
selected food species grown at the mine site’s plant
nursery. After only fourteen months, rehabilitated
slopes were growing a diverse mix of rainforest
plants (figure 4.19).

This photographic record indicates that the
principles and technologies put into practice at the
Kelian mine site have led to success in retaining
rainwater and restoring rainforest vegetation. To
confirm this apparent success, Mr. Setyawan sam-
pled soils and measured vegetation on
rehabilitated sites aged three months, one year,
and seven years (Setyawan 2004). As noted early
in this chapter, one of us (DT) worked with Mr.
Setyawan to measure three indicators of soil-sur-
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Figure 4.17. Restoration practitioners measuring surface condition indicators on “paddock-dumped”
locations on a mine site in East Kalimantan (photo looking downslope).



face condition: stability, infiltration potential, and
nutrient-cycling capacity. (See chapter 14.) Here,
we present these findings, which show that all

three indicators rapidly increased from three
months to seven years (figure 4.20). The seven-
year-old rehabilitated site already had indicator
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Figure 4.19. A mix of rainforest plants growing on a rehabilitated mine site in East Kalimantan
fourteen months after commencing restoration.

Figure 4.18. Vines growing on a rehabilitated slope at a East Kalimantan mine site. A paddock-
dumped pile of soil is clearly visible in the center of the photograph.



values that were trending toward those expected for
a nearby unmined rainforest.
Based on these findings for landscape-surface

indicators, and other data described by Setyawan
(2004), we could declare that landscape restoration
trends were OK at the Kelian mine site after only
seven years. But, this is premature because natural
rainforests in East Kalimantan have trees up to 60 m
in height, and other vegetation occurs in multiple
lower layers. Although it will obviously take some
time for trees on rehabilitated sites at Kelian to

reach 60 m and to formmultiple layers, the primary
goals were achieved: preventing excessive soil erosion
and reestablishing rainforest vegetation. We would
expect that in such a favorable environment, one
could confidently declare successful rehabilitation
in about twenty years.

Further Thoughts

In ending chapter 4, we want to emphasize our
confidence in the global applicability of our five-step,
adaptive landscape restoration procedure to mine
sites. This confidence is affirmed by the two case
studies described here, which were in different land-
scapes and climates, and because operations to
mine lateritic bauxite and to mine gold are similar
around the globe. When restoring mine sites, we
have also found some “universal truths” that relate
to our landscape function-based approach. For
example, we have evaluated over fifty mine sites
around the world and we found that those having the
most restoration success were where RPs carefully
managed their topsoil resource, no matter the cli-
matic setting.
As you will see in the two case studies described

in the next chapter, our restoration procedure is
also effective in restoring disturbed rangelands.

44 restoring disturbed landscapes

Figure 4.20. Trends in three soil-surface indica-
tors on rehabilitated sites aged from three months
to seven years, and in nearby rainforests, East
Kalimantan.



the world (e.g., Whisenant 1990; Milton et al.
2003; van den Berg and Kellner 2005; Kellner
and Moussa 2009).
We first describe the details of a case in which a

cattle producer onWoodgreen Station located in arid
Central Australia has intuitively restored his arid
rangelands (Purvis 1986). In this case, water-pond-
ing technologies were successfully applied to repair
rangelands damaged by sheet and gully erosion on
slopes of up to about 2 percent. In our second range-
lands case study, we briefly illustrate how
water-ponding technologies were also put into prac-
tice to reclaim extensive areas of bare soil found in
extremely flat, semiarid country (Thomson 2008). In
both of these case studies, one of us (DT) collected
field data as part of our role to assess restoration
trends, which also relied on the work of rangeland
colleagues (e.g., Bastin 1991).

Rangeland, Woodgreen Station,
Central Australia

Europeans settled the arid lands of Central Aus-
tralia in the late 1800s and early 1900s. They
introduced domestic cattle to create commercial
rangeland enterprises, or what are commonly called
cattle ranches or stations. Initially these enterprises
prospered as cattle utilized an abundance of natural
forage consisting of palatable and nutritious grasses,
forbs, and shrubs. Unfortunately, European rabbits
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In this chapter we present two case studies on
restoring disturbed rangelands. Our aim is to
demonstrate how ranchers applied our five-step
procedure, and its underlying principles, to repair
arid and semiarid rangelands, respectively. Range-
lands are nonarable areas used primarily, but not
exclusively, for grazing livestock, such as cattle,
goats, and sheep, and they cover about one-half of
the earth’s land surface.
Because of pressures from growing populations for

more goods and services (food, water), use of range-
lands is intensifying (see http://earthtrends.wri.org).
Land-use intensification has caused extensive range-
land degradation, or what is commonly referred to as
desertification. We refer restoration practitioners
(RPs) to a book on global desertification (Reynolds
and Stafford Smith 2002), because a discussion of the
many biological, physical, social, and economic
problems related to rangeland desertification is
beyond the scope of our book.
Of all the rangeland degradation problems,

loss of plant cover and soil erosion are two of the
most extensive and severe types of damage
observed around the world. In the specific case
studies we present here, these two problems are
tackled using an adaptive landscape restoration
approach. Although our two case studies are in Aus-
tralia, we are confident that this approach applies
globally. This confidence is based on our many
years of working on rangeland restoration (e.g.,
Tongway and Ludwig 1996, 2002a, 2007) and also
on the work of our rangeland colleagues around
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were introduced into Australia in the late 1800s, and
by the early 1900s rabbits had spread into Central
Australia. As highly reproductive consumers of
plants, rabbits, combined with droughts and over-
grazing by cattle, removed the protective cover of
plants across many landscapes, which greatly
increased soil erosion.
Reduced profitability followed because of the

lack of sufficient forage and water for cattle. After
about 1910, running livestock profitably in Central
Australia was only possible in good seasons. Stock
often had to be walkedmany hundreds of kilometers
to the nearest railhead (e.g., Alice Springs) to reach
markets. Thus, in the first fifty years or so after set-
tlement, stocking rates reflected what could be
carried in good seasons (i.e., growing seasons with
more than 50 mm of rain).
In the 1950s, to increase the supply of drinking

water for stock, numerous bores were drilled into
an artesian basin with huge water reserves across
arid Central Australia (James et al. 1999). This
meant that water was less limiting so that higher
stock numbers were maintained during droughts.
But now, stock constantly grazed and trampled
pasture species, further reducing cover and accel-
erating soil erosion.

Once the extent of rangeland damage in Central
Australia was recognized, attempts at repairing the
landscape processes that had been damaged (e.g.,
retention of rainwater and soil) proved to be very
unreliable, expensive, and slow. In hindsight, early
restoration failures were largely due to RPs failing to
fully understand how landscapes function. (See
chapter 2.) In spite of these failures, there were
some notable achievements. Ranchers with a keen
eye for “reading” landscapes were successful in
restoring damaged rangelands. Using their own
resources, they thoughtfully analyzed their prob-
lems, trialed solutions, and adjusted technologies to
achieve restoration goals (i.e., they intuitively put
adaptive landscape restoration procedures and prin-
ciples into practice).
Here we describe how a rancher, Mr. Bob Purvis,

is successfully restoring his arid rangelands onWood-

green Station. Rangeland scientists worked with
Mr. Purvis, including one of us (DT), to document
his success. Our account of this case study will
highlight key findings; details are provided in jour-
nal papers (Purvis 1986; Bastin 1991).

Study area

Woodgreen cattle station is located 180 km north of
Alice Springs, Australia (figure 5.1). It was origi-
nally settled in 1915 and used to raise cattle and, for
a time, large numbers of horses. Stocking rates were
high and drainage lines were deliberately modified
with earth diversion banks, which greatly altered
runoff patterns. This had unintended consequences,
such as the drying up of highly productive natural
floodout (run-on) areas having the most fertile soils.
For about fifty years, combinations of drought and
grazing pressure destroyed pasture plants and initi-
ated soil erosion on a massive scale (e.g., deep
gullies). Mr. Purvis estimated that by 1965 about one
million cubic meters of soil were lost, and gullies
were continuing to cut upslope.

Step 1: Setting goals
To repair his damaged rangelands, Mr. Purvis set
reclamation goals to reduce soil erosion by con-
trolling runoff, return native perennial pastures in
terms of both species composition and abundance,
improve soil productivity, and maximize profits per
animal. These specific goals were part of a five-
point management plan he developed to restore
Woodgreen as a productive pastoral enterprise
(Purvis 1986):

1. To improve the productivity of damaged
country
2. To establish a productive breeding herd
3. To adjust stock numbers based on the current

condition of the better land
4. To set these stock numbers as if the year would

be dry (i.e., stock conservatively)
5. To manage debt in the short term
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Although Mr. Purvis treated all five points as
essential for his enterprise as a whole, here we will
deal specifically with only his first point (improving
damaged rangelands) because it provides a real-
world example of our five-step adaptive landscape
restoration procedure.

Step 2: Defining the problem
Mr. Purvis concluded that, historically, cattle num-
bers had been so high that disturbances due to
grazing and trampling prevented any improvements
in pasture production by natural restoration of land-
scape processes, such as healing of gullies.
Rainstorms continued to cut gullies because runoff
flowed far too rapidly down largely bare, smooth, and
hard landscape surfaces. Reducing stock numbers
was not the only solution, because Mr. Purvis saw
that paddocks he had destocked for as long as twenty-
five years had not naturally recovered.
Retaining water on the landscape became his top

reclamation priority. But, his early attempts to cap-

ture water by using mechanical soil-surface treat-
ments proved unsuccessful. For example, to collect
water he tried tine-pitting where tractor-drawn
machinery is used to dig small pits. Although such
treatments were being widely applied around Alice
Springs in the 1960s and 1970s, subsequent analy-
ses found that such treatments generally fail to be
effective in the long term (Friedel et al. 1996)
because pits fill with sediment (figure 5.2).
To retain water and prevent further gully erosion,

Mr. Purvis took a landscape-scale view. He con-
cluded that large earthen banks to pond water (i.e.,
water-ponding technologies) were needed to control
overland flows and to spread runoff across his most
pastorally useful rangelands. The banks needed to be
large enough to pond water upslope to promote
infiltration and storage in the soil, and to survive
extreme rainfall events without damage.
After rains Mr. Purvis observed that manyWood-

green soils would form a hard surface crust. One of
us (DT) found that these crusted soils had water infil-
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Figure 5.1. Location of Woodgreen, north of Alice Springs in the Northern Territory, and Marra Creek,
north of Nyngan in New South Wales, Australia.
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Figure 5.2. Landscapes with bare dispersive soils near Alice Springs where tine-pitting was applied as
a restoration technology: (a) pits initially captured enough water to allow a few plants to grow, but (b)
the shallow pits soon slumped and filled with sediment so that most plants died. Photographs courtesy
Margaret Friedel.

(b)

(a)



tration rates of only a few millimeters per hour.
During rainstorms only a small proportion of the
rainwater was stored in the soil profile, and rates of
runoff were high. Mr. Purvis concluded that
mechanical treatments were needed to improve
infiltration. He initially tried to open hard surfaces
by deep-ripping dry soils with a single tine behind a
bulldozer, but this failed to penetrate the hard soils
and only lifted the back of a 25,000 kilogram bull-
dozer; deep-ripping had to be abandoned.
Rather than attempt to widely apply restoration

treatments such as deep-ripping across damaged
paddocks, Mr. Purvis focused his restoration efforts
on smaller areas within paddocks where soil erosion
was most active. He also selected areas where
response to treatments would likely bemost effective.
He knew Woodgreen had a mixture of landscapes
with different vegetation and soil types. He also
knew from years of experience that some soils were
inherently more fertile and productive than others.
He recognized which of his more productive soils
would most effectively respond to restoration tech-
nologies, such as water ponding; these were soils that
swelled slightly, but significantly, on wetting, and
then, on drying out, shrank to form cracks.
Soil scientists have shown that soils with small but

significant swell/shrink properties have very positive
responses to water-ponding technologies, because soil
cracks form preferred infiltration pathways so that
rainwater goes deep into the soil profile (Ringrose-
Voase et al. 1989). Soils without swell/shrink
properties are unlikely to respond positively to water
ponding. Mr. Purvis noted that soils with crusted sur-
faces had very high water runoff rates and therefore
did not wet adequately during rainstorms and the
swell/shrink process failed. (The swell/shrink prop-
erty of a soil can be assessed by using methods
described in a paper on “A rapid method for esti-
mating soil shrinkage” [McKenzie et al. 1994].)

Steps 3 and 4: Designing solutions and
applying technologies

In designing technologies to control runoff and ero-
sion to improve pasture production, Mr. Purvis

realized from his analyses that he needed to address
two major problems: that the amount of runoff flow-
ing into active gullies must be substantially reduced,
and that runoff water must be held on areas of fer-
tile and productive soil.
Mr. Purvis selected water ponding as the best

solution because earthen banks could be designed
and built to capture runoff and prevent it from flow-
ing into gullies. Applying water-ponding technologies
is a way of storing more water in the soil profile by
extending the time available for water to infiltrate
into soils, which is crucial when these soils have low
infiltration rates. This technology also addressed
the need to rehabilitate areas of severe damage such
as gullies.
To pond water, Mr. Purvis initially constructed

earthen banks by excavating or “borrowing” soil
from across a slope to form a small dam about 200
m long. This technique created a ditch or borrow-pit
upslope of the earthen bank. Although these dams
captured runoff during rainstorms and provided
water for animals to drink (positive outcomes), they
also formed temporary deep ponds that water-logged
soils and killed establishing pasture plants; new
plants failed to grow on the exposed subsoil (nega-
tive outcomes).

Mr. Purvis changed his water-ponding design.
He formed banks by pushing earth upslope from a
borrow-pit below the bank (figure 5.3). Instead of
exposing deeper subsoils in borrow-pits in front for
the bank, which plants then had to colonize, the
new design preserved the existing soils and any
remnant vegetation upslope of the bank (plate 5.1).
The bank was curved slightly to retain rainwater to
a depth of about 150 mm, after which it was able to
flow gently around the ends (spill points; figure
5.3). The banks were constructed to be about 2.5 m
wide at the base and about 1.2 m high. The ends of
banks were shaped like wings so that excess water
would run gently down the hillslope well away
from any gullies below the pond. The earth banks
were created with a bulldozer, usually in the few
days after significant rains when the soils were soft
enough to work.
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Mr. Purvis learned that the size and shape of
water-ponding banks is extremely important (fig-
ure 5.3). The curve of earthen banks was built
sharper on steeper slopes to avoid banks being
washed out during big storm events. Water-ponding
banks must be sufficient in size to efficiently harvest
water from large catchment areas, but these areas
must not be too large because then big storm events
would wash out earthen banks. Where water-pond-
ing banks were positioned in the landscape was also
very important. Mr. Purvis first built shorter, lower
banks near the top of the watershed in paddocks.
Then he built wider, higher banks farther down
the watershed as the area of catchment increased.
When feasible, Mr. Purvis built water-ponding banks
on existing flats because he knew that soils on flats
typically have swell/shrink properties and are inher-
ently more fertile.
At first Mr. Purvis planted seeds of pasture species

upslope of the bank where water was ponding (fig-
ure 5.4). Initially he sowed seeds of exotic grass
species because the degraded landscape lacked local
native perennial grasses. Seeds of U.S. cultivars of
buffel grass, Cenchrus ciliaris, were sown because

buffel grass is known to be an effective colonizer and
is palatable to cattle (Friedel et al. 2006). Later,
Mr. Purvis stopped seeding water-ponding areas
because native perennial grass seeds became suffi-
ciently abundant as landscapes were rehabilitated.
Mr. Purvis knew that it is also important to man-

age total grazing pressure by cattle, horses, kangaroos,
and rabbits so that pasture plants would establish on
rehabilitated areas, especially within newly con-
structed water-ponding areas. OnWoodgreen, rabbits
are not a problem because soils are not suitable for
what are called rabbit warrens; when rabbits try to dig
burrows, soils either collapse or are too hard. Mr.
Purvis first reduced the number of wild or feral
horses. Then he reduced kangaroo numbers and
adjusted his cattle numbers. Because all stock water-
ing in pastures on Woodgreen is done with water
troughs, water is supplied to cattle when they are in
the paddock, but water is turned off when cattle are
moved to other paddocks; this prevents kangaroos
from using it. This water management technique
effectively prevented high kangaroo densities.

Step 5: Monitoring and assessing trends
To evaluate the effectiveness of his water-ponding
design, Mr. Purvis inspected banks for any damage
after large rain events. If damaged, he immediately
repaired and adjusted the size and shape of his
earthen banks to prevent future damage. He also
conducted a number of other monitoring activi-
ties, at times in collaboration with rangeland
scientists.
To assess whether rehabilitated areas within pas-

tures were developing a rich diversity of desirable
forage plants, Mr. Purvis regularly monitored these
areas by standing in place, rotating 360°, and count-
ing the number of desirable pasture species. If he
counted twelve to fifteen species in an area within
a paddock with productive soils (used as country to
fatten cattle), this indicated that the rehabilitated area
was in good condition, but if he counted fewer than
twelve species, it was assessed to be in poor condition.
In less productive paddocks (used as country to
breed-up cattle numbers), a count of eight to ten
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Figure 5.3. A sketch of the water-ponding bank
design Mr. Purvis applied on Woodgreen.



desirable forage species indicated good condition and
less than eight species, poor condition.
To evaluate whether ponded areas were estab-

lishing new pasture plants, Mr. Purvis examined the
upslope boundaries of ponds to see if sediment was
depositing and extending upslope, and if new plants
were growing in these areas. He also examined the
entire ponded area. If palatable perennial plants were
well established, he used this information as part of
his stock management strategy to make decisions
about grazing the paddock. Mr. Purvis’ stock man-
agement strategy is to rotate small herds of cattle
through three paddocks by rounding them up twice
a year so that each paddock is spelled for twelve
months. He varied this pattern in dry times by mov-
ing cattle to other parts of his ranch where isolated

rainstorms have occurred and avoiding, if possible,
moving cattle into a paddock that has had virtually no
rain in the preceding twelve months. He aimed to
keep cattle numbers low in paddocks being restored.
To assess whether gullies below water-ponding

banks were “healing,” Mr. Purvis looked for indica-
tors such as whether sharp gully edges were rounding
off, and if pasture plants were establishing within the
gully. (See chapter 15.)
Finally, to evaluate whether soils were improv-

ing within ponded areas, Mr. Purvis worked with
one of us (DT) to assess indicators of soil-surface
condition such as friability and cracking (figure
5.5), which indicate a greater potential for higher
infiltration rates after the soil surface dries and
cracks. (See chapter 14.)
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Figure 5.4. An example of water ponding on hard soil above a recently constructed bank (off the
photo to the right). The flooding followed a storm event of approximately 20 mm in November 1985.
Photograph courtesy Gary Bastin.



Mr. Purvis evaluated these restoration indica-
tors to assess whether water-ponding banks were
effectively repairing his damaged rangelands. He also
examined photographs taken at fixed photo points
located at water-ponding banks and found positive
trends. For example, pasture renewal at water-pond-
ing bank number 6 is clearly illustrated by tonal
photographs taken in 1985 and 2001 (figure 5.6) and
by color photographs taken in 1985 and 1990 at bank
number 5 (plates 5.1 and 5.2).
To confirm the improvements evident in pho-

tographs, Mr. Purvis, and one of our colleagues
Gary Bastin (Bastin 1991) collected vegetation
data from 0 to 80 m above four water-ponding
banks of increasing age (0, 2, 5 and 15 years).
They found that average perennial vegetation cover
increased in an S-shaped trend (figure 5.7). How-
ever, more data are needed to reliably confirm
this trend because average cover values were quite
variable due to data being measured at one time
period on four different aged water-ponding areas.
In chapter 4 we defined this approach as space-for-
time substitution. They also found that average
grass cover was highest near banks, as might be
expected, because this is where water most fre-
quently ponds. Grass cover averaged 18 percent in
the first 10 m from the bank, 7 percent from 11 to

40 m, and 0.4 percent from 41 to 80 m (at this dis-
tance water did not pond).
To determine whether soils were improving,

they also sampled soils at the same four water-pond-
ing banks by collecting soils at five places along
five transects extending away from each bank. The
first sample on each transect was taken from beside
the bank wall and the others were collected upslope
from the wall. They collected the final two soil sam-
ples beyond the area where ponding occurred. They
analyzed soil samples for organic carbon, plant-
available nitrogen, and plant-available phosphorus,
using standard methods, which are described in
Tongway et al. (2003).
They found that soil organic carbon greatly

increased with age of the water-ponding bank in sam-
ples collected within 10m of banks (figure 5.8). This
increasing trend in soil carbon is likely to level off to
an upper limit in the future, but this maximum
level of carbon is as yet unknown. However, we
can estimate the amount of organic carbon that
was sequestered in soils near ponding banks over the
fifteen years from 1985 to 2001. Assuming a specific
gravity of 1,450 kilograms of soil per cubic meter on
the fifteen-year-old site, the average amount of car-
bon (C) per square meter to a depth of 10 cm in soils
sampled near the bank (within 10 m) was 697 grams
of C per square meter compared to only 297 grams
of C per square meter in soils upslope of the bank
that never ponded. Over fifteen years, this represents
an increase in stored carbon of 400 grams of C per
square meter (or 4,000 kilograms of C per ha) in the
top 10 cm of soils near the bank compared to eroded
soils sampled well away from the bank. Although soil
carbon sequestration would attenuate with distance
from the bank, these overall gains of carbon found
within water-ponding areas are notable. Organic
carbon confers a number of properties to soils that
make them more productive, such as improving
infiltration rates, cation exchange capacities, and oxy-
gen diffusion rates (Oades 1993).
They also found that with time the amount of

available (mineralizable) nitrogen (AN) increased in
soils sampled within 10 m upslope of water-ponding
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Figure 5.5. The soft, friable cracked soil surface
that developed on a ponded area above a ponding
bank constructed at Woodgreen.
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Figure 5.6. The renewal of productive pastures above water-ponding bank number 6 at a fixed photo
point from 1985 (a) to 2001 (b). Photographs courtesy Gary Bastin.

(b)

(a)



banks (figure 5.9). The concentration of AN had
more than doubled near ponding banks compared
to never-ponded areas. Average amount of AN in soils
collected well above the four ponding banks (i.e.,
where ponding never occurred) was, on average, only
2.7 milligrams of AN per kilogram of soil. Soil AN
in samples collected 10 to 15 m and 25 to 45m from
water-ponding banks were, as expected, intermedi-
ate (for brevity, data not shown) between those
collected near (less than 10 m) and far (greater than
45 m) from banks. These data indicate a marked
improvement in soil fertility.

Another indicator of soil fertility is phosphorus
(P). As the age of water-ponding banks increased,
they found available soil P increased in soils sam-
pled within 10 m upslope of banks (figure 5.10).
The mean concentration of available P in soils
collected away from areas that ponded was only
17.8 milligrams of P per kilogram of soil. As
expected (data not shown) soil P contents were
generally intermediate in samples collected
between those near and far from banks.
Mr. Purvis felt confident that his water-ponding

bank design was improving soils, because the data
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Figure 5.9. Available nitrogen increased with
water-ponding bank age. Available or minerali-
zable nitrogen was measured in the top 10 cm of
soil sampled close to banks (within 10 m).

Figure 5.10. Available phosphorus increased with
water-ponding bank age. Soil phosphorus was
measured in samples collected in the top 10 cm
within 10 m of banks.

Figure 5.7. Vegetation cover increased with time
since water-ponding bank construction.

Figure 5.8. Soil organic carbon increased with
age of water-ponding banks. Organic carbon was
measured in the 0 to10 cm soil layer within the 10
m above a bank.



demonstrated to him that topsoils (0 to10 cm layer)
upslope and near banks had much higher values for
three soil fertility indicators compared to topsoils in
locations away from banks. These findings suggest
that biological processes are most active and per-
sistent close to banks where ponding is more
frequent. This is also where grass roots most actively
grow. Other biological activities include, for exam-
ple, litter fall and its processing by invertebrates
and decomposition by fungi and microorganisms.
To confirm this greater biological activity upslope

of water-ponding banks, one of us (DT) measured
soil respiration rates. (See Spain et al. 2009 for
methods.) These rates notably increased in the 10m
above banks of increasing age (figure 5.11). Soil
respiration rates measured upslope of banks that
never ponded were only, on average, 89 mg of car-
bon dioxide (CO2) per square meter per hour
(averaged across all banks regardless of their age)
compared to 226 mg of CO2 per square meter per
hour found just upslope of the oldest bank.
Although these trends in pasture vegetation and

soil renewal were clearly successful in an overall
sense, as documented by photographs and data (fig-
ures 5.6 to 5.11), Mr. Purvis continually evaluated
progress in pasture renewal at existing water-pond-
ing banks before building new banks onWoodgreen.
From these evaluations he learned the following:

• After water-ponding banks had worked as
intended, he no longer needed to sow exotic
buffel grass, Cenchrus ciliaris, because the
abundance of native perennial grass seed had
became adequate. This demonstrated a positive
biological feedback (from a plant pulse to a
seed reserve) within a landscape system. (See
figure 2.11 in chapter 2.)

• The soils most responsive to water ponding
turned out to have significant swell/shrink
properties. With time, the infiltration capacity
of these soils improved rapidly because
swell/shrink processes improved their capacity
to retain water and to sequester organic carbon,
thus improving their physical structure. Mr.

Purvis targeted areas with these soils for new
water-ponding banks.

In summary, Mr. Purvis put two key landscape
restoration principles into practice. First, he analyzed
what had gone wrong (historically) to cause range-
land problems on Woodgreen (principle 1). (See
chapter 3.) Second, he identified what critical land-
scape processes needed to be renewed (principle 2),
which in his case were to increase water retention
and reduce soil erosion.
Using what is essentially our five-step adaptive

landscape restoration procedure, he sequentially
applied technologies to retain water and reduce
erosion in the landscape by initially using physical
technologies (i.e., water-ponding banks) and then
applying biological technologies (i.e., establishing
perennial pasture plants). He also conservatively
stocked rehabilitated paddocks to encourage the
recovery of pasture plants so that they more effec-
tively functioned to capture water, protect surfaces
from erosion, and cycle nutrients. This also keeps the
off-take losses at low levels.
Mr. Purvis is successfully renewing his arid range-

lands onWoodgreen. This is verified by a sequence
of recent dry years in Central Australia. The drought
caused significant cattle deaths on some neighbor-
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Figure 5.11. Soil biological activity (measured as
soil respiration rate) increased with time since
water-ponding bank construction. Activity was
measured within 10 m of banks.



ing stations, butMr. Purvis continued to produce fat
cattle with no mortality. He has had no more rain-
fall then his neighbors, but his water-ponding banks
effectively converted whatever rain fell into pro-
ductive patches of palatable forage.

This case study confirms that restoration goals are
being achieved in an arid rangeland. In our next case
study, we document that strategically positioned
earthen banks are also effective in restoring semiarid
rangelands.

Rangeland, Marra Creek, Western
New South Wales

In this case study, our aim is to illustrate how dam-
aged semiarid rangelands can successfully be
repaired. As earlier, but more briefly, we use pho-
tographs and data to show how water-ponding banks
can effectively reclaim areas of bare soil, here
referred to as scalds, but also described around the
world as hardpans, clay pans, or blowouts. The lit-
erature on scald reclamation is vast because many
different technologies have been tried in an attempt
to repair areas with this severe form of soil erosion
(e.g., Whisenant 1990). Here we will not try to
review this literature but will briefly describe a case
of successful scald reclamation on semiarid range-
lands located in Eastern Australia where one of us
(DT) helped collect data. For details, we refer read-
ers to Thompson (2008).

Study area

Prolonged disturbances in rangelands around the
world often cause scalds, a severe form of soil erosion
seen as large areas of bare soil (figure 5.12), which
remain in this condition for decades, no matter
what how good the season or low the grazing pres-
sure. Cunningham (1987) estimated that tens of
thousands of square kilometers of rangelands in
western New South Wales, Australia, were scalded

by the 1960s. This estimate included about one
thousand square kilometers of rangeland in the
Marra Creek District located just north of Nyngan,
NSW (figure 5.1). The climate in the region is
semiarid with summer temperatures often exceed-
ing 40°C. Winter temperatures are often below
0°C. Nonscalded areas grow vegetation that is mostly
a shrubland-grassland dominated by saltbush and
ephemeral and perennial grasses.

Scalds represent extreme cases of sheet erosion
where flows of water and wind have caused the
extensive loss of surface soils (figure 5.12). Scalds
typically occur on near-level areas, or what are
commonly called flats. Prior to being scalded,
soils on flats typically have sharp texture bound-
aries between the A and B horizons. The A
horizon erodes because it has a sandy loam texture
that is subject to loss by wind and water action
when the soils’ protective plant cover is damaged.
Stripping of the A horizon exposes a hard-setting
and dispersive B horizon. Plants have great diffi-
culty establishing and growing on these hard-set
soils, hence, scalds tend to stay bare even if con-
ditions improve (e.g., droughts break; grazing
pressure is reduced).

