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Foreword

The Council of Australian Governments signed off the National Strategy for Ecologically
Sustainable Development in 1992. A key objective is to protect biological diversity and
maintain essential ecological processes and life-support systems. To make progress on this
objective, governments have developed the National Strategy on Conservation of Biological
Diversity and included components on the conservation of biodiversity in a number of
national programs. However, the connections between biodiversity and ecological processes,
such as the productivity and functioning of agricultural land, have received less attention.

There are several major reasons for considering the connections between biodiversity and
agriculture. The contribution that agriculture makes to sustainable development will be
measured in part by the impacts on conservation of biodiversity. Actions to conserve native
biodiversity outside reserves will both affect and be affected by agricultural land use. The
organisms in both types of land use will make varying contributions to ecosystem health at
landscape and regional scales.

The scientific understanding of biodiversity is incomplete at several levels so it is difficult to
predict the consequences of management decisions. Consequently, the understanding of
biodiversity and its interactions with landscapes and industries is not well incorporated into
decision-making.

This discussion paper is a contribution by the Bureau of Rural Sciences to fostering a wider
understanding of the scientific context of biodiversity in agricultural landscapes. In plain
English it presents a balanced and objective overview of this topic.

Dr Peter OÕBrien
Executive Director
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Executive summary

Agriculture, biological
diversity and their
relationships are important
issues for Australia

Agriculture produces food
by using and modifying
biodiversity but may conflict
with nature conservation
objectives

This paper aims to improve
understanding of the
connections between
biodiversity and agriculture

Biodiversity has many
interpretations

Scientific descriptions of
biodiversity are most
advanced at the gene level

Agriculture, biological diversity and the relationships
between them are important issues for Australia. Both
agriculture and conservation of biodiversity contribute to
sustainable development, which aims to increase the total
quality of life now and in the future. The conservation of
biodiversity is the focus of several major policies in
Australia.

Agriculture has developed because natural systems are
inadequate for providing food and other products for
humans. Modern agricultural systems, by concentrating
food production in a small proportion of the community,
allow other activities to occur and social systems to
evolve. Agriculture also has obvious impacts on
biodiversity. By introducing exotic species to increase the
range of foods available, agriculture alters biodiversity in
time and space. Agriculture also controls competition from
non-food organisms, thus reducing some elements of
native biodiversity on agricultural land. Because
agricultural activities occupy 60% of AustraliaÕs land area
there is potential for conflict with policies that pursue
nature conservation.

This discussion paper aims to improve the understanding
of the relationship between biodiversity and production on
agricultural lands. In turn this should facilitate the
development and adoption of production systems and
practices that enhance benefits yet minimise negative
impacts on the environment.

Biological diversity, or biodiversity for short, has many
possible meanings but is loosely described as the variety of
all life forms. Most definitions of biodiversity include
several arbitrary hierarchical scales to emphasise that it
covers more than just species and may embrace many
organisational levels in space and time. World views about
biodiversity generalise into either an ecocentric view Ð that
natural ecosystems are self contained and complete Ð or an
anthropocentric view with ethical, economic and
philosophical aspects. Agriculture necessarily entails a
pragmatic, utilitarian view with humans as a key part of
ecosystems.

Within natural ecosystems, components of biodiversity
regulate ecosystem processes through their effect on flows
of energy, nutrients and information. This appears to relate
more to the functional traits (value and range) of individual
species and their interactions (through competition or
through modification of the environment) than to species
number per se. Scientific knowledge is most advanced at
the gene level and is less developed at ecosystem scale.
However, the importance of patchiness at landscape level
is increasingly acknowledged because of the long-term
impacts of human management.



Agriculture and Biodiversity v

Biodiversity in agricultural
systems emphasises
usefulness to humans

Biodiversity and agriculture
are intimately connected.
But agricultural systems
differ from natural systems
in terms of objectives

Éstrategies for surviving
risks

Élimiting resources

Éand spatial impacts

Diversification can add
efficiencies, resilience

the gene level and is less developed at ecosystem scale.
However, the importance of patchiness at landscape level
is increasingly acknowledged because of the long-term
impacts of human management.

Agro-ecosystems are on a different evolutionary path to
natural ecosystems. They have cultivation, external inputs,
control, harvesting and marketing overlying the natural
ecological processes. Agro-ecosystems, which have
domesticated some organisms over thousands of years,
have a more limited range of species (crops, livestock,
pests and weeds) and a sharpened interface with other
systems. Agricultural biodiversity, or agro-biodiversity,
emphasises the utility of biological diversity to human
wants and needs.

Biodiversity connects with agriculture because agricultural
products are of biological origin and result from biological
processes. However, agricultural systems aim for high
productivity rather than survival. This leads to changes in
the costs and benefits of the evolutionary strategies of
many organisms when they are domesticated for
agriculture. It also leads to trade-offs between adaptation,
fitness and survival.

Agriculture deliberately changes the risks to organisms.
Organisms in natural systems compete for resources and
have developed trade-off strategies that favour long-term
survival. However, when domesticated for agricultural
purposes these strategies are often modified considerably.
Farmers reduce competition from other organisms and
often provide fertilisers and water. Consequently,
agriculture often favours cooperative features that lead to
more uniform genetic populations than occur in natural
systems.

In effect, intensification in agricultural systems modifies
natural food webs so that humans are the keystone species.
Humans increase supplies of limiting resources to increase
production and concentrate that biomass into human-
desired forms.

Agricultural practices often disturb the spatial distribution
of species within a landscape so that patch size decreases
and becomes more regular, with sharper boundaries and
more linear elements.

Diversification within agro-ecosystems can add benefits
through a more efficient use of resources and a buffering
against stresses. Reserves of diversity contained in genetic
resources are important sources for improving agricultural
organisms and, strategically managed, can assist in
controlling the losses from pests and diseases.
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É and deliver a range of
services

Policies will need to respond
to issues about the use of
biodiversity

Éthe impacts on native
biodiversity

Éand the impacts on
agriculture

Managing landscapes will
require monitoring and
understanding of processes

Resolving conflicts between
land uses is likely to involve
trade-offs at a range of
scales.

Diversification of land uses over a whole landscape may
produce sufficient ecosystem services, such as clean water,
living space, tourism, logging, and nature conservation, to
compensate for localised losses of some biodiversity
functions and services. Developing systems to provide a
complete range of such ecosystem services in a landscape
may require ecological engineering.

These connections between agriculture and biodiversity
raise a number of issues for government policies in three
categories. In the first category, there are issues about the
use of biodiversity for agriculture which include the need
for developing practices that minimise undesirable off-site
impacts, conserving and maintaining access to genetic
resources and achieving an acceptable degree of genetic
manipulation and environmental modification.

In the second category, there are issues about the impacts
of agriculture on native biodiversity including a proper
valuation of benefits and services, the values
(distinctiveness, richness) that are desired from
conservation and the degree of conservation that is
required on-farm.

In the third category, there are issues that impinge on
agriculture from outside, including the delivery of some
services, such as pollination; the management of
biocontrol agents, pests and weeds, and restrictions
imposed to achieve conservation objectives.

Managing whole landscapes for sustainable development
will require good measurements and understanding of the
ecosystems they contain. To this end, serious investment is
required to both monitor ecosystem functions and services
within landscapes and to develop reliable methods of
predicting the consequences of management decisions
about land uses for a landscape.

Agriculture, nature conservation and the delivery of
ecosystem services are all uses of land that compete with
each other and with other land uses for our attention. At
the landscape scale the questions are most likely to be
about which, where and how much of each land use is
desirable. Both nature conservation and agriculture have
costs as well as benefits. At a local scale, the questions will
be more about practices and processes that increase
benefits while minimising costs. The debate over diversity
on agricultural land will need to be resolved at a range of
scales.
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Introduction

Agriculture, biological diversity and their relationships are important issues for Australia. The
National Strategy for Ecologically Sustainable Development (Council of Australian
Governments, 1992) lists among its priorities ‘to protect biological diversity and maintain
essential ecological processes and life-support systems’. The emphasis on biological diversity,
or biodiversity, is shown in the National Strategy for the Conservation of Australia’s
Biological Diversity (Commonwealth of Australia, 1996b) as a key element of policy
influence

1
 and of significant programs such as the National Action Plan for Salinity and Water

Quality and the Natural Heritage Trust. The challenge for agriculture as spelt out by the
National Strategy for Ecologically Sustainable Development is to ‘facilitate the ecologically
sustainable development of agricultural industries so that they contribute to long-term
productivity and to Australia’s economic well-being, and protect the biological and physical
resource base on which agricultural industries depend, and improve human health and safety’.

Agriculture manages biota and land to produce food and clothing for human purposes because
natural systems are imperfect for providing food and other products to humans. Furthermore,
by concentrating food production in a small proportion of the community, agriculture allows
other activities to develop in societies. Modern agriculture uses highly modified biological
organisms to produce the goods and services humans need and desire. In Australia,
agriculture occurs on land recently dominated by more natural systems, altering the types and
range of biological diversity. Because agricultural activities occupy 60% of Australia’s land
area, there are inevitably connections, interactions, even conflicts, between agriculture and
natural systems and with other land uses. Indeed, the National Strategy for Ecologically
Sustainable Development calls for processes to promote multiple land uses, in effect trying to
secure both productivity and conservation outcomes. To do this agricultural industries will
need to identify management practices, technologies and policies that promote the positive
and mitigate the negative impacts of agriculture on biodiversity, yet enhance productivity and
the capacity to sustain livelihoods.
Internationally, it is recognized that far more understanding is needed of the consequences of
the loss of agricultural biological diversity for the functioning of agricultural ecosystems,
including the delivery of multiple goods and services.

2
 In particular, more knowledge and

awareness is needed of the multiple goods and services provided by the different levels of
agricultural biodiversity, such as relationships between diversity, resilience and production in
agro-ecosystems. Therefore, this discussion paper aims to improve the understanding of the
relationship between biodiversity and production on agricultural lands.
Perspectives on biodiversity
There are many perspectives on biological diversity. They come from different
interpretations, emphasise different aspects and promote different priorities for attention from
communities and their governments. Indeed, they influence the questions and directions of
scientific endeavours to describe biodiversity in terms of composition, structures and
functions.

Definition
Biodiversity is a broad concept with many possible interpretations of meaning.
Biological diversity, which is often shortened to biodiversity, is defined for present purposes
by that of the international Convention on Biological Diversity (UNDP/CBD, 1992) as

                                                  
1
 ‘Sustaining our natural systems and biodiversity’, report to the eighth meeting of the Prime Minister’s Science,
Engineering and Innovation Council, May 2002.

2
 The Fifth Conference of Parties for the Convention of Biological Diversity, 2002 – Decision V/5.
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the variability among living organisms from all sources including, inter alia,
terrestrial, marine and other aquatic ecosystems and the ecological complexes of
which they are part; this includes diversity within species, between species and of
ecosystems.

A simpler definition is that adopted in the National Strategy for the Conservation of
Australia’s Biological Diversity (Commonwealth of Australia, 1996b) as

the variety of all life forms – the different plants, animals and microorganisms, the
genes they contain, and the ecosystems of which they form a part.

Both definitions are intentionally broad and are notable more for what is not defined. Indeed,
Gaston (1996) considers that the concept can be so wide as to be exceedingly difficult to
comprehend, that it can lead to dissatisfaction and that it runs the danger of equating to the
whole of biology. There is considerable debate as to whether the concept embraces processes
(for example energy and nutrient flow) or just entities (for example individual organisms or
habitats). Although the definition emphasises entities, process is embraced through the variety
of functions that the above entities perform and the inclusion of ecosystems (which includes
both entities and processes) as a component.

This paper accepts the suggestion by Noss (1990) that, rather than refining the definition, it is
more useful to characterise the major components that occur at the different levels of
biodiversity organisation.

1.1 World views and values
A wide range of world views about biodiversity condense into either an ecocentric
view of biodiversity that it is sufficient in itself or an anthropocentric view that it is a
concept of nature with some differing ethical, spiritual, economic and philosophical
aspects. In general, there is moderate concern in Australia over biodiversity that
appears to relate more to the destruction of trees and ecosystems than to the
extinction of animal and wildlife species.

World views and values underpin the type of society and landscape that one desires and help
in developing priorities for decisions and making trade-offs between competing outcomes.
The following overview of some world views on biodiversity puts this topic in some
perspective.

Bourdeau (1996) suggests that ethics of biodiversity rest on the proper relationship between
humans and nature. Humans are dependent on nature (of which they are both part and apart)
but are also able to manage it. The relationship between humans and nature has been seen
quite differently in different places and times, such as:

• Aristotle taught that everything in nature has a purpose (teleology).
• Plato thought that ‘love of nature detracts from love of God’.
• Marcus Aurelius considered that ‘what is good and right in itself is to live in harmony

with nature’.
• Judeo-Christian tradition expressed in Genesis 1:26–28 gives man dominion over the

whole earth and enjoins him to subdue it, a mandate repeated in 9:1–2.
– A modern interpretation of the word ‘dominion’ is that it means ‘custody’ or

‘stewardship’.
• The Koran promotes stewardship where Allah taught Adam the nature of all things.
• In Hinduism all lives have equal value and the same right of existence. God and nature are

one and the same.
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• Buddhists also believe in reincarnation and promote the idea of non-violence to people and
animals.

• Descartes promoted using science to make us ‘masters and possessors’ of nature.
• Aldo Leopold developed an ethic that claimed the right to continued existence of natural

resources in a natural state.
• Deep ecology further claims inherent rights for living and non-living components of the

biosphere.

From his review of religious and philosophical attitudes towards nature Bourdeau (1996)
concluded that there were two main positions: ecocentrism and anthropocentrism.

The ecocentric position is that all organisms have an equal right to exist, and that humans
should not be so arrogant as to destroy organisms. Pearce and Moran (1994) note that this
natural viewpoint uses a narrow definition of natural, such that human intervention is deemed
artificial, and may even promote the exclusion of humans altogether. The result is that the
status of biodiversity is an end in itself rather than a means to an end. Elements of this
position may underpin the International Union for the Conservation of Nature and Natural
Resources categories of protected areas.

An anthropocentric position, for example Elmandjra (1996), argues that biodiversity is not an
end in itself and it can no longer be thought of independently of the sociocultural environment
in which it exists. Diversity is a basic concept of nature, a physical and sociocultural reality,
with spiritual and metaphysical aspects. This position would seem to be most appropriate for
discussing the situation on agricultural lands.

The pure economic view, Pearce and Moran (1994) argue, is the most practical approach in
terms of making decisions about using budgets as wisely as possible, about correcting factors
that cause excessive biodiversity loss, and in terms of explaining the process of biodiversity
loss. Also, Gould (1993) did not accept that humans are stewards of biodiversity but
maintained that conservation is dependent upon convincing people of its importance for
human needs and human scales. However, Ludwig and others (2001) contend that the notion
that nature has little value apart from utility for economic purposes, combined with a belief
that science is inherently capable of solving almost all human problems, leads to efforts to
achieve policy solutions by recourse to technological innovation or through the technological
fix.

In another perspective, Holling (1996) described a number of general belief systems that he
considered were driving the debate on biodiversity. Each is, of necessity, a simplification and
an approximation and each might be partially true:

• Nature Cornucopian. Characteristically, as espoused by Simon and Kahn, growth is
exponential; human ingenuity always invents substitutes so that resources are never scarce.
This view is based on assumptions that humans have an infinite capacity to innovate and
that nature changes gradually enough to be managed. It leads to libertarian kinds of
policies designed to free individual enterprise and presumes that loss of biodiversity
requires no draconian action because the effects will accumulate slowly enough to
discover substitutes and create opportunity.

• Nature Anarchic. In this view, for example Schumacher economics, growth is hyperbolic –
increase is inevitably followed by decrease; persistence is only possible in a decentralised
system where there are minimal demands on nature; ‘small is beautiful’; humans are
incapable of learning how to deal with technology. This view leads to policies of
decentralisation but where the necessity of a retreat from present patterns of
overconsumption needs authoritarian regulation and control.
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• Nature Balanced. The view of sustainable development where growth is logistic; the aim is
to navigate through a turbulent transition to a sustained plateau. This view supports
policies of collaboration for regulations and controls over biodiversity and greenhouse gas
accumulation.

• Nature Resilient. Characteristic of Schumpeter economics and Holling’s ecology, where
growth is a series of nested cycles – exponential growth, statis, collapse, reorganisation –
organised by fundamentally discontinuous events and processes and where instabilities are
as important as stabilities. This view supports policies that attempt to restore or enhance
the resilience of natural ecological systems so that they can experience wide change and
still maintain the integrity of their functions. Since diversity is one major source of
resilience, the incentives needed to protect, restore and enhance biodiversity come to the
fore.

• Nature Evolving. An emerging view, for example from the Santa Fe Institute, that is
evolutionary and adaptive – complex systems behaviour, chaos and order, self-
organisation, adaptive evolving systems. It supports policies for sustainable opportunity,
where investments are made to support or enhance the foundations underlying ecological,
social and economic function.

The levels of concern about environmental issues within the Australian community have been
surveyed in 15,000 to 18,500 households by the Australian Bureau of Statistics in 1992, 1994,
1996, 1998, 1999, 2000 and 2001. Lothian (2002) has analysed these results using consistent
questions asked in all surveys (individual environmental concerns were not asked in 2000 and
2001).

The results in Figure 1 show a consistent level of ’no concern’ for environmental matters
running at just under 30% since 1994. Lothian (2002) noted that that the brown issues of
pollution, ozone and greenhouse dominate the green issues of conservation, which appear to
have declined in level of concern from the early 1990s. Concern about the destruction of trees
and ecosystems declined to just over 20% of respondents (Figure 1). This occurred in all
states except for Western Australia where it showed an increase in 1999. Fewer people show
concern for the animal and wildlife extinction and for the conservation of natural resources
than for trees and ecosystems. The age groups most concerned with the green issues tended to
peak in the 45–54 age group.

There was little difference between metropolitan and non-metropolitan segments of the
population in level of concern about most issues except for soil erosion, salinity and land
degradation (Table 1), where it was higher in non-metropolitan areas.

This moderate level of concern indicates that appeals to the sensibilities of the public are
likely to have limited impact on actions for the conservation of native biodiversity. This is
despite Lothian’s (2002) contention that globally there is a general acceptance in many
communities that biodiversity is, of itself, a good thing, that its loss is bad and hence that
something should be done to maintain it. Rather it suggests that other, more quantitative,
methods of valuation would be needed to alter behaviour in relation to biodiversity in
Australia.

In the end, when it comes to making decisions and policies, the conclusion of Cronon (1992)
(quoted by Bowman, 2001) is relevant:

We want to know whether environmental change is good or bad, and that question
can only be answered by referring to our own sense of right and wrong. Nature
remains mute about such matters.
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Figure 1.  Results from Australian Bureau of Statistics surveys of people’s concerns for biodiversity-related
environmental issues (Lothian, 2002 with permission, from the Australian Journal of Environmental Management).

Table 1. Responses of metropolitan and non-metropolitan households to selected environmental
concerns in Australian Bureau of Statistics survey of 1999 (source Lothian, 2002, with permission, from
the Australian Journal of Environmental Management).

Issue Metropolitan Non-metropolitan

Destruction of trees/ecosystems 22.0 19.6

Soil erosion/salinity/land degradation 8.5 13.5

Destruction of animals/wildlife/extinction 8.0 7.4

Conservation of resources 7.2 7.1

1.2 Legal and policy responses
Legal processes that affect biodiversity are based on common law concepts of
nuisance and waste. Policies that seek to influence biodiversity conservation on farms
should be informed by scientific information on objectives and consequences,
defining alternative solutions and increasing the efficiency of resource use.

Society has developed many means of influencing behaviour for the greater good of society
and the environment The means reflect a selection of world views. The first response may be
peer pressure mechanisms or moral suasion which, although being strong and immediate, do
not always work to correct the cause of the concern. Another response is to use formal, legal
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constraints to prohibit and punish undesirable behaviour. The oldest form is common law,
which has evolved over time and common practice.

Under common law, which relies on the doctrine of precedent, only private environmental
rights can be enforced (Bates, 1992, p12). Land is special because the original rights of
property derive from the Crown (Fisher, 1987, p8). It carries the right of access to the
resource and the power to delegate or distribute that right without transferring ownership.
Under common law, the landowner has rights to protect property from nuisances such as
escapes of contaminants, the pollution of watercourses, the release of harmful agents into the
air and excessive noise or vibration. One variant theory, dating to the 17th century, claims that
landowners are free to do exactly as they please with their land, free of government
interference (Stein, 1996). This could well be the source of the notion (Leys and others, 1994)
that once environmental studies, information systems and regional plans are in place, then
clearing and cropping development can proceed again (which may be true of some landscapes
but not others). Other common law rights include profit á prende (the right to remove
something from the land, for example fishing, hunting, timber), covenants and easements.

Although the right to manage an area of land lies with the owner of the land, common law can
restrain the owner from using it in ways that cause damage to adjacent land (that is, nuisance)
or unreasonably interferes with the use and enjoyment of it (that is, waste) (Fisher, 1987 p92).
In Australia, the concept of waste has formed the basis of much environmental statute law and
its interpretation (Bates, 1992, p37).

Policies can also influence farmers’ decisions about natural resource management and the
adoption of new technology. Four key factors by which policies influence decisions (Hazell
and Wood, 2000) are prices (of inputs, outputs and credit), local institutions (particularly
property rights), population density (intensification and degradation pressures) and
environmental externalities (or off-site costs not borne by the decision maker). Scientific
information should inform the policy debate on objectives and consequences, contribute to
defining alternative solutions and increase the efficiency of resource use. A well developed
understanding of the scientific context underlying biodiversity issues is important for policy
areas to act as intelligent customers for complex policy advice.