Step 1: Setting goals
In 1984, eighteen landholders in the Marra Creek
District formed a collaborative team with the Soil
Conservation Service of New South Wales to trial
water ponding as a technique for repairing their
scalded country (Thompson 2008). The team was
lead by Mr. Ray Thompson, and they set a goal to
return scalds to a productive state where soils have
improved soil infiltration, stability, and nutrient-
cycling properties, and increased cover of protective
and productive vegetation. The landholders in the
Marra Creek District desired more productive land-
scapes to increase the economic viability of their
livestock enterprises.

Step 2: Defining the problem
To put landscape restoration principles into practice,
the team needed to answer four critical questions
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concerning the severity of their scald problem. They
conducted analyses to answer these questions. (Each
question is followed by its answer.)

1. What caused the scalds to form (e.g., over-
grazing by domestic and feral animals) and can
these factors be removed or reduced? They found
that extensive scalds were caused by long-term exces-
sive total grazing pressure, where livestock and other
animals (e.g., feral goats) had exposed soil surfaces
to wind and water erosion.
2. Was there any evidence of spontaneous scald

recovery, such as expanding “islands” of plants?
They found that remnant islands of plants did not sig-
nificantly expand onto scalded areas even when
grazing pressure was controlled or eliminated.
3. What are the rates of infiltration of water into

the scalded soils now that they have been eroded
down to the B horizon (subsoil)? They found that

infiltration rates of bare subsoils were very low, typ-
ically only a few millimeters per hour.
4. What are the dispersivity, sodicity, and

shrink/swell properties of these exposed subsoils?
(These three soil properties are defined in the glos-
sary.) Scalded soils were found to be sodic and
highly dispersive, but fortunately were found to
shrink (crack) on drying after being wet.

Steps 3 and 4: Designing solutions and
applying technologies

To achieve their goals to increase the cover of veg-
etation, and improve soil properties on scalds, the
team designed and sequentially applied two basic
restoration treatments:

1. First, physical technologies were applied by
building water-ponding banks that would function
to retain water within the scalded areas after signif-
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Figure 5.12. An extensive scald. Photograph courtesy David Eldridge. (Note in the foreground of this
photograph that the scald had been ripped in lines to form shallow troughs and low banks. But, because
of the dispersive nature of the exposed soil, these structures rapidly slumped and filled in after rains, so
they no longer held water.)



icant rains (figure 5.13). Machinery was used to
construct ponds with the following design attributes
(Thompson 2008):

• Earth banks were precisely constructed (by
laser-contouring) to be 0.5 meters high and 2
meters wide at the base.

• Maximum size of a ponded area was about
4,000 square meters (0.4 hectares), because
early trials demonstrated that ponds with larger
surface areas tended to have wind-induced
wave action that caused bank failures (breaks).

• On scalds with a slight slope (up to 0.4 percent)
ponds were constructed to be U-shaped, but on
flats they were elliptical (figure 5.14).

• Soil surfaces within elliptical or U-shaped
areas were not treated (ripped, tilled) so that
any residual soil biological properties and any
remnant vegetation would not be disturbed.

• Overall, the aim was to pond water to a maxi-
mum depth of 0.1 meters, which would
establish native upland plant species rather
than wetland species.

2. Second, the team initiated biological processes by

• Encouraging the establishment of native range-
land plant species within ponds by controlling
the maximum depth of water, as noted earlier.

• Sowing seeds of species known to be adapted
to growing on hard-setting soils. In some ponds,
sowing was not necessary because seeds from
natural vegetation were produced by plants on
remnant islands of vegetation within or near
the pond.

• Controlling grazing disturbances to as little
as possible in the early stages of rehabilitation
and then carefully regulating grazing in later
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Figure 5.13. An example of a water-ponding bank constructed on a scald. The bank is successfully
retaining water after a rain event. Photograph courtesy David Eldridge.



years to encourage vegetation establishment on
the newly treated areas; this is an important
restoration principle.

Over time these biological processes would be
expected to largely replace the function of physical
processes improved by water-ponding banks. (See fig-
ure 3.1 in chapter 3.)

Step 5: Monitoring and assessing trends
To evaluate the effectiveness of water ponding as a
technique to reclaim scalds, the team observed and
measured the following on water-ponding areas
(Thompson 2008):

1. Were ponds holding water after major rain
events (water-ponding banks were checked for breaks
or breaches)?

2. Was vegetation establishing and forming
a protective surface cover on ponded areas
(photographs at fixed points were taken and vege-

tation composition and cover were estimated)?
3. Were soils improving (surfaces were exam-

ined to see if they were becoming soft and crumbly
and if they were cracking due to swell/shrink prop-
erties; if so, cracks wider than 20 mm indicated
responsive soils)?
4. Were soil-surface conditions improving as

measured by surface stability, infiltration, and nutri-
ent-cycling indices? (Monitored by one of us [DT]
using methods described in chapter 14.)

After monitoring over a number of years, which
included seasons with major rains, the team evalu-
ated indicators for meaningful signs and trends, and
found the following:

• No breaches along the banks, so that water-
ponding banks were effectively holding water
over extensive areas (plate 5.3).

• A mix of vegetation had quickly established
within water-ponding areas (figure 5.15).
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Figure 5.14. A set or network of elliptical and U-shaped water-ponding banks constructed to capture and
retain rain water over a large scald. Photograph courtesy Ray Thompson.
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Figure 5.15. A severely scalded area just prior to water-ponding bank construction (a), and eleven months
later (b). Photographs courtesy Ray Thompson.

(b)

(a)



• Cover of vegetation differed on ponds because
of their initial conditions; for example, one
pond initially had no cover and the other 12
percent cover (figure 5.16).

• Soils were developing favorable properties
because of water ponding. This was evident
from soil surfaces becoming friable and
cracked instead of hard setting. (See figure
5.5.) There were also improvements in soil-sur-
face stability, infiltration, and nutrient-cycling
indices but, for brevity, these data are not pre-
sented here.

Based on their observations and assessment of
trends in these indicators, the team concluded that
the application of water-ponding technologies was

successfully repairing scalds within their semiarid
rangelands (Thompson 2008).

Further Thoughts

We want to emphasize that by putting water-pond-
ing technologies into practice, damaged rangelands
are effectively restored. This is because water pond-
ing is a technology that applies our principle 2: it
sequentially and effectively repairs physical and
then biological landscape processes (i.e., banks are
built to retain water, and then seeds germinate in this
moist soil to eventually form a protective and pro-
ductive cover of vegetation). To support this point,
we note that water-ponding technologies have suc-
cessfully retained water and grown useful vegetation
in other arid rangelands. For example, in arid Cen-
tral Australia on Bond Springs Station, Richards
andWalsh (2008) found that, after nearly forty years,
banks constructed to pond water were the only per-
sistent and effective treatment compared to other
treatments such as contour plowing, pitting, disking,
and ripping.
We finally note that Mr. Thompson and his

team, working in collaboration with a land recla-
mation group in the Marra Creek District near
Nyngan in New South Wales, Australia, have sur-
veyed and constructed over 50,000 water ponds on
scalded areas. Over the years they have fine-tuned
their water-ponding technology (Thompson 2008).
Water-ponding technologies are now being applied
to scalded rangelands in the United States, China,
France, Israel, and a number of African countries.
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Figure 5.16. Vegetation recovery after two years
on two ponds located in the same scalded area.
Recovery was faster on pond 2, which initially had
a 12 percent cover of remnant vegetation com-
pared to a totally bare pond 1. Data courtesy of
Ray Thompson.
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part iii

Scenarios for Restoring Landscapes:
Mine Sites, Rangelands, Farmlands,

and Roadsides

In part 3, we describe how our five-step adaptive restoration procedure success-
fully repairs damage to a variety of landscapes. We illustrate how this procedure
puts principles into practice to (1) renew cleared farmlands (rural and suburban);
(2) repair disturbed roadsides; (3) reclaim other mine sites (waste-rock dumps, tail-
ings storage facilities, open-cut spoil heaps); and (4) restore other damaged
rangelands (shrubby and eroded). Our goal is to illustrate how our procedure gener-
ically applies over a very wide range of climates and types of vegetation and soils.

In the following chapters we use what we call a scenario approach because we
want to show how to apply our five-step adaptive procedure to a range of cir-
cumstances. Such a generalized approach is useful because options can be
explored, and there are so few completely documented examples, or case studies,
available as public documents.

Scenarios are narratives about likely future developments in different situations.
They are not predictions about what will actually happen.We urge readers to keep
in mind that the scenarios we present in the chapters of part 3 are not actual land-
scape restoration case studies, but they are plausible restoration problems.
Although our scenarios are constructs, the outcomes we describe are highly
likely because they are based on our many years of experience in studying how to
successfully restore different types of landscapes (e.g., Tongway 1995; Ludwig and
Tongway 1996; Tongway and Ludwig 2007). The data trends we present for dif-
ferent restoration indicators have been generalized for the purpose of our scenarios,
but trends are based on data we have collected, or that have been collected in stud-
ies by restoration practitioners and students we have worked with over the years.

From many possible scenarios, we have chosen seven types of landscape
damage faced by restoration practitioners. Each type of damage is presented in a
separate chapter. We describe how adaptive landscape restoration applies to
three types of damage onmined lands (chapters 6 to 8), on two types of grazed lands
(chapters 9 and 10), on former pasturelands (chapter 11), and on roadsides
(chapter 12). In presenting scenarios in these chapters, we extensively use a bul-
let (dot-point) format. This is a concise way to emphasize the steps and principles
involved in solving different landscape restoration problems.

In most of the seven scenarios, we describe situations where restoration trends
are “not OK.” (See figure 1.1 in chapter 1.) In this situation we activate the adap-



tive learning loop shown in figure 1.1 to illustrate how restoration trends are
improved. We also include scenarios that are in the early stages of landscape reha-
bilitation. In these examples, early trends for indicators are positive, and restoration
is following our five-step adaptive procedure and its underlying principles, so that
we are confident that positive trends will continue toward a declaration of successful
landscape restoration.
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In this first scenario chapter, we describe how our
five-step adaptive procedure applies to the restoration
of waste-rock landscapes created by hard-rockmin-
ing. Our aim is to illustrate that by putting our
procedure and its principles into practice, these
highly disturbed landscapes can be successfully
restored.We use the term hard-rock mining to cover
all those operations around the globe that extract
valuableminerals such as gold, silver, lead, zinc, cop-
per, nickel, tin, and uranium from ore bodies
composed of rock having low weathering rates.
Within these ore bodies, waste rock is the material
that has no commercial mineral content.

Depending on the depth at which these mineral-
bearing rocks are located, hard-rock mining
operations typically disturb landscapes by creating
large dumps of waste rock using two types of exca-
vation methods:

1. If close to the surface, open-pit excavations are
used to mine minerals (figure 6.1). Waste rock and
regolith (the layer of heterogeneous materials cov-
ering an ore body) are removed from the pit,
dumped in piles, and pushed into plateau-like waste
dumps (plate 6.1), which can cover hundreds of
hectares. These waste-rock dumps are usually located
near the pit to minimize haul distances. Mineral
extraction processes also produce finely ground

rock materials or tailings, which are also stored in
facilities located near the pit. We will describe how
restoration practitioners (RPs) can put principles
into practice to restore land covered by tailings in the
next chapter.

2. If the mineral-bearing rocks are located deep
underground, mine shaft or tunnel excavations are
used to extract them. Deep undergroundmining pro-
duces a little waste-rock material and larger amounts
of tailings. Backfilling of underground tunnels, or
exhausted pits, with waste materials can be done in
some cases, but this option is infrequently used
because it closes off future mining options. Above-
ground storage of waste rock in dumps is usually the
preferred option.

To restore landscapes from waste-rock dumps,
RPs face many challenges. They can successfully
meet these challenges by applying our five-step
adaptive procedure and by putting landscape restora-
tion principles into practice. We state this with
confidence because of our experiences, and those
of colleagues, on restoring waste-rock dumps in
mine sites located around the globe (e.g., Loch
1997; Ludwig et al. 2003; Tongway and Ludwig
2006; Vasey et al. 2000). We have used these expe-
riences to generalize the findings we present in
this scenario chapter.

Chapter 6

Restoration of Mine-Site Waste-Rock Dumps

65
-  © 

, D.J. Tongway and J.A. Ludwig Restoring Disturbed Landscapes: Putting Principles into Practice, The Science and Practice
of Ecological Restoration, DOI 10.5822/978-1-61091-007 1_6, David J. Tongway and John A. Ludwig 2011



Setting the Scene

This scenario deals specifically with restoring waste-
rock dumps (plate 6.1) created by operations at a
typical open-pit, hard-rock mine site (figure 6.1). For
this scenario, we assume the following:

• The climate at the mine site is, overall, mod-
erate and favorable for plant growth. Annual
rainfall is assumed to be about 700 mm, and
temperatures in summer rarely exceed 40°C.
In winter, temperatures occasionally drop
below 0°C. The scenario mine site is in a tem-
perate, but mild, climatic setting.

• Stockpiles of topsoil, created when stripping

the vegetation and soils away from the area
being mined, are relatively small compared
with the amount of topsoil needed to cover
restored areas; this shortage of topsoil is typical
for most hard-rock mines around the world.

• The waste-rock dump being restored is a het-
erogeneous mixture of mined materials (plate
6.2) composed of hard rock, which is resistant
to weathering, and regolith, which readily
weathers; globally, this type of waste-rock dump
is common on hard-rock mines.

Step 1: Setting goals
In this scenario, the stakeholders in the land being
mined (e.g., site lease holders, government regulators,
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Figure 6.1. A typical deep open-pit created by a hard-rock mining operation. In this case, about 50 m of
regolith (mostly oxidized broken rock or oxide) is located above the main ore body.



local community groups) required that the RP achieve
four goals: (1) Waste-rock/regolith piles must be
reshaped into stable landforms that blend with sur-
rounding natural landscape features, such as plateaus,
rolling hills, and valleys. (2) Reshaped landforms
must discharge less than a specified amount of runoff
and sediment from the mine site, which is set by the
regulators. (3) Any acidic drainagemust be contained
on-site, along with any other contaminants or pollu-
tants formed andmobilized bywater leaching through
waste rock. And, (4) vegetation established on these
landformsmust protect surfaces from dust generation
andmust also be adapted to surviving in the long term
without management inputs (i.e., be self-sustaining).

Step 2: Defining the problem
To achieve the four goals, the RP worked with
experts to critically analyze various strengths and lim-
itations of the waste-rock/regolith materials on the
dump, along with other factors likely to affect land
forming and revegetation:

• Because of the large piles of waste rock/regolith
(plate 6.1), mine-site engineers informed the
RP that reshaping dumps into stable land-
forms would be costly.

• To minimize mining costs, site engineers sim-
ply dumped waste-rock/regolith materials with
differing properties into mixed piles (plate 6.2)
rather than sorting them into different stock-
piles, which could then be used later, for
example, to cap spots of acid-forming waste
rock.

• Geochemists found that rates of weathering
and erodibility of different waste-rock/regolith
materials (plate 6.2) varied from very low to
very high.

• Geochemists also found that some waste-
rock/regolith materials contained significant
concentrations of acid-formingminerals, which
could dissolve heavy metals and release them
off-site into aquifers.

• To estimate the potential for storms to trigger
large runoff and erosion events, the RP exam-

ined rainfall records. Although annual rainfall
was only 700 mm, the record showed that
high-intensity rainstorms occurred in some
years.

• The RP knew that the amount of available
topsoil was limited, and unfortunately also
found that this topsoil was prone to dispersion
and slaking. See slake test and slumping in
the glossary. (Topsoil in this context means
soil derived from stripping regolith surfaces
down to about 0.3 m before open-cut min-
ing; it does not imply garden soils.)

• Because most topsoil was stockpiled for
decades, the RP found that opportunities to use
biologically “fresh” topsoil (i.e., with viable
seeds and soil organisms such as termites, ants,
earthworms, fungi, and bacteria) was limited.

• Soil biologists found that soluble salt concen-
trations in some of the waste-rock/regolith
materials were high enough to threaten
the success of establishing vegetation, and
leaching these salts could create off-site con-
tamination problems.

• To explore constraints to growing vegetation on
the waste-rock/regolith materials, the RP and
researchers conducted field experiments and
examined other rehabilitated sites. They found
that plant species composition and life-forms
on these sites were not typical of species occur-
ring in surrounding natural landscapes, but the
plants present were functioning to retain flows
of water and prevent erosion and were usefully
contributing organic materials (e.g., litter) to
nutrient cycles and to soil formation.

Steps 3 and 4: Designing solutions and applying
technologies

Having analyzed the various strengths, problems,
and challenges with restoring waste-rock dumps,
the RP worked with experts to design and apply
feasible solutions and technologies. They first
worked on designing and building stable land-
forms (i.e., applying physical restoration
technologies). (See figure 3.1 and principle 2 in
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chapter 3.) To account for the potential erodibil-
ity of waste-rock/regolith and topsoil materials,
the RP worked with landscape evolution model-
ers to optimize landform designs:

• Where slopes were required, they designed
and constructed landforms to have concave
structures such as bank-and-troughs running
along contours. Previous models and appli-
cations had demonstrated the long-term
effectiveness of such concave structures to
retain water and sediments on-site. See Loch
(1997), Willgoose and Riley (1998), and
Hollingsworth (2010) for landform designs on
mine sites.

• Where plateau-like areas could be formed,
they constructed surfaces into small, inter-
nally draining basins (a form of a store and
slow-release water structure). These structures
(1) greatly enhanced vegetation establish-

ment and growth from small rainfall events,
(2) minimized the potential for on-site wind
and water erosion, and (3) reduced runoff
rate and volume.

After these landforms were constructed, the RP
worked with site engineers and machinery opera-
tors to physically prepare sites for subsequent
revegetation:

• To create surfaces favorable for plants, they first
covered reshaped surfaces with regolith, which
was mostly coarse broken rock (figure 6.2).
Then they applied available topsoil, andmulch
and woody debris (figure 6.3), because these
surface coverings function to (1) prevent direct
raindrop impact onto the soil surface, (2)
obstruct and deenergize overland flows, (3)
enhance infiltration, and (4) reduce the poten-
tial for wind to blow dust off-site.
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Figure 6.2. An example of a waste-rock dump that has been shaped into a plateau-like landscape and
covered with coarse regolith materials. Note the approaching rainstorm.



• To reduce the potential for valuable topsoil to
be lost during storms, they roughened reshaped
surfaces by tilling (shallow ripping) on the
contour. As a physical process, tilling also
“keys-in” the topsoil with deeper substrates;
this avoids the layering of materials into discrete
bands, which may form barriers to infiltration
and may promote landslip erosion.

• To prevent damage to plants by any spots of
acid-forming materials, they promptly and
permanently applied a capping of materials
(e.g., non-shrink/swell clays) to these spots.
The aim of this capping was to form a barrier
to water and oxygen, which slows acid for-
mation to the lowest possible rate and prevents

any above- or belowground flows of this acidic
water off-site.

After physically preparing rehabilitation site sur-
faces, the RP worked with botanists and ecologists to
plant vegetation to form self-sustaining ecosystems:

• To increase the likelihood that vegetation
would be suited to the local climate, they col-
lected seeds from local natural vegetation and
sowed these seeds to augment any viable seeds
in applied topsoil.

• To enhance germination and establishment,
they timed sowing to take advantage of
expected rains.

• To ensure that vegetation included framework
plants, they specifically collected seeds from
these key species and grew them as tube-
stock in nurseries. Framework plants are
those species known to provide important
ecosystem benefits, such as goods and services
for local people and special habitats required
by animals.

• To take advantage of run-on areas created in
the reformed landscape, such as internally
draining basins, they strategically planted tree
seedlings (as tube-stock) within these areas,
rather than in uniform rows as in plantations.

• To promote the growth of seedlings, they
added only a small amount of nitrogen and
phosphorus fertilizer. They used fertilizer
applications similar to nutrient concentra-
tions found on natural reference sites. They
also knew from previous experience that
heavy applications of fertilizer encouraged
weeds on rehabilitated mine sites.

• To control colonizing and aggressive weeds,
they applied herbicides.

Step 5: Monitoring and assessing trends
To evaluate restoration trends as soon as possible after
sequentially applying physical and biological restora-
tion technologies, the RP immediately initiated a
protocol to monitor indicators reflecting landscape
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Figure 6.3. A rehabilitated mine site where
woody debris has been applied to the surface of a
reshaped waste-rock dump.



processes so that, if necessary, adjustments to tech-
nologies could be made to improve restoration
trends. The RP selected a number of key indicators
to monitor:

1. Signs of erosion, indicating unstable surfaces
on recently constructed landscapes. The RP
observed and measured the following:

• The extent of any lateral flows of runoff along
troughs created along slope contours by deep-
ripping, which forms a system of banks with
concave troughs designed to retain water.

• Any water pooling in troughs along contours;
such pools are where water is likely to overflow
banks and initiate rills and gullies.

• Any new rills on reformed and revegetated
slopes; if found, the RPmonitored their width
and depth.

• Any areas of fresh alluvium found at the foot
of slopes; if found, the RP identified their
source and monitored their size.

• Any gullies; if found, the RP measured their
size (depth, width) and located their source.

By monitoring these signs of erosion, the RP
could initiate repairs (e.g., fix overflow points along
banks) before they became serious (e.g., deep gullies)
and costly.

2. Water quality, indicating potential problems
with off-site pollution. The RP regularly monitored
the following:

• Surface waters and water extracted from
aquifers, both on- and off-site, were monitored
for contaminants, which if found signaled the
immediate need for remedial actions.

• Hot spots of acid-forming waste rock, which if
found immediately required the application of
a thicker capping to better isolate these spots
from water and oxygen.

3. Vegetation establishment and long-term sur-
vival, indicating if a self-sustaining ecosystem

is developing. The RP measured indicators
along permanently positioned transects ori-
ented downslope, which are called gradsects
(Gillison and Brewer 1985), using standard
procedures. (See chapter 13.) These proce-
dures include observations and measurements
on these features:

• The position of vegetation and bare soil
patches; the RP repaired any large gaps in
vegetation as soon as possible.

• Sizes of vegetation patches (horizontal and
vertical dimensions); the RP assessed rates of
patch growth and their role in retaining water
and soil, and providing habitats for animals.

• The species composition of the establishing
vegetation; the RP evaluated whether vegeta-
tion trends were toward those expected from
natural reference sites.

• The presence and abundance of exotic weed
species; the RP determined if any control
treatments were needed. If aggressive weeds
were found, they were quickly controlled,
whereas weeds of low persistence were given
a lower priority.

• Amounts of remaining mulch and woody
debris, and the accumulation of litter from
the developing vegetation; the RP assessed
whether these organic materials were being
decomposed and incorporated into the soil
by fungi or soil invertebrates. If they were
being washed away, the RP took corrective
measures to stop excessive runoff.

For this scenario on restoring waste-rock dumps,
the RP generally monitored progress at annual inter-
vals. However, some indicators, such as water quality,
were monitored more frequently, especially if a
major disturbance (severe storm) hit the site and
repairs were needed.

The RP continually analyzed trends in indicators
and, after more than ten years, found a number of
positive developments. For example, the growth of
trees was toward that expected from unmined ref-
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erence sites (figure 6.4a), althoughmanymore years
will be needed for trees to reach full size. (Note,
although these trends are generalized for this sce-
nario, they are based on data trajectories reported in
Ludwig et al. 2003.) The deep rip-lines in the
reshaped landforms were very resistant to in-filling
over time (figure 6.4b) and remained effective in
retaining water, topsoil, and litter produced by veg-
etation leading to formation of new soil. This means
that on rehabilitated waste rock the need for vege-
tation to take over the function of resource retention
from collapsing rip-lines is less critical than for
other mines (e.g., bauxite) where rip-lines are created
in less robust material.

The RP found that trends in the percentage
composition of the trees were generally toward an
increase in long-lived Eucalyptus species and a
decrease in short-lived Acacia species (figure 6.5) as
would be expected for the development of self-sus-

taining ecosystems similar to those found on nearby
reference sites. However, the trend in establish-
ment of other woodland species remained below that
expected, and the RP took remedial actions by plant-
ing missing tree species (grown in containers from
locally sourced seeds) into the rehabilitating site. The
RP also found from tests of soil properties (e.g.,
salinity) that some areas of soil were not suitable for
some plant species. The RP consulted with stake-
holders to approve the cost of treating the soil to
render it more favorable for local plants.

To assess the development of habitats for fauna,
the RP calculated an index of habitat complexity
from vegetation structure measurements (e.g., hor-
izontal and vertical tree canopy dimensions) and
other site attributes. (See chapter 16.) The RP found
that habitat complexity rapidly increased toward
that expected from natural unmined sites (figure 6.6).
However, special habitats such as tree hollows take
much longer than ten years to develop, and absence
of hollows at this relatively short time scale was not
interpreted as restoration failure. To fully assess fau-
nal habitat restoration, the RP continued to monitor
vegetation structure and animal diversity.

To evaluate soil development on rehabilitated
sites, the RP examined trends in soil-surface condi-
tion indicators relative to those expected from natural

Figure 6.4. (a) Trend in tree growth (mean
DBH) on rehabilitated mine sites was toward that
expected for unmined sites. (b) Rip-lines created
in surface materials remained 7 cm deep after 10
years (no rip-lines on unmined sites).

Figure 6.5. Trends in tree composition on reha-
bilitation sites toward those expected from nearby
unmined reference sites for acacias (square), euca-
lypts (circle), and “other” tree species (triangle).
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unmined sites. The RP found that surface stability
and infiltration indices were initially high (figure
6.7), and remained so because the surfaces formed
by the physical ripping of coarse waste-rock/regolith
materials were inherently stable and readily took in
water. The nutrient-cycling index steadily increased

as vegetation developed, because the biological
processes of litter fall and its decomposition became
prominent.

All of the above monitoring data were evalu-
ated by the RP for progress toward the stated goals.
After twenty years, the RP found that all trends were
OK, and all goals were being achieved. The RP
presented these findings to stakeholders and regu-
lators who concluded that the restoration of
waste-rock dumps on their mine site was succeeding.

Further Thoughts

We end chapter 6 by emphasizing the importance
of not only applying the five-step restoration proce-
dure and putting principles into practice, but also
how essential it is to continue monitoring, because
if negative trends in indicators are detected at early
stages of rehabilitation, potential problems can be
fixed at low cost. Prompt provision of monitoring
data to the manager enables them to apply the
trends OK/trends not OK test. (See figure 1.1 in
chapter 1.) If problems are found with some indi-
cator trends, then the answer to the question, is the
trend OK? is no. In this case, the RP can analyze
underlying causes of the problem and design fixes to
implement (i.e., apply the adaptive learning loop; fig-
ure 1.1). For example, if the RP detects signs of
erosion, such as rills on a reformed slope (figure 6.8),
the cause can be isolated (e.g., a broken bank) and
correcting actions taken. In this case, the bank can
be repaired and the movement of sediments down
the rill can be arrested inexpensively by applying, for
example, locally available hay mulch (figure 6.9).
Following this treatment, additional monitoring
allows the RP to check on its effectiveness (plate 6.3).
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Figure 6.7. Trends in soil-surface condition indi-
cators on rehabilitation sites: stability (circle),
infiltration (square), and nutrient cycling
(triangle) are toward values on unmined sites.

Figure 6.6. The trend in the habitat complexity
index is toward the level expected for a natural
unmined landscape.
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Figure 6.9. An example of the application of hay mulch to trap sediments on an eroding slope (see figure
6.8). All sediments were being trapped in the upper 40 cm of the applied mulch.

Figure 6.8. An example of a slope that has eroded into rills, with water ponding at the base of the slope
rather than infiltrating into the slope to benefit plants.





In chapter 6 we described the challenges restoration
practitioners (RPs) face when restoring landscapes
from waste-rock dumps. Our aim in this chapter is
to present what is perhaps a greater challenge: restor-
ing landscapes on tailings storage facilities (TSFs),
often called tailings ponds, at mine sites; these TSFs
occur around the world. Tailings are the finely
ground materials remaining after mining and pro-
cessing rocks to extract precious metals such as
gold, silver, lead, zinc, and copper. After processing,
tailings still contain varying amounts of heavy met-
als and chemical contaminants, which have adverse
reactive chemical, physical, and biological proper-
ties that present major restoration problems and
can threaten human health.

Globally, tailings are stored within constructed
aboveground embankments (figure 7.1). Although

wall construction varies, TSFs are typically initi-
ated by building a low, encompassing starter wall of
earth and rock. Tailings placement usually begins
just inside the outer walls and proceeds toward the
center. When this initial pond is nearly full, the
dry tailings from around the edges of the pond are
reshaped to form a new higher wall. This construc-
tion process is repeated over time to create a series
of lifts where higher sections of the wall are stepped
in to form a truncated pyramid shape (figure 7.2),
which also provides road access to the top of the tail-
ings pond.