This brief discussion of world views highlights that an understanding of a broad range of
values is important in managing biodiversity. However, the emphasis in the rest of this
discussion paper is on describing biodiversity and its scientific relationships with agriculture.
It necessarily takes a pragmatic, utilitarian view.
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2 Scientific descriptions of biodiversity

2.1 The genetic basis of diversity in biota
At the gene level there is considerably more diversity in microorganisms than in the
more obvious and familiar plants and animals. Human selection for agriculture leads
to more uniform genetic populations than natural selection in evolution.

The basis of biological diversity lies in the system of heritable units – genes – that occur in
the nucleus and cytoplasm of all cells. One view of the tree of life as shown in Figure 2
(constructed from conservative rRNA – ribosomal RNA – sequencing) taken from Bull and
Wichman (2001) demonstrates wide diversity between unicellular organisms (shown as
Archea, Bacteria and Protista) and relatively close relationships between the multicellular
organisms (Plantae, Animalia and Fungi). The figure also shows two plant plastids that
contain cytoplasmic genes (mitochondria and chloroplasts) as deriving from among the
bacteria group.

Figure 2. One representation of the relationship of organisms, based on 18S rRNA profiles. The 18S ribosomal RNA
sequences, obtained from polymerase chain reaction primers, show the closest relatives share the most recent common
ancestors on the tree. (Bull and Wichman, 2001, with permission, from the Annual Review of Ecology and Systematics,
Vol 32, © 2001 by Annual Reviews www.annualreviews.org).

Diversity at the gene level occurs as different alleles, or forms, of a gene that can occur on
different chromosomes. Selection for uniform characters in populations leads to varieties,
cultivars or breeds, and in natural environments to communities.

Organisms develop and grow in a range of environments following the blueprint copied from
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the genetic structure in each cell (genotype) to produce a phenotype – the observed organism.
However, the degree and shape of the development and growth is strongly influenced by, and
interact with, factors in the environment, such as energy sources, the amount of limiting
resources and competitors. The general paradigm (Feder and others, 2000) is that genes
encode the phenotype, the phenotype determines the performance in environments in response
to stimuli, the performance determines the evolutionary fitness and the fitness determines the
frequency of genotypes in the next generation in a recursive fashion. However, the details for
every step are seldom known for any organism system.

In natural systems selection usually operates on the phenotype through reproductive success.
In agricultural systems breeding and selection is undertaken by human manipulation of the
environment combined with heavy selection on the phenotype for desired characteristics. The
tools of biotechnology now allow selection to be undertaken directly on the genes that
contribute desired features and so make selection more efficient and reliable and the product
more uniform.

2.2 Evolutionary background
During evolution, the function of many genes has been conserved but changed their
order and placement on chromosomes. The grass family for instance, which has
produced many of the world’s crop plants, still shares a remarkable degree of
similarity at the genetic and chromosome level. Grasses are also a food resource for
grazing animals and appear to have evolved in tandem with animals from browsers to
grazers.

Despite changes in biological populations with evolution over long times, there is significant
conservation of function of some genes (called homology) across large phylogenetic
distances. These conserved functions constrain the ability of species to adapt to continuing
changes in their environments.

Consider, for example, the grass family (called Poaceae or Gramineae), which includes some
10,000 species including the agriculturally important cereals and pastures (Kellogg, 2000).
The genetic and evolutionary relationships (or the phylogeny) of the grass family are shown
in Figure 3 for some of the most agriculturally important groups. The earliest grass is thought
to have evolved about 60–70 million years ago, with major diversification occurring about
55–32 million years ago. At this time the earth cooled dramatically from a hot house – warm,
equable, mostly subtropical – by about 15oC to become colder and more arid with a larger
land surface, allowing a major expansion of grasses in type and area.

Despite this diversification shown in Figure 3 the nuclear genes in grasses retain many similar
groups of genes – possibly as few as 20 major rearrangements occurred in the time since rice
and maize had a common ancestor. This has led to the hope that genetic information on any
cereal crop will usefully apply to other cereals. The recent announcement of the sequencing of
genes in the model plant of rice (Yu and others, 2002, Goff, 2002) has heightened those
hopes.

Species share a common ancestry and have genes in common to varying degrees according to
their evolutionary distance. For instance, although rice, wheat and maize share a common
ancestry as members of the grass family, they show considerable differences (Table 2) in the
size of the genome and total number of genes. Nevertheless, because of significant
duplication of genes (Bennetzen and others, 1998) and chromosomes (ploidy), which are the
structures that hold genes together, 80 to 90 % of genes in cereals correspond with a similar
gene in rice (Goff, 2002). Many of these genes even occur in the same linkage groups and in
the same order between the species.

As an example, bread wheat (Triticum aestivum) is a hexaploid created only 7,000 years ago
by the combination of the genomes of Triticum urartu (source of the A genome), Aegilops
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tauschii (source of the D genome) and Aegilops speltoides (source of the B genome). In the
course of evolution whole segements of chromosomes were inserted into other chromosomes
or even deleted. For instance, the linkage groups that now occur in rice on chromosome 10,
chromosome 3 and chromosome 7 also occur in other crops but in a different order (Kellogg,
1998). Some linkage groups of rice chromosome 10 are found in only a small part of wheat
chromosome 1 of the D genome, whereas rice chromosome 3 occupies the whole of wheat
chromosome 4 and rice 7 occupies about a third of wheat chromosome 2 (Gale and Devos,
1998).

Figure 3. Phylogeny of the grass family. After Kellogg (2000). Numbers in parentheses
indicate approximate numbers of species. Lengths of branches approximately proportional to
numbers of mutations. Lineages marked with   are wholly or partially made up of taxa with
the C4 photosynthetic pathway. The C4 pathway evolved from the more common C3 pathway in
response to lower concentrations of carbon dioxide, and provide competitive advantages in
high light, warm, low nutrient environments. (With permission, from the Annual Review of
Ecology and Systematics, Vol31, © 2000 by Annual Reviews www.annualreviews.org).

Table 2. Comparison of some components of genetic diversity in rice, wheat and maize.

Rice Wheat Maize

Genome (megabase pairs) 420 16,000 3,000

Genes 32,000–50,000 30,000–50,000 50,000

Chromosomes (2n) 24 42 20

Ploidy 2 (x=12) 6 (x=7) 4 (x=5)
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Although mammals diversified about 225–120 million years ago, it was only 100 million
years ago that some species developed specialised teeth for eating plants (MacFadden, 2000).
These teeth were becoming increasingly specialised by 65 million years ago when grasses
started to evolve. At this time most plant-eaters (or herbivores) were browsers, that is, they
selectively fed on soft, leafy vegetation. As the grasses expanded in all continents, browsing
animals evolved into grazers (that is, those that feed close to the ground often on grasses and
forbs) except in Australia. Grazers developed teeth and jaws adapted to cope with the
presence of phytoliths in grasses – microscopic silica bodies that tend to wear teeth down
rapidly and so provide some protection for grasses against herbivory. In addition, some
animals also developed a first stomach that holds bacteria that ferment grass (rumen), a
second stomach that digests the bacteria and digestive enzymes that break down bacteria. This
permitted their ruminant descendents, such as sheep and cattle, to fully exploit the newly
available grass resource (Benner and others, 2002).

2.2.1 Natural systems in Australia

Many of the present natural systems in Australia are a consequence of being an island
continent, isolated from much of the wider world and largely free of incursions until
200 years ago. Since then, changes to both the physical environment, through fertiliser
and water regimes, and the biotic environment, through incursions of other species,
mean that locally evolved species may no longer be optimally adapted. Nevertheless,
there are heritage and aesthetic values attached to these species and their ecosystems.

Natural systems have evolved largely in the absence of humans, more so in Australia than
many other places. Humans have only relatively recently influenced natural systems, their
evolution and environment.

Australia is an island continent – it is not connected to another land mass – and the smallest
continent in area. When Australia was part of Antarctica 60 million years ago there were
chances for movement of species across the wider landscape, thus facilitating the evolution of
more adapted species. Australia separated completely from Antarctica about 45 million years
ago and moved northward, effectively becoming an island with much reduced opportunities
for the introduction of new species. The existing biota developed into many unique forms and
species (DEST, 1994). When the Australian continent reached the south of Asia there was
some cross transfer of species, accelerated somewhat when humans crossed into Australia 40-
–50,000 years ago. At this time the climate dried and a coincidental increase in fire drove
changes in the components of biodiversity. There is considerable dispute as to whether this
was due to human intervention (Flannery, 1994) or whether the conditions were there and
humans incorporated fire into their landscape management (Bowman, 2001). Although native
species are often considered to have evolved in local places, there is evidence that there was
considerable movement of species between different places over time depending upon
changes in the environment and the mobility of individual species.

About 200 years ago a major change occurred with the coming of the Modern Era. New
species were introduced, fires were controlled rather than managed and from about 100 years
ago soil characteristics such as fertility were systematically changed. Consequently, the areas
where native species are optimally adapted species are much diminished, particularly when
there are fewer predators for the introduced species (the enemy release hypothesis, Keane and
Crawley, 2002).

Native biota can nevertheless provide a distinctive flavour and vision to local landscapes and
a source of beauty (Cary, 2000). It is also possible the native species compete with invading
organisms for niches and habitats and reduce the spread of pest organisms. An important task
is to devise measures for such values and methods to capture and distribute their benefits.
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2.3 Ecological context of biodiversity
Ecosystems are naturally complex, but can be simplified for explanation and
management with a hierarchical approach. A strengthening paradigm moves away
from the balance of nature equilibrium to one of instability within quasi-stable states
that acknowledges humans as primary agents of disturbance, emphasises flows of
resources and the importance of patchiness in landscapes. Although competition is a
driver of selection and fitness, there are mechanisms in a diverse community that,
operating through a storage effect, can allow a diversity of species to survive.
Variation in environmental factors, as well as biotic adaptations, influences the
fitness of organisms under selection.

Individual species exist and function as communities in ecosystems of physical factors
(climate, soil, water) and other biota. Ecosystems are defined by the world view of the
investigator and the context of the subject – they may vary considerably with time and are
often complex, having many organisms each with multiple interactions.

Because of the complexity of many systems they are easiest to explain and manage using a
hierarchical approach (O'Neill and others, 1986, Olson and Francis, 1995) that allows a
significant amount of simplification and organisation of information, concepts and decisions.
The simplest such representation is something like that in Figure 4, where the groupings
used, while fuzzy at the boundaries, are generally recognisable and so allow for
comprehensive communication between stakeholders.