TSFs are typically filled by pumping finely
ground tailings in pipes as slurry from processing
plants to their containment within embankments.
Some newer processes pump tailings as a paste after
partial dewatering. Because of the logistics and eco-
nomics of pumping slurry or paste, TSFs are usually
located near mineral extraction plants. TSFs may
cover very extensive areas; for example, they cover
about 500 km2 in the Witwatersrand Region of
South Africa.

Restoration of TSFs usually does not begin until
after tailings deposition operations have ceased,
and after tailings have dried sufficiently to bear the
load of vehicle traffic carrying cover materials.
Because of the way they are constructed, restoring
TSFs involves rehabilitating (1) the relatively flat,
plateau-like tops of the ponds, and (2) the sloping
embankments or walls forming the pond flanks.

There are two different ways of restoring TSFs,
depending on whether ore bodies are mined by sur-
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Figure 7.1. An aerial view of tailings storage
facilities constructed as rectangular ponds with
steep sides to reduce their landscape footprint.
Photograph courtesy of Harley Lacy.
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face open-pit operations or by tunneling under-
ground. Around the world, open-pit mining
operations typically produce sufficient waste-rock
and regolithmaterials to completely cover tailings as
part of the landscape restoration procedure (e.g., fig-
ure 7.3; plate 7.1). In this case we recommend RPs
put into practice our five-step adaptive procedure and
its principles. We described these practices in our
chapter 6 scenario where, to retain water and promote
vegetation onwaste-rock dump slopes (figure 7.4), for
example, RPs constructed bank-and-trough systems
along contours (figure 7.5). Because these same
landscape restoration procedures and technologies
also apply to reclaiming waste-rock/regolith-covered
TSFs, we will not repeat these procedures here.

Here we describe howRPs can restore landscapes
on TSFs located on mines using underground tun-
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Figure 7.2. Stepped walls of a tailings storage facility built from dry tailings and covered with nonreac-
tive waste rock.

Figure 7.3. The entire top of a TSF is being
covered with earth and waste rock. Photograph
courtesy of Harley Lacy.
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Figure 7.4. An example of vegetation established on a gently sloping TSF wall covered with earth and
waste rock in a semiarid environment.

Figure 7.5. An example of a bank-and-trough system constructed on a low-angled TSF wall. Natural
landforms can be seen in the background. Photograph courtesy of Roger Potts.



neling operations, which produce insufficient topsoil
and waste-rock/regolithmaterials to completely cover
tailings. In addition,most tailings produced by under-
groundmining operations remain uncovered, because
if more efficient mineral extraction processes are
developed, these tailings have the potential to be
reprocessed at low expense. For these reasons, TSFs
on underground mines are very rarely restored by
completely covering tailings with waste-rock/regolith
materials. For example, the extensive TSFs in theWit-
watersrand area of South Africa, noted earlier, are
uncovered. The problem is that when raw tailings are
not covered to protect them from exposure to wind
and rain, RPs must deal with a number of difficult
technical problems such as TSF wall erosion (figure
7.6). Alongwithmine stakeholders, RPsmust also deal
with social issues, such as dust pollution and off-site
heavy metal contamination.

Problems with restoring sustainable landscapes
on uncovered TSFs are faced by RPs on mine sites
around the world such as those in Australia, Europe,
North and South America, Africa, and Asia. Because
restoring uncovered TSFs is so common, yet so dif-
ficult, we have generalized our scenario for this
chapter. We describe how, by applying landscape
principles and an adaptive restoration procedure, RPs
can overcome a number of difficulties to successfully
restore uncovered TSFs. We do this with confi-
dence because of our experiences in working with
colleagues on restoring TSFs, especially in Aus-
tralia and South Africa (e.g., Lacy and Barnes 2006;
Williams and Kline 2006; Weiersbye andWitkowski
2007). These experiences build on those of others on
rehabilitating TSFs in North America. (See, for
example, Peters 1984.) For emphasis and brevity, we
use bullet points in this scenario.
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Figure 7.6. Overflow from the top of a TSF (at top right) has eroded the wall, carrying tailings off the site.



Setting the Scene

As noted, this scenario specifically deals with restor-
ing landscapes on TSFs on sites using deep shaft
mining operations where only very small quantities
of waste-rock, regolith, and topsoil materials are
produced. For this scenario we assume the follow-
ing setting:

• Tailings on the plateau-like top of the TSF are
uncovered, and those on steeper slopes of
stepped sides may be partially covered with any
available waste-rock/regolith/topsoil materi-
als. (See figure 7.2.)

• The climate is moderate and favorable for the
growth of plants adapted to warm, rainy sum-
mers and mild, dry winters.

• The RP understands how the TSF is posi-
tioned in relation to previous land surfaces
and subsurface drainage systems.

Step 1: Setting goals
Mine-site stakeholders and the RP agreed that their
general objective was to convert the TSF into a
landscape that meets safety, environmental stability,
and aesthetic acceptability criteria. Because tail-
ings are potentially toxic and have a very fine,
noncohesive texture, this means they needed to
minimize the risk of off-site contamination. The
stakeholders set a number of specific goals for the RP:

• To reduce the potential for tailings dust to
blow off-site, the RP needed to establish a self-
sustaining cover of, ideally, native vegetation.

• To limit the flow of any contaminated water off-
site to very low (agreed to) levels, the RP needed
to establish plants that would function to min-
imize deep percolation through tailings; this
could be achieved by having plants transpire
water that might percolate through tailings
and emerge as contaminated base flow.

• To reduce the risk of contaminating water by
its percolation through acidic hot spots, the RP
needed to find any areas of highly reactive

pyritic materials where acidic percolation
could dissolve out contaminates such as heavy
metals, which could then potentially flow off-
site. If found, these hot spots could be treated
with limestone or dolomite to neutralize any
acid formed by pyrite oxidation. However, the
large bulk of the tailings would retain their orig-
inal properties.

Step 2: Defining the problem
The RP analyzed the range of issues in restoring
uncovered TSFs within the context of the broad
landscape setting. A number of challenges became
evident.

Potential toxicity

Because of differences in the rocks beingmined, tail-
ings vary greatly in composition over the life of the
mine. This is evident in the color bands seen in TSF
walls (plate 7.2). Because tailings contain varying
concentrations of toxic heavy metals and pyritic
materials, they oxidize to form sulphuric acid when
water and oxygen are available; this acid dissolves
metals held in tailings and potentially releases them
off-site. The RP had samples of tailings collected
from the site analyzed for the following:

• General physical and chemical properties
(e.g., particle size; and pyritic, toxic metal,
and residual chemical content)

• Specific potential for pyrite oxidation, includ-
ing their oxidation rate, so that technologies
could be designed to minimize the potential
risk of any plastic flows and drainage (both
surface and subterranean) from the TSF

Wall erosion and stability

Until the RP establishes a protective cover of vege-
tation, uncovered walls of the TSF are exposed to the
erosive forces of wind and water (figure 7.6). Fur-
thermore, the core of a tailings pond remains moist
for many years after the addition of slurry has ceased,
but the external walls of the TSF can dry rapidly. As
external walls dry, their brittleness, and the mass of
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still-moist core of tailings behind it, can cause faults,
which may release plastic flows of tailings through
the wall that spread slowly over the external land-
scape and plumes of contaminated water that
percolated out from the base of the wall and flow off-
site.

The RP knew from observations that TSF wall
failures are very difficult to predict and control and
that off-site leakages can pose significant short- and
long-term environmental and health threats to
human populations in the region. The RP recog-
nized an additional problem: many TSFs are located
on natural drainage lines because these areas are not
traditionally used for agriculture or horticulture.
This meant that any leakage from the base of the
TSF directly enters surface or subsurface aquifers
and, if toxic, causes off-site contamination.

Dust pollution

Because tailings are composed of finely ground
rock material about 30 microns in size, which are
fine enough to be transported long distances as dust
in wind, the RP had a major problem with the
uncovered TSF: every storm has the potential to
carry hazardous materials off-site.

Soil formation

Because of their finely ground nature, tailings
superficially resemble fine sandy or silty soils, but
the RP knew tailings do not have the properties of
real soils:

• Tailings do not initially contain actual clays,
although there may be clay-sized rock particles
present. Unlike true clays, dry tailings have
moderate infiltration rates, but low water-hold-
ing capacities.

• Tailings have poor cation exchange capacity
(CEC), which is an important property of real
soil that is associated with clays. As the name
implies, CEC is the capacity of the soil to act
as a nutrient reserve that reversibly sorb cations
such as ammonium, potassium, and calcium;
these cations are essential for plant growth.

• Initially on TSFs, there are few habitats suit-
able for soil biota ranging from invertebrates to
fungi; the lack of these organisms delays soil-
forming processes.

Establishing vegetation

The RP analyzed raw tailings and found them defi-
cient in nearly all critical plant nutrients, which
makes raw tailings a poor medium for establishing
plants. Although clays and other soil components
eventually form from tailings by natural soil-forma-
tion processes, the RP knew that the timescale is far
too slow; the goal is to quickly establish vegetation
to control water and wind erosion.

Steps 3 and 4: Designing solutions and
applying technologies

The RP faced major challenges in dealing with all
of the above problems and decided to systemati-
cally explore different designs and technologies to
rehabilitate the relatively flat tops of the tailings
ponds and the steeper sides (walls) of the TSF.

After considering different options, the RP
designed a procedure to establish a cover of grasses
on raw tailings by applying water (irrigate), nutrients
(fertilize), and ameliorants (lime or dolomite). The
RP then sowed amix of grass seeds for species known
from field trials to be adapted to the climatic setting
and to growing in raw tailings being limed, fertilized,
and irrigated. Although irrigating, liming, and fer-
tilizing tailings is costly and requires constant
maintenance (Haagner 2009), the RP’s goal to
quickly cover the TSF top with grasses to prevent off-
site dust contamination was deemed paramount. A
thick grass cover also transpires incident rainfall to
reduce deep drainage through tailings and potential
seepage from the base of the TSF wall.

Step 5: Monitoring and assessing trends
After applying the above technologies to establish a
TSF landscape covered with irrigated grasses, the RP
immediately began monitoring a number of restora-
tion indicators. For example, the RP annually
measured the grass cover and also the composition
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of the species that grew on rehabilitated sites, on both
the tops and sides (walls) of the TSF. The RP also
checked for signs of soil erosion on these sites after
storm events, and for any signs of contaminated
water leaking from the base of TSF walls. See chap-
ter 6 for other examples of landscape restoration
indicators.

After eight years, the RP found that restoration
trends on the tops and walls of the rehabilitated
TSF were positive. However, because of the constant
maintenance demands and high costs of supplying
irrigation, lime, and fertilizers to extensive areas of
rehabilitation, the RP (in consultation with stake-
holders) decided to “turn off the tap.”

Turning the tap off

When irrigation and fertilization had ceased for
only two years, the RP observed a number of severe
problems:

• Because the grass root systems had developed
to expect about twice the natural rainfall, grass
cover on the top and walls of the rehabilitated
TSF rapidly declined from high eight-year
values of 85 percent obtained under irriga-
tion and fertilization down to about half these
maximums in year ten (figure 7.7). The natu-

ral grass cover on reference sites was consid-
erably lower than the artificially maintained
maximums.

• Because of lower grass cover, the RP found that
soil surfaces were forming physical crusts that
readily shed rainwater (figure 7.8) and signs of
surface erosion were becoming evident
(pedestals, rills).

• With less grass cover to transpire water after
major storm events, water was leaching
through the tailings and leaking from the base
of the TSF wall and entering local drainage
networks. This seepage was found to be con-
taminated with toxic heavy metals.

The RP learned that these problems have also
been found on other TSFs where grasses were
grown under irrigation and fertilization on uncov-
ered tailings.

Given the seriousness of the above problems, the
RP informed the mine-site stakeholders that reha-
bilitation trends were clearly not OK. (See figure
1.1.)

Trends Not OK: Follow the Adaptive
Learning Loop

In a workshop with the stakeholders, the RP worked
through the adaptive learning loop (figure 1.1).

Step 1: Resetting goals
First, the RP and stakeholders reexamined their
goals and agreed that, while it remained very impor-
tant to quickly grow vegetation on TSF tops and
walls to prevent wind and water erosion, their new
aims were as follows:

• To establish long-lived savanna and woodland
vegetation surface covers that depend only on
natural rainfall, rather than the fast-growing
grass vegetation initially trialed, which was
dependent on irrigation and fertilization.
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Figure 7.7. The mean trends in grass cover on
rehabilitating TSF tops and walls. As a reference
point, grass cover was also measured on nearby
natural grassland sites.



• To devise a strategy to contain on-site any
leakage from the base of the rehabilitated
TSF walls.

Although establishing savanna and woodland veg-
etation on TSF tops and walls meant incurring the
costs of reworking raw tailings and adjusting outer
wall slopes, these initial costs were expected to be
offset in a few years by removal of the ongoing
costs of the irrigation and fertilization regime
required by the grasses.

Step 2: Redefining the problem
The RP reanalyzed the problems that became evi-
dent after the irrigation system was turned off and
concluded:

• The rate of soil formation using just grasses and
shallow irrigation was both too slow and too

shallow to overcome the deleterious properties
of the raw tailings.

• A range of vegetation life-forms was needed
that would persist on the TSF in the absence
of irrigation and fertilization.

Steps 3 and 4: Redesigning solutions and
applying technologies

To rehabilitate the flat top of the TSF, the RP
selected a different design to apply:

• To create runoff and run-on areas that retained
rainwater and limited any overland flows, the
RP had engineers reform the surface into a sys-
tem of internally draining minicatchments by
reshaping dry tailings into shallow troughs
surrounded by low mounds.

• To establish groundcover vegetation, the RP
sowed grass seeds into the troughs and onto the
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Figure 7.8. Signs of surface erosion and compact physical crusts are evident between grass clumps
along a transect being monitored on the walls of a rehabilitated TSF.



mounds. To increase the likelihood that these
seeds would successfully establish and grow on
the TSF, the RP collected seeds already grow-
ing on the TSF. (See Weiersbye et al. 2006;
Weiersbye 2007.)

• To establish scattered trees onmounds, the RP
planted tree seedlings grown in containers
from locally sourced seeds.

• To kick-start biological processes to promote
vegetation and soil formation, the RP covered
mounds withmulch (garden refuse comprising
shrub prunings, leaf litter, and a little soil).
These piles of prunings also provided sub-
stantial wind resistance and captured soil
particles carried in dust.

If successful, this pseudosavanna landscape would
function like natural landscapes in the region, which
have runoff and run-on zones at the 5 to 10 m scale.

To rehabilitate TSF walls, the RP had engineers
reform these walls to have an angle of about 18° from
the original 35°, which is close to the angle of
repose for tailings. On themore gentle slopes the RP
could simply till and sow seeds by machine.

To fix places along the base of TSF walls where
leakage was evident, such as where the TSF was built
over a former creek, the RP explored ways to use veg-
etation located in lands adjoining the base of the
TSF walls to capture any plumes of seepage and
reduce the chance of off-site contamination. The RP
chose a mixed-species plantation-style design for
use in these locations because research from around
the world has demonstrated that no one tree species
excels at all landscape processes. (See Weiersbye
2007; Weiersbye and Witkowski 2007.) Plantation
tree species were specifically selected to transpire soil
water and take up heavy metals.

Step 5: Continue monitoring and reassessing
trends

The RP promptly began monitored the newly reha-
bilitated TSF tops and walls using the same
restoration indicators as before, which reflected early
trends in landscape processes such as the movement

of tailings by wind and the retention of water, but
added new indicators to assess tree establishment:

• To indicate the emerging role of vegetation to
protect TSF surfaces from erosion, the RP
measured the cover and size of planted trees
and sown grasses along transects.

• To assess erosion on the rehabilitated TSF
after eachmajor wind and rainstorm event, the
RP looked for signs of sediment transport such
as plant hummocks and bare soil patches. If
found, the RP located and mapped the poten-
tial source of the sediment.

• To evaluate the development of soil from raw
tailings, the RP observed, for example,
whether litter from vegetation was being
decomposed and incorporated into the surface
by fungi and soil invertebrates such as earth-
worms and termites.

• To assess whether contaminants, especially
toxic heavy metals, were leaking from the base
of TSF walls and beyond the plantations, the
RP extensively collected water samples and
tested water quality.

After monitoring these and other indicators over
enough time to have reasonable confidence in the
data, the RP evaluated landscape restoration trends.

For the tops of the rehabilitated TSF, the RP
found that after only five years a dense and fine-
scale patchy cover of grasses with a few trees had
developed, which resembled the desired pseu-
dosavanna (figure 7.9). To kick-start biological
processes, the RP found a rich diversity of plant
forms on mounds where garden refuse had been
dumped (figure 7.10).

Based on monitoring for signs of wind erosion,
the RP also found that the savanna-like landscapes
were functioning to effectively control dust from
blowing off the top of the TSF, which confirmed
local empirical dust-storm observations. These pseu-
dosavannas were also functioning to prevent water
from flowing off the top of the TSF, which would
create gullies in the TSF walls.
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Figure 7.9. An open pseudosavanna landscape where raw tailings were used to form low banks and
shallow depressions on top of a TSF, thus replicating the spatial heterogeneity found in natural
landscapes. Variations in vegetation density reflect the bank and depression structure.

Figure 7.10. An example of vegetation development on the top of a rehabilitated TSF after more than
five years where paddock-dumped garden refuse was the principle treatment; this refuse provided both
substrate and microorganisms to accelerate soil-formation processes.



The RP examined soil development and found
that plant litter was being processed and buried by
soil invertebrates in the litter. The activity of roots and
other soil and biological processes (e.g., soil respi-
ration) clearly indicated that soils were actively
forming on the tops of rehabilitated tailing ponds
(figure 7.11).

The RP monitored the TSF walls and found
that after only five years (with no irrigation) a rea-
sonable cover of grasses had established with only
one initial application of fertilizer and lime. The RP
monitored soil-surface condition indicators along
transects on the rehabilitated TSF walls and found
that soil-surface stability was providing a useful level
of protection against wind and water erosion (figure
7.12), and that infiltration and nutrient-cycling
potentials were only slightly below those expected
from reference sites.

Out from the base of TSF walls, the RP found
that plantations of mixed trees had successfully
established and grown rapidly (plate 7.3). Tree
growth was especially rapid along former drainage
lines. (See Dye et al. 2008.) Collections of water
from below these mixed plantations were not

contaminated, which suggested that the selected
tree species were actively transpiring soil and
deeper drainage water, and taking up and immo-
bilizing within plant tissues any heavy metals in
this water.
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Figure 7.11. A profile of a soil forming under mulch applied to a mound on the top of a rehabilitated TSF.

Figure 7.12. Five years after the application of
new restoration technologies on TSF walls, values
for soil-surface stability, infiltration, and nutrient-
cycling indices had increased and approached
those of reference sites.



Although after five years, restoration indicators
suggested that trends were OK, it was too early for
the RP to be certain that the new technologies
put into practice to correct earlier problems had
resulted in a self-sustaining pseudosavanna land-
scape. These technologies included inoculating raw
tailings with real soil, creating internally draining
basins on plateau tops, and planting vegetation
adapted to local environments. Therefore, the RP
continued to monitor indicators to confirm that
these technologies, which were adaptively put in
place to improve the rehabilitation of the TSF,
were continuing to work.

Further Thoughts

Our description of restoring landscapes on TSFs in
this chapter certainly does not imply that all prob-
lems have been solved. Satisfactory restoration of

TSFs is still subject to ongoing investigations and
new technologies. But, landscape restoration tech-
nologies similar to those described in this chapter are
now being applied on mine sites around the world.
And, if the procedures and principles described in
this book prove successful in providing the frame-
work for addressing the physical, chemical, and
biological shortcomings of the tailings retained in
TSFs, they could become industry standards for
restoring mine sites.

In this chapter we did not cover the restoration
of all types of mine-waste storage facilities. For exam-
ple, we did not cover how RPs face the restoration
challenges posed by coal ash storage facilities or
the hazards of storing radioactive wastes. However,
we are confident that RPs can successfully restore
landscapes on all kinds of waste storage facilities by
putting into practice our five-step adaptive procedure
and its principles.
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In this chapter we discuss the challenges faced by
restoration practitioners (RPs) aiming to rehabil-
itate lands disturbed by open-cut coal mining
operations. Large deposits of coal occur around
the globe, notably in Australia, China, North
America, and Russia. Coal deposits formed dur-
ing Carboniferous, Permian, Triassic, and Jurassic
geologic periods. Coals vary from soft brown (lig-
nite), to soft black (bituminous), to hard black
(anthracite). In many areas coal deposits lie
exposed, or near the earth’s surface, where they
can be efficiently and economically extracted by
open-cut (often referred to as open-cast) mining

operations (figure 8.1). To reach coal deposits
near the earth’s surface, open-cut mining opera-
tions remove over-burden (regolith) materials to
create large and extensive piles of waste material
called spoil (figure 8.2).
Deeper coal deposits are mined by underground

long-wall operations to create tunnels or galleries
where coal is removed. Although undergroundmin-
ing may cause changes in surface hydrology due to
collapse of galleries, tunnel operations produce very
little waste or spoil. In this scenario we focus on the
restoration of landscapes disturbed by open-cut coal
mining operations because their large spoil heaps typ-
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Figure 8.1. An example of an open-cut coal mining operation where massive drag-lines are used to strip
away soil and over-burden and expose the coal layer.
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ically affect ten times more land than that affected
by underground coal mining.
Restoring landscapes from large spoil heaps pre-

sents RPs with a number of challenges because raw
(untreated) spoil materials are highly dispersive
(unstable) and usually sodic (sodic saline or sodic
alkaline; see glossary). These spoil characteristics are
globally common on open-cut coal mines and world-
wide cause RPs great difficulties when they try to
establish vegetation on spoil. Here, our aim is to
describe ways for RPs to successfully restore coal spoil
heaps by applying our five-step adaptive landscape
restoration procedure and by putting into practice
the principles that underlie this procedure.

Setting the Scene

This scenario addresses restoring landscapes covered
with large piles of coal-mine spoil. (See figure 8.2.)

Our scenario is based on our studies on restoring coal
mines in the Bowen Basin of central Queensland,
Australia (e.g., Spain et al. 1995), and on studies by
colleagues around the world (e.g., Giurgevich 1999;
Rethman et al. 1999).
The setting is a region where the climate is cool

temperate with most of the annual precipitation of
about 600mm occurring during summer storms, but
winter rains and snows also significantly contribute
to total precipitation. Summer temperatures can
be hot and winter temperatures freezing. The
regional land use is predominantly cattle ranching
(figure 8.3), and native vegetation in the region is
woodland, which has been extensively cleared to
form open pastures for cattle (figure 8.4). The soils
are shallow lithosols (less than 20 cm deep) and gen-
erally have low nutrient status; because of this the
country is used for ranching not farming.

Step 1: Setting goals
In this scenario, stakeholders required that sites
being mined for coal be restored to landscapes that
are suitable for grazing cattle (by reshaping spoil
heaps to form gently rolling, grassy pastures); that
yield little or no sediment into the lands sur-
rounding the mine; and that have no off-site
contamination of streams by pollutants (e.g.,
excessive salts because high-quality water is
needed by cattle). Mine-site stakeholders con-
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Figure 8.2. A typical open-cut coal mining oper-
ation that has created extensive piles of spoil
(over-burden). Note the erosion on the steep
slopes of these spoil piles. The road on the top
indicates that these spoil piles are up to 50 m high.

Figure 8.3. Cattle grazing a pasture created by
clearing semiarid woodland.



sidered these three goals adequate targets for the
RP to achieve.

Step 2: Defining the problem
To achieve these goals, the RP critically analyzed a
number of biophysical and socioeconomic prob-
lems created by the open-cut mining operations:

• Because of the way spoil materials were
deposited by dragline operations (figure 8.1),
spoil piles were unconsolidated mixes of mate-
rials (figure 8.2). This meant that reshaping
these large, steep spoil piles into the land-
forms desired by stakeholders would be costly.

• Because of alkalinity (pH greater than 8) and
sodicity (high concentrations of exchange-
able sodium), spoil materials were highly
dispersive and sides of piles readily eroded.
(See figure 8.2.)

• Due to potential failures from pipe and tunnel
erosion, dispersive spoil materials would not be
suitable for building earthen banks to pond
water for cattle and to form artificial wetlands.

• Because quality topsoil (pH around 7) was
stripped off surfaces prior to mining and was
stockpiled into hills, or buried, topsoil ended
up being stored for so long that its biological
activity was greatly reduced.

• Based on germination trials, the RP found
that fresher stockpiles of topsoil contained
high numbers of viable seeds, but unfortu-
nately most were seeds from weeds—a legacy
of former land use.

• Based on field and potting trials, the RP found
that desirable pasture grasses readily grew in
soils derived from regolith, especially when
ameliorants such as gypsum and fertilizer were
added. Rocky materials in the regolith rap-
idly weathered to a sandy loam texture.

• To evaluate trends in restoration indicators
(see step 5), the RP analyzed the vegetation
and soils on nearby natural woodland pas-
tures (reference sites).

Steps 3 and 4: Designing solutions and
applying technologies

After analyzing problems and evaluating findings
from experimental trials, the RP designed a set of fea-
sible solutions and technologies. In consultation
with stakeholders, the RP selected and applied a
number of technologies:

• To retain water within the rehabilitated land-
scape, the RP designed gently rolling
pasturelands with a wetland. This landscape
was built to be roughly saucer shaped, having
widely spaced perimeter ridges (1,000m apart),
gentle slopes, and a central valley that drained
into an artificial wetland (figure 8.5).

• To roughen pastureland surfaces to slow over-
land flows of water and reduce surface winds,
the RP capped surfaces with topsoil and ripped
slopes along contours.

• To establish pasture grasses and forbs on
these rehabilitated surfaces, the RP sowed a
seed mix of pasture species known to suit
the prevailing climate and soil type, and
known to be valued by local cattle producers;
this seed mix included short-lived acacia
shrub species.

• To ensure good shrub, grass, and forb growth
after rains, the RP applied fertilizer.
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Figure 8.4. A semiarid woodland (at right) that
has been cleared (at left) to form an open pasture.
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Figure 8.5. A rehabilitated landscape shaped from coalmine spoil into gently rolling pastureland with
low ridges and a valley draining into a wetland.

Step 5: Monitoring and assessing trends
After applying the technologies described above,
the RP initiated a protocol to monitor indicators
reflecting landscape processes on rehabilitated sites:

• To assess retention of water after storms, the RP
looked for signs of on-site erosion (e.g., gullies
and rills) and losses of sediments and other
waterborne contaminants off-site.

• To evaluate the establishment of pastures, the
RP annually measured the abundance and
diversity of plants.

• To assess soil development in rehabilitated
pastures, the RP annually collected soil sam-
ples and measured pH and available nitrogen
and phosphorus for comparison with data
from reference sites. To further assess soil
development, the RP estimated soil-surface
condition indices on the rehabilitated land-

scapes and on reference sites, especially with
regard to soil slaking and dispersion indica-
tors. (See chapter 14.) The RP required these
data on indicators to evaluate trends as soon
as possible so that, if necessary, adjustments
to the design and technologies could be
quickly applied.

After six years, the RP examined the monitoring
data and found a number of positive trends toward
those expected, but also some negative trends.
(Note: For this scenario, data trends are generalized,
but they are based on our studies on coal mines, par-
ticularly those located in the Bowen Basin,
Queensland, Australia.)

• Pasture plants rapidly established on land-
scapes reshaped as gently sloping pasturelands.
The RP found that grass densities on reha-



bilitated sites exceeded those found on nearby
unmined pastures (figure 8.6a), but the diver-
sity of all pasture plants remained well below
that expected (figure 8.6b). This was probably
because the seed mix was mostly exotic pas-
ture grasses, and once established, they tended
to exclude other plants in the mix such as
forbs. The RP also found that native pasture
plants were slow to establish, possibly because
they were inhibited by the elevated concen-
trations of plant-available phosphorous applied
as fertilizer to soils. In Australia, most native
plants are adapted to soils low in available
phosphorus.

• The fertility of the soils, as measured by avail-
able soil nitrogen and phosphorus on the
rehabilitated pasturelands, exceeded levels
found on unmined pastures in the area (figure
8.7). The RP expected this finding because of
the application of fertilizer.

• The salinity of topsoil (0 to 5 cm) was initially
fairly high (figure 8.8), but this diminished
with time as leaching processes took effect.
Although the salinity trend was toward that
expected for natural pastures, the RP found that
after six years soil sodicity (high exchangeable
sodium) was still so high that soils remained dis-
persive (unstable).

• Due to the soil dispersion and slaking during
rainfall, the RP found that after six years the rip-
lines installed along slope contours had largely
filled with sediments (figure 8.9).

• After only one year, the RP also found rills and
gullies on rehabilitated slopes; these erosion
features numbered as high as forty-five along a
100 m transect, and averaged 60 cm wide and
12 cm deep. Some gullies were over 1 m deep
(figure 8.10). These erosion features imply
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Figure 8.7. (a) Mean available soil nitrogen; (b)
mean available phosphorus in samples collected
from the 0 to 5 cm depth on rehabilitated mine-
spoil sites and on unmined pasture sites.

Figure 8.6. (a) Trends in the density of grass
plants; (b) diversity of pasture species on rehabili-
tated pasture sites toward those expected from
nearby unmined pastures.



that soil dispersion remains a problem for the
RP to solve.

• There was leakage of alkaline water (mean
pH of 8.6) from the created wetland. The RP
found that this leakage was from erosion tun-
nels formed within the dispersive spoil
materials used to construct the wetland banks.

When the RP subjected these trend data to the
trends OK/trends not OK test (see figure 1.1 in chap-
ter 1), some trends were OK but others were clearly
not OK. Perhaps the most serious failure indicated
by monitoring was the severe gully erosion on the
rehabilitated pasturelands. (See figure 8.10.) This
made these landscapes unsuitable for grazing cattle.

Also, the leakage of saline waters from the created
wetlands was contaminating the water the cattle
would need for drinking.
The stakeholders conducted a cost-benefit analy-

sis. They found that costs of restoration had been very
high and that the potential returns from grazing
enterprises on the rehabilitated pastureland was
projected to be very low. They concluded that reme-
dial actions were needed.

Trends Not OK: Follow the Adaptive
Learning Loop

To decide what actions to take, mine-site stake-
holders and the RP gathered in a workshop where
they went through an adaptive learning loop process.
(See figure 1.1.) In this workshop, they reevaluated
their goals, reanalyzed their problems (seriously
eroding and leaking landscapes) and designed new
solutions.

Step 1: Resetting goals
Stakeholders revised their goals to accomplish the
following:

• Reform and revegetate spoil heaps into land-
scapes that blended in with surrounding
natural woodlands so that there would be no
obvious boundaries between the natural and
restored woodlands.

• Encourage the development of natural habitats
for wildlife by restricting cattle grazing on
restored landscapes.

Step 2: Redefining the problem
Keeping the original problems and the revised goals
in mind, the RP found the following:

• Because less spoil material would be moved,
land-forming operations to create natural-appear-
ing woodlands would be less costly than forming
gently rolling pasturelands and wetlands.
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Figure 8.8. Soil salinity in the top 0 to 5 cm on
rehabilitated mine-spoil sites compared with top-
soil from unmined pasture sites.

Figure 8.9. Mean depth of rip-lines on rehabili-
tated sites of increasing age. Depth is measured
from bank tops to trough bottoms. Unmined natu-
ral pasture sites do not have rip-lines.



• By a thorough sampling of available spoils,
relatively nondispersive materials could be
selected and used as surface topsoil on reha-
bilitated sites. To improve topsoil dispersivity
and slaking properties, the RP also found that
gypsum could be applied to surfaces.

• To obtain a seed mix of species adapted to
regional climates and soils, sufficient num-
bers of viable seeds could be collected from
local woodland plants.

Steps 3 and 4: Redesigning solutions and
applying technologies

Given the changed goals and findings from analyses,
the RP designed, selected, and applied a number of
new technologies:

• Small internally draining catchments were
formed from spoil (figure 8.11) with a ratio of
pond area to total catchment area of 1 to 1.5,

which reduces loading of spoil with deep bod-
ies of runoff water after storms. The RP tested
infiltration rates using simulated rain and
found that water infiltrated evenly across these
small catchments.

• To improve surface soils for growing plants,
catchments were capped with available top-
soil and with relatively nondispersive spoil
materials, which were also treated with gyp-
sum to further lower dispersivity. Capping
also positions the more dispersive spoil mate-
rials farther below the surface, where they
are less likely to cause problems such as
tunneling.

• To revegetate small catchments with species
found in nearby natural woodlands, the RP
sowed seeds of trees, shrubs, and grasses col-
lected from local sources. Sowing rates were set
to create plant densities similar to natural
woodlands.
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Figure 8.10. An example of a gully cutting into a slope reformed from spoil heaps created by open-cut
coal mining. Grass plant root systems were unable to sufficiently ameliorate the dispersion properties of
the spoil.



• To favor native plant species over exotic grasses
and weeds, the RP did not apply fertilizers.

Step 5: Continue monitoring and reassessing
trends

After applying these new technologies, the RP con-
tinued to monitor indicators previously measured,
but also did the following:

• Examined internally draining catchments for
any signs of leakage (e.g., tunnels through the
catchment banks built from spoil).

• Measured the establishment and abundance of
native trees and shrubs in addition to grasses.

• Estimated more carefully the soil-surface
condition indicators, particularly in relation
to the amount of litter and its state of decom-
position, and the behavior of soil slaking.
These indicators are especially important for
estimating soil-surface stability and nutrient-
cycling indices. (See chapter 14.) These
indices reflect the complex processes
involved in forming soil from spoil. (See
Spain et al. 1995.)

After six years the RP evaluated trends in restoration
indicators:

• There were no signs of leakage from the small
internally draining catchments. Although the
RP found some small rills on the sides of
banks, all water and sediments were being
contained within catchments.

• Native trees, shrubs, and perennial grasses
readily established and grew within the small
catchments (figures 8.12). The RP found that
densities for trees and shrubs in catchments
were toward those found on nearby unmined
woodlands (figure 8.13).

• Trends in soil-surface condition indicators on
rehabilitated spoil sites were also toward values
found on unmined sites (figure 8.14). The RP
concluded that these indicators provided evi-
dence of soil formation processes (e.g.,
incorporation of organic matter from plant lit-
ter into the soil).

The RP then continued to monitor indicators for
a few more years to confirm that restoration trends
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Figure 8.11. An example of a landscape reformed into small catchments (about 50 m from rim to rim)
from spoil heaps produced by open-cut coal mining.



were OK. The RP presented these findings to stake-
holders, who were satisfied that goals were being
achieved and that restoring woodland landscapes
from mine spoil was succeeding.

Further Thoughts

Because waste materials (spoils) associated with
coal deposits almost always have adverse properties

such as dispersivity and sodicity, RPs face significant
challenges when using these materials to create sta-
ble landforms, to form new soils, and to revegetate
these new landscapes. There are no shortcuts to
reducing or isolating these adverse and variable
spoil properties. The saying “know your enemy”
applies here; in this case, RPs can characterize the
properties of thematerials emerging from the pit and,
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Figure 8.12. After four years, native trees, shrubs, and grasses successfully established in small
catchments created on rehabilitated coal-mine sites.

Figure 8.13. Density of trees and shrubs on reha-
bilitated sites shaped as small catchments and on
nearby unmined woodland sites. Symbols: circle =
shrubs; square = trees.

Figure 8.14. Soil-surface condition indicators on
rehabilitated sites and on nearby unmined wood-
lands. Symbols: circle = infiltration index; square =
stability index; triangle = nutrient-cycling index.



if feasible, sort spoils into heaps related to type and
cost of amelioration treatments. For example, as
over-burden is removed above coal deposits, any
topsoil, subsoil, and other regolith materials with
favorable properties can be separately stockpiled

for later use to cover newly constructed landscapes.
Over-burden with unfavorable properties, such as
high sodicity and high pyritic (acid sulphate) con-
centrations, can be buried deep when creating new
landforms.
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This scenario describes the problem of restoring
rangelands that were once open and grassy (figure
9.1) but have lost their groundcover and have
become dense with unpalatable shrubs (figure 9.2).
These dramatic changes are usually the result of
many years of heavy grazing by livestock and, in
numerous cases, by feral animals, such as rabbits,
goats, camels, horses, and donkeys. Because of low

groundcover, these disturbed rangelands are now
eroding. They include former grasslands and grassy
shrublands, such as the chenopod shrublands in
southern Australia and the sagebrush shrublands
in the western United States.
This problem of overly dense shrubs is com-

mon to rangelands around the world and is often
described as rangeland desertification. (See, for
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Figure 9.1. A highly functional rangeland with a high cover of palatable perennial grasses and a few
scattered shrubs. There are few signs of accelerated soil erosion. Denser shrub and tree associations are
confined to drainage lines in the background.

-  © 
, D.J. Tongway and J.A. Ludwig Restoring Disturbed Landscapes: Putting Principles into Practice, The Science and Practice

of Ecological Restoration, DOI 10.5822/978-1-61091-007 1_9, David J. Tongway and John A. Ludwig 2011



example, Reynolds and Stafford Smith 2002; Tong-
way and Ludwig 2002b.) For an easy-to-read account
of the many problems caused by dense shrubs in
rangelands, we refer readers to a delightful book by
our colleague Jim Noble (1997).
Grassy rangelands that have become shrubby

typically have signs of excessive soil erosion such as
surface sheeting and rilling. Sheet erosion is the
progressive removal of very thin layers of surface soil
by water flowing broadly across extensive areas. (See
plate 9.1.) There are few, if any, sharp discontinuities
to demarcate these eroded areas. Sheet erosion typ-
ically occurs on gentle slopes (less than 2 percent)
where soil surfaces are exposed.Rill erosion is the cut-
ting of minor channels (less than 0.3 meters deep)
by flowing water running down the steeper parts of
a hillslope. (See plate 2.1.) The channels typically
occur on slopes greater than 2 percent and are a sign
that water is flowing rapidly and carrying materials
such as soil particles, litter, and seeds with it. Gul-

lies are also channels cut by flowing water but are
defined as being more than 0.3 meters deep. (See
plate 2.2.)
In extreme cases of sheet erosion, the flows of

water and wind can cause wholesale loss of soil A
horizons and expose areas of hard-setting B horizons
between remnant patches of vegetation (plate 9.2).
These bare areas of soil are referred to as scalds or
hardpans, which can be very extensive.We addressed
the restoration of scalds in chapter 5.
A high density of shrubs also causes problems

with rounding up livestock, because animals are
hidden among shrubs in small disparate groups.
This increases the time and financial cost of gath-
ering stock for branding, culling, weaning,
drenching, and other animal management activities.
In this chapter our aim is to illustrate for restora-

tion practitioners (RPs) how to put principles into
practice to restore shrubby rangelands. This sce-
nario is based on our experiences, and those of our
colleagues, with repairing damaged rangelands.
(See, for example, Whisenant 1990; Friedel et al.
1996; Ludwig et al. 1997; Tongway and Ludwig
2002b;Milton et al. 2003; and Tongway et al. 2003.)

Setting the Scene

In this scenario we set the following conditions:

• The climate is semiarid (mean annual rainfall
of 400 mm), seasonal (dry summers, wet win-
ters), and temperate (continental, not coastal,
so temperatures can range fromminus –10°C
to plus 45° C).

• The vegetation is an open grassy, low woodland
(prior to becoming shrubby).

• The landscape is highly patterned or hetero-
geneous (i.e., banded vegetation). (See
Tongway and Ludwig 2001, 2005.)

• The soils in shrubby areas are of low fertility,
especially in available nitrogen and phosphorus
(less than 25 and 10 mm per kilogram of soil,
respectively). (See Tongway and Ludwig 1997.)
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Figure 9.2. A monitoring transect in a dysfunc-
tional rangeland where grasses have been replaced
by dense unpalatable shrubs. Bare soil areas
between the shrubs have high rates of wind and
water erosion.



Step 1: Setting goals
We set this scenario in a rangeland region where
increased shrub density has reduced the productive
capacity and economic viability of pastoral enter-
prises. Stakeholders in these rangelands met in a
workshop and established a number of restoration
objectives:

• To reduce roundup times and costs, RPs must
decrease the density of unpalatable shrubs.

• To reduce soil erosion, RPsmust regenerate the
cover of self-sustaining pasture grasses.

• To reduce total grazing pressures to promote
grass recovery, RPs must remove or control
feral herbivores such as goats and rabbits.

Also to reduce grazing pressures, the stakeholders set
themselves a goal to strategically manage grazing by
their sheep (e.g., avoid grazing of drought-stricken
paddocks).
Stakeholders were confident that, if they and

RPs could achieve these goals, their pastoral enter-
prises would be more profitable.

Step 2: Defining the problem
In the workshop, RPs and stakeholders examined
the problem of unpalatable shrub increase and
soil erosion:

• They analyzed causes of unpalatable shrub
increase and concluded that it was due to over-
grazing by domestic livestock (in this scenario,
sheep), feral animals (e.g., rabbits and goats), and
kangaroos. These animals grazed and browsed
grasses and palatable shrubs down to a very low
groundcover compared to that seen on reference
sites. (Compare figure 9.1 with 9.2.)

• Because unpalatable shrubs are not browsed,
and now have little or no competition from
grasses and palatable shrubs, they increase in
density.

• Because these shrubby landscapes have low
cover at ground level, they permit overland
flows to be excessive.

• Development of artificial watering points (bores,
wells, and earthen tanks) within paddocks,
which improved the availability of water for
stock, and also for ferals, prolongs and intensi-
fies grazing. (See our discussion on overgrazing
and watering points in chapter 5.)

• Soil erosion was always the most severe near
watering points, as might be expected, and
damage declined with distance away from
water (i.e., a grazing gradient). (See Landsberg
et al. 2003.)

• Fire frequency analysis showed that, as a con-
sequence of low grass biomass to provide fuel,
fires no longer occurred. Historically, fires had
been frequent, which controlled shrubs, espe-
cially at seedling and sapling stages.

Stakeholders and RPs also analyzed long-term
rainfall records and found that rains were highly
unreliable in terms of amounts and seasonality.
Droughts of three to five years’ duration were com-
mon. Duringmajor rainfall events they observed that
rangelands with high grass cover retained (cap-
tured) overland flows of water at a fine scale of
about 20 to 30 cm. (See figure 9.1, and also figure
2.1 in chapter 2.) Also, in rangelands with dense
shrubs, patterns of runoff indicated that losses of
water from the landscape were high because of very
little obstruction by ground layer vegetation. (See
plate 9.1.) Any water retained in the landscape pri-
marily benefitted shrubs.
In shrubby rangelands, RPs and stakeholders

also analyzed soil surfaces and soil properties and
observed that soil surfaces were found to have devel-
oped smooth, hard crusts under raindrop impact;
hence, runoff was high and infiltration in areas of
bare soil was very low. Except for some soils along
drainage lines, most of their soils did not have
swell/shrink properties, that is, whether soils swell on
wetting and shrink again on drying. This means
that natural soil cracks do not form and surface
crusts are nearly continuous. (See chapter 5 for a dis-
cussion of soil swell/shrink properties.) They also
observed that soil surfaces in bare overgrazed areas
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tended to be unstable because they readily slaked or
dispersed, whereas soils within vegetation patches
were noticeably more stable. (See slake and disper-
sion tests in chapters 14 and 15.)
Stakeholders conducted economic analyses,

which showed that roundup costs were very high due
to the difficulty of finding and moving livestock
through dense shrubs.

Steps 3 and 4: Designing solutions and
applying technologies

To reduce shrub densities and allow grasses to
reestablish, RPs and stakeholders designed a strat-
egy that combined mechanical and chemical
treatments:

• Based on a comparison of different mechani-
cal treatments for killing shrubs, such as
blade-plowing, chaining, pushing, stick-rak-
ing, and burning, they selected blade-plowing

(figure 9.3). Experimental trials had demon-
strated that blade-plowing efficiently deals
with small to large shrubs by (1) severing the
roots, (2) uprooting the crown, and (3) leaving
most of the severed roots buried. These factors
significantly increase the mortality of the
shrubs in treated rangelands. (See Wiede-
mann and Kelly 2001.)

• To target any shrubs emerging after blade-
plowing (from sprouts or seeds), they designed
aerial applications of chemicals (figure 9.4).
They only selected chemicals known from
experimental trials to effectively kill unpalat-
able shrubs. (See Noble et al. 2001.)

• To promote the establishment of grasses, they
designed a plan to sow grass seeds at a time
when significant rains were expected (deter-
mined by tracking daily weather reports).

• To promote native perennial grasses, they
chose to sow annual grasses as nurse plants.
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Figure 9.3. A blade-plow used to control rangeland shrubs by severing their roots below ground.



They found that it was difficult and expen-
sive to obtain native perennial grass seeds.
Their aim in using annual grasses was to stim-
ulate the germination of seeds of native
perennials already present in the soil.

Step 5: Monitoring and assessing trends
Before and immediately after sequentially apply-
ing the physical, chemical, and biological
technologies selected above, RPs also selected a
number of restoration indicators to monitor. They
specifically chose to assess indicators reflecting
changes in landscape functionality and soil-surface
condition on treated areas and relative to reference
sites, which included the following:

• Shrub and grass cover
• Plant species composition
• Weed species establishment
• Signs of soil-surface sheeting (pedestal ero-
sion around plants)

• Signs of distinctive runoff pathways (rills)
• Indicators of soil-surface stability and infiltra-
tion and nutrient-cycling potentials

After three years, when RPs examined trends for
progress toward restoration goals on sites where
mechanical and chemical treatments had been
applied, it was obvious that a number of serious
problems remained:

• A reduction in overgrazing had not been
achieved because of high numbers of feral
animals, which were consuming emerging
grass seedlings.

• A reduction in runoff and erosion was not
achieved because grasses failed to establish
and improve groundcover.

• Shrub density was not reduced but had actu-
ally increased. Shrubs had resprouted and
reseeded in root-plowed areas because of soil
disturbance. The single application of a chem-
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Figure 9.4. Aerial application of chemicals for controlling rangeland shrubs. Photograph courtesy Jim
Noble.



ical treatment had helped kill newly emerging
shrubs, but the chemicals were too expensive
to repeatedly treat sprouts and seedlings.

After examining their current goals and the likely
costs of reducing feral animals and applying additional
chemical treatments, stakeholders concluded that
continuing was clearly uneconomic. Because their
current restoration goals could not be achieved, their
rangelands would have to be abandoned and placed
on the market for sale. Land use would probably
change from livestock grazing to a different type of
enterprise, such as game hunting, as had already
happened on other shrubby country in other regions.
Although problems remained and trends in

many indicators were not OK, there were some pos-
itive trends, so instead of giving up, RPs encouraged
stakeholders to work through the adaptive learning
loop. (See figure 1.1 in chapter 1.)

Trends Not OK: Follow the Adaptive
Learning Loop

In a workshop setting, stakeholders first reexam-
ined their goals.

Step 1: Resetting goals
They agreed that their original goals to reduce shrub
densities, soil erosion, and grazing pressures were still
appropriate. Then they analyzed in depth the prob-
lems noted earlier.

Step 2: Redefining the problem
These analyses led the practitioner and stakeholders
to the following conclusions:

• To reduce grazing pressure and encourage
sown pasture grasses, theymust more effectively
reduce feral animals.

• To reduce soil erosion after rains, they must
find ways to slow and retain flows of water
(runoff) within the landscape.

• To reduce shrub densities, they must more
effectively apply mechanical and chemical
treatments.

They deemed particularly important the retention
of water in the landscape to enhance grass estab-
lishment and growth, because a good cover of grasses
would then provide a positive feedback so that more
water is captured during future rainfall events. (See
figure 2.11 in chapter 2.)

Steps 3 and 4: Redesigning solutions and
applying technologies

Based on these analyses and conclusions, stake-
holders and RPs agreed to apply the following
designs and treatments:

• To reduce total grazing pressure, which would
promote native perennial grasses, they worked
out strategies for (1) moving domestic stock out
of paddocks being treated; (2) capturing and
selling feral animals (e.g., goats) from treatment
paddocks on a regular basis; (3) turning off
watering points within treated paddocks to dis-
courage use by feral animals; (4) refraining
from restocking treated paddocks until grasses
had fully recovered; and (5) after recovery,
strategically resting the paddock from grazing
(e.g., spelling after rains) to allow plants to
grow more substantial root systems.

• To reduce shrub densities and sow annual
nurse grasses at the same time, they attached
a seeder to a blade-plow.

• To redistribute water slowly across the land-
scape (water spreading), especially in areas
showing signs of rill and gully erosion, they
built contour banks and troughs (figure 9.5).
Their design used an upslope bank (by push-
ing earth from downslope) to arrest overland
flows and distribute water through small open-
ings into shallow downslope troughs, which,
when full, overflow to gently release water
across the entire slope contour. They pre-
cisely positioned earthen banks along contours
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using laser technology. Their overall aim of
slowing and spreading water across the entire
hillslope was to enhance infiltration and the
establishment and growth of grasses over the
landscape. (See chapter 5 to see how larger
water-ponding banks were used to repair erod-
ing rangelands.)

• To reduce erosion in areas showing severe sur-
face sheeting, they positioned brush packs
(piles of twigs and branches) along contours
(figure 9.6). Brush packs are known to function
as “leaky” weirs by slowing surface-water flows,
enhancing infiltration, and trapping sediments,
litter, and seeds. (See Tongway and Ludwig
1996.)

• To control any unpalatable shrubs emerging in
spite of these treatments, they spot-sprayed
chemicals.

Step 5: Continue monitoring and reassessing
trends

To evaluate restoration trends following the appli-
cation of their new designs and technologies (e.g.,
water-spreading banks, brush packs) on treated sites,

RPs monitored the previously measured indicators.
After measuring indicators for six more years on
water-spreading areas, they found the following:

• Earthen banks and troughs were effectively
slowing and spreading surface flows and pro-
moting the establishment, growth, and
reproduction of pasture grasses and forbs, espe-
cially in areas above earth banks (figure 9.7).

• Soil-surface condition indicators in water-
spreading areas had greatly improved,
including surface stability, infiltration capac-
ity, and nutrient-cycling potential, and they
were trending toward values expected from
reference sites (figure 9.8). (Although gener-
alized for the purposes of this scenario, these
findings are based on one of us (DT) working

Chapter 9: Restoring Rangelands with an Overabundance of Shrubs 103

Figure 9.6. Brush packs constructed along a
contour line.

Figure 9.5. A design sketch of how earth banks
were constructed to slow and spread surface flows
of water.



with a stakeholder using earth banks to reha-
bilitate rangelands.)

For this scenario, brush-pack findings are gen-
eralized from two research papers. (See Ludwig
and Tongway 1996; Tongway and Ludwig 1996.)
From monitoring indicators on areas treated with
brush packs, the RPs found the following:

• Brush packs had enhanced the establishment
of native pasture species (figure 9.9), so that
after ten years, recovery of palatable peren-
nial grasses and palatable shrubs was clearly
trending toward values expected from reference
sites (figure 9.10).
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Figure 9.7. An example of the high grass cover found in rehabilitated rangelands where earth banks
were used to spread water over the landscape.

Figure 9.8. Soil-surface condition indicators six
years after construction of water-spreading earth
banks compared to values for reference areas.
Symbols: circle = stability index; square = infiltra-
tion index; triangle = nutrient-cycling index.



• Soil fertility within brush packs had increased.
After only three years, they recorded significant
increases in soil carbon and nitrogen concen-
trations in the top 10 cm of soil (figure 9.11).

• Soil infiltration and respiration rates had also
markedly improved within brush packs (figure
9.12).

Taken together, these indicators show that soils
within water-spreading and brush-pack treated areas

are becoming much healthier and better able to
support perennial pasture grasses.
Restoration practitioners continued to monitor

restoration indicators across the treatment sites until
trend analyses confirmed that all trends were OK.
For example, in time, an abundance of pasture
grasses and litter was providing sufficient cover to
ensure that runoff remained slow and diffuse, which
greatly reduced surface erosion. Because shrub den-
sities were now low, the ease of rounding up animals
was greatly enhanced, which reduced costs. The pas-

Chapter 9: Restoring Rangelands with an Overabundance of Shrubs 105

Figure 9.9. An abundance of palatable perennial
grasses, forbs, and subshrubs have established
within brush packs. The brush packs prevented
grasses being grazed down to ground level by
sheep and kangaroos. Plants outside brush packs
are scattered and mostly unpalatable ephemerals.

Figure 9.10. Canopy cover for palatable peren-
nial grasses and subshrubs within brush packs
after ten years was toward that expected from ref-
erence site data. Symbols: circle = subshrubs;
square = perennial grasses.

Figure 9.11. Values for soil organic carbon and
mineralizable nitrogen within brush packs after
three years compared to preconstruction (0)
values and those for reference (Ref.) sites.

Figure 9.12. Rates for water infiltration and soil
respiration within brush packs after three years
since construction (0) compared to values meas-
ured on reference (Ref.) sites.



ture was periodically completely rested from grazing,
resulting in more persistent plant growth and more
sustainable ecosystems.

Further Thoughts

Although this scenario is hypothetical, from our
experiences we have observed that ranchers who suc-
cessfully restore their shrubby rangelands gain a
notable improvement in their quality of life:

• An excessive amount of time is no longer
needed to gather animals for market.

• Cash flow from sheep and feral goat sales is a
significant ongoing financial benefit.

• Soils, plants, and animals are clearly healthier
and more productive.

We have also observed that to successfully
restore shrubby rangelands in the long term
requires diligent ongoing treatments. For exam-
ple, as unpalatable shrubs occasionally emerge
(despite competition from other pasture plants,
which function to keep shrub numbers low), they
need to be spot treated with herbicides, or mechan-
ically removed, before becoming old enough to
produce seeds. Some herbaceous weeds also
emerge in earlier stages of rehabilitation, and, if
aggressive, they may need to be spot treated. With
time, almost all weeds are excluded by vigorous
native pasture herbs and grasses.
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In this scenario we describe the procedures and
principles that restoration practitioners (RPs) can put
into practice to improve a number of functions
and values (e.g., retaining water and improving
biodiversity) on farms where woodlands have been
cleared for use as pasturelands. To create pastures
and grow crops in many regions around the world,
woodlands have been extensively cleared. This
clearing of woodland trees alters the way land-
scapes function. (See Ludwig and Tongway 2000,
2002.) Tree clearing can cause runoff and loss of soil
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even in relatively gently sloping landscapes (fig-
ure 10.1). Attempts to avoid such problems by
growing pastures for livestock, rather than farming
crops, have often failed because closely grazed pas-
tures provide very little resistance to overland flows,
especially when rainfall events are intense. Even
moderate rainstorm events can wash soil sediments,
animal dung, and plant litter from hillslopes into
riparian zones and can create further difficulties,
such as the clogging of natural drainages.
Globally, societies are becoming aware of the

Figure 10.1. An example of runoff eroding soil from a recently cleared woodland slope.
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importance of preventing soil erosion and main-
taining biodiversity in open pasturelands created by
clearing woodland and forest trees. This aware-
ness has resulted in a number of responses from
different community groups (stakeholders). For
example, Australian farmers have taken positive
action by organizing themselves into Landcare
groups. (See www.daff.gov.au/natural-resources/
landcare/ [accessed 20 February 2010].) These
groups aim to improve landscapes by planting trees
in belts aimed at preventing severe runoff and ero-
sion events, avoiding further declines in species
diversity by increasing habitat, and providing shel-
ter for livestock.
We construct this scenario on the use of trees

planted in belts to retain runoff, because tree
belts illustrate the leaky weir or dam principle in
which flows of water are slowed and deenergized
but not ponded. This principle is also illustrated
by brush packs aligned in rows along contours.
(See chapter 9.) As with brush packs, tree belts
avoid the need to construct earthen banks to slow
and spread overland flows (runoff). (See chapter
5.) Instead of human-made earth barriers, tree
belts provide living, self-sustaining flow regulators.
Typically, water-spreading and water-ponding
banks are applied on slopes of less than 2 percent,
and tree belts are deployed on slopes greater than
2 percent. Tree belts aim to mimic the structures
and functions of vegetation patches found in nat-
ural woodland landscapes. (See Tongway and
Ludwig 2005.)

Although hypothetical, the following scenario is
based on our experiences and those of others with
restoring pasturelands created by clearing trees in
savannas, woodlands, and forests. (See, for example,
Whisenant 1990; Ludwig and Tongway 2002; Ellis
et al. 2006; Munro et al. 2007; and Ryan et al.
2010.)

Setting the Scene
In this scenario, we set the pasturelands that RPs are
restoring in a region having the following attributes:

• A temperate climate, which is character-
ized by cool, rainy winters and springs,
and warm, dry summers and autumns.
Except during drought periods, winter rains
are relatively reliable, whereas summer
rains occur as infrequent and scattered
storms.

• Woodland vegetation, which occurs as
highly fragmented, isolated remnant patches
because of clearing. Grasslands are con-
fined to exposed, drier ridges and forests to
wetter zones along drainage lines, such as
creeks and rivers.

• No coarse woody debris (logs, branches) on
surfaces, because woody debris was removed
during tree clearing to create open pastures
for sheep rather than for cattle.

• Wild herbivores, such as rabbits, occur in
the pastureland, but their grazing impacts
are considered minor.

Step 1: Setting goals
Members of a Landcare group met and agreed to
have RPs plant trees in belts within their pas-
turelands to provide more woodland habitat for
a range of wildlife species, create wildlife corri-
dors by linking existing woodlands, provide more
shade and shelter for their sheep, and reduce
the flashiness of runoff and erosion events on
their pastures. Reducing runoff from pastures
has the benefit of reducing flow rates into
drainage lines such as streams, which reduces, for
example, severe erosion along stream banks (fig-
ure 10.2).