Although the study of ecology of natural systems is said to be still in the descriptive phase
with little predictability (Hobbs and Morton, 1999), there have been recent developments in
the theoretical basis of the processes and functions of ecosystems. Hobbs and Morton (1999)
described some changes that seem to be occurring in prevailing ecological paradigms:

• moving from an ‘equilibrium’ paradigm – one of communities that are composed of
organised, patterned collections of co-evolved species into which incompatible species
could not penetrate – to one of ‘vision of flux’ or ‘non-equilibrium’. This new paradigm is
characterised by instability where frequent disturbances cause constant alterations in the
composition and spatial structure of communities but with some forces that operate at
certain scales that allow for multiple and quasi-stable states to exist;

• the incorporation of humans as primary agents of disturbance in ecosystems;
• a recognition that any response to disturbance depends upon both the nature of the

disturbance and the biophysical conditions before and after the disturbance;
• analysing flows of resources across ecosystems and the importance of patchiness in

landscapes. In particular, the study of patch dynamics – the spatial matrix of ecological
processes, fluxes of materials and organisms within and between parts having discernable
boundaries – promises to be a valuable framework for managing landscapes.

If ecosystems are characterised more by uncertainty than by predictability, then risk analysis
should be an essential tool in managing ecosystems. The risk analyses should focus on overall
system structure and organisation and try to measure the restrictions to future options and
evolutionary potential. For instance, inbreeding (the production of offspring from closely
related parents) leads to increased homozygosity of genes and an increased risk of fixing
detrimental alleles which causes inbreeding depression where the offspring are less fit or less
viable (Hedrick and Kalinowski, 2000). The effects of inbreeding on fitness (roughly, the
ability of a species to grow in an environment and flourish in evolutionary time) tend to vary
over species and environments. Nevertheless, population genetics theory predicts that when
the population size is 50 or less, fitness generally declines because of genetic fixation of
detrimental alleles. The implication of this for the conservation of endangered species is that
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minimum populations need to be greater than 50 individuals. Furthermore, over-
fragmentation of habitats may lead to increased inbreeding.

Figure 4. Basic model of an ecosystem based on function (after Swift and Anderson, 1994, Fig 2.8A). Reproduced
with permission of Springer-Verlag from Biodiversity and ecosystem function (E-D. Schulze and H.A. Mooney
1996).

Some of the mechanisms that allow species to survive through common situations when the
environment changes – by increasing a storage effect – are when (Chesson, 2000):

• species differ in their responses to common, but varying, environments;
• the effects of the environment on growth rate (environmental response) co-vary with

effects of competition on the growth rate (competitive response); and
• population growth is buffered (for example by life history traits such as seed banks, resting

eggs or long-lived perennial adults) and limits the impact of competition when the
environment is unfavourable.

Disturbance is considered to play a fundamental and creative role in maintaining ecosystems.
As shown in Figure 5 different biomes (that is, major plant communities) arise depending
upon the intensity and frequency of disturbance (Brawn and others, 2001). Grasslands
generally result from frequent and intense fire and/or grazing, woodlands and savanna from
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moderate to light intensity frequent fires, even-aged forests from fire, wind, floods or clear-
harvesting. These relationships are important in considering how to provide desired outcomes
from ecosystems. For instance, although grazing is a common disturbance, the fitness of
grazed plants may be limited not only by grazers (consumers) but also by independent
processes, such as climatic stresses, that restrict the full phenotypic response to grazing
(Stowe and others 2000).

The exchange of materials between components (connectivity) varies enormously among real
systems (Polis and others, 1997) in response to various factors such as habitat geometry and
area, differences in productivity of habitats, permeability of boundaries and mobility of
organisms. Examples include relocations of nutrient and biomass by large herbivores such as
sheep and cattle, and nitrogen fixed in the atmosphere and delivered via rain.

Figure 5. Relationships between the intensity of disturbance and the frequency of disturbance in creating selected
habitats used by birds (after Brawn and others, 2001 with permission, from the Annual Review of Ecology and
Systematics, Vol 32, © 2001 by Annual Reviews www.annualreviews.org).

One way to cope with the complexity of real systems is to group species into feeding types (or
trophic levels). When represented by total biomass this usually produces a pyramid with a
base of primary producers, usually plants, and higher levels of herbivores and carnivores. The
biomass of higher trophic levels is typically an order of magnitude smaller than the level on
which it depends (Raffaelli, 2002).

There is an inverse pyramid operating underground somewhat similar to that more readily
observable above ground level, with an additional group dependent upon detritus from both
above and below ground sources. There may be many different organisms and processes
occurring within these groupings. For instance, the saprophytes may include many types of
bacteria, fungi, nematodes and insects (Neher, 1999) with complex interactions.

Although the diversity of consumers (essentially herbivores, carnivores, root feeders,
saprophytes and predators) is much greater than that of producers (the plant tops and roots), at
times single consumer species (keystone species) can have disproportionately large effects on
community structure (Holt and Loreau, 2001). This could depend upon details of biology of
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the keystone species and the structure of the entire system, with multiple feedback loops and
frequency-dependent interactions between trophic levels. An example is the ability of plants
to withstand herbivory by consumers (whether livestock, disease or insect) being an important
component of competition between plants in grasslands.

2.4 Scale considerations
Most definitions of biodiversity include an arbitrary hierarchical scale to emphasise
that it covers more than just species, but there may be many organisation levels in
space and time. The space and time scales of management or study influence
ecological structures, patterns and processes that need to be considered and
constrain the prediction of changes.

The definition of biological diversity includes a hierarchical scale of genes (genetic), species
(taxonomic) and ecosystems (ecological). Angermeier and Karr (1994) point out that such
levels may be arbitrary and to focus attention or conservation efforts on a single level will
ignore most of the biodiversity. They also note that there are subsidiary scales that are not
precisely defined by this hierarchy. For instance, while ecological elements are typically
defined by spatial extent, they may operate at vastly different spatial scales.

Nevertheless, Lugo (1996) proposes that ecosystems should be classified, studied and
managed according to a hierarchy of biotic organisation in space and time in order to
effectively target actions to realistic units of function. For example, in a boreal forest: needle
(year, cm), crown (years, m), patch (decades, 10m), stand (century, km), forest (centuries,
10km), biome (millennia, 1000km) (Holling, 1996).

Whittaker and others (2002) propose a means of determining relationships between spatial
scales and various phenomena as shown in Table 3. The spatial scales are reasonably self-
explanatory even if they have somewhat vague boundaries. The second column, spatial tiers,
relates to the different measures of diversity (see section 2.8). The phenomena (in the third
column) and their explanatory variables (in the fourth column) are their attempt to relate
biodiversity components and some driving processes to different spatial scales.

Table 3. Spatial scales and species richness (after Whittaker and others, 2002).

Spatial scale Spatial tier Phenomena Explanatory variables

Local Alpha (a) Species richness within patches Biotic interactions, eg grazing

Landscape Beta (b) Turnover of species between
communities

Topography, catena, soils,
disturbance, eg fire

Regional Gamma (g) Overlaps of species, ranges
(gradients)

Water & energy dynamics, climate,
historic patterns

Continental Replacement of higher taxa, eg
families

Plate tectonics, major
environmental/climate change

Ecosystem relationships are dynamic – they change over time – so that different processes
operate at different temporal scales. Examples are given in Table 4 of some of these scales
that influence evolutionary patterns. In temporal terms, the dynamic nature of ecosystems
leads to evolutionary patterns which operate at broad time scales.

At some place or time there will be a change or transition between different zones or scales.
These transitions or interfaces are common in the natural world and may be studied from
different perspectives such as hybrid zones (in genetics), littoral zones (in ecology) or as
ecotones (in landscapes). The greatest diversity often occurs at these interfaces. For instance,
ecotones are important because they are conspicuous breaks in landscapes, they are frequently
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high in biological diversity and, since they often modify flows of material across the
landscape, are important in regulating landscape processes.

Table 4. Temporal hierarchy of dominant processes controlling evolutionary patterns (after Whittaker
and others, 2002).

Evolutionary tier Periodicity Evolutionary outcome Explanatory variables

First Change within species Natural selection

Second 20-–100,000
years

Disruption of communities Orbital forcing

Third Speciation Isolation

Fourth c. 26 million
years

Spread of innovation Mass extinction

Ecological patterns and processes can span up to 16 orders of magnitude (Neilson, 1993),
limiting the ability to predict changes. While it is a great aid to management to be able to
predict responses, this poses problems for ecotones where different constraining factors
operate at different scales that need to be integrated (Gosz, 1993).

2.5 Species functioning
Individual species have evolved into a wide range of forms and functions. In
aggregate, they show a wide range of tolerances to environmental factors, strategies
for seeking sustenance and trade-offs between processes in those strategies.
Functioning organisms commonly produce organic material and excrete wastes,
which in turn are useful to other species. Classifying or grouping species into
functional groups or types allows for the simplification necessary for prediction and
management.

Individual organisms undertake a number of functions in living, growing and reproducing,
often significantly influenced by the external environment. The results of these functions are
products that are useful to other organisms, including humans. For instance, the functional
objective of wild plants is typically assumed to be a fitness measure such as survival or
reproductive value of offspring, while for agricultural organisms such as crop plants it is
productivity, typically yield or a related function (Gutschick, 1987). Typical functions for
plants include absorbing water and mineral nutrients from the soil, evaporating water to the
atmosphere, taking in atmospheric carbon dioxide, producing organic matter and emitting
oxygen to the atmosphere.

Individual species have evolved a wide range of forms and functions. Frequently, to satisfy
various design criteria, there must be trade-offs between various functions. Within a plant, for
instance, resources are allocated to enable the plant to best capture and use external resources
such as mineral nutrients, water, carbon dioxide and light. Because capturing these resources
requires energy, which is usually limited, there are often trade-offs between acquisition and
use. For example, growing more roots to acquire a mineral element reduces investment in
shoot growth and light capture.

Individual species vary in their tolerances to environmental factors and have different
strategies for seeking sustenance and making trade-offs between processes to achieve fitness
within an environment (Gutschick, 1987). Plants differ greatly in their form from woody to
herbaceous, from perennial to ephemeral, from shade to full sun, from 100m tall trees to
ground-hugging creepers, from deep-rooted to epiphytes. In turn, this range of forms
influences the rate and even the range of functions they can undertake.
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Classifying or grouping species into functional groups or types allows for the simplifications
necessary for modelling and management decisions. They are context-specific (Gitay and
Noble, 1997), being dependent upon the question being asked, the spatial extent of analysis
and available information. A number of terms have been used for such functional groupings –
guild, character syndromes, modules and strategy types. The classification may be made
according to use of the same resource, response to a stimulus, use pattern or mechanism and
does not rely on traditional phylogenetic classification. Furthermore, the approaches used
vary according to perspective such as observational views (for example structure and
succession), strategies (such as exploitative, conservative, stress-tolerant, competitive) and
process (such as photosynthetic response, vital attributes) (Shugart, 1997).

Functioning organisms commonly excrete wastes, which in turn are useful to other species.
For instance, plants excrete oxygen as a by-product of photosynthesis that then becomes an
input for most consumer species. As the plant or its parts die, the organic matter returns to the
topsoil, where it is consumed by other living organisms – fauna, fungi, and bacteria – or
becomes part of the soil’s humic substances, thus contributing to soil development. This
exchange of materials then forms an ecosystem.

2.6 Ecosystem functions
Functions within natural ecosystems are regulated through flows of energy, nutrients
and information by the components of biodiversity. The effects of diversity of
organisms on ecosystem processes relate more to the functional traits (value and
range) of individual species and their interactions (through competition and
modification of the environment) than to species number per se. Increasingly,
biodiversity is seen to govern the magnitude, variability and resilience of ecosystem
processes.

Dependent upon species functions, there are close, complex relationships and feedback
processes between plants, microorganisms, fauna and the composition of the soil. For
instance, fungi and bacteria help the plants obtain nutrients from the soil solution and the soil
atmosphere, and they are indispensable to the decomposition of dead organic matter.
Organisms also affect the life processes of other organisms. For example, plants regulate the
activities of soil biota and soil processes through:

• the quantity and quality of litter and thus surface protection (habitat for microbes) and the
type and amount of organic matter that is a food resource for decomposers;

• the influence of roots on microbial processes through exudates and competition for
nutrients and water; and

• the physical effects on soil microclimate (for example shading) and surface protection.

Consequently, the composition of species and the continuity of interactions between them is
as important as the number of species (Swift and Anderson, 1994). In agricultural situations
they show up in crop rotations as break crop effects – the effect that growing crops of
different botanical backgrounds in succession has on pathogen cycles and incidence. Indeed, a
recent review concluded that there is a growing consensus that the effects of diversity on
ecosystem processes (and then on to ecosystem services) should be attributed to the functional
(value and range) traits of individual species and their interactions (how they compete directly
or indirectly and how they modify each other’s biotic and abiotic environment), rather than to
species number per se (Diaz and Cabido, 2001).

Unfortunately, experiments on biodiversity and ecosystem functioning are few in number,
include less than 30 species and are, for the most part, relatively recent (Waide and others,
1999, Walker and others, 1999, Lawler and others, 2001). Consequently, much of the
discussion on this topic is based on theoretical arguments that are often untested. This handful
of experiments, mostly in either grasslands or aquatic communities, has found fairly
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consistent evidence for relationships between the diversity of species and ecosystem function,
especially primary productivity. While it is now widely accepted that diversity may influence
ecosystem functioning, it is not yet clear how important diversity is relative to other factors,
how it regulates ecosystem functioning nor how this depends on the status of the system of
interest (Naeem, 2002, Tilman and Lehman, 2001). The relationships are discussed in more
detail in section 2.6.1.

Biodiversity, in one view from the perspective of community ecology (Naeem, 2002), is
essentially a passive consequence of intrinsic structure (that is, number, type and arrangement
of species interactions) and extrinsic factors (that is, climate, geology and chance events).
However, an emerging view sees the environment as modified by biodiversity: the densities
of each species and the biotic interactions among species. This view is supported by the role
of ecosystem function in modifying physical and chemical conditions of the environment (for
example soil formation, Lucas, 2001). In other words, the existence of life alters the
environment and the diversity of life determines the manner in which life alters the
environment.

In reality, it is most likely that biodiversity is essentially a product of its environment but,
through feedback, the current environment is also the result of the functions of organisms
within it. Biodiversity affects the magnitude, variability and resilience of ecosystem
processes.

2.6.1 Diversity and productivity

There is a vigorous scientific discussion as to whether and how biodiversity would
affect productivity; especially about interpreting cause and effect in those
experiments that demonstrate a relationship between the two. There is reasonably
strong evidence to demonstrate that productivity influences diversity at some scales,
whereas functional or species diversity seems to influence productivity at other
scales.

Ecosystem productivity (rate of conversion of resources to biomass per unit area per unit
time) is of agricultural importance because of its relationship to yield and potential profits.
Apparently it was Charles Darwin who first hypothesised that diversity should affect
productivity, citing agricultural evidence in support of this assertion in 1859 (Tilman and
Lehman, 2001). There is still a vigorous scientific discussion as to whether and how
biodiversity would affect productivity (Waide and others, 1999, Tilman and Lehman, 2001,
Kinzig and others, 2001).

Since species differ in the types, amounts, or spatial or temporal pattern of use of resources,
then greater diversity is hypothesised to lead to greater utilization of limiting resources and
thus to greater productivity (Waide and others, 1999, Tilman and Lehman, 2001). Although
this complementarity of resource use is the functional theory underlying intercropping and
multiple land uses (polyculture), it is not easy to demonstrate experimentally (Waide and
others, 1999).

Some experiments appear to support this theory. For instance, Hector (2001) discussed the
results obtained from standardised experiments that looked at grassland biodiversity, which
was manipulated by seeding a range of species into bare plots and were replicated at multiple
sites in Europe. In general, there was a log-linear relationship between number of species and
above-ground biomass after three years. It suggests that each halving of the number of species
reduced productivity by 10–20%. However, individual sites showed quite different effects and
location and functional richness contributed much more to total variation than did species
number. In particular, legumes were a major factor in the functional richness contribution to
productivity.

There is considerable dispute about the interpretation of the evidence supporting such theory
(Schwartz, 1999). For instance, the ‘sampling effect’ model asserts that, all else being equal,
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increasing the number of species increases the probability of an exceptionally productive
species so that the productivity of the trophic level is determined by the productivity of the
most productive species. This hypothesis has most empirical support (Waide and others,
1999). This potentially explains the higher plant productivity that has been observed in some
biodiversity experiments and does relate diversity to ecosystem function (Holt and Loreau,
2001). (In agricultural systems, of course, the most productive species is deliberately selected
by the manager.)

An alternative model is that of ‘niche differentiation’ (Tilman and Lehman, 2001) which is
based on competition for resources. It assumes that the growth of all species is limited by
competition between them for two or more resources and that the species differ in their
response to both. It predicts that no one species can be as productive as the combination of the
best two species. Consequently, the level of unused resources decreases, and productivity
increases, as diversity increases.

Both sampling effect and niche differentiation models predict that differences in species
composition cause variation in productivity within a given level of diversity (Tilman and
Lehman, 2001, Hector, 2001). However, since this variation can be as large as those of
diversity per se, these models are of limited use because they depend upon the range of
diversity values considered, the range of species traits considered and the size of the species
pool. A review of empirical data by Schwartz (1999) did not find much support for improved
production at high species richness.

In a review of the literature from a wide range of ecological systems, Waide and others (1999)
suggest that it is the ecological context and spatial scale that predisposes systems to evince
one pattern rather than another. The patterns may be positive, with either a linear or a non-
linear form, or there may be no obvious relationship. They conclude that there is reasonably
strong evidence to demonstrate that productivity influences diversity at some scales, whereas
functional or species diversity seems to influence productivity at other scales.

2.6.2 Resilience or the insurance hypothesis

Species richness may contribute a buffering effect on productivity over time or a
higher productivity to ecosystems. Resilience, the ability to rebound from
disturbances, is an emergent property and may be due to the presence of many weak
interactions within the ecosystem.

Resilience is the ability of a set of mutually reinforcing structures and processes to persist,
rather than shifting to being organised around another set of processes and structures (Holling,
1973, Gunderson, 2000). The resilience of an ecosystem is measured by the amount of change
that a system can experience before it is forced to reorganise. Resilience arises from
differences between species in their combinations of functional responses that provide a
capability of responding to changes (Walker and others, 1999). Resilience is thus an emergent
property of ecosystems and is related to self-organised behaviour (that is, interaction between
structure and processes) of those ecosystems over time (Gunderson, 2000).

Similarly, Yachi and Loreau (1999) defined the insurance effects of biodiversity as ‘any long-
term effects of biodiversity that contribute to, maintain or enhance ecosystem functioning in
the face of environmental fluctuations’. They claimed that theoretically there are two major
contributions of species richness to ecosystem productivity in a fluctuating environment
which combine to form the insurance effect:

(a) reduced variation in time – a buffering effect; and

(b) a higher mean productivity – a performance-enhancing effect.

The importance of the insurance effect is affected by the way ecosystem productivity is
determined, by the relative timing of species’ responses and by the detailed characteristics of
species that affect their selection under competition.
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In most ecosystems there is a distinctly skewed distribution in the frequency of individual
species in that a few species are abundant, while many species are infrequent (Walker and
others, 1999). Individual species also vary greatly in their importance to total ecosystem
functions, with dominant species sometimes termed keystone, drivers or ecosystem engineers
(Hobbs and Morton, 1999). If replacing one species with another does not change the
functional outcome then the species may be redundant. An ecosystem may be considered to
possess redundancy for some functional process if this process has attained a plateau for a
particular value of species richness and is not enhanced by the addition of further species in
the system (after Lawton and Brown, 1994).

One suggestion is that diversity, through this redundancy or extra passengers in ecosystems,
helps to maintain the resilience of ecosystem structure and function. Diversity does this by
spreading the risks and benefits widely and so provides reserve capacity by keeping the
overall system performance relatively independent of fluctuations in individual species
(Holling, 1996). From another theoretical analysis Norber and others (2001) suggest that it is
the variability of the phenotypes within functional groups or species that increases the ability
of an ecosystem to respond to environmental changes. Here productivity over the long term
would increase with diversity even though, in the short term, productivity may be less than its
potential.

In real biological communities the patterns and strengths of interactions are important to
community resilience (Neutel and others, 2002). In particular, Neutel and others (2002), in a
study of 104 soil food webs, found that the average strength of interactions between species
(the effect of species on each other’s dynamics) is low and thus contributes to its resilience.
By contrast, if the effects within complex webs are strong, theoretically they enhance the
responsiveness of ecosystems to disturbance. Consequently, the resilience of food webs
depends not only on the number of species but also on some properties of the structure such
as number of trophic levels, the frequency of interactions, the length of the food chains and
the strength of the interactions. For instance, at a landscape scale, ecotones mark areas of low
resilience because they occur where small changes may cause a shift from one state to another
(Peterson, 2002).

2.7 Landscape functions
Landscapes are typically made up of relatively homogeneous patches, with
boundaries that may be fuzzy and irregular or linear and sharp as in many
agricultural landscapes. Functions in landscapes consist of transfers of water,
material and energy between patches and out of the landscape.

Biodiversity, like agriculture, is organised within landscapes: the interactions between biotic
elements govern many landscape functions, the organisation occurs as patches and lines, and
disturbance and management determine structure.

Landscapes are typically made up of patches, linear elements and boundaries. Patches are
relatively homogeneous units (Olson, 1995) while the boundaries between them (ecotones)
are often gradational but with relatively rapid changes in structure or function. The linear
components, such as roads, streams, fence lines, shelterbelts and the boundaries of farms, are
typically connected at their ends to another similar element. For example roads and streams
connect with other roads and streams.

Landscapes function when water and nutrients move from one land unit to an adjacent land
unit (Olson, 1995, Ludwig and others, 1997). For instance, any significant amount of rainfall
that does not immediately infiltrate into the soil will run off, taking with it important materials
such as topsoil and litter. Likewise, wind can also shape landscapes by moving material.
Materials moved with water and wind eventually get deposited in resource-rich patches or
sinks, which may range from large trees to small grass tussocks. In effect, most natural
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systems are open, wherein the outputs (or wastes) from one system become inputs to another
system. So landscapes can lose resources through outflows (when water and wind flows
exceed the capacity of patches to constrain them and move, for example, into creeks) and off-
takes (when consumers such as livestock are harvested and taken elsewhere).