Step 2: Defining the problem
Landcare members and RPs held a series of work-
shops, which included researchers, to examine both
the positive and negative aspects of using belts of
trees in their pasturelands.

Positive factors
Planting belts of trees along contours in their pastures
would have a number of benefits:
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• To keep the original pasture soils intact, RPs
could plant trees across slopes in ways to min-
imize soil disturbance

• To provide some protection of existing pas-
ture surfaces, RPs could also plant trees in
belts to keep most of the pasture vegetation
(grasses) intact.

• To provide corridors for the movement of
wildlife between woodland islands, which
were currently distant from one another, RPs
could plant belts of trees to connect across
adjoining pastures and farms.

• To maximize the survival of trees, RPs could
select species adapted to the local climate and
available as nursery-grown stock.

• To reduce environmental stress on their sheep,

RPs would plant trees that provided animals
with shade on hot days and shelter on cold
windy days.

• To keep land preparation and planting costs
low and affordable, farmers could cooperate to
provide RPs with the machinery and labor
needed to plant belts of trees.

• To improve soil properties, RPs could plant
trees that produced litter and woody debris,
promoting soil invertebrates such as earth-
worms, which function to develop the soil
porosity needed to enhance infiltration
rates and facilitate gas exchange (soil res-
piration). The contribution of these
organisms is a largely forgotten component
of biodiversity.
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Figure 10.2. Excessive overland flows from upslope pastures have caused stream bank erosion, which
has exposed the roots of a woodland tree.



Negative factors
Analysis of the situation by Landcare members,
RPs, and researchers also exposed some difficult
challenges:

• Due to heavy trampling and grazing by stock
over many years, they found that pasture soils
had become smoothed and compacted so that
pasture surfaces lacked the roughness needed
to reduce high overland flow rates during
storm events.

• Because, over the long term, a lot of the grass
production consumed by sheep was exported
out of the local landscape, they found that
pasture soils were low in organic carbon.

• Because pasture grasses have shorter life cycles,
they found poor nutrient cycling compared to
that found in natural woodlands, which con-
sistently produces woody litter that decomposes
slowly over decades.

• Because of a combination of trampling and
raindrop action, they found that pasture soil
surfaces had hard physical crusts. (See phys-
ical soil crusts in glossary.) These hard crusts
have low water-infiltration rates causing
runoff to commence earlier during rainfall
events so that less rainwater is stored in
deeper rooting zones and landscapes are
drier than normal.

• Because of the time it takes for trees to estab-
lish and grow, the RPs knew it would take
some years before tree belts would signifi-
cantly reduce overland flow rates.

Steps 3 and 4: Designing solutions and applying
technologies

Tomeet the challenges revealed by the above analy-
ses, Landcare members, RPs, and researchers worked
together to design ways to quickly and successfully
establish tree belts across pastures.

Design factors
They took a number of factors into account when
designing tree belts:

• Because the capacity of landscapes to trap and
retain overland flow is a crucial restoration
principle, and because sheep tend to follow
fence lines, they knew that simply planting
tree belts along property boundaries, which
often have sheep trails running downslope,
would fail to achieve restoration goals. There-
fore, they selected a design where tree belts
were precisely aligned along slope contours.
This would maximize the interception and
capture of overland flow while helping to
reduce the impacts of sheep trails and camps
along boundaries between tree belts and open
pastures.

• To provide adequate control of overland flows,
they used computer simulation models to esti-
mate the optimal downslope depth or width of
the tree belt needed to retain most of the water
flowing in major rainfall events. Using long-
term climatic data (e.g., rainfall amounts and
intensities), models predicted that on gentle
slopes 10 m wide tree belts were most effi-
cient at capturing runoff, but on steeper slopes
belts up to 20 m wide were predicted to be
more efficient.

• On steeper slopes, they considered an alter-
native to 20mwide tree belts, which was to use
more 10 m wide tree belts within the pasture.
They chose this alternate design in cases where
their machinery was set up for preparing
ground and planting trees in 10 m wide belts.

• To ensure that the tree species planted would
be adapted to the regional climate, they
sourced species from local natural wood-
lands. Tree species selection also took into
account predicted trends due to climate
change (e.g., drier winters and springs) and
that pasturelands tend to be open, drier,
and windier environments than natural
woodlands.

• To accelerate initial resource capture, they
chose to plant some shorter-lived trees and
shrubs, but in the long term their tree-belt
management plans used long-lived trees.
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• To reduce the time taken for tree belts to effec-
tively regulate overland flows, they planted
some tree species known to produce litter in a
shorter time than others.

• To reduce through-the-fence tree browsing
pressures, especially when gates were closed to
exclude grazing from inside tree belts, they
planted less palatable (e.g., thorny) shrub
species next to fences.

Application factors
When planting trees in belts, they considered a
number of other factors:

• So that tree planting could be done in a single
efficient operation, they prepared (sprayed
and tilled) all areas to be planted in advance.

• To protect plantings during the establishment
phase, they fenced tree belts to control sheep
and kangaroo browsing.

• To facilitate strategically timed grazing of tree
belts by sheep at later stages, they installed
gates in fences. They knew that controlling the
level of grazing pressures is very important,
because excessive animal disturbance within
tree plantations slows or reduces the buildup
of litter and woody debris.

• To prevent competition between weeds and
tree seedlings, they spot sprayed weeds with
herbicides.

Step 5: Monitoring and assessing trends
Members of the Landcare group and RPs decided to
monitor tree belts in two phases: (1) early assessments
of the establishment of the planted trees, and (2) later
observations on the extent to which tree belts were
regulating overland flows.
They found that early monitoring allowed them

to quickly replace any trees that died. This avoided
any gaps in tree belts where overland flows might
break through. Filling gaps is an aesthetic consid-
eration too. Early monitoring also allowed them to
quickly repair fences.

Later, they conductedmonitoring of resource reg-

ulation after each significant rainfall event by exam-
ining fence lines on the upslope and downslope
sides of tree belts:

• On the upslope side, they observed howmuch
litter and dung was accumulating in the first
few meters above the first line of trees.

• On the downslope side, they looked for any evi-
dence of outflows through the tree belt, such
as deposits of litter and soil sediment below the
last line of trees. They also noted any signs of
soil erosion, such as rills extending out from the
lower side of the tree belt.

Although this monitoring was done on a relatively
casual basis, the basic rules of monitoring were not
broken because observations were focused on land-
scape processes and were spatially referenced so that
rapid repair actions could be taken.

After the tree belts were well developed, they
monitored the goods and services being provided
by tree belts, which included observations on the
following:

• The abundance and diversity of native fauna
using tree belts such as woodland birds.

• Use of tree belts by sheep as shade and shelter.
• The amount of litter and woody debris accu-
mulating within tree belts. In early years,
soft leaf litter typically dominates, but as
trees mature, coarser woody debris becomes
dominant.

• The extent to which litter decomposition activ-
ities (chewing by invertebrates, consumption
by fungi and bacteria) were developing dark
humus layers in the soil.

After fifteen years, RPs and Landcare members
assembled and examined their monitoring obser-
vations and data. They found the following:

• Planted trees had successfully established and
grown to form thick, robust belts several meters
high within their pasturelands (figure 10.3).
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• Tree belts appeared to be effectively capturing
runoff from the pasture above the belt and
from the zone of bare, compacted, and crusted
soil immediately above the belt where sheep
formed trails (figure 10.4).

• A variety of birds, such as the rainbow lorikeet
(figure 10.5), were now readily observed in
tree belts.

In comparing their monitoring data, Landcare
members also identified additional benefits of tree
belts:

• Their sheep were benefitting from the shelter
and shade provided by the tree belts. When
gates were open, their sheep often took shelter
and grazed within the tree belts, and when
gates were closed, to reduce grazing pressures,
their sheep took shelter and camped along

the leeward boundary of the open pasture and
tree belts.

• They found that a considerable amount of lit-
ter and woody debris was accumulating within
the tree belts, and there were signs that these
materials were being incorporated into the
soil. This meant that the capacity of tree-belt
soils to recycle nutrients was improving.

• After significant rainstorms, they found very few
signs of erosion, such as rills or any litter and
sediment being deposited downslope of the
tree belts. This meant that high surface rough-
ness and infiltration rates within tree belts
were preventing runoff from penetrating
through belts.

The Landcare group and RPs worked with
researchers to verify their monitoring observations
and records. The researchers used a rainfall simu-
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Figure 10.3. An example of a 15-year-old tree belt viewed from upslope looking down to the belt. The
open pasture (foreground), although not overgrazed, has a low capacity for slowing overland water flows.
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Figure 10.4. A 15-year-old tree belt viewed along the slope contour showing how sheep traffic and
camping close to the plantation has created a bare crusted soil with high runoff rates.

Figure 10.5. A woodland bird (rainbow lorikeet) commonly observed within established pastureland
tree belts.



lator setup (figure 10.6) to apply the equivalent of
a one-in-ten-year rainfall event (45 mm per hour)
for thirty minutes to 90 m2 tree-belt plots and to 210
m2 pasture plots, which were located upslope of the
tree belts. From this experiment they found a num-
ber of differences: (These findings are generalized
from studies by Ellis et al., and Leguédois et al.
2008.)

• When the rainfall simulator delivered the
equivalent of 24.4 mm of rainfall in thirty
minutes, runoff was generated from the pasture
plots after only about one minute, but runoff
did not appear from the tree belt until after
twelve minutes. These time-to-runoff differ-
ences relate to differences in water infiltration
rates, which were 45.3 mm per hour in the tree

belt plots, but only 31.2 mm per hour in the
pasture plots.

• Runoff flowed faster and shallower down open
pasture slopes than within tree belts (figure
10.7).

• There was virtually no resistance to overland
flow in the bare hard-crusted zone immediately
above tree belts where sheep trails were com-
mon (figure 10.8) and only slightly more
resistance in the pasture, as indicated by twin-
kling light reflections in the induced
turbulence. There was much greater surface
resistance to flows within tree belts due to a
layer of tree litter and debris (figure 10.9),
which was up to 50 mm deep.

• Overland flows delivered a total of 19.8 kg of
soil sediment off the pasture plots, but only 0.9
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Figure 10.6. A rainfall simulator in action delivering water from sprinklers to pasture and tree-belt plots
at about 45 mm per hour.



kg of this sediment came through tree-belt
plots. This means that most of the sediment was
trapped within the tree belt.

To predict whether adding tree belts (hypo-
thetically) would reduce overland flows within
and from small catchments, Landcare members,
RPs, and researchers used a computer simulation
model based on hydrological processes. (See
Ryan et al. 2010.) The model predicted that 20
m wide belts of trees oriented along contours
across steep hillslopes (up to 24 percent slope)
within a creek catchment reduced average max-
imum overland flow velocities by 14 percent on

hillslopes with tree belts compared to those with-
out tree belts.
Based on their observations and findings from

monitoring, which were confirmed by experimen-
tal studies, Landcare members concluded that, after
fifteen years, planting trees in belts in their pas-
turelands had achieved their restoration goals.

Further Thoughts

In early settlement times, very extensive tree clear-
ing was regarded as essential for the success of
farming enterprises: Fewer trees means more grass.
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Figure 10.9. During rainfall simulation experi-
ments, litter and woody debris within tree belts
provided high surface resistance to flows of water
and also filtered out soil particulates.

Figure 10.7. Runoff or overland flow velocities
and depths produced by applying 24.4 mm of
water in 30 minutes to pasture and tree-belt plots.
See Ellis et al. (2006).

Figure 10.8. During simulated rainfall, an exper-
imental plot located within the bare zone upslope
of the tree belts provided little resistance to flows
of water.



However, wholesale tree-clearing practices have
greatly reduced habitats essential to the survival of
native biota, and biodiversity conservation is now
viewed as a major issue by society. Promotion in the
popular press has kept conservation topics before the
public. Such topics make good stories, for example,
about how Landcare groups are planting patch-
works of trees within farmlands to provide woodland
corridors that allow threatened species of native
fauna to travel between patches of remnant vegeta-
tion. Although we did not specifically focus on
biodiversity conversation in our scenario here, restor-
ing pasturelands to improve their capacity to retain
water and soils by building belts of trees undoubtedly
creates new habitats for a greater diversity of plants,
animals, and microorganisms.
In designing tree belts, 100 percent resource

capture need not be an objective, as long as belts of

trees substantially deenergize overland flows. Also,
maintaining slightly taller grasses within open pas-
tures decreases the rate of overland flow through the
pasture (farmers have observed this during rain-
storms). To maintain taller grasses in pastures,
farmers can strategically manage grazing pressures.

We also did not deal specifically with some of the
more severe landscape degradation problems caused
by tree clearing, such as those changes to landscape
hydrology that have resulted in salinization of surface
soils from rising saline water tables. In these land-
scapes, tree transpiration previously kept water and
salts at depth because trees roots extract water from
deep within soil profiles. Although fully satisfac-
tory solutions to such complex and severe problems
are very difficult to achieve, RPs can significantly
improve landscape functions by applying the pro-
cedures and principles we described in this chapter.
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In this chapter we describe how community groups
are actively restoring former farmlands by putting
into practice our principles and procedures of adap-
tive landscape restoration. In many regions around
the globe, farmlands provide space within expand-
ing urban areas for new housing developments and
for green space (figure 11.1). To provide more func-
tional green space near urban areas (e.g., more
habitat for birds, walking trails, more native plants,

and fewer exotic weeds), community groups are
actively restoring former farmlands.
In recent decades around the globe there has

been an upsurge in restoration activities by com-
munity groups, because as outer suburbs expand they
take over more adjoining farmland fields and pas-
tures, which were originally natural vegetation such
as woodlands and forests. More and more natural
habitats are being lost. The original landscapes may
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Figure 11.1. Former farmland provides space for suburban housing developments.
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have been totally cleared for farming or some rem-
nant vegetation may be retained at the edge of
housing developments (figure 11.2) and within
farmlands (figure 11.3). All these disturbed land-
scapes present difficult challenges to community
groups working on farmland restoration projects.
Our aim in this scenario is to document how

community groups, working as restoration practi-
tioners (RPs), can meet these challenges. We do this
by presenting a landscape restoration scenario based
on the experiences of one of us (DT) while working
with community groups on projects in the Aus-
tralian Capital Territory. We include this example as
a scenario chapter in part 3 because these land-
scape restoration projects have only been active for
a few years, whereas the case studies described in

chapters of part 2 are based on more than twenty
years of restoration activity and monitoring.

Setting the Scene

The setting of this scenario includes former farm-
lands near the city of Canberra in the Australian
Capital Territory (ACT), which is within New South
Wales. (See figure 11.4.) The region comprises the
following characteristics:

• Climatic conditions are temperate, continen-
tal, and mountainous. Summers are typically
hot and dry, and winters, cold, foggy, and frosty.
Summer temperatures average about 25°C in
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Figure 11.2. Some remnant vegetation has been retained at the edge of a housing development.



January, and July winter temperatures are down
around 5°C. Higher peaks in the mountains of
the ACT can be snow covered in winter.
Annual rainfall averages about 625 mm, with
most rains occurring in spring and summer.
• Vegetation is dominated by eucalypt wood-
lands and open forests. (See remnant
vegetation patches in figure 11.3.) In most
cases, eucalypt trees are totally cleared or a few
isolated trees are left in the landscape. (See
foregrounds in figures 11.1 and 11.2.)
• Soils are formed from granites and metasedi-
ments derived from sedimentary rocks such as
sandstones and siltstones. These natural soils

are of low natural fertility, but former farmland
soils can have higher fertility due to previous
applications of fertilizer.

Step 1: Setting goals
The first step in our adaptive landscape restoration
process is setting clearly defined and measureable
goals. (See chapter 1.) So that former farmlands
would be more like the original grassy woodlands,
ACT community groups set two goals: (1) to restore
a more natural vegetation composition, they would
plant iconic tree species (e.g., eucalypts); and (2) to
provide appropriate habitat for native fauna, they
would plant vegetation having the structures and pro-
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Figure 11.3. Remnant woodland vegetation has been retained within farmland pastures, but at a much
lower tree density than prior to the European settlement.



ducing the flowers and fruits required by particularly
bird species. (See plate 11.1.) Although habitat
restoration was specifically focused on vegetation and
birds, the community groups also deemed the pres-
ence of reptiles, frogs, bats, and particular insects
(moths) as important to the people utilizing the
restored green space (figure 11.5).
When taking on all these challenging goals,

ACT community groups also recognized that achiev-
ing landscape repair would take a considerable
amount of time and that progress was likely to be
incremental depending upon the availability of
physical, financial, and human resources.
Community groups were concerned about other

issues and aimed to control and eliminate soil ero-
sion, such as the sheeting and gullying that had
damaged the former farmlands (figure 11.6). They
also intended to eliminate the aggressive weed
species growing in gullies and in patches where
remnant trees provided shady “camps” for sheep
and kangaroos (figure 11.7), whose dung, in turn,
increased soil fertility.

Step 2: Defining the problem
To achieve their goals, the second step in the restora-
tion process was to critically analyze the situation, in
this case eroded and weedy former farmland. The
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Figure 11.4. Location of the Australian Capital Territory (ACT) within New South Wales (NSW).

Figure 11.5.Woodlands near ACT urban areas
are used as green space by groups of bushwalkers
and field naturalists.
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Figure 11.7. Weeds colonizing brush packs built on the hillslope where trees have been killed by
“camping” animals (livestock and kangaroos).

Figure 11.6. An example of an eroding and weedy drainage line on a hillslope pasture in former ACT
farmland.



community groups faced a range of landscape fac-
tors that needed to be appreciated before embarking
on restoration activities. We present these factors as
being either positive (landscape properties that tend
to facilitate restoration) or negative (properties or cir-
cumstances that make restoration difficult). We also
note: The more thorough the effort put into gaining
knowledge about the problem, the better the chance
of coming up with a successful restoration design.

Positive factors

• Many desirable ground flora species were still
present, though sparsely represented in the
landscape and threatened by grazing rabbits
and kangaroos.
• Although woodland trees were very sparse on
the damaged pastureland and their seedlings
and saplings were absent, community groups
found that native tree species were locally
available at plant nurseries.
• Although eroded in some places, the original
topsoils were mainly still present. For groups
designing restoration projects, this meant that
sites would have some residual soil fertility
and resistance to erosion.
• Some erosion features, such as gullies, were
showing signs of self-repair (figure 11.8).
• Most former farmland areas in the ACT had
some official protection status, so restoration
activities would not be threatened by other
land uses. However, this protection status also
meant that community groups had to obtain
permission from ACT government depart-
ments for their restoration activities, which
could cause delays.

Negative factors

• The original clearing for farming was more
than 150 years ago. This meant that commu-
nity groups had to infer the original vegetation
structure and species composition from nearby
undisturbed landscapes.

• To establish plants that survive in former farm-
lands modified by fertilizers and, in some
cases, cultivation, community groups had to
learn the basic biology and ecology of the nat-
ural woodland plant species, which is not well
understood.
• Because of stripping of topsoil layers, they
found that soil fertility was too low in some
places, but also too high in other places due to
past fertilizer applications and enrichment by
dung at animal camps under remaining trees,
which promoted weeds. Camps also suffered
from soil erosion due to trampling and expo-
sure of hard-setting subsoils (figure 11.9).
• Because of drought periods, they knew that suc-
cessfully establishing trees was risky.
• Because of steep slopes and fences on many
hillslopes, they also knew that the use of
machinery to assist with restoration activities
was limited.
• Because of limited availability and expense,
they found that some materials they would
have liked to apply in restoration projects (e.g.,
commercial mulches) were too expensive.

Given all these factors, it was difficult for ACT com-
munity groups to decide which problems were most
urgently in need of attention and where in the land-
scape to start their restoration activities. However, the
five-step adaptive landscape restoration procedure,
with its underlying framework and principles, pro-
vided them with a practical guide.

Steps 3 and 4: Designing solutions and
applying technologies

A key restoration principle is to restore those land-
scape processes that are currently most dysfunctional
and that have caused the most serious problems. In
this case, excessive flows of runoff down hillslopes of
former farmlands had cut gullies, and sheet ero-
sion was continuing to strip away valuable topsoil
around grass plants—a process called pedestalling.
(See figure 11.9.) Essentially, if these landscapes were
to be successfully converted into valuable green
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Figure 11.9. Soil-surface erosion on a hillslope caused by kangaroo grazing. Surviving grass plants have
been pedestalled (top of photograph).

Figure 11.8. An ephemeral drainage line showing signs of self-repair (grassy rounded walls and floor).



space, the remaining topsoils, as well as vital water
from rains and runoff, had to be retained on hill-
slopes.
As part of their problem-analysis step, community

groups identified andmapped the areas where exces-
sive runoff had occurred on the hillslopes. They also
identified probable run-on areas that were suggested
by the presence of small patches of healthy remnant
vegetation. Using this information, they designed
and applied structures to first regulate flows of runoff
water, that is, they applied two technologies to first
enhance physical processes to retain water in land-
scapes. (See principle 2 in chapter 3.)

1. Logs barriers were positioned across hillslopes
(figure 11.10) targeting those areas having excessive
runoff rates and obvious sheet erosion. By first plac-
ing logs high on the hillslopes, they effectively
intercepted and slowed overland flow at its source.

Zones just upslope of these logs became run-on
patches where litter and sediments accumulated
(figure 11.11).
2. Brush packs composed of woody branches

were also constructed on hillslopes (figure 11.12).
Commencing high in the landscape, brush packs
were built just upslope of points where sheet erosion
appeared to begin. This is where it is most critical to
initially control overland flows. Brush packs were
then constructed progressively farther down the
slope. Brush packs are known to be very effective in
arresting soil losses due to sheeting and, like log
barriers, they eventually became patches of resource
accumulation. (See Tongway and Ludwig 1996.)

Second, community groups applied technologies to
enhance biological processes on hillslopes. (See
principle 2 in chapter 3.) They established vegeta-
tion by planting native trees and shrubs (as tube
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Figure 11.10. Logs and other coarse woody debris have been placed high on the hillslope to obstruct
overland flows.



stock) in resource-rich run-on patches above log
barriers (figure 11.13) and desirable trees and shrubs
within brush packs. Although the branches pro-
vided some protection from browsing, plant guards
were used to provide seedlings additional protection
(figure 11.14).
To promote the success of these plantings, com-

munity groups also designed strategies to control
weeds. First, weeds were evaluated relative to their
aggressiveness and invasiveness, and also for their role
in preventing erosion. Highly aggressive and invasive
weeds were considered undesirable, but on these
damaged pasturelands they also played a role in
regulating runoff. This presented a dilemma to the
community groups, which they solved with the fol-
lowing strategies:

• They removed patches of weeds known to be
very aggressive and invasive, but to control
erosion in these patches, they immediately
applied other technologies such as brush packs.
• They did not remove weeds known to be less
aggressive and invasive in areas where they
were functioning to control overland flows.
This allowed labor and physical resources to
be freed up to focus on other areas with active
erosion.

To control hillslope runoff and erosion, com-
munity groups chose not to use machinery to apply
soil-surface ripping and banking techniques because
these were too expensive and difficult to apply on
steeper slopes. The application of such mechanical
procedures may have also exposed dispersive subsoils,
which would have inadvertently opened a Pandora’s
box of erosion problems.

Step 5: Monitoring and assessing trends
Because community restoration projects are gradu-
ally implemented over time, small adjustments to the
procedures can be made in response to signals from
monitoring previous restoration actions. These
adjustments are an integral part of our adaptive
landscape restoration procedure.
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Figure 11.12. Brush packs constructed on the
slopes of former farmland pastures to obstruct
sheet flows.

Figure 11.11. The upslope side of logs (to the
right) accumulated litter and soil, but did not pro-
tect plants from being grazed.
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Figure 11.14. Tree seedlings with “plant-guards” planted within brush packs.

Figure 11.13. Trees and shrubs planted as tube stock in resource accumulation patches.



Early in the restoration process, community
groups monitored and evaluated the logs and brush
packs to determine if they were functioning

• To intercept overland flows and reduce sheet
erosion on slopes below treated areas;
• To accumulate litter produced by trees, shrubs
and grasses, an important indicator of soil
quality improvement;
• To capture seeds that then germinated and
established new plants, which, in turn, flow-
ered and set seeds, which is a positive sign
that the vegetation will become self-sustaining.

To serve as reference sites, community groups
found inaccessible areas high in the landscape that
had retained a dense cover of grasses and shrubs (fig-
ure 11.15). They assessed soil-surface condition
indicators in these sites (see chapter 14) and also in
areas where log-barrier and brush-pack treatments
had been applied. They compared three condition
indices: surface stability, infiltration capacity, and
nutrient-cycling potential, and found that values
on treated areas were below those expected from data
collected at reference sites (figure 11.16).
Community groups also monitored hillslope

drainage lines (see chapter 15) to see if sediments
were still being stripped from the walls and floors of
drainages once logs and brush packs were placed
upslope to reduce over-bank flow rates, and if plants
were colonizing and stabilizing ephemeral drainage-
line walls and floors.
To determine whether vegetation on treated

areas was being excessively grazed and browsed,
community groups monitored native and feral her-
bivores (kangaroos, rabbits). Evidence of damage to
new seedlings was also evaluated. Complete elimi-
nation of grazing and browsing was considered
impossible, but regulating herbivores to reduce the
proportion of foliage consumed was deemed impor-
tant for maintaining plant vigor.
Community groups were particularly concerned

with monitoring improvements in the structural
complexity of vegetation (see chapter 16), which
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Figure 11.16. Values for three soil-surface condi-
tion indicators measured on treated areas (Treat.)
compared to values for a reference area (Refer.).

Figure 11.15. Dense groundcover on an upper
hillslope within a former farmland pasture, which
serves as a reference area.

indicates the capacity of the landscape to provide the
habitats required by a greater diversity of fauna, par-
ticularly for birds. They knew it would take a number



of years to fully achieve their goal of repairing hill-
slopes so that they provide more habitats for a more
diverse bird fauna. But, they were confident that
applying restoration technologies, such as building
brush packs and planting trees in these favorable
patches, would eventually increase the structural
complexity and functionality of hillslope vegeta-
tion; these habitat improvements would increase
faunal diversity. In time, they would say that restora-
tion trends were OK and that their goals had been
satisfactorily achieved.

Further Thoughts

Wewant to emphasize that most of the people mak-
ing up community groups are usually volunteers
willing to spend their own time andmoney to restore
former farmlands near their suburbs. This is fortu-
nate because there is typically not much government

funding or corporate assistance available to support
landscape restoration projects. We have found these
volunteers highly motivated people who have strong
personal ethics to conserve flora and fauna; they
develop a strong sense of a group responsibility for
their restoration projects.
Community groups often take on projects to

reverse declines in threatened species, such as song
birds. To improve habitats for threatened species,
community groups bring together individuals from
all walks of life. To assess, for example, indicators
such as bird population dynamics, experts are usu-
ally available within the community (e.g., ecologists).
Because some community groups tend to have a nar-
row iconic species focus, a challenge for restoration
ecologists working with these groups is to expand
their appreciation of the ecology of landscapes so that
their restoration goals and activities are appropriate
to their capacity to make a difference.
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Inmany places around the world, roads bombard our
senses with unattractive and unnatural landscapes,
especially during and immediately after construction.
To improved the aesthetic value of roads, RPs need
to establish attractive vegetation along road verges.
(See figure 12.1.) So as not to threaten the stability
and safety of roads, RPs must also design ways to

Chapter 12

Restoring Verges after Road Construction
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ensure that sediments from erosion of elevated road
banks are not deposited on roadways. Runoff water
is frequently concentrated in an erosive stream
because it is harvested from a wide area and dis-
charged over a single point on a road embankment.
In the construction of new, and repair of exist-

ing, urban and country roads, some roads may cut

Figure 12.1. A road verge where native grasses, mat rushes, and shrubs have successfully established
and are providing an attractive and protective roadside covering. After rainfall events, no sediments accu-
mulate at the foot of this embankment.
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into hillsides, revealing the country rock, and oth-
ers may be constructed on newly elevated
landforms from rock and soil materials cut from the
nearby landscape. But, in each case, water flowing
over the new, and often steep, slopes has a high
capacity to cause serious erosion and pollute adjoin-
ing streams and rivers. RPs face significant
challenges preventing this erosion and pollution,
while at the same time creating stable and attrac-
tive landscapes on road verges and embankments.
(See figure 12.1.) In this chapter, our aim is to help
RPs meet these challenges by putting into practice
our restoration procedures and principles. Our
scenario is based on our evaluations of road verge
restoration and on the work of colleagues on high-
way rehabilitation. (See, for example, Ludwig and
Courtenay 2008.)

Setting the Scene

Roads are obviously constructed around the world
in all kinds of climates, vegetation, and soils. In
this scenario we will assume that the road verge
being restored was located in a region with the fol-
lowing attributes:

• A temperate, continental climate, where win-
ters are cold and rainy (with some snow), and
severe rainstorms are common during warm to
hot, generally dry, summers.
• Mountainous terrain, where soils are rocky,
mostly shallow, and moderately fertile.
• Forest vegetation, where tree canopies are up
to 40 m in height, and the understory is typi-
cally grassy, but shrubs are common along
rocky outcrops.

We will also assume that the road verge restora-
tion work was the responsibility of an RP who is a
landscape ecologist and part of a team within a
state highway or roads department. Because the
team included engineers and other personnel
responsible for road design and construction, verge

restoration was a component of the planning process
from the start.

Step 1: Setting goals
A new road, which would run through forest around
the base of a lowmountain and connect two suburbs,
was proposed. During the planning stage for the con-
struction of the road, the RP worked with the
planning team to establish verge restoration goals.
Their primary goal was to cover the newly con-
structed verge surfaces with vegetation and protective
materials to achieve the following:

• Runoff from hillslopes in the surrounding
landscapes and the verge would not threaten
travelers on the road.
• Runoff sediments from road verges would not
erode out or plug up constructed road drainage
structures and contaminate streams below the
road.

To keep future road verge maintenance to a
minimum, they also set out to establish self-sus-
taining vegetation and to use stable protective
coverings such as rock and woody mulch.
Because stretches of road ran through urban and

suburban developments, they also needed to plant
vegetation and use coverings pleasing to the eye.

Step 2: Defining the problem
The RP, in collaboration with other members of the
team, conducted a number of assessments and analy-
ses during both the planning and construction
phases. The goals of restoration involved providing
surface protection by covering some sections of
road verge with coarse rock andmulchmaterials and
other sections with soil and vegetation. They
addressed the problems related to these two types of
road section coverings.

Rock and mulch-covered sections

• To avoid the use of rock coverings that would
readily breakdown or form acidic runoff when
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exposed to rains, they analyzed the physical and
chemical weathering properties of all rock
and stone materials proposed as protective
coverings for road verges.
• To protect road verge surfaces from erosion
using mulch, they evaluated the long-term
resistance of proposed mulch materials to
physical, chemical, and biological breakdown.
They also evaluated the capacity of mulch
materials, such as coarsely chopped wood-
chips, to resist overland flows. In most cases,
they found that this information was available
from previous applications to road verges.

Soil and vegetation-covered sections

• To ascertain whether tree roots would be able
to penetrate into rock fissures, or not, they
investigated the nature of natural rock fracture
patterns.
• To use soils suitable for establishing and sup-
porting vegetation in the long term, they either
used available topsoils or analyzed any soil
materials proposed for use on road verge sur-
faces. They tested soil properties such as fertility
(available nitrogen and phosphorus content)
and stability (slaking and dispersivity). (See
chapters 14 and 15.) Their aim was to avoid the
use of low-fertility and unstable soils or, if their
use was unavoidable, they wanted to know
what amelioration treatments to apply (e.g.,
gypsum).
• To suit the rooting characteristics of intended
vegetation plantings, they evaluated the avail-
ability of suitable soil materials to ensure that
appropriately deep soil layers could be applied.
They knew that grasses are usually shallow
rooted, and most shrubs and trees are deep
rooted.
• To cover open areas between clusters of plant-
ings, they tested the longevity of coarse rock
and woody mulch materials. They found that
much of this longevity information was already
available from prior road verge applications.

Other challenges faced by the RP and the team
included the following:

• So that drainages could be designed to avoid
concentrating flows onto road verges or onto
the road surface itself, they needed to know
how watersheds affected the roadway.
• To design roadway drainages and verge cov-
erings that cope with runoff from roadways
during rainfall events, they analyzed rainfall
amounts and intensities for the region. They
found that most rainstorms are brief, but can
be highly energetic.
• To apply rock and mulch materials to road
verge slopes too steep for machinery to nego-
tiate, they explored ways of adding them from
either the foot or the top of embankments.
• To avoid damage to roadways, they designed
structures such as earth and rock banks to
divert runoff. In some places, they also
designed diversion banks to spread runoff water
onto planted vegetation to help sustain it.

Steps 3 and 4: Designing solutions and
applying technologies

The RP worked with the planning and construction
team to design protective coverings of soil and veg-
etation, and rock and mulch, for different sections
along the roadway.

Soil and vegetation-covered sections
The RP examined a variety of designs and applica-
tions for use on soil and vegetation covered road
verges:

• If soil materials available for use as coverings
had adverse properties such as beingmildly dis-
persive, which could trigger erosion, the RP
applied amelioration treatments such as
gypsum.
• If road verges had steep slopes, the RP applied
fabric mesh, enclosing mulch and grass seeds
as a covering to protect soils and to grow
vegetation.
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• If soft materials such as mulch and soils were
applied to areas next to those covered with
harder materials such as rock, the RP designed
flow pathways so that runoff from rock-covered
areas did not damage areas covered with soil
and mulch.
• To cover gently sloping verges with protective
vegetation, after suitable soil materials had
been added, the RP selected plant species
adapted to the applied soils and to the cli-
matic regime. The RP also considered other
attributes, such as plant life form (tree, shrub,
herb), mature structure (low, tall), longevity
(short, long), and the need for ongoing main-
tenance. The RP selected a mix of plant species
with these attributes, mostly locally sourced
native plants. However, the RP did not exclude
the use of exotic plants known to be well
adapted to the local climate and soils.

The RP also selected different modes of planting veg-
etation, which depended on the terrain:

• On steeper slopes, the RP applied grass seed
within mulch-fertilizer blankets.
• Onmore gentle slopes, the RP sowed grass seed
directly into tilled soils.
• On slopes where shrubs and trees were
designed to be in patches, surrounded by other
coverings, the RP planted nursery-grown
seedlings.
• For roadway locations with high visual expo-
sure, the RP selected plant species with foliage
and flowers that appealed to the eye and were
attractive to birds and other fauna, such as
butterflies.

Rock and mulch-covered sections
On steep verge slopes, the RP applied coarse rocks
(about 5 to 25 cm in diameter), because they would
be robust to raindrop impacts, overland flows, and
weathering. Onmore gentle slopes less prone to ero-
sion, the RP applied smaller rock and organic mulch
materials known to be resistant to weathering.

Other design and application considerations
As noted earlier, avoiding excessive flows of water
from hillslopes adjoining the roadway is a crucial
design component, especially in preventing damage
to roadway drainage structures and pollution of
downslope creeks and streams during intense storm
events. In this case too, the RP relied on hydrology
experts on the team to design and engineer diversion
structures on hillslopes above the roadway. Where
needed, these experts designed and constructed
water diversion banks above road cuttings to prevent
severe erosion problems. (See figure 12.2.)
Another important roadway consideration is

keeping larger wildlife species (e.g., livestock, horses,
deer, and kangaroos) from wandering onto the road.
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Figure 12.2. A road verge slope showing signs of
sheet and rill erosion caused by excessive over-
land flows from above the roadway. Flows have
also washed away the mulch that was originally
applied to this slope.



The team designed a system of fences to exclude
these large animals and also consulted with wildlife
experts on ways to enable smaller wildlife species
(e.g., possums, echidnas) to move between land-
scapes on either side of the roadway. They applied
technologies such as the strategic placement of tree-
top bridges and under-road chutes.
The RP also evaluated ways of controlling weeds

that always appear along newly constructed road
verges. They developed a system of timely spot-
spraying newly emerged weeds with appropriate
herbicides.

Step 5: Monitoring and assessing trends
The RP established a protocol for routinely moni-
toring road verges and steeper embankments and
cuttings:

• To detect signs of erosion, the RP examined the
upper and lower edges of road verges and
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looked for deposits of sediments at the bot-
tom of cuttings and embankments and, in
more severe cases, rills and gullies on verge
slopes. If found, the RP looked for the cause of
these erosion features. For example, sediment
deposits and rills would likely be caused by
focused overflows from hillslopes above the
road during significant rainfall events. These
overflows require corrective actions by hydrol-
ogists and engineers on the team.
• To evaluate the stability of verge surfaces cov-
ered with rock and mulch materials, the RP
examined whether mulch remained in place
after intense rainstorms. If mulch remained in
place (figure 12.3), this indicates that it is pro-
viding a stable protective covering. However,
if mulch on the verge surface had been washed
or blown away (figure 12.4) then surface pro-
tection has been lost, and the surface is prone
to erosion, particularly where raindrop impacts

Figure 12.3. Coarse mulch material has remained intact on a verge slope, protecting it from the erosive
forces of rain and wind storm events. This mulch was sourced from when the forest was cleared to con-
struct the roadway.



have crusted the surface. The result would be
high runoff rates. In this case, the RP took
remedial actions, such as applying a coarser
mulch or rock material.
• To assess how well vegetation had established
on planted sections of road verge, the RP
looked to see if plantings had taken hold and
were serving to protect surfaces and provide an
attractive look. (See figure 12.1.) The RP also
assessed if surface coverings (mulch, stone)
in the spaces between plants were stable (fig-
ure 12.5). However, if the RP found that road
verge planting had largely failed and that verge
surfaces were showing signs of erosion, such as
sediment and litter wash (figure 12.6), then the
RP took corrective actions, such as using dif-
ferent plants or replacing plantings with rock
and mulch coverings.
• The RP also looked along verges for any dead
plants needing replacement or weeds requiring
control treatments.

After a few years of monitoring and assessing
the full extent of the rehabilitated road verge, the
RP’s overall evaluation was that trends were OK. (See
figure 1.1.) However, the RP continued periodic
monitoring to look for any problems such as vege-
tation dying, mulch washing off slopes, or rills
forming. If any of these problems were found, or if
members of the local communities reported such
problems, the RP adaptively selected technologies
to fix them in a timely manner.

Further Thoughts

In this chapter, we did not cover all the scenarios that
RPs encounter when rehabilitating road verges. For
example, to protect roadways from falling rocks
where cuttings expose mountain rocks to weather-
ing, engineering solutions such as steel netting or
concrete coverings are needed. These technologies
are beyond the scope of this chapter. Fortunately,
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Figure 12.4. An area where mulch has been blown and washed off a verge surface leaving it unprotected.
The soil now has an impermeable surface crust.



most RPs are members of a team that has engineers
expert in designing protective coverings for rock
faces through road cuttings, so that these RPs can
focus on designing coverings to protect more gently
sloping road verges from erosion. Our scenario is

aimed at RPs who use coarse rock, stones, coarse
organic mulch, soil, and vegetation to rehabilitate
road verges, and who will be successful by putting
landscape restoration procedures and principles
into practice.
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Figure 12.5. A protective wood-chip mulch and
stone covering between plantings.

Figure 12.6. An “island” road verge where a sur-
face mulch of fine stones has failed to resist
erosion by overland flows. Note the wash of
surface litter and sediments.
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part iv

Monitoring Indicators

In the chapters of part 4, our aim is to describe for restoration practitioners those
indicators we have found useful for monitoring and assessing landscape function,
that is, how well landscapes are working as systems to regulate resources and pro-
vide goods and services. Earlier in our book (chapters 1 to 3 in part 1), we
defined indicators as easily observed surrogates of difficult-to-measure attributes.
Here we add our view that, while there are numerous indicators that can be used
to evaluate landscapes, we have found that many of these indicators only reflect
changes in ecosystem structure and composition, such as the loss of plant species,
and do not directly indicate processes. Our years of experience in evaluating land-
scape restoration have led us to the conclusion that measures of vegetation
composition by themselves do not provide the information about critical processes
that restoration practitioners need to design effective restoration technologies. For
example, what does the absence of a species really mean? Rather, we have found
that designing successful restoration technologies requires identifying, assessing,
and analyzing the functional processes that are declining in the landscape, and
the causes of these declines.
Tomonitor and assess indicators of functional processes, we describe in the four

chapters of part 4 a set of methodologies known as landscape function analysis, or
LFA for short. In chapter 13, we first provide restoration practitioners with an
overview of LFA, and then we describe those LFA indicators that we know they
will find useful for characterizing how landscapes are structurally and function-
ally organized. In chapter 14 we describe LFA soil-surface indicators that define
functional processes operating in a landscape, such as the capacity to resist ero-
sion. In chapter 15, we described indicators that restoration practitioners can use
to define the condition of ephemeral drainage lines running through a landscape.
In chapter 16, we define those measures of vegetation structure and composition
that indicate the capacity of landscapes to provide a complex of habitats for a diverse
biota.
These four chapters provide restoration practitioners with a full range of LFA

indicators and monitoring methods that enable them to design and apply effec-
tive restoration technologies. Most important, these methods and indicators
provide them with the data they need to track progress toward desired landscape
restoration goals and, if necessary, adapt technologies to improve progress.
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In this chapter our aim is to first provide restoration
practitioners (RPs) with an overview of landscape
function analysis (LFA) and then with a description
of those indicators that they can use to characterize
how a landscape is structurally (spatially) and func-
tionally organized. Here we only briefly describe
these landscape organization indicators (LOI)
because detailed descriptions are provided
in a LFA LOI document available online
(http://members.iinet.net.au/~1fa_procedures). Also
available online are LFA field data sheets and
spreadsheets we refer to in this, and later, chapters.

Overview

LFAwas originally developed to establish a set of soil-
surface indicators for measuring and analyzing the
nature and severity of problems in dysfunctional
rangelands. (See Tongway 1995; Tongway andHind-
ley 2000.) Over the years the scope of LFA has
greatly expanded to includemethods useful for mon-
itoring restoration trends in many different types of
landscapes. (See Tongway and Hindley 2004.)
LFA is composed of three modules: (1) a con-

ceptual framework, (2) indicators of landscape
function and field procedures for monitoring these
indicators, and (3) an interpretational framework.

Module 1. Conceptual framework
We described the conceptual framework underlying
LFA in chapter 2. We used a series of diagrams and

photographs (figures 2.1 to 2.12) to illustrate this
framework and to explain how landscapes function
as biophysical systems. The framework emphasizes
the sequence of input, internal transfer, and output
processes operating to regulate flows of energy and
materials such as water, soil sediments, and organ-
ics (e.g., litter, seeds). This framework helps remind
RPs of the need to maintain both spatial organiza-
tion and processes. In chapter 3 we described four
principles central to this conceptual framework
that, when put into practice, will help RPs repair
damaged landscapes.

Module 2. Indicators of landscape function
In this module we describe indicators reflecting the
state of functionality of landscape processes and ways
for RPs to assess these indicators in the field. As noted
earlier, methods for assessing specific indicators are
available as online documents, and spreadsheets are
also included online to help RPs reduce raw data to
sets of indices. All of these online LFA documents are
updated as methods are improved and provide RPs
with details on monitoring procedures and meas-
urements, which are illustrated by numerous
diagrams, tables, and color photographs.
In part 4, we use a selection of these diagrams,

tables, and photographs (in grayscale) to describe
landscape function indicators in four chapters:

• To indicate how landscapes are spatially organ-
ized, we describe a number of useful site
attributes here in chapter 13.

Chapter 13

Landscape Function Analysis: An Overview
and Landscape Organization Indicators
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• To indicate landscape surface stability and the
potential for landscape systems to cycle nutri-
ents and infiltrate water, we describe eleven
soil-surface condition indicators in chapter
14. These eleven indicators are then com-
bined into three synthetic indices: surface
stability, infiltration capacity, and nutrient-
cycling potential.

• To evaluate the stability of ephemeral drainage
lines, such as gullies running through land-
scapes, we describe eight drainage-line
indicators in chapter 15.

• To evaluate different functional attributes of
vegetation, in chapter 16 we describe methods
for estimating vegetation species composition,
horizontal and vertical structure, and habitat
complexity.

Module 3. Interpretive framework
Typically, restoration indicator data are collected at
two scales: a coarser watershed-hillslope site scale,
and a finer vegetation-soil patch scale. Our inter-
pretive framework primarily aims to inform RPs
about the functional status of a landscape at the site
scale. It does this by comparing values for indicators
measured on rehabilitated sites with those measured
on reference sites. These comparisons are essen-
tial because they enable RPs to evaluate and judge
how well rehabilitated sites are progressing toward
established goals.
Here we briefly outline a few key features of this

LFA interpretive framework, but a more complete
description is provided online (http://members
.iinet.net.au/~1fa_procedures). Progress of indicators
toward landscape restoration goals can be illustrated
and interpreted with two basic types of graphs that
(1) plot trends in indicators along one-dimensional
lines or continuums, and (2) plot responses of indi-
cators over time in two dimensions.
The first graphical procedure was illustrated by

landscape restoration principle 4 and figure 3.6 back
in chapter 3; these illustrations were about the impor-
tance of assessing the progress of indicators of
landscape function along a line (continuum) toward

greater functionality, a restoration goal. In this graph-
ing procedure,measurements for individual indicators
obtained at different monitoring times are plotted as
time-marks along a continuum line, which extends
from indicator values representing dysfunctional
landscapes to values for highly functional landscapes.
These time-marks are informative because they rep-
resent significant and specifiable changes in landscape
functionality along a continuum.
The second graphical procedure simply plots

data for indicators being monitored as changes over
time (time-trace graphs). For indicators measured on
rehabilitating sites, these time-trace graphs typically
have an S-shaped or sigmoidal form because many
landscape processes develop slowly at first and then
accelerate before eventually leveling off. Recall that
these S-shaped curves were typical of many of the
indicator data we plotted as time traces in our case
studies and scenarios. (See chapters 4 to 12.) In
some cases the indicator increases rapidly from the
start and then gradually levels off. Such curves can
be described as logarithmic or as an exponential rise
to a maximum.
Properties of S-shaped, logarithmic, and expo-

nential response curves can also be used to estimate
thresholds, for example, the point at which response
data for an indicator of a biophysical process suggests
that the landscape is becoming self-sustaining.
Thresholds are useful both conceptually and in
practice. (See Du Toit et al. 2003.) Threshold points
indicate when the resilience of landscape func-
tioning is sufficient to cope with normal disturbances
without significant loss in landscape functionality.
For an indicator with an S-shaped response curve,
this threshold point can be taken as the inflection
point, which is the point along an S-shaped curve
where the rate changes from increasing to decreas-
ing, that is, the rate begins to slow as it trends toward
leveling off. This upper level represents the most
functional state a landscape can be in, given the soil
type, landform, and climate. In a sense, this upper
level is the landscape’s biogeochemical potential.
An alternative way of estimating a threshold

along an S-shaped or logarithmic response curve is
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the halfway point, which is based on the highest and
lowest values measured for an indicator:

Threshold = [(highest value–lowest value)/2]
+ lowest value

Thresholds estimated by halfway points have been
useful for interpreting trends in LFA indicators on
sites being restored from gold mine tailings. (See
Haagner 2009.)
Finally, if you look back at figure 3.1 in chapter

3, you will see that S-shaped curves (increasing
and decreasing forms) are used to interpret the
progression of biological processes taking over from
physical processes. This takeover is a core principle
signifying restoration success. After applying restora-
tion technologies, RPs can use this principle to
better interpret to what extent they are achieving
their restoration goals by tracking the progression of
indicators reflecting both physical and biological
landscape processes (e.g., water retention, vegeta-
tion growth).

Landscape Organization Indicators
(LOI)

We start our description of how to describe indica-
tors of landscape organization by listing what tools
and equipment are needed to conduct field meas-
urements.

Field Equipment

• 100 m tape measure and steel pegs to secure
the tape in position

• 10 m hand-held tape measure
• Stainless steel paint scraper with a 60 mm
wide blade

• Data sheets and clipboards
• Two liters of rainwater or equivalent
• Small shallow dish with a diameter of about
100 mm

• Copy of the LFA Field Proceduresmanual

Measurement Scales

As noted earlier, the RP uses this equipment in the
field to collect data on indicators of landscape
processes at two scales: the site scale (e.g., hillslope
lengths of 100 to 200m ormore), and the patch scale
(e.g., vegetation patches of 1 to 2 m in diameter
located within sites).
Coarser site scale methods describe how to meas-

ure indicators of landscape organization, which
enables RPs to assess the fate of mobile resources
(e.g., water, sediments, litter, seeds). In other words,
RPs use these indicators to discover whether mobile
resources are internally redistributed, retained, and
used within the landscape, or are transferred off
the site to other landscape systems. The fate of
mobile resources is indicated, for example, by meas-
uring the spatial attributes of vegetation on a
hillslope. These spatial attributes indicate the capac-
ity of the landscape to obstruct and absorb overland
flows of water and ameliorate wind erosion. Such
indicators include the number and size of perennial
plant patches (e.g., grass clumps, shrub thickets)
where resources on the site tend to accumulate,
and the vertical distribution of plant canopies (e.g.,
foliage density) where fauna such as birds and lizards
tend to concentrate.
Landscape organization data, and the soil-surface

condition data described in the next chapter, are col-
lected on line transects. These transects are oriented
in the direction of water flow (downslope) or, if
wind is the force of primary concern, downwind.
These line transects are called gradsects, short for gra-
dient-oriented transects (Gillison and Brewer 1985),
and the data have direct cause-and-effect spatial
relationships. Gradsects are a very efficient means of
collecting landscape function data. Many other site
assessments use random or systematic grid-based
sampling procedures; however, winds and flows of
water are not random processes in landscapes, and
defining the nature and scale of the emergent het-
erogeneity (pattern) is crucial to understanding how
landscapes function. (See chapter 2.)
At finer patch scales, soil-surface assessments (SSA)
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are conducted to infer the activity of landscape
processes such as soil erosion, water infiltration, and
nutrient-cycling, and in doing so, add a quality dimen-
sion to the coarser site scale data. At the finer patch
scale, eleven readily observable SSA indicators are
assessed in representative patches and interpatches.
(See chapter 14.) These patches and interpatches
are defined along the landscape organization gradsects.
For example, resources tend to be lost from bare
interpatches and accumulate within perennial vege-
tation patches.We selected the eleven SSA indicators
to provide RPs with information on a wide range of
readily observable landscape processes that can be val-
idated by field and laboratory measurements.
As noted earlier, a spreadsheet program is avail-

able online to integrate the eleven SSA indicators
across site and patch/interpatch scales to provide
information that RPs will find useful for interpreting
findings at the broader site scale. The LFA moni-
toring procedure is, therefore, able to coordinate
observations made at different scales to provide RPs
and stakeholders with insights into the degree of
function/dysfunction of landscape processes.

The Site

To establish the context for a site being rehabilitated,
we recommend that RPs describe its underlying
geology, slope, aspect, vegetation, soil type, and
current land use. (See table 13.1.) To determine
where in the landscape processes aremost active, and
perhaps dysfunctional, RPs need to carefully and
broadly examine the entire site. With this informa-
tion, RPs can position gradsects to most efficiently
measure (sample) indicators of landscape processes.
These contextual attributes of the landscape are
also used to select and gather information from ref-
erence sites located within the region.

Spatial Organization

A number of activities, in the order listed here, are
used to characterize the spatial organization of land-
scapes on restoration and reference sites:

Activity 1: Position gradsects
Using the 100 m tape, gradsects are oriented

directly downslope (bends in the tapemay be neces-
sary in some cases to follow the direction in which
resources flow), or in the direction of the prevailing
wind if this is the primary factor of interest. To facil-
itate repeated measurements over time the location
of the gradsect is recorded and the site permanently
marked. This is essential for long-termmonitoring if
trend assessments are to bemeaningful. Typically, the
gradsect location is documented from global posi-
tioning systems (GPS) readings at the upslope and
downslope ends, and a compass bearing is also taken.

Activity 2: Define patches and interpatches
Starting at the top of the gradsect, a continuous

record of patches and interpatches is recorded as line
intercept distances between their respective bound-
aries (zones of resource accumulation versus loss).
(See figure 13.1.) These patch/interpatch tabulations
are completed before commencing tasks such as soil-
surface assessments. (See chapter 14.) We find it
useful to tabulate patch/interpatch data using the
spreadsheet (available online) that automatically
calculates patch and interpatch indicators of land-
scape functionality. See, for example, the patch
and interpatch data in table 13.2. Sometimes a site
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Example of an LFA data sheet used to character-
ize sites.
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Figure 13.1. A diagram representing a 50 m gradsect with continuous recording of resource accumulat-
ing patches (run-on zones) such as grass clumps, shrubs, and trees, and resource shedding interpatches
(runoff zones) such as bare soil.

table 13.2

Example of typical landscape organization data collected along a 50 m gradsect. Distances
defining the boundaries from the beginning to the end of patches and interpatches are recorded
from the start and to the finish of the gradsect line. The type of patch or interpatch is identified in
the row recording where it ends. These data map the way the landscape is spatially organized with
respect to resource regulation.

Distance along Patch Patch/interpatch Notes on types of patches and interpatches,
tape measure (m) width (cm) identification and factors such as grazing

0 [start of gradsect]
2.5 BS Bare soil (interpatch)
3.3 710 OT Open shrub thicket (patch)
5.9 BS
6.8 80 PH Plant hummock (patch)
9.2 BS
9.22 10 PH (grazed to about half-height)
10.4 BS
11.5 130 OT (a few shrub-tips browsed)
13.32 BS
15.34 10 PH (grazed to near base)
15.9 BS
16.4 105 SLC Shrub log complex (patch)
21.15 BS
21.4 30 PH (grazed to quarter-height)
22.85 BS
23.6 105 SLC
33.35 BS
33.6 35 SLC
35.2 BS
37.0 650 OT
40.1 BS
42.0 200 OT (a few shrub-tips browsed)
50.0 BS [finish of gradsect]



may be classified entirely as a single patch, with no
discernable interpatches as, for example, in dense
perennial grasslands. Sometimes a site may be com-
posed of alternating patches of different types, for
example, dense grassy patches interspersed by wood-
land groves. The width of a patch is judged by
observing where resources flow around the lateral
boundaries of the patch.
We have found it useful to summarize patch

and interpatch data. (See table 13.3.) In this exam-
ple, 2.4 grass clumps per 10m of gradsect provide 4.1
m of obstruction width to downslope flows. This indi-
cates a high capacity of the landscape to capture
resources being driven by water- and wind-mediated
processes. This capacity is illustrated in figure 13.2.
RPs can use such data to address a central question:
Are mobile resources tending to be accumulated in
patches or tending to flow around patches along
open interpatches?

Activity 3: Measure reference sites
To assess whether rehabilitated sites are achieving
restoration goals, RPs need to select reference sites
and conduct activities 1 and 2 on these sites. Recall
that reference site data provides numerical target val-
ues to assess restoration trends. (See chapter 3.)
With data from reference sites, RPs can address the
following kinds of questions:

• What patch size and density characterize the
reference site? How does the restoration site
data compare with these reference site data?

• Are interpatch lengths short enough to pre-
vent excessive flow rates and to minimize
erosion?

• Where in the landscape are lengthy inter-
patches located?

• Are patches becoming larger or more numer-
ous over time? If so, at what rate?

Note that patch and interpatch quality are not
directly addressed by indicators of landscape organ-
ization. This is the role of the indicators described
in the next chapter.

Note: The LFA Field Procedures manual and its
contents are the property of the Commonwealth Sci-
entific and Industrial Research Organisation
(CSIRO), Australia. The maintenance, updating,
and online distribution of this manual, and other
LFA documents referred to in this book (available at
http://members.iinet.net.au/~1fa_procedures), is
the responsibility of one of us (DT).
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Figure 13.2. Clumps of grass plants facilitate the
capture and accumulation of resources driven by
both water and wind processes (depicted as arrows).

table 13.3

Summary of data in table 13.2 on indicators of landscape organization. These site-scale totals and averages would
be compared to values obtained over time to examine changes in landscape functionality.

No. patch zones Total patch zone Mean interpatch length Landscape
per 10 m width (m/10 m) and range (m) organization index*

2.4 4.1 3.2 (0. 6–9.8) 0.22

* Sum of all individual patch lengths measured along the gradsect (see figure 13.1) divided by the total length of the gradsect



Here we describe eleven indicators of soil-surface
processes that restoration practitioners (RPs) assess
in each of the patch and interpatch types identified
along landscape gradsects. (See chapter 13.) These
soil-surface assessments (SSA) are made on exam-
ples of each patch and interpatch type selected at
random from the full set recorded along grad-
sects. We call these selected examples query zones.
Typically, three to five query zones are assessed per
patch or interpatch type to obtain statistical rigor.
As a rule of thumb, if we find a considerable
amount of variation between patch (or interpatch)
query zones within a type, then we assess a greater
number of zones. A more rigorous method for
estimating the number of zones to assess is
explained in an LFA document on sample size
available online (http://members.iinet.net.au/
~lfa_procedures).
Each query zone is identified by its location

(distance) along the gradsect and the eleven soil-sur-
face features, or indicators, are scored according to
SSA methods described in an LFA document also
available online (http://members.iinet.net.au/
~lfa_procedures). RPs will find it useful to enter their
assessed scores for the eleven indicators onto a field
data sheet (table 14.1). These field assessment
data should be entered into an SSA data entry
spreadsheet, which is also available online
(http://members.iinet.net.au/~lfa_procedures), as
soon as possible (ideally, while in the field, but
in any event, on the day of collection). We find
that quickly entering data into a spreadsheet helps

verify whether field assessments of indicator scores
are within valid ranges. If assessment errors are
found, they can then be readily corrected while in
the field.