A landscape function approach, called a ‘trigger-transfer-reserve-pulse’ (Ludwig and
Tongway, 1997) is illustrated in Figure 6. This explores the patterns in landscape patchiness,
linking them to the capture of resources from these processes. In semi-arid landscapes, such
as those that cover a large proportion of Australia, patches can function as a reserve for water
and nutrients. Many landscapes have functions similar to that described for the semi-arid
rangelands but often operate more rapidly. There may also be other processes, such as
accession to groundwater and contamination by chemicals, which are now showing
unintended consequences such as salinity and reduced water quality.

Figure 6. A landscape function framework comprising trigger-transfer-reserve-pulse, particularly suited for arid
and semi-arid lands (Ludwig and Tongway, 1997). © CSIRO. Reproduced with permission of CSIRO Publishing
from Landscape ecology, function and management (J Ludwig, D. Tongway, K Hodkinson, D. Freudenberger & J
Noble, 1997).

Nevertheless it is the interactions between patches that generate the landscape-level functions
(Olson, 1995). In this regard the spatial arrangement of the patches affects the types of
interactions that occur, while their ecotones help regulate the interactions (by acting as filters,
barriers, conduits and habitat) because a disproportionate share of landscape processes occur
within them. The interactions between patches, which could be farms, fields or ecosystems,
generate landscape behaviours and provide explanations for these behaviours. Landscapes are
also part of a higher level, the region, whose characteristics set limits on landscape function.
The regional context includes climatic range and major disturbances such as fire and urban
development.
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Typical measures of landscape function include water chemistry, hydrology, air quality,
wildlife production, species diversity, primary production, crop yields, livestock carrying
capacity and aesthetics (Olson, 1995).

2.8 Measuring biodiversity
Most systems for measuring and monitoring biodiversity have concentrated on the
species level. This can be justified in some situations but should also incorporate
other components. It is important first to determine the goals and objectives so as to
measure the things that count. An understanding of processes at individual locations
is not enough to predict at larger scales. On the other hand, neglecting processes
underlying patterns of change will hinder the improvement of management policies.

Measuring and monitoring data on biodiversity helps to assess the state (or condition) of a
system leading to periodic management decisions (Yoccoz and others, 2001). It can also be
used to discriminate among models or calculate the changes in relative probabilities of
different models for prediction and understanding of ecosystems. Systems of valuing
biodiversity should value the things that count rather than the things that can be counted
(Tilman and Lehman, 2001).

Of prime importance is to first determine the goals and objectives that then set the context and
sense of purpose for the measurements (Noss, 1999). Furthermore, the procedure should also
identify the underlying value judgements.

A review of biodiversity indicators (Saunders and others, 1998) concluded that there is a
distinct bias towards species level and to a focus on nature conservation. Consequently, many
of the ecosystem processes noted as a major reason for conservation of biodiversity (along
with ethical, aesthetic, cultural and economic reasons) get ignored. Furthermore, an abstract
concept, like biodiversity as the variety of life, when expressed across a range of scales,
cannot be measured with a single variable because of the possibility of emergent properties
occurring at different levels (Gaston, 1996, and Cairns, 2002).

Ideally, both structural and functional aspects should be monitored since both may change
independently of the other. For example, monitoring the colonisation rate of micro-organisms
can use artificial substrates, number of exotic species, ecological integrity and the delivery of
ecosystem services (for preserving biodiversity). Biological integrity, when defined as
biodiversity of natural systems without humans, can be assessed (Angermeier and Karr, 1994)
through diagnostic indicators such as number of communities, populations, species, alleles,
trophic links, degree of linkage, age structures, element redundancy and fragmentation.
Assessments of biological integrity should incorporate a variety of indicators (including
elements and processes) from multiple organisational levels and spatiotemporal scales.

Gene number would appear to be a natural measure for indicating the expected diversity of
gene products. However, as noted above in section 2.2, different species may share a large
number of genes. Consequently, one proposal is to use information content (Crozier, 1997)
– the number of genes is adjusted for the amount of duplication and usefulness. New and
emerging techniques from biotechnology also offer promise for measuring diversity at the
genetic level. For instance, ‘ribotyping’, the use of rRNA (ribosomal RNA) sequencing, can
allow identification of different species of organisms present in a community, even though it
may be impossible to recognise them otherwise (Bull and Wichman, 2001). This technique
has been used to detect the sale of meat from endangered species in markets.

Diversity has often been measured by species number or indices of species richness or species
diversity (for examples see Peet 1974). Some scientists (see Crozier, 1997) contend that
species richness (the number of species in a habitat) is preferable to species diversity (which
also includes evenness of species numbers) because there may be some relationship between
that and ‘character richness’. Measures of richness at higher taxonomic groupings (for
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example at genus or family level) are generally easier to identify and may provide a suitable
surrogate measure for biodiversity. While functional diversity is ideally measured by the
range of traits in a habitat, there is no index yet that incorporates measures of taxonomic
diversity with phylogenetic differences, although classifying species into functional groups
could allow the number of functional groups to be used as a measure of its diversity (Tilman
and Lehman, 2001).

Assessments of biodiversity are sometimes based on plant numbers on the grounds that plants
are the producer base of the food chain and whilst plants depend on other organisms, they are
the logical place to begin building towards a general model of diversity (Whittaker and others,
2002). Sometimes the monitoring may be reduced, on pragmatic and efficiency grounds, to
selected species, such as:

1 ‘indicator’ species that are representative of a particular ecosystem or management
concern;

2 ‘keystone’ species whose loss would lead to losses of several other species (Noss, 1990,
and Norton and others, 1996);

3 ‘mobile link’ species that are important functional components of more than one food
chain or ecosystem;

4 ‘umbrella’ species whose requirements for persistence are believed to cover those of an
array of additional species (Noss, 1990);

5 ‘focal’ species whose requirements for persistence define the attributes that must be
present in a landscape to meet the needs of the remaining biota (Lambeck, 1999);

6 ‘flagship’ species which are popular, charismatic species that serve as symbols and
rallying points for initiatives (Noss, 1990); or

7 ‘vulnerable’ species that are rare, genetically impoverished and prone to extinction in
human-dominated landscapes (Noss, 1990).

However, when using such ‘indicator, representative, or sentinel’ species we should bear
these cautions in mind (Cairns, 2002):

• while the presence of a species does furnish assurance that certain minimal conditions
have been met, the alternative, namely absence of a species, does not necessarily mean that
they have not been met;

• individual species, even closely related, respond differently to various stresses;
• many organisms have had only a short exposure to human-induced stresses; and
• threatened or endangered species are also poor indicators because of low

representativeness and difficulty in sampling.

An example for agriculture is the indicators developed for measuring diversity of ecosystems,
species and genes in the grains industry (Dalal and Moloney, 2000), which is summarised in
Table 5. Each indicator can have a score, which is the sum of ratings (0–10) of a number of
selection criteria, which include responsiveness to changes in management practice
(providing trends over time), ease of measurement, possession of expected and threshold
values, low measurement errors, stability over the short term, infrequency of measurement,
cost-effectiveness, ability to aggregate from field to catchment, capacity for mapping in time
and space, and level of community acceptance and involvement. The reference panel that
developed these indicators included representatives of landholders, agribusiness and agencies,
research officers and extension officers. They found that, in their environment, the indicators
for the ecosystem level appeared to be more useful than those for the species and gene level.
Each region would need to develop its own set of scores.

There are at least two practical errors in measuring biological diversity (Yoccoz and others,
2001): detection error and survey error. Detection error occurs when the survey method fails
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to detect all individuals in the survey area. Consequently, monitoring should not rely simply
on unadjusted count statistics or indices as a means of drawing inferences about change over
time and should include estimates of detection probabilities. Survey error comes from the
inability to survey large areas entirely, which can be addressed by techniques such as
stratification and sampling at more than one scale.

Table 5. List of indicators for measuring diversity in the grains industry (after Dalal and Moloney,
2000).

Indicator

Ecosystem

Extent of remnant vegetation

Extent of vegetation type

Remnant age and disturbance

Extent of reserved remnant vegetation

Fragmentation of remnants

Extent of pest plant and animals

Extent of erosion, salinity etc

Extent of pesticide, herbicide use

Species and genes

Dependent species in remnants

Status of threatened species

Dependent species viability

Habitat monitoring

Finally, there are two cautions in using biodiversity assessments (Yoccoz and others, 2001).
The first is that understanding the processes at some locations is not sufficient to be able to
predict consequences at larger scales. The second is that neglecting to manage the processes
that underlie patterns of change will hinder the improvement of policies.
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3 Agriculture and biodiversity

Agriculture manages biota and land to produce food and clothing for human
purposes, modifying the local ecosystems in a variety of ways.

Agriculture manages biota, the environment and land to produce the basic ingredients of food
and clothing for human purposes. This involves modifying the local ecosystems in a variety
of ways to optimise the production of desirable goods. Nevertheless, agricultural products are
biological in nature, so the sector itself is ultimately dependent upon biological diversity
(Fraleigh, 1996), such as genetic resources.

Agriculture has developed as a land use because natural systems are inadequate for providing
food and other products to humans. In natural systems the food products are usually of
variable quality, dispersed in time and space with phases of feast and famine and in many
regions a lack of variety. Modern agricultural systems, by concentrating food production in a
small proportion of the community, allow for other activities to occur and for human social
systems to evolve. Introducing exotic species increases the range of foods available and, by
using a range of preservation methods, makes them available for extended periods, thus
reducing fluctuations in availability. With uniform genetics and in controlled environments
the products become more standardised with more consistent quality.

Less well recognised is that these ecosystems may produce other services that are also of
benefit to humans, such as clean water, fresh air and landscape aesthetics.

3.1 Agro-biodiversity
Agricultural biodiversity, or agro-biodiversity, places an emphasis on its utility to
human wants and needs. Whilst the focus is on the biological resources used in the
production of agricultural goods, it also includes aspects of nature conservation off-
reserve and of the impact of off-farm biological resources affecting agriculture (such
as pollinators, biocontrol agents, pests and weeds). The domestication and
introduction of organisms has been going on for thousands of years and may well be
a foundation for civilisation. Selection pressures are higher and vary with intensity of
production systems. The debate over diversity on agricultural land may well be one of
different perspectives and will be resolved at a range of scales.

Agricultural biodiversity includes all those components of biological diversity of relevance to
food and agriculture, especially those that constitute the agro-ecosystem: the variety and
variability of animals, plants and micro-organisms, at the genetic, species and ecosystem
levels, which are necessary to sustain key functions of the agro-ecosystem, its structure and
processes.

3
 The unique feature of agricultural biological diversity is the emphasis on its utility

to human beings.