Chapter 14

Landscape Function Analysis: Soil-surface Indicators
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table 14.1

Example of a field form for scoring eleven soil-
surface indicators assessed at eight patch, or
interpatch, query zones selected along a gradsect
(e.g., BS—bare soil [interpatch], OT—open
shrub thicket [patch], and PH—plant hummock
[patch]) as listed at the top of the columns. Note
that the specific location is recorded in case a
repeat field visit becomes necessary.
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Soil-Surface Indicators

Below we briefly describe the landscape processes
assessed by the eleven soil-surface indicators. We
also note whether each indicator contributes to
one or more of the three synthetic soil-surface con-
dition indices defined at the end of this chapter: the
stability index, the infiltration index, and the nutri-
ent-cycling index.

1. Rain splash protection
This indicator assesses the degree to which surface
covers such as stones and perennial grasses, and
low shrub and tree foliage, ameliorate the effects of
raindrops impacting on the soil surface. Raindrops
can cause soil-splash erosion and soil surfaces to
form physical crusts. The rain splash protection
indicator contributes to the stability index.
2. Perennial vegetation cover

Through aboveground measurements, this indica-
tor assesses the contribution of the belowground
biomass of perennial vegetation to nutrient-cycling
and infiltration processes. As explained in the SSA
document available online, the basal crown diam-
eters on perennial grasses and the canopy diameters
of shrub and tree canopies are measured within
query zones. These query zone cover measurements
are used to score this indicator, which contributes to
both the infiltration index and the nutrient-cycling
index.
3. Litter

Here, litter refers to the following materials in the
query zone: annual grasses and other ephemeral
herbage (both standing and detached); any detached
leaves, stems, twigs, and fruit of perennial grasses,
trees, shrubs, and forbs present; and any animal
dung. These litter materials function to protect soil
surfaces from rain splash, and hence, litter cover con-
tributes to the stability index. The degree to which
litter is being decomposed strongly relates to the con-
centration of carbon, nitrogen, and other elements
stored in surface soil layers and soil-surface porosity,
hence, the litter indicator also contributes to the infil-
tration and nutrient-cycling indices.

4. Cryptogam cover
For our purposes, cryptogam is used as a generic
term to include cyano-bacteria, algae, fungi,
lichens, mosses, liverworts, and fruiting bodies of
mycorrhizae. When present, the cover of cryp-
togams significantly contributes to the stability of
soil surfaces. (See Eldridge and Greene 1994.)
Typically (though not exclusively) they colonize
soils in open areas that have preexisting undis-
turbed physical crusts. Cryptogams usually need
high light levels to persist and are seldom found
under dense litter, particularly woody litter. They
are, however, observed under thin layers of grassy
litter. Cryptogams may be early colonizers of recov-
ering soil surfaces but may decline as vascular
plant cover increases.
Cryptogams impart flexibility and stability to

surface crusts because their hyphae penetrate into
the soil surface, and hence, their cover contributes
to the stability index. They are also associated with
elevated levels of available nutrients in the surface
layers of soil, thus their cover also contributes to the
nutrient-cycling index.
5. Crust brokenness

Here, we define soil-surface crusts as densely packed
physical surface layers that overlie subcrust materi-
als. Physical crusts in good condition are smooth and
conform to the gentle undulations in the soil surface.
Such crusts yield little soil material in runoff events
but may restrict infiltration. However, crusts can
become unstable, brittle, and easily disturbed by
grazing animals. In this case, soil-surface materials
becoming available for wind or water erosion, hence,
this indicator contributes to the stability index.
6. Soil erosion type and severity

Soil erosion refers to those signs of active soil loss
caused by water and wind action. (See figure 14.1.)
In this context there are five distinct types of soil ero-
sion. (See table 14.2.) These five types of surface
erosion are based on descriptions in a handbook by
McDonald et al. (1990). These types of erosion are
also illustrated by color photographs in the online
LFA SSA document. Assessments of soil erosion
type and severity contribute to the stability index.
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7. Deposited materials
Recently deposited soil and litter materials found in
a query zone indicate surface instability upslope or
upwind of the zone. Surface instability permits
loose materials to be transported into the query
zone. These materials are usually silts, sands, and
gravels (alluvium). Absence of these materials does
not necessarily imply a lack of alluvial transport
because water and wind erosionmay actually sweep
them completely off the query zone being assessed.
Assessing the amount or volume of deposited

alluvium is more important than simply observing
the presence of alluvial deposits, because these
deposits may quickly become obscure due to ger-
mination of seeds within the deposit. For example,
alluvial fans may stabilize and become covered
with pulses of plant growth soon after rainfall events.

This material deposition indicator contributes to
the stability index.
8. Soil-surface roughness

Surface roughness indicates the capacity of the soil
surface to slow overland flows and to retain mobile
resources such as water, seeds, topsoil, and litter.
This indicator contributes to the nutrient-cycling
index because it assesses the capacity of a query zone
to capture materials. The roughness of a soil surface
may be due to features such as depressions and
cracks in the soil surface, which very effectively
function to capture and retain mobile soil and lit-
ter particles from water runoff and wind. (See
chapter 5.)
Another surface roughness feature is a high den-

sity of plants, such as perennial grasses, and plant
litter beds. Basal butts of grass plants cause overland
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Figure 14.1. Five types of soil-surface erosion: sheeting, pedestal formation, rilling, terracette
formation, and scalding.



flows of water to be slower, deeper, and highly con-
voluted, sieving out any particulates. (See figure
2.1c.) The slowing of flow rates allows for longer infil-
tration times, hence, this indicator also contributes
to the infiltration index. A high density of plants also
provides safe sites for the lodgment of seeds and lit-
ter blowing in winds.
9. Surface resistance to disturbance (coherence)

Soil surfaces differ greatly in the strength with which
they resist physical disturbance such as from the
hooves of grazing cattle and feral animals or from
vehicle or pedestrian traffic. Noncohesive soil sur-
faces are prone to such disturbances because surface
particles are readily eroded by water and wind. In
contrast, very hard soil surfaces have resistance to
physical disturbance because of their high mechan-
ical strength, but they also have a very low capacity
for infiltration. This is due to their low porosity and

tendency for massive crusting or hard setting. This
tradeoff is automatically taken into account by the
online SSA spreadsheet program, which appropri-
ately weights the stability and the infiltration indices
by surface crust and surface coherence scores.
10. Slake test

Stable soil fragments maintain their cohesion when
wet, indicating soils with a low potential for being
eroded by water. As described in our case study and
scenario chapters, determining the stability of mate-
rials to wetting (e.g., during rains, flooding, or
irrigation) before using these materials in landscape
restoration projects is very important. The slake test
is used to assess scores for the stability of soil frag-
ments to rapid wetting. This test is described in the
online LFA SSA document. Scores from conduct-
ing the slake test contribute to the stability index and
the infiltration index.
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table 14.2

Five types of soil erosion

Erosion type Description

(E) Sheet erosion The progressive removal of very thin layers of soil across extensive, gently sloping areas, with few if any
sharp discontinuities to demarcate them. Sheet erosion is not always easy to detect with assurance and may
need to be inferred from other soil-surface features, such as coverings of gravel or stone (called "lag") left
behind after erosion of finer material, or the presence of downslope eroded materials. Sheet erosion is
sometimes confused with scald erosion, which typically occurs on flat areas with texture-contrast soils.

(P) Pedestals The result of soil being eroded from around a plant to a depth of at least several cm, leaving the butt of the
surviving plant on a column of soil above the new general level of the landscape. Exposed roots are a hall-
mark of this erosion form. This is a sign that the soil type itself is very erodible and that loss of vegetation in
the landscape was preceded by erosion, not the other way around. Often associated with stones as the pro-
tective cover in the post-mining environment.

(R) Rills and gullies Distinctive channels cut by flowing water. Rills are less than 300 mm deep, and gullies are greater than 300
mm deep. They may be initiated by water flowing down sheep or cattle paths. Their presence is a sure sign
that water flows rapidly off the landscape, often carrying both litter and soil with it. They are aligned
approximately with the maximum local slope.

(T) Terracettes Abrupt walls from 1 to 10 cm high, aligned with the local contour. Terracettes progressively cut back
upslope, the eroded material being deposited in an alluvial fan downslope of the feature. The location of
a terracette should be noted in the comments of the landscape organization sheet for the line transect so
that the progress of the terracette upslope can be monitored over time. A change of zone will occur at
the location of the terracette, and it is assessed as occurring in the upslope zone. It will have an erosion
type and severity class value of 1 or 2. The erosion type downslope of the terracette may be sheeting with
alluvial deposits.

(S) Scalds The result of massive loss of A horizon material in texture-contrast soils. Erosion exposes B horizons, which
are typically very hard when dry and have extremely low infiltration rates. Scalds are typically found on flat
landscapes; they pond or shed water readily and are bare of vegetation.



11. Soil-surface texture
Soil texture is an important indicator because it
strongly affects infiltration and runoff processes,
hence, this indicator contributes to the infiltration
index. Assessing soil texture in the field is a bit messy.
(See the online LFA SSA document.) Fortunately,
this procedure is usually only conducted at the time
of site establishment. It does not need to be repeated
in each query zone, unless there are obvious changes
in surface soil textures along the gradsect.

Synthetic Soil-Surface Indices

As noted in our descriptions above, the eleven soil-
surface indicators are assessed and used in various
combinations (figure 14.2) to derive three soil-sur-
face condition indices: stability index (surface
resistance to erosion); infiltration index (potential of

surface soils to infiltrate water); and nutrient-cycling
index (potential for surface soils to cycle nutrients
back into the soil). These three indices are auto-
matically calculated using equations programmed
into the LFA SSA data entry spreadsheet. Each
index has a nominal scale of 0 to 100 percent or, if
preferred, 0 to 1. The higher the index number the
higher the functionality of the landscape process (sta-
bility, infiltration, nutrient cycling). These synthetic
indices relate to the landscape processes illustrated
and described in the conceptual framework (see
chapter 2). These indices have been verified against
laboratory and field measurements covering a range
of landscape types, climatic regimes, and land uses.
A report on verification of LFA soil-surface indica-
tors is available online (http://members.iinet.net
.au/~lfa_procedures).
To produce scores reflecting the current overall

state of functionality of the landscape, the spread-
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Figure 14.2. Different combinations of 11 soil-surface condition indicators are used to calculate three
synthetic indices of the potential for the site to resist erosion (stability), retain and store water
(infiltration), and cycle nutrients to enhance plant growth (nutrient cycling).



sheet program does calculations to integrate indicator
data from the finer vegetation-soil patch scale and
coarser watershed-hillslope site scale. To decide at
which scale (patch or site) the most useful infor-

mation emerges, RPs can evaluate soil-surface con-
dition information and patch and interpatch data in
relation to the framework on how landscapes func-
tion. (See chapter 2.)
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In chapter 15 we describe eight indicators that
inform restoration practitioners (RPs) about whether
a drainage line is still active or is becoming stabilized.
Here, we are referring to drainage lines that flow
occasionally, that is, ephemeral drainages, such as
gullies running down a hillslope rather than per-
manently flowing creeks, streams, or rivers.
Ephemeral drainage lines on hillslopes in undis-
turbed landscapes are smoothly concave in
cross-section (no sharp edges), receive diffuse over-
land flow, and gently drain water from the

Chapter 15

Ephemeral Drainage-Line Assessments:
Indicators of Stability

surrounding slopes. (See figure 15.1.) These undis-
turbed landscapes do not have high rates of runoff
or erosion. Landscapes that have a history of distur-
bance, however, often have hillslopes where drainage
lines have become incised. (See figure 15.2.) If ero-
sion cuts a channel deeper than 0.3 m, the drainage
line is defined as a gully; if the cut is less than 0.3 m,
it is called a rill.
Depending on soil type and the nature of dis-

turbance, even initially shallow ephemeral drainage
lines (rills) on gentle hillslopes can erode into deep

Figure 15.1. A hillslope on which the natural ephemeral drainage line shows no sign of an incised
channel. Lateral water flows into the drainage line are diffuse and slow and the cross-section of the line
is smoothly concave.
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gullies. (See figure 15.3.) Restoring even small but
heavily eroded drainage lines presents RPs with
major landscape restoration challenges, let alone
those that are large, deep, steep-walled gullies. (See
figure 15.4.) However, we know that RPs can suc-
cessfully restore ephemeral drainage lines by putting
into practice our five-step adaptive procedure and its
underlying principles, because RPs met similar
challenges in our case studies on restoring dam-
aged rangelands. (See chapter 5.)
In chapter 15 we describe eight indicators of

ephemeral drainage-line functioning. Our aim here
is to briefly convey to RPs what landscape processes
these indicators represent. Details of the methods
RPs use to score these eight indicators in the field are
provided in a document on ephemeral drainage-line
assessment (EDA), which is available online
(http://members.iinet.net.au/~lfa_procedures/). To
help RPs score indicators, this document refers to
color photographs illustrating ephemeral drainage
lines in different states of stability.

If the eight indicators listed here are assessed
using EDA methods, the RP can evaluate the
urgency of restoring the ephemeral drainage line and
can use landscape restoration principles and pro-
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Figure 15.2. A channelized ephemeral drainage line on a hillslope shows signs of rapid over-bank flow
(bare side-walls) but a stabilizing grassy floor. This implies that the restoration solution involves reducing
flow rates from the hillslope above the channel, rather than within the channel itself.

Figure 15.3. A gully 1.5 m deep has been cut
into a hillslope ephemeral drainage line. Note the
original position of the soil level at the root crown
on a small tree.



cedures to design and locate appropriate treatments.
Two of the eight indicators address characteristics of
the slopes flanking the drainage line. The remain-
ing six indicators focus on the drainage line itself.
These six indicators assess the vegetation within
the drainage line and determine the shape and
erodibility of the channel floor and walls.

Assessing Indicators of Potential
Runoff from Adjoining Slopes

The nature of the slopes above and along the
ephemeral drainage line can strongly affect the rate
and amount of runoff likely to impact the drainage
line by over-bank flow during rainstorm runoff
events. To assess these potential impacts of runoff,
two indicators are scored: steepness of the slopes, and
the amount of surface protection on the slopes.

1. Slope steepness indicator
The steepness of the slopes above and bordering the
ephemeral drainage line affects the potential energy
of any runoff flowing into the line during rain-
storms. Basically, this indicator assesses the
contribution of slope steepness to the potential for
high flow rates into the drainage line and resultant
erosion of the drainage channel walls and floor.
2. Slope-surfaces indicator

The amount and rate of runoff coming from above
an ephemeral drainage line strongly affects its sta-
bility. This runoff is regulated by the amount of
vegetation, litter, and coarse debris on the hillslope.
Essentially, this indicator assesses the role that such
surface protectionmaterials play in the contribution
of overland flows into a drainage line and potentially
eroding it.
The above two indicators help RPs determine

whether any ephemeral drainage-line erosion is
being caused by flows of water from farther upstream
in the channel or by water cascading over the lip of
the drainage line from areas directly adjacent to it.
(See plate 2.2.) Identifying the source of excessive
overland flows can assist RPs in designing appropriate
ephemeral drainage-line restoration technologies.
This restoration design can also be aided by assess-
ing soil-surface condition indicators along gradsects
oriented upslope and adjacent to the drainage line.
(See chapter 14.)

Assessing Indicators of Ephemeral
Drainage-line Vegetation

Vegetation growing within an ephemeral drainage
line that has, for example, eroded into a gully pro-
vides RPs with an indication of the potential for
the gully to erode. Dense, long-lived, perennial veg-
etation within a drainage line indicates that the
line has been stable for a substantial period of time
and has resisted erosion during recent runoff events.
(See figure 15.1.) Short-lived vegetation within the
drainage line provides some resistance but indi-
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Figure 15.4. A deep, steep-sided gully



cates that stability has been of shorter duration and
of lower resistance to erosion during major flows.
Lack of vegetation, or its recent burial by sediments,
indicates that drainage-line erosion and sedimen-
tation processes are active during runoff events.
Two indicators are scored when assessing vege-

tation within an ephemeral drainage line: vegetation
on drainage-line side walls, and vegetation on
drainage-line floors.
3. Ephemeral drainage-line wall vegetation

indicator
This indicator assesses the amount of vegetation
covering and protecting the walls of the ephemeral
drainage line. Drainage-line walls with a dense cov-
ering of vegetation will resist the erosive forces of
flows into and along the channel.
4. Ephemeral drainage-line floor vegetation

indicator
This indicator evaluates the type and amount of
vegetation on the floor, or bed, of the ephemeral
drainage line using similar methods to those
employed in the assessment of vegetation along
channel walls. Drainage-line floors with little peren-
nial vegetation, or with sparse ephemeral vegetation,
provide scant protection from the forces of flows into
and down the drainage line.
When assessing the above two indicators, no dis-

tinction is made between native and exotic
vegetation because this assessment is aimed at defin-
ing the degree of protection of ephemeral drainage
lines by vegetation. However, the presence of exotic
weeds within a drainage line has implications for RPs
who may need to control these weeds with chemi-
cals or by physically removing them without
reactivating erosion.

Assessing Indicators of Ephemeral
Drainage-line Shape

The shape of an ephemeral drainage line strongly
affects the concentration, or dispersion, of energy
in the water flowing into and down the drainage

line. This in turn affects the extent to which mate-
rials are eroded and deposited along the drainage
channel. The shape of a channel and its relation-
ship with the wider floodplain also affects
floodplain-forming processes. These geomorphic
processes are complex and beyond the scope of this
book. We refer those interested in these processes
to Brierley and Fryirs (2005).
Two indicators are used to assess the vigor of

these processes at selected points along the gully:
cross-section shape, and longitudinal profile. The
types of sediment deposits and erosion features asso-
ciated with different drainage-line shapes and profiles
help RPs to score these two indicators.
5. Ephemeral drainage-line cross-section

indicator
Ephemeral drainage lines that are still actively erod-
ing typically have channel banks with steep or
vertical walls and sharp edges, whereas those that are
stabilizing tend to have wall angles of less than 65°
and more rounded edges. Thus the cross-sectional
shape of a drainage line gives a strong indication of
whether it is stabilizing or continuing to erode and
produce sediment.
6. Ephemeral drainage-line longitudinal-section

indicator
The longitudinal profile of a drainage line indicates
the pattern and strength of flows along the channel.
When evaluating this profile it is important for
RPs to be aware of changes in slope. For example,
the bed may be observed to have alternating flat and
sloping sections, which indicates differences in
flow energy. The longitudinal profile also indi-
cates how the drainage line interacts with the
adjacent floodplain by characterizing a contin-
uum that ranges from deeply incised gullies to a
chain-of-ponds profile. (See figure 15.5.) In a
chain-of-ponds profile the drainage line and flood-
plain are connected, and floodwaters dissipate with
low energy onto the bordering floodplain. In deeply
incised drainage-line profiles the channel bed and
floodplain are disconnected and floodwaters further
incise the channel instead of dissipating over the
floodplain.
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Assessing Indicators of Ephemeral
Drainage-line Erodability

Many Australian soils slake and disperse when wet.
These soils readily erode when exposed to flows of
water. Tunnel erosion may occur, even at low-flow
velocities, when dispersive soils become wet, which
may appear as sink holes on a hillslope. Other signs
of erosion include fluting, undercutting, and caving
along incised drainage-line walls, and mass wasting
onto floors. These erosion features have many impli-
cations for RPs aiming to restore landscapes. RPs
need to be asking if the erosion process is predom-
inantly due to initial exposure of dispersive materials
that have then continued to erode when exposed to

low- and high-flow events. Also, how can this erosion
be reduced?
To answer such questions, RPs need to evaluate

the stability of soils found along drainage lines before
assessing indicators. The slake test is a simple but use-
ful way to evaluate the degree to which soil particles
disintegrate into smaller particles that settle and
readily erode. (See chapter 14.) Another test, the
aggregate stability in water test (ASWAT), evaluates
whether clay dispersion is occurring. Clay dispersion
is a much more serious erosion threat than particles
that just disintegrate and settle (slake). RPs will find
that restoring drainage lines with exposed disper-
sive clays is technically more difficult and expensive
than dealing with soil-particle slumping (slaking).
Like the slake test, the ASWAT looks at the

response of dry soil fragments when immersed in
high-quality water, but scores the degree of milkiness
(amount of clay dispersion) after ten minutes and
then again after two hours. Dispersion indices from
zero (no dispersion) to 16 (complete dispersion)
emerge, which are based on the rapidity and degree
of dispersion. Typically, ASWAT index values of 6 or
more would signify to RPs a problem urgently need-
ing attention. Theoretical details of the ASWAT
soil stability test are available in Field et al. (1997).
RPs will find instructions on how to perform the
ASWAT test in an LFA document available online
(http://members.iinet.net.au/~lfa_procedures/). RPs
can conduct both the ASWAT and slake tests in
the field or, if a large number of samples need
assessment, in the laboratory.
After evaluating the stability of drainage-line

wall and floor soil materials, RPs can assess two
indicators: drainage-line wall erodability, and
drainage-line floor erodability.
7. Ephemeral drainage-line wall erodability

indicator
This indicator reflects the susceptibility of ephemeral
drainage-line walls to erosion by runoff flows, both
by overland flows spilling over walls and by energetic
flows along channel floors. RPs score this indicator
based on the degree of exposure of unstable soil
materials along the drainage-line wall.
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Figure 15.5. A naturally stabilized channel char-
acterized as a “chain of ponds” with low flow energy.



8. Ephemeral drainage-line floor erodability
indicator
The size and cohesion of the materials on the floor
of an ephemeral drainage line indicates its potential
erodability. RPs use these attributes to score this
indicator. For example, large rocks protect drainage-
line floors from erosion by dispersing the energy of
flows. Floor materials that are loose and similar in
size, or smaller than those on drainage-line walls,
require less energetic flows to mobilize them and,
hence, indicate to RPs that these drainage-line floors
are susceptible to erosion. The one exception to
this is the organic matter/clay material found within
a chain of ponds. (See figure 15.5.) The floors of
these ponds are relatively stable because of the very
low flow downstream energy in such locations.

Recording and Using Ephemeral
Drainage-line Assessments

Starting at the top of an ephemeral drainage line, we
recommend that RPs first move down the drainage
line and stratify it into zones reflecting different
states of health or stability along the line. Then at the
mid-point of each identified zone, RPs can effi-
ciently assess and score the eight indicators described
above using the methods described in the EDA

document available online (http://members.iinet.net
.au/~lfa_procedures/). These data can then be used
to produce a map reflecting differences in the sta-
bility along the ephemeral drainage line. These
data can also be used to estimate an average index
of overall drainage-line health. However, we have
found that it is more useful to map drainage-line sta-
bility in sections or zones rather than trying to get an
overall average for the whole drainage line. There
can be quite surprising changes, from very stable to
very unstable, and the reverse, along ephemeral
drainage lines. We have found that it cannot be
assumed that a lack of stability in upper reaches of
a drainage line will necessarily transfer right down
the drainage line. A number of differing restora-
tion procedures may need to be designed and
applied on different drainage-line locations to prop-
erly address various problems along a drainage line.
(See, for example, Lane 2008.)
The RP can classify the underlying causes of

erosion activity in different sections of an ephemeral
drainage line by looking at the eight indicator scores
for that section. This will show, for example, whether
an actively eroding section is caused by high flow
rates from adjoining slopes, or exposure of unstable
(dispersive) side-wall material to flows. By assessing
ephemeral drainage-line stability in sections, RPs can
determine where the most urgent remedial actions
are needed, and which technologies to apply.
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Back in chapter 2 we illustrated the concept that the
physical presence, spatial pattern, and structure of
vegetation in a landscape system serve important
roles in a number of critical positive feedback
processes. For example, pulses of plant growth can
add to the density and size (width and height) of veg-
etation patches, which then function to enhance the
capacity of the landscape to capture rainwater and
dust particles in future storm events. We call this the
functional role of vegetation. Patches of vegetation
having a complex mix of plant species and life-
forms also provide habitats for animals and the
goods and services needed by humans.
Here in chapter 16 we describe a number of

attributes of vegetation structure that restoration
practitioners (RPs) can measure along gradsects,
including vegetation density and size, composition,
and vertical cover. We also describe how horizontal
and vertical vegetation measurements and other
site factors can be used to estimate an index of habi-
tat complexity.

Assessing Vegetation Density and Size

As noted, the density and the size of vegetation
patches (whether measured as individual plants
or as groupings of plants) are very important in
determining how landscapes function. RPs can
simply estimate vegetation-patch density and size
by counting the number of patches, and measuring
their lengths and widths, along a landscape func-
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tion analysis (LFA) gradsect positioned in the land-
scape. (See chapter 13.) We have found that a
simple linear expression of density (i.e., number of
patches per length of line transect) is sufficient
for most purposes of monitoring restoration sites.
However, RPs may find that some stakeholders
prefer a report using area-based vegetation density,
which is the number of individuals or patches per
unit area. Area-based density can be estimated
along LFA gradsects by making additional meas-
urements using plot-based or plotless-based
vegetation sampling methods

Plot-based Density

With this method, RPs establish plots of known
area (e.g., 1 m2), which are positioned either regu-
larly (e.g., every 20 m) or randomly along the
gradsect. Then they simply count individual plants
(or vegetation patches) within each plot. By count-
ing a number of plots, which represents a sample for
the site, the RP can calculate the average number of
individuals (or patches) per unit area (e.g., mean
number per square meter). If a site has high spatial
heterogeneity, the RP needs to count a large num-
ber of plots to adequately sample the site, which can
be very time consuming and tedious. The number
of plots needed to adequately sample a site can be
estimated by using equations in an LFA document
on sample size available online (http://members
.iinet.net.au/~lfa_procedures/).
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Plotless-based Density

We use a plotless method based on measuring dis-
tances from a point to individual plants (or to the
center of patches), or from individual to individual,
which are called point-centered quarter (PCQ) and
wandering quarter (WQ)methods, respectively. (See
figure 16.1.) For example, we measure PCQ dis-
tances at points positioned regularly along gradsects
(e.g., every 20 m). These distances are used to cal-
culatemean area, which is the average area occupied
by an individual plant or patch (e.g., 10 m2 per indi-
vidual). Density is simply the reciprocal of mean
area (e.g., 1/10 = 0.1 individuals per m2). These and
other plotless methods are described by Bonham
(1989). To tabulate PCQ andWQdata, and for com-
puting mean area and density, RPs can use an LFA
vegetation data entry spreadsheet available online
(http://members.iinet.net.au/~lfa_procedures/).
To estimate the density of trees and shrubs, we

have found plotless methods particularly useful
because they are typically much more time effi-
cient than plot-based counting procedures. This is
especially true if large plots need to be established

and surveyed to obtain enough counts for an ade-
quate sample. Quinn and Keough (2002) discuss
adequacy of sampling, which is an important issue
when estimating density of vegetation.
Plotless procedures have been widely used in

forestry not only to estimate tree densities but also to
estimate tree size. When the distance is measured
from a point to a tree, the diameter of the tree can
also be measured (e.g., diameter at breast height
[DBH], or more consistently at 1.3 m). These dis-
tance and diameter measurements can then be
used to estimate tree basal area, which is typically
expressed as squaremeters per hectare. This estimate
of tree size is a very useful measure for indicating
how trees are developing on sites being rehabilitated
to savanna, woodland, or forest landscapes.

Assessing Vegetation Composition

When using plotless methods to measure distances
to, and diameters of, trees, we have found it useful
to identify the species of each tree being measured.
This is because changes in tree species composition
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Figure 16.1. Plotless vegetation sampling procedures: (a) point-centered quarter method, where
distances from a number of points selected along a gradsect are measured to trees (dashed-lines) and
shrubs (dotted lines) in each of four quarters (a–d). (b) Wandering quarter method, where distances
from a starting point selected on a gradsect are measured between trees (dashed-lines, a–e) within a
quarter (90° angle) opening in the direction of the gradsect. Wandering quarter distances can also be
measured between shrubs or grasses (for brevity, not shown).



can be very important for indicating progress of
rehabilitated sites toward the state expected from the
composition of reference sites. For example, in
chapter 4, we described a case study where reference
sites located in the natural savannas in northern
Australia are typically dominated by slow-growing
Eucalyptus species, whereas rehabilitated sites are
often initially dominated by fast-growing, fire-prone
Acacia species. Ideally, acacias should decline with
time as eucalypts develop on rehabilitated sites in
savannas. If this trend does not occur, it indicates that
the site may be trapped in a fire cycle in which
acacias continue to dominate (by regenerating from
soil seed banks) while small eucalypts are killed by
repeated fires before they can grow large enough to
become fire resistant and set seed.
When making LFA measurements along grad-

sects (e.g., by a plotless method), we have also found
it useful to record the identity of shrub and peren-
nial grass species. These data are important, for
example, because the presence of fast-growing exotic
shrubs or weeds may indicate a rehabilitation trend
that is not toward a desired goal. Although exotic
grasses are often sown on rehabilitation sites, in
many cases the goal is to reestablish natural grass-
lands and savannas, hence, the presence and
increasing abundance of exotic grasses on a reha-
bilitated site is a negative indicator. In addition,
because gradsect data are spatially referenced, dif-
ferences in density or species composition can be
tracked across the landscape.