However, in addition to agricultural biodiversity there are other issues that involve both
agriculture and biodiversity (Table 6). This paper uses the term ‘agro-biodiversity’ to cover
issues that fall into the categories 1, 2 and 3 shown in Table 6:

• Category 1 encompasses the direct uses of biological resources by agricultural industries.
It is in the self-interest of agriculture to maintain and enhance these resources in order to
meet market demand for food and fibre. These may have partial public good aspects
through contributions as ecosystem services to ecosystem health and as environmental
impacts such as salinity and erosion.

                                                  
3
 The Fifth Conference of Parties for the Convention of Biological Diversity, 2002 – Decision V/5.
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• Category 2 are biological resources on which agriculture has an impact but does not
require for its operation. Because agriculture has management capability or responsibility
it therefore has the potential to modify the biodiversity and therefore has partial public
good aspects such as for off-reserve conservation.

• Category 3 includes those biological resources that may impinge on agricultural
production and performance but which agriculture has little ability to manage; it therefore
also has partial public good aspects.

• Category 4 is not part of agro-biodiversity.

Table 6. The scope of agro-biodiversity (after Walcott and others, 2003).

Biological resources that affect:

Agriculture Other uses

Yes 1. Livestock, crops, soil biota,
on-farm pollinators, biocontrol
agents, pests

2. Native vegetation,
endangered species, wildlife
corridors

Does agriculture
have management

responsibility?

No 3. Off-farm pollinators,
biocontrol agents, pests,
diseases, weeds

4. Reserves, national parks

1, 2 Issues affected by agriculture

3 Issues that affect the ability of agriculture to perform

4 Issues that are not relevant to the topic of agro-biodiversity

An issue for Category 1 is that of productivity and adaptation. Locally evolved species may
not necessarily be the ones best adapted to a particular environment (Smith, 2000). Isolation
from sources of other genes can restrict adaptation to less than the optimum; if organisms
evolved under conditions that may not prevail now or in the future there is less chance that
they are optimally adapted. In some parts of the landscape changes to environmental
conditions are likely to mean that different species may be better adapted. For example,
phosphorus, the low concentration of which in many Australian soils is thought to have led to
the distinctive xerophytic character of much of Australia’s flora, when increased through the
application of fertilisers on agricultural land, provides opportunities for species with less
xerophytic characteristics to bloom. Consequently, there is scope for improving adaptation
and productivity of organisms as well as the quality of the harvested product.
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Increasing diversity on farms by introducing new crops and livestock may not be without
controversy. For instance, the development and production of pharmaceuticals and
nutraceuticals – novel chemical compounds that are of potential use to humans – using new
crops or livestock will likely entail strict protocols, such as those that apply to the production
of poppy crops for codeine and will possibly provoke community concerns.

An issue for Category 2 is that of conservation on private land. Locally evolved species do
provide considerable heritage value to the endemic biota, and therefore some stewardship
responsibility, since they may not survive elsewhere in the world. A key issue for decision
makers is how much endemic biodiversity should be conserved, particularly on private land.
It will involve (Whittaker and others, 2002) teasing out the differences between an emphasis
on patterns of distinctiveness, which requires a focus on evolution and historical
contingencies, and an emphasis on species richness patterns (as a part of biodiversity), which
often relate to contemporary ecological processes and controls.

Swift and Anderson (1994) note that although agriculture generally results in the purposeful
reduction in the species richness of the system at a local scale, it does not necessarily occur at
a larger, global scale. Furthermore, while the number of highly visible mega-fauna herbivores
and carnivores may be reduced, less visible decomposers and other consumers may be
increased in agricultural situations as a consequence of enhanced inputs and productivity.
Consequently, much of the debate over diversity may well be one of perspectives and of the
different scales in time and space at which biodiversity may be operating.

3.2 Agro-ecosystems
Agro-ecosystems have a restricted range of crops, pests and weeds and a sharpened
boundary. Overlying the basic ecological processes are cultivation, subsidy, control,
harvesting and marketing. Therefore the property of equitability is added to those of
productivity, stability and resilience in natural systems. Intensification in agricultural
systems modifies food webs with the objective of increasing the stores of limiting
resources and concentrating biomass into human-desired forms – in effect humans
become the keystone species.

A utilitarian viewpoint indicates that management of ecosystems, particularly agro-
ecosystems, should address not only the biological organisation, (the essential structure,
processes and functions, and interactions between organisms and their environment) but also
the human interactions that shape and influence them. Therefore a definition of agro-
ecosystems (Olson and Francis, 1995) could be:

Integrated social, economic, and ecological systems designed to provide specific
commodities and services and having a hierarchical structure with multiple spatial
and temporal scales.

Agro-ecosystems can also be considered (Figure 7) as ecological systems modified by human
beings to produce food, fibre or other agricultural harvests (Conway, 1987; Swift and
Anderson, 1994). In this view, natural ecosystems are transformed to an agro-ecosystem by
reducing the great diversity of wildlife to a restricted assemblage of crops, pests and weeds,
with a sharpening of the bio-physical boundary or interface of the system. The human
processes of cultivation, subsidy, control, harvesting and marketing overlie the basic
ecological processes of competition, herbivory and predation. Conway (1987) attributes four
primary properties to agro-ecosystems, three of which correspond with properties of natural
ecosystems (indicated in brackets):

• productivity (productivity), which is the output of valued product per unit of resource
input;
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• stability (stability – constancy), which is the constancy of productivity in the face of small
disturbing forces in the surrounding environment – that is, variability about a trend;

• sustainability (resilience), which is the ability of an agro-ecosystem to maintain
productivity when subject to a major disturbing force. Distinctive features include inertia,
elasticity, amplitude, hysteresis and malleability. Input subsidies, for example fertilisers
and other chemicals, may be required to achieve this in agricultural systems; and

• equitability, which is the evenness of distribution of the productivity of the agro-ecosystem
among human beneficiaries.

Figure 7. Simple model of an agricultural ecosystem on a function basis (after Swift and Anderson, 1994, Fig
2.8B). Note changes to the capacity (size of boxes and intensity of processes as thicknesses of arrows) compared
to Figure 4. (Reproduced with permission of Springer-Verlag from Biodiversity and ecosystem function (E-D.
Schulze and H.A. Mooney 1996)).

Functions within natural ecosystems are regulated through flows of energy, nutrients and
information by the components of biodiversity. However, this form of control is progressively
lost under agricultural intensification (Swift and Anderson, 1994), which becomes regulated
predominantly by inputs of industrial origin, so that ultimately the only naturally integrated
ecosystem function occurs in the below-ground subsystems (Figure 7). For instance, the
herbivore subsystem is either eliminated, as in cropping systems, or controlled, as in livestock
grazing systems. Intensification can occur as accelerated rates of carbon and nitrogen
turnover.
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Agro-ecosystems have a clear goal of increased social value measurable as production and
distribution among the human population. For instance, Main (1999) sees agricultural
ecosystems as assemblages of organisms constructed to meet design criteria calculated to
restore or maintain ecosystem services affecting soil and water quality and their distribution
in the environment. In turn, this indicates a need to focus on practices that enhance benefits to
humans and minimise undesirable impacts on resources.

Agriculture manages productivity through control of competition (from pests, diseases and
weeds), addition of fertiliser and irrigation, and selection of varieties and breeds. It introduces
major disturbances through cultivation and the sowing of exotic species or cultivars over wide
areas and it controls the grazing pressure of major herbivores by fencing and stocking rate, the
timing of grazing pressure and shifts in the competitive dynamics. As an example of the last,
the use of agricultural chemicals on a target organism applies particularly heavy selection that
then often leads to the evolution of resistant forms (Bull and Wichman, 2001). Integrated
weed management aims to reduce the selective pressure from chemicals and so reduce both
the damage from non-target effects and the risks (chances) of resistance evolving.

These activities often reduce existing (native) biodiversity and sometimes this may restrict
other functions that produce different services such as clean water, living space, tourism,
logging and nature conservation. Agriculture’s impact on biodiversity may also occur through
the availability and quality of wildlife habitat because some species may flourish in these
managed landscapes while many others decline as a result of agricultural expansion and
production practices (Fraleigh, 1996 and Low, 2002).

The role and contribution of introduced species can be contentious. Many species have been
deliberately introduced into Australia for beneficial purposes, for example as crop, pasture,
garden and timber plants, as livestock, for biological pest control, as pets and for food
processing. Other species, especially most invertebrate animals and microbes, have been
accidental introductions. Some of the introduced species have turned invasive and caused
major economic losses to agriculture and forestry, and reduced native species. A suite of
ecological factors may allow a species to become invasive: a lack of natural enemies, new
host opportunities, the availability of disturbed habitats to invade and high adaptability to new
conditions (Pimental and others, 2000). When this happens, they claim that the challenge for
the public interest lies in preventing further damage to natural and managed ecosystems.

Intensification in agricultural systems modifies the trophic pyramid, described in section 2.3,
in several ways:

• humans replace top carnivores at the top of the pyramid and become a keystone species;
• the size of plant biomass may be increased using fertilisers and irrigation;
• in grazing systems, the proportion of plant biomass harvested by herbivores may increase

and be concentrated into a few desirable species;
• the proportion of plant biomass, although not necessarily the mass, going to detritus is

much reduced;
• the root:shoot ratio is decreased and root feeders are controlled to channel production into

harvestable matter.

3.3 Agricultural landscapes
Landscapes represent a scale at which many management and policy decisions have
an impact. Agricultural landscapes are often highly modified through intensification,
which influences the structure and then functions. The challenge facing managers of
agricultural landscapes is to maintain as many functions as possible in as many
landscapes as possible.
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An understanding of landscape function provides a framework at the proper scale for
integrating the physical, biological and social sciences (Pickett and others, 2001) and then for
designing management strategies to correct problems or enhance desired landscape functions
(Olson, 1995). When ecosystem and landscape approaches are combined, the questions
become ‘who gets what, when, how, why and where?’ (Pickett and others, 2001).

The human manipulation of ecosystems, such as agriculture, constitutes a disturbance that
strongly influences landscape structure (Olson, 1995) and consequently its function. Materials
and organisms move between landscape components controlled by the types and spatial
arrangements of landscape elements. For example, shelterbelts may decrease yields of crops
in the immediate vicinity, increase yields at a moderate distance and then tail off further away
to unmeasurable influences. Generally the processes at landscape scale operate more slowly
than at farm or field scale.

A typical agricultural landscape contains several to many farms and farm operators as well as
infrastructure such as roads and even nature conservation reserves. The farms and other land
uses that occupy the catchment influence the hydrology and chemistry of streams and rivers in
the landscape. This implies that resource management decisions need to be made at the scale
corresponding to the issue (Olson, 1995, Williams and Walcott, 1998). For instance, the
population dynamics of wide-ranging wildlife species, such as birds, depend on landscape-
scale, not farm-scale, processes (Hobbs and others, 1993, Olson, 1995).

The diversity of a landscape may enhance or retard the spread of a disturbance – it depends
upon the nature of the disturbance and the structural component influenced (Olson, 1995). For
example, insects that have generalist feeding patterns may be encouraged by a diversity of
food sources, while the propagation of many plant diseases is slowed by having
heterogeneous sources of resistance spread across the host plants (Mundt, 2002). Some
disturbances reduce agricultural production and profitability (for example droughts and
floods) while others increase them (for example pest and weed control).