Assessing Vegetation Vertical Structure

When measuring vegetation patch size, density,
and species composition within life-forms (e.g.,
trees, shrubs, perennial grasses) using plot or plotless
methods, we have found it useful and convenient to
measure other attributes at the same time. For exam-
ple, the architecture of tree canopies can be defined
bymeasuring overall tree height, the height from the
ground to the bottom of the foliage, and the width
and breadth of the canopy. (See figure 16.2.) These

features could also be measured on other life-form
categories such as tall shrubs, low shrubs, and the
ground vegetation.
If such data by life-form groups are obtained by

the plotless method and recorded in the LFA vege-
tation data entry spreadsheet, the RP will find an
embedded set of equations that calculate the num-
ber of plants per hectare and the canopy cover
(square meters per hectare) and volume (cubic
meters per hectare) for each plant life-form sampled.
This spreadsheet also has an option for plotting the
vertical distribution of canopy cover (square meters
per hectare) at height increments of 1 m. For exam-
ple, the vertical cover frequency distribution of
combined grass, shrub, and tree canopies on a site
can indicate how the landscape on a rehabilitation
site is developing toward that expected from a ref-
erence site. (See figure 16.3.)
Such vertical profiles of vegetation structure

provide RPs with useful functional interpretations.
For example, we have observed woodland land-
scapes where a reference site had a well-developed
shrub canopy layer near the ground. (See figure
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Figure 16.2. A diagram illustrating the different
canopy structural attributes that can be measured
on a tree.





16.4a.) On this site the shrub canopymerges with the
tree canopy layer to provide a continuous vertical
canopy cover. In contrast, we observed a nearby
disturbed site that lacked both a shrub canopy and
grass cover. (See figure 16.4b.) This lack of lower veg-
etation was caused by excessive livestock grazing and
trampling. This means that this site is partially dys-
functional and needs active rehabilitation because
of the lack of vegetation on, or just above, the surface.
These surface and low vegetation layers would nor-
mally protect the landscape from excessive erosion
by water and wind.
Because data from reference sites are used to

establish expected values, the monitoring and
analysis of vegetation vertical structure data over
time is essentially equivalent to the monitoring
and analysis of soil-surface condition indices. (See
chapter 14.) In both cases, restoration site indica-
tor values should trend toward values expected
from reference sites.

Assessing Habitat Complexity

Another reason for making additional measure-
ments along gradsect lines, such as measures on
tree canopy architecture, is that these measure-
ments can also be used by RPs to estimate an index
known as habitat complexity. This index assesses
the extent to which a site is functioning to provide
habitats (shelter, food, nesting sites) required by

vertebrate fauna. The habitat complexity index was
developed to monitor and assess habitat availability
for small to medium-sized tree-dwelling mammals
in the forests of southeast Australia; these forests
were being affected by logging. (See Coops and
Catling 1997.)
In their forest study, Coops and Catling based

their habitat complexity index on observing, meas-
uring, and classifying a number of site features,
which included the following:

• tree canopy cover (percentage)
• shrub canopy cover (percentage)
• ground vegetation density (two classes: sparse
or dense)

• ground vegetation height (two classes: less
than 0.5 m or greater than 0.5 m)

• ground covered by rocks, fallen logs and other
surface debris (percentage)

• general amounts of soil moisture (two classes:
dry or moist)

• availability of free water (two classes: free water
nearby or site wet and waterlogged)

They combined these seven features into five
attributes, which were scored as being in one of
four classes from 0 to 3. (See table 16.1.) The habi-
tat complexity index was calculated as the sum of five
assessed scores, which ranged from 0 (if all landscape
features were scored as 0) to 15 (if features were all
scored as 3).
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Figure 16.3. (a) The vertical distribution of woodland vegetation canopy areas plotted here at 1 m
height intervals on a highly functional reference site. (b) A dysfunctional rehabilitation site where the
ground and shrub layers, up to about 3 m, have been eliminated by grazing animals.



For their forest sites, Coops and Catling found
that habitat complexity index values at or near 15
would be obtained only in forests with closed or
nearly closed canopies (tree and shrub canopy
greater than 70 percent); with dense, tall, ground veg-
etation (greater than 0.5 m); with abundant ground
debris (greater than 70 percent); and with perma-
nently available water. (See table 16.1.) Hence, in
woodlands, savannas, shrublands, and grasslands,
using these features and this scoring system, habitat
complexity index values would always total less
than 15.

Thus, the habitat complexity index is the only
method in the LFA set of procedures that might
benefit from redesign so that it more usefully
applies to nonforest vegetation types and indicates
the specific habitat requirements of faunal groups
other than tree-dwelling mammals. All the previ-
ous LFA procedures can be used in any biome
without modification, because in every case, a
process, rather than a specific biological entity, is
being evaluated.
Although more appropriate site features or indi-

cators could be devised by RPs when applying the
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Figure 16.4. (a) A highly functional woodland has a complex vertical distribution of vegetation from
the ground layer up to the top of the tree canopy. (b) A woodland heavily disturbed by livestock lacks
vegetation structure at heights below 3 m.

(a) (b)



habitat complexity index to nonforest landscapes,
scientifically verifying such index modifications
would be time consuming and expensive. Because
habitat complexity is a general index of habitat
quality, rather than the presence of particular ani-

mals, it is often easier and less costly for RPs to
directly survey the presence and abundance of the
fauna of interest than to modify the habitat com-
plexity index.
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table 16.1

Site features are scored from 0 to 3 to calculate the habitat complexity index

Score

Feature 0 1 2 3

Tree canopy (%) 0 <30 30–70 >70

Shrub canopy (%) 0 <30 30–70 >70

Ground herbage Sparse Sparse Dense Dense
(density and height) <0.5 m > 0.5 m <0.5 m > 0.5 m

Debris (logs, rocks) (%) 0 <30 30–70 >70

General soil moisture Dry Moist Permanent Wet
and water availability water nearby



In this final chapter we reflect on the function-
based adaptive approach we recommend for
restoring landscapes. Our case studies and scenarios
illustrated how, if restoration practitioners (RPs)
adhere to a series of logical steps and principles, they
will achieve positive trends toward successfully reha-
bilitating disturbed landscapes. Importantly, if RPs
find negative trends, the adaptive approach leads
them to apply timely adjustments or corrections to
restoration technologies. Returning briefly to the
analogy of planning a journey using a road map,
knowing one’s starting point and destination are
very important, but choosing the best route relies on
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frequently gathering updates on progress (monitor-
ing) so that decisions on any detours en route are
based on the most up-to-date information available.
Applying this to landscape restoration, progress

can be conceptualized as a series of constructive
stages toward achieving restoration goals. (See figure
17.1.) Each stage builds on earlier stages. The ulti-
mate goal is to build a complex landscape that
possesses a multiplicity of life-forms (biological
diversity) and regulatory processes (functional diver-
sity). Such landscapes will be buffered against
environmental and management disturbances both
by their accumulated natural capital and by the

Figure 17.1. A four-tier pyramid illustrating how goals and attributes for rehabilitating landscapes are
achieved in stages. Adapted from figure 9.5 in Tongway and Ludwig (2007).
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complex diversity of physical and biological processes
responsible for new natural capital accession. See
Aronson et al. (2007) for a discussion of natural
capital as a concept and process. The key test for nat-
ural capital assessment is how well landscape systems
gain resources by retention, utilization, and cycling
processes. Finally, social acceptance of the reha-
bilitated landscape is part of the ultimate evaluation
of whether restoration goals have been achieved.
We intentionally selected the shape of figure

17.1 to emphasize the concept that progression
from one phase of restoration to another requires that
the first phase be fully realized to provide a solid
functional base on which to build succeeding phases.
We also intentionally divided the attributes of the first
foundation stage into two components because
engineering and biophysical technologies are both
required to build the foundation for restoring a dis-
turbed site. However, the emphasis on the use of
engineering versus biophysical technologies will
differ between applications. For example, mine-site
reclamation typically requires designing and con-
structing new landforms (physical technologies),
whereas renewing damaged rangelands, where the
original landforms and soils are still largely intact,
mostly requires reestablishing perennial vegetation
(biological technologies). Figure 3.1 in chapter 3
illustrates how physical and biological processes
initiated by these technologies develop over time as
landscapes become rehabilitated.
The information needed to show whether each

stage in figure 17.1 has been reached is obtained by
monitoring the indicators described in chapters 13
to 16. We specifically selected these indicators
because they assess the functional attributes listed as
examples at each stage in the stepped pyramid.
Monitoring these indicators is especially important
in the early, vulnerable stages of restoration.
Although we show sharp boundaries between

stepped stages in figure 17.1, there will of course be
a gradual transition between progressive stages sim-
ilar to the continuous progress of a restoration
indicator along a continuum of landscape func-
tionality, as illustrated in figure 3.6 in chapter 3. We

feel that it is the role of indicator continuums, and
the pyramid in figure 17.1, to invite RPs to use
monitoring data to reflect on their restoration
progress.
Our five-step adaptive approach provides the

action steps that RPs take to successfully restore
disturbed landscapes. (See figure 1.1.) In figure
17.1, our stepped pyramid aims to reflect on the
accumulation or the building of knowledge that
RPs gain to assess progress through each landscape
restoration stage. For example, in a rehabilitating for-
est the pyramid may show RPs that their ultimate
goal has not yet been reached because time has
been insufficient for trees to develop hollows as
nesting sites; however, their measurements may
indicate significant progress toward this goal. More-
over, as stages are reached they can be descriptively
and functionally defined and, if necessary, defended
as, for example, in cases of required closure criteria
in mine-site rehabilitation.
We have noticed in our professional lives that

monitoring indicators of landscape restoration is
frequently relegated to junior staff or treated as an
unwelcome necessity—it is often done only because
it is a legal requirement. We contend, however,
that monitoring is an important and valuable task
essential and integral to landscape restoration. Mon-
itoring is designed for RPs to inform stakeholders
about restoration trends and thus establish priorities
for ongoing project activities. Early warnings that
trends are not OK can lead to technology adjust-
ments and corrections before repairs become costly.
Well-designed monitoring provides RPs with the
data they require to assess and evaluate the effec-
tiveness of their treatments as early as possible,
which avoids wasted time, effort, and expense in the
future.
Methods for monitoring landscape restoration

indicators are described in documents available to
RPs online (http://members.iinet.net.au/~lfa_
procedures/). These methods represent a toolbox
from which RPs can select specific tools to measure
the information they need to promptly detect and
fix problems in the earliest stages of landscape
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restoration. The tools (monitoring methods) used
will improve and change over time (and online
documents will be updated) as we all learn more
about the biophysical processes and engineering
solutions involved in restoring the functionality of
landscapes. We all know that delaying the com-
mencement of monitoring risks missing
opportunities to improve restoration practices. If
“justice delayed is justice denied,” then monitoring
delayed is opportunity missed.

For some RPs, switching from simply observing
the presence, absence, or abundance of organisms
to assessing the status of functional processes in an
explicitly spatial (landscape) context is as challeng-
ing as venturing into previously uncharted waters.
We are confident that RPs who take up this chal-
lenge will find that it is well worth the effort, because
the skills they acquire are readily transferrable to a
multitude of different landscapes. Being able to
“read the landscape” is a rare and valuable asset.
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In defining the following terms used in this book we aimed to place them within
the context of landscape restoration by building on terms defined in The SER In-
ternational Primer on Ecological Restoration and relevant books on ecological
restoration (see Further Reading).

abiotic. Nonliving or physical entities and processes such as rocks, rainfall, and
wind.

adaptive approach.Making adjustments and corrections in restoration technolo-
gies in light of new information.

alien species. Fungi, plants, animals, and other organisms that have been intro-
duced into a landscape in which they do not naturally occur.

alluvium. Sediments or other materials that have been transported by water and
deposited within or outside a defined landscape area; these sediment deposits
may be small to large.

anthropogenic.Caused primarily by the activities of people.
analogue. An area of landscape selected because its structure and functionality

represent the desired goal for the landscape being restored; see also reference
site.

ASWAT (aggregate stability in water test). The degree of “milkiness” observed if
a natural, air-dry soil fragment (aggregate) disperses when immersed in water;
stable soil fragments do not show signs of dispersion when wet; see also slake
test.

bauxite.Mineral deposits rich in aluminium and iron.
biota. All biological species such as plants, animals, fungi, and microorganisms
that occur at a given location.

biodiversity. The variety of living organisms at all levels of organization, includ-
ing the genetic level, diversity within species, between species, and in ecosys-
tems and landscapes; see also functional diversity.

biophysical processes. A combination of biological and abiotic factors that func-
tion together to moderate the way basic resources are retained and used in a
landscape.
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biopores.Channels or tubular openings through the soil left by the decay of plant
roots and created by burrowing organisms such as termites. Biopores en-
hance the infiltration of water into soils.

brush packs. Piles of woody branches and twigs positioned along contours on
sites being rehabiltated to slow flows of water and wind over surfaces, trap-
ping soil sediments, litter, and seeds, and enhances infiltration.

cation exchange capacity. The capacity of the soil clay and organic matter com-
plexes to adsorb and release cations in a solution.

community. An assemblage of organisms occurring in a landscape; typically used
in combination with a taxonomic group (plant community, insect commu-
nity, epiphyte community).

community structure.The physical appearance of a community as determined by
the size, life-form, abundance, and spatial distribution of plant species.

degradation. A decline in landscape functionality and self-sustainability caused
by stress and disturbance processes.

dispersivity. A property of soils defining how readily soil particles or aggregates
disintegrate when wet; see also ASWAT and slake test.

disturbance. Natural or anthropogenic events such as cyclones and agriculture
that change the structure, composition, and functioning of a landscape, often
in a substantial way.

dysfunctional. A landscape that is no longer self-sustaining due to a breakdown of
essential biophysical or socioeconomic processes.

ecosystem. A community of organisms interacting with one another and with the
physical environment in the specified area where they live.

ecosystem goods and services. Materials such as food, fiber, and wood, and ser-
vices such as the provision of clean drinking water, which contribute to the
fulfilment of human needs.

ecological restoration. The process of assisting the recovery of ecosystems and
landscapes that have been disturbed or damaged.

fragmentation. The division of a formerly continuous or homogeneous natural
landscape into smaller units that are isolated from each other by other natu-
ral or anthropogenic land units.

framework species. A local species that, from its pioneer capacity, growth rate,
canopy cover, modification of microclimate, and longevity provides ecologi-
cal niches for many other species; a primary provider of ecosystem goods and
services.

functional. A landscape that effectively self-regulates and utilizes available re-
sources such as water and energy, and provides the goods and services re-
quired by populations, including humans, living in the landscape.

functional diversity. The variety of organisms and processes that work together to
retain resources in a landscape and provide goods and services; see also bio-
diversity.

geomorphic. Pertaining to the shape of natural or constructed landforms.
goal. A desired or planned outcome of landscape restoration.
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goods and services. In the context of ecosystem functioning, the provision of
shade, shelter, habitat, hydrology, fertility cycling, and microclimate so that
environmental conditions facilitate the persistence of biodiversity. This is a
narrower definition than found in Daily (1997); see also ecosystem goods and
services.

gradsect. Transect oriented along a gradient such as water flowing downslope or,
if wind is the force of primary concern, downwind; originally defined in
Gillison and Brewer (1985).

gully erosion. Form of soil erosion caused by water down-cutting along a pathway
or channel, to a depth greater than 300 mm deep.

habitat. The place where individuals of a specified species live because environ-
mental conditions there suit their needs.

herbivore. An animal that feeds on plants.
hillslope. The area that continuously falls, gently to precipitously, between an
upper watershed edge and a lower stream bed or floodplain boundary.

hydrology. The study of the dynamics of water including its input by rainfall
events, retention and storage in the soil by infiltration processes, and cycling
back to the atmosphere by evaporation and transpiration processes.

impact. A disturbance that negatively affects the composition, structure, or func-
tioning of a landscape.

indicator. An easily measured or assessed surrogate for a difficult-to-measure at-
tribute of landscape functionality.

infiltration index. An indicator of the potential capacity of the soil surface in a
landscape to absorb water from incident rain and runoff.

interpatch. The area between defined landscape patches where resources are
more readily transported away.

invasive species. A nonnative species (usually) that occupies space and utilizes re-
sources in a landscape that would normally be occupied by native species.
May disrupt normal ecosystem functions and/or cause extinctions of native
species as a result.

landscape ecology. The study of dynamic interactions between the connected
ecosystems forming a landscape and the environment, including human ac-
tivities.

landscape function. How a landscape works as a tightly coupled system of geo-
chemical, biophysical, and socioeconomic processes to regulate the spatial
availability and dynamics of resources and to provide goods and services; see
also dysfunctional.

landscape function analysis (LFA). A monitoring methodology where gradient-
oriented transects (gradsects) are stratified into patch/interpatch zones and
indicators of landscape functionality are assessed. For example, eleven soil-
surface indices are assessed to generate three synthetic indicators: surface sta-
bility, infiltration capacity, and nutrient-cycling potential.

landscape health. A subjective assessment of the condition of a landscape, such
as being in good, fair, or poor health relative to a particular land use.
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landscape organization index (LOI). An indicator of the spatial distribution and
size of patches and interpatches in a landscape as measured along LFA grad-
sects.

LFA. See landscape function analysis.
monitoring. The systematic and repetitive gathering of information about attri-
butes and indicators of landscape components and processes, designed to de-
tect trends in the progress of landscape restoration.

nutrient-cycling index. A soil-surface indicator of the potential for the
soil/plant/litter complex in a landscape to provide nutrients for plant growth.

nutrients. See plant nutrients.
open-cast mining. See open-cut mining.
open-cut mining. A surface mining operation where vegetation and soil are re-
moved to gain access to underlying mineral deposits; also known as open-pit,
open-cast, and strip mining.

patch. An area in a landscape such as a hillslope that tends to trap and accumu-
late resources from upslope (or upwind) open interpatches. Patches also trap
resources produced by biota living within the patch.

perturbation. See disturbance.
physical soil crust. A layer of densely packed soil particles, often about 1 mm
thick, which is caused by rainfall impact onto bare soil and has a very low ca-
pacity for water infiltration.

pisolites.Concretions of bauxite resembling a pea in shape and size.
plant nutrients.Chemical entities, both organic and inorganic, which are essen-
tial for plant growth, for example, nitrogen, phosphorous, potassium, sul-
phur, and iron.

practitioner. A person who actively engages with stakeholders to restore land-
scapes by setting goals, designing solutions, applying treatments, monitoring
indicators, and analyzing trends.

process. A dynamic, measureable, time-bound action and reaction in a land-
scape, for example, infiltration, erosion, photosynthesis, mineralization,
growth, and seed dispersal.

query zone. That portion of a patch or interpatch area where soil-surface condi-
tion indicators are assessed by LFA methods.

reference site. A site serving as a landscape restoration target or benchmark.
Landscape function attributes and indicators are measured on the site and
compared with those on rehabilitated sites.

regolith. The layer of loose, heterogeneous material covering an ore body, which
in mining is loosely referred to as spoil and includes materials such as broken
rock, gravel, soil, salts, organics, and biota.

rehabilitation. The process of recovering the functions and restoring the
processes that permit ongoing provision of goods and services by damaged
ecosystems and landscapes, with respect to reference sites, without intending
to fully recover predisturbance species composition and other aspects of bio-
diversity.
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restoration. See ecological restoration.
resilience. The capacity of a landscape to persist on its previous functional trajec-
tory after being affected by a disturbance.

resistance. The capacity of a landscape to absorb the effects of disturbances with
little or no change in structure and function.

resources. Materials such as water, soil sediments, litter, and seeds that are
needed for the full functioning of a landscape.

restoration ecology. The science on which the practice of ecological restoration
and rehabilitation are based; provides the concepts, frameworks, and techni-
cal information used by practitioners.

revegetation. Actions to establish plants on landscapes being restored with
species selection being part of the process.

rill erosion. A form of soil erosion caused by surface flows of water and character-
ized by channels up to 300 mm deep.

RP. Restoration practitioner. See practitioner.
runoff. Overland flow of water occurring during and after rainfall events when

soil-surface layers become saturated.
run-on zone. An area in a landscape that accumulates resources carried in runoff;
see also patch.

scald erosion. A form of soil-surface erosion caused by wind and water that is
characterized by the extensive removal of the surface layer of soil (often to a
depth exceeding 100 mm) to expose an impermeable clay subsoil; scalds typ-
ically occur over a wide area.

scale. The extent or size of the landscape area being rehabilitated (geographic
scale) or the time period over which monitoring has been conducted (tem-
poral scale).

seed bank. The viable seeds stored in the soil that are capable of germinating
when appropriate conditions occur.

self-sustaining. A landscape that does not need any human intervention or ex-
ogenous artificial supply of resources for it to persist in the face of natural
stresses and disturbances.

self-thinning. The process applied to populations of similar or even-aged and
crowded plants where stresses due to the crowding cause mortality or “thin-
ning” of individuals within the population.

sheet erosion. A form of soil-surface erosion characterized by the removal of thin
layers of surface soil (typically a few millimeters) by water over a wide area.

shrink/swell. A property defining those soils that, after being wet, shrink signifi-
cantly on drying to form deep cracks that fill with rainwater; this deeply wets
soil profiles before cracks swell shut.

slake test. Ameasure of the stability of natural, air-dry soil fragments when gently
immersed in water. Stable soil fragments do not rapidly slump or disperse but
maintain their cohesion and shape when wet.

slumping.The breakdown or dispersion of a soil fragment when immersed in wa-
ter; see also slake test.
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sodicity. A property of soils where sodium makes up 5 percent or more of the
soil’s cation exchange capacity. Sodic saline soils have high concentrations of
sodium chloride and sodic alkaline soils have a high pH because of high con-
centrations of sodium carbonate.

soil macrofauna.Organisms such as earthworms and termites that live in the soil
and provide ecosystem services such as improving the capacity of soils to soak
up water; see also biopores.

soil-surface assessment (SSA). The procedure whereby the soil surface is assessed
by ten visual indicators and also for soil texture; these eleven indicators are
combined in various ways to generate three synthetic indices reflecting sur-
face stability, infiltration capacity, and nutrient-cycling potential.

spatial. The role of space in defining species distributions (patterns) and bio-
physical processes in a landscape. This term is often used in reference to
scale; compare scale.

spoil. The over-burden materials produced frommining to gain access to the ore
body; see also regolith.

SSA. See soil-surface assessment.
stability index. A soil-surface indicator reflecting the ability of the landscape to
withstand the erosive forces of water and wind in producing sediment or dust.

stakeholders. People who have an interest in a landscape restoration project.
stress. A naturally occurring event or process that impacts a landscape as, for ex-
ample, drought, frost, rainstorm, wind, and flooding.

strip mining. See open-cut mining.
sward. A grassland or grassy patch so dense that there are no visible signs of re-
source transport between or around the grass plants in the landscape.

threshold. The point along a response continuum for an indicator of landscape
restoration where, for example, further increases indicate that the landscape
is becoming self-sustaining or where decreases indicate a reversion to a more
dysfunctional state.

transect log. A record of how an LFA monitoring transect divides a hillslope into
patches and interpatches; see also landscape organization index.

utilization. The level of grazing of pasture plants, which is usually estimated as a
percentage consumption of the total available forage (e.g., 20 percent uti-
lization).

waste rock. The rock within mineral ore bodies that has no commercially valu-
able content.
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We recommend the following books because they provide additional background
information to the concepts and principles underlying landscape restoration. We
have largely selected books that are also in the Science and Practice of Ecological
Restoration Series, published by Island Press (www.islandpress.org) for the Soci-
ety for Ecological Restoration (www.ser.org). That collection, along with the text-
books listed here, form the foundation of the science of landscape restoration.

Allan, Catherine, and George H. Starkey, eds. Adaptive Environmental
Management: A Practitioner’s Guide.New York: Springer, 2009.

Apfelbaum, Steven I., and Alan W. Haney. Restoring Ecological Health to Your
Land.Washington, DC: Island Press, 2010.

Aronson, James, Suzanne J. Milton, and James N. Blignaut, eds. Restoring
Natural Capital: Science, Business, and Practice. Washington, DC: Island
Press, 2007.

Bainbridge, David A. A Guide for Desert and Dryland Restoration: New Hope for
Arid Lands.Washington, DC: Island Press, 2007.

Clewell, Andre F., and James Aronson. Ecological Restoration: Principles,
Values, and Structure of an Emerging Profession. Washington, DC: Island
Press, 2007.

Cramer, Viki A., and Richard J. Hobbs, eds. Old Fields: Dynamics and Restora-
tion of Abandoned Farmland.Washington, DC: Island Press, 2007.

Falk, Don A., Margaret A. Palmer, and Joy B. Zedler, eds. Foundations of Resto-
ration Ecology.Washington, DC: Island Press, 2006.

France, Robert L., ed. Handbook of Regenerative Landscape Design. London,
UK: CRC Press, 2007.

Hobbs, Richard J., and Katharine N. Suding, eds. New Models for Ecosystem
Dynamics and Restoration.Washington, DC: Island Press, 2008.

Lindenmayer, David, and Gene Likens. Effective Ecological Monitoring.
Melbourne, Australia: CSIRO Publishing, 2010.
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Society for Ecological Restoration International Science and Policy Working
Group. The SER International Primer on Ecological Restoration. Tucson,
Arizona: Society for Ecological Restoration International, 2004.

Van Andel, Jelte, and James Aronson, eds. Restoration Ecology: The New Fron-
tier.Oxford, UK: Blackwell Science, 2006.

Whisenant, Steven G. Repairing Damaged Wildlands: A Process-oriented, Land-
scape-scale Approach.Cambridge, UK: Cambridge University Press, 1999.
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Plate 2.1. Damaged landscape with active runoff and surface erosion processes. Note the “milky”
runoff indicating how fine soil sediments are being removed from this landscape.

Plate 2.2. Landscape where runoff is cutting a gully. Photograph courtesy of Aaron Hawdon.



Plate 2.3. Example of a structurally diverse and highly functional landscape where resources
are retained and habitats are available for a diverse fauna.

Plate 3.1. Forest landscape has been buried by waste materials (spoil) created by mining. Gullies are cutting
into the steep slopes, but this has not deterred someone from building a house on top of this mine-spoil heap.



Plate 3.2. A highly functional landscape having a dense cover of shrubland vegetation to protect soil
surfaces from wind and water erosion.

Plate 3.3. A heavily grazed dysfunctional landscape having very little shrubland vegetation to protect soil
surfaces from erosion; this landscape is located near the one shown in plate 3.2.



Plate 4.2. Landscape being prepared for mining bauxite by pushing open forest vegetation
into windrows that are burnt when dry. Photograph courtesy of Sue Gould.

Plate 4.1. Typical soil aggregate found in topsoils of open forests at Gove.



Plate 4.3. After mining bauxite (background) an ironstone surface remains (foreground).



Plate 4.4. One-year-old revegetated site at Gove.

Plate 4.5. Seven-year-old revegetated site at Gove.



Plate 4.6. Twenty-year-old revegetated site at Gove.

Plate 5.1. Woodgreen ponding bank 5: photo point in 1985. Photograph courtesy of Gary Bastin.



Plate 5.2. Woodgreen photo point (seen in plate 5.1) in 1990. Photograph courtesy of Gary Bastin.



Plate 5.3. Water ponding on an extensively scalded area. Photograph courtesy of Ray Thompson.



Plate 6.1. An angle of repose waste-rock dump with active erosion compared to the natural
landscape (foreground) where soil erosion can scarcely be detected.



Plate 6.2. Dump of mixed regolith materials produced by open-cut mining.



Plate 6.3. Restoration practitioner making additional measurements that will be used to
determine the effectiveness of strips of mulch in trapping sediments eroding from upslope.

Plate 7.1. The top of a tailings storage facility being covered with topsoil after capping with
coarser materials. Photograph courtesy of Harley Lacy.



Plate 7.2. Wall of a tailings storage facility with distinctive bands of different tailing materials.

Plate 7.3. Plantations located at the base of tailings storage facilities.



Plate 9.1. Sheet erosion in action. A broad shallow body of water is removing thin layers
of soil in a rangeland.



Plate 9.2. Scald erosion in a rangeland. Over 100 mm of soil has been lost by wind and
water action, exposing a dispersive clay subsoil.



Plate 11.1. Crimson Rosella, which utilizes complex habitats in the woodlands of eastern Australia, where
its diet consists of buds, floral nectar, seeds, fruit, and insects. Photograph courtesy of Liz Harman.
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