Agro-ecosystems may cover different degrees of intensification (the amount of disturbance
and proportion of biomass harvested). Pastoralism in the arid and semi-arid rangelands is at
the least intensive end – disturbances are often restricted to the management of exotic grazers
such as sheep, cattle and goats. More intensive forms include sown pastures and broadacre
cropping where, not only are exotic species introduced, but native species are deliberately
eliminated and the environment is modified by applying fertilisers (Walcott and others, 2001).
Further disturbances occur when irrigation water is applied and when climate is modified in
greenhouses and controlled animal houses, which in turn modify landscape levels of water,
radiation and temperature.

As the intensification of land use increases, patch size tends to decrease, patches become
more regular in shape with sharper boundaries and linear elements increase. Increasing use of
inputs and quality of management become major factors in determining the structure of
agricultural landscapes and net primary production (Olson, 1995). For example, livestock can
be managed at a range of intensities (Vissac, 1996). Table 7 lists the stages by increasing
intensity of use and corresponding differences of key management practices. Sometimes
having several of these production systems in close proximity may create tensions – for the
segregation of parental breeding material and from cultural differences in farming such as the
management of animal diseases.

Farms are thus pieces in a patchwork landscape that are connected to other pieces, becoming
part of a wider community. Therefore, an understanding of landscape functions is essential to
the sustainable development of society. Diversity (heterogeneity) is an intrinsic characteristic
of landscapes and a primary determinant of landscape function (Olson, 1995). For instance,
there are usually strips left around roadside verges, in isolated patches or interwoven with
other land uses (for example grazing and cropping). Understanding and working with this
diversity is the key to landscape management. Simply increasing diversity will not necessarily
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result in a better landscape. Improving particular functions requires managing for the
appropriate landscape elements in the proper spatial configuration.

Table 7. Stages of livestock production management (after Table 33.1 in Vissac, 1996, with permission
from CAB International, Oxford form Castri, Younes eds Biodiversity, science and development:
towards a new partnership: 385-402).

Types of
livestock use

Mobility of
livestock

Reproduction
(the container)

Selection (the
content)

Management of
forage

Management of
sanitary

conditions

Hunting +++ Natural Natural None None

Domestic ++ Collective Phenotype Extensive Vaccination

Breed societies + Natural and AI Phenotypes Grazing Culling and
vaccination

Corporate + AI Genotype Intensive Culling

Industrial 0 AI and embryo
transfer

Genotype +
gene

Confined Germless

+++ – unfenced ++ – fenced + – yarded 0 – caged,  for example.

AI – artificial insemination

For managers of agricultural landscapes the challenge is to maintain as many functions as
possible in as many landscapes as possible and to do so in the face of rapidly increasing
demand (Olson, 1995). Increasing the use of desirable production practices, such as grassed
waterways, the establishment of riparian filterstrips and wetland restoration, can increase the
water quality function of cultivated landscapes and catchments. Ultimately, landscape
management involves trade-offs between different functions because it is impossible to
maximise or even include all functions in a single landscape. It is likely that agricultural
landscapes, with a high density of managers, offer the greatest opportunities for multiple
functions.

3.4 Risk management
The management of risks requires trade-offs between short and long-term goals,
between maximising benefits and the consequences of failure. The trade-offs for
organisms are somewhat analogous to those for a business firm, although selection
during evolution has built such strategies into the genetic systems of organisms.
Organisms in nature have different strategies to those in agriculture, where much of
the risk is taken on by the farmer. In agriculture this often encourages cooperative
rather than competitive strategies.

Developing an agricultural perspective on ecosystems and biodiversity requires a better
understanding of the risk-management environment of farmers (Robertson, 2000). For
agriculture, risk management considerations lead to trade-offs between maximising yield and
the consequences of failure. Organisms (such as plants) in natural systems face risks to their
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long-term survival from environmental changes that drive fluctuations in population which, if
they compound from year-to-year, may give rare depressions of population (Gutschick, 1987).

The optimal strategies for managing risk differ between wild and cultivated growth. (Here
strategies are considered to be those patterns of response that have been fixed genetically by
trial and error during natural selection.) For instance, the fitness of wild plant species is
increased by strategies such as a spread of germination responses and the production of
chemicals that protect against pests and diseases (common characteristics of weeds). In
contrast, agricultural management generally selects seeds of crops to germinate
simultaneously and varieties that have eliminated toxic chemical protectants – in this case
transferring the risks to the farmer. In a further contrast to natural systems, which optimise
non-cooperative, competitive growth of plants, farmers and breeders have selected attributes
that give the best concurrent or cooperative growth of all individual plants. For example,
crops have been bred with more erect leaves in order to share sunlight in the leaf canopy,
thereby gaining the greatest total growth.

Organisms’ trade-offs in the internal use of all resources and in acquiring resources in
competition with other biota are somewhat analogous to those for a business firm (for
example Bloom and others, 1985). For example, when plants shift to reproductive growth, a
basic conflict must be resolved: a longer time in vegetative growth generates a larger biomass
and reproductive capacity but leaves less time for reproductive growth. The random nature of
many environmental factors often favours a graded switch to reproduction rather than a rapid
switch, whereas in agricultural situations a rapid switch is often preferred. The adaptive
strategies generally follow four principles (Gutschick, 1987), which are to:

• minimise energy use per unit of resource captured and thereby maximise energy use for
growth;

• trade off immediate short-term benefits for larger long-term benefits in energy;
• compromise with other functions and other resource uses; and
• reduce risks from random or unpredictable hazards.

Consider water use by plants. In one consideration, high water use induces nutrient uptake
from soil to plant, decreases leaf temperatures from damaging levels, maintains cell structure
and is usually exchanged for carbon dioxide in the atmosphere. In another consideration,
water use must often be controlled, because excessive loss can be damaging or lethal. So, in
effect, plants are faced with a ‘use it or lose it’ strategy, a husbandry strategy or some mixture
of the two.

Individual plants can respond to low water availability in various ways including improving
water-use efficiency, restricting water use, tolerating low water conditions or escaping the
periods of worst drought. However, while individuals may adapt well to water-limited
conditions, the community as a whole cannot escape water limitations. Annual production
from an area of land is generally closely related to annual transpiration and temperature.

Low water availability influences ecosystem structure through the timing of succession,
through competition over an area of land and through the species that become dominant, such
as C4 plants in many warm, dry areas, and woody perennials in higher rainfall areas. In
agricultural situations, ameliorating low water availability comes at substantial cost and some
unintended consequences, such as irrigation with its infrastructure costs and salinisation risks.

The conscious control of risk externally by the farmer leads to using cultivars that, while
highly refined for yield and for coping with most risks, often have difficulty in surviving
ferally. Agricultural gene pools, like the gene pools in natural systems, face trade-offs
between adaptation, fitness and survival risks, but with different weightings for costs and
benefits because yield is the primary goal. Pure genotypes tend to perform better in the
simplified agricultural environment. However, reserves of diversity are important to cover
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counter-evolution by pests and diseases, adapt to different markets and climate change, and
provide a source of genes for further yield gains.

3.5 Genetic resources
Genetic resources are important for improving agricultural organisms. In addition,
with strategic management they can assist in controlling the development of resistant
pests and in managing risks.

Nearly all the common plants and animals in use in agriculture today were domesticated
thousands of years ago. Indeed, such domestication is suggested as the basis for civilisation
(Ponting, 1991, Diamond, 1998), by enabling societies to switch from hunting and gathering
to agriculture. Domestication is a process of selection to increase the proportion of
harvestable product and its quality, for instance by reducing the level of natural toxins that
had previously evolved as a response to consumer pressure. This process is reliant on the
three components of (a) variation, (b) inheritance and (c) differential reproductive success or
selection. As biotechnology develops it will allow breeders to directly choose genes that
produce desirable phenotypes in target environments. This ability greatly increases the
efficiency of component (c) in comparison with traditional methods that have to select on the
basis of expressed phenotypes, which have a reduced chance of containing the desired genes
in succeeding generations.

Genetic resources are used to provide the genetic variation (component (c) above) to breed
new crop varieties, to improve races of domestic animals and to obtain adapted micro-
organisms. This use of genetic resources broadens the genetic base in agriculture, thereby
enhancing farmers’ competitiveness in domestic and international markets. Correspondingly,
the loss of genetic resources limits the supply and range of genetic material available for
future crop and animal improvement and industrial application. In Australia the conservation
of biological resources important to agriculture is mostly in ex situ methods, with an emphasis
on within-species genetic diversity.

However, there is a need to identify and conserve certain wild species in situ, such as
beneficial insects, grasses and herbs suitable for grazing, micro-organisms and wild relatives
of crop plants (Fraleigh, 1996). In Australia, where there are wild relatives of cotton,
sorghum, soybean and citrus, the conservation of these biological resources important to
agriculture is crucial to long-term sustainable production.

Hodgkin (1996) notes that genetic uniformity in crops grown can expose production systems
to widespread failures. Examples include the devastation caused by blight (Phytophthora
infestans) on the one variety of potato grown in 19th century Ireland, the outbreak of southern
corn leaf blight (Helminthosporium maydis) on hybrid maize crops that used the T cytoplasm
system for production and the Phylloxera infestation of grapevines. Recent investigations
have demonstrated that genetic diversity in host plants can restrict the spread and impact of
some diseases (Mundt, 2002), for example in grasslands (Mitchell and others, 2002) and in
rice crops (Zhu and others, 2000).

In summary, the diversity of agricultural organisms should be conserved for the following
reasons (Hodgkin, 1996):

• its contribution to improvement of cultivars as sources of resistance and tolerance to
diseases, pests and stresses and as sources of yield and quality enhancement;

• its ability to ensure there is sufficient variation in production systems to prevent disease
epidemics and other disasters;

• its inherent importance as a component of sustainable production systems, particularly in
the management of risks.
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3.6 Mimicking natural systems
One suggestion is that managing agricultural systems to mimic natural ecosystems
should enhance ecosystem functions. However, in order to become a mainstream
system, this needs to deal with the trade-offs of lower productivity of marketable
products and the ability to provide a uniform product using selected genetic
uniformity.

One proposal to enhance ecosystem functions is to have agricultural systems mimic natural
ecosystems more closely (Lefroy and others, 1999). To develop this further requires
identifying the spatial and temporal scales at which the relationships between biodiversity and
ecological functions operate in agricultural landscapes (Matson and others, 1997). It
highlights some of the contrasts between natural systems and intensive agriculture. In
particular, there are differences in the scales of processes, the structure of the patches being
managed, the objectives sought and the knowledge and skills required for the two land uses.

Ewel (1999) points out that it is easier to mimic, or employ natural substitutes for, an
individual ecosystem process, for example deep-rooted perennial plants, than to try to
duplicate all the complexity of nature. Another, more complex approach is to design new land
use systems using natural ecosystems as models, based on the view that such systems have
stood the test of evolutionary time – which may or may not be appropriate. Such mimics can
be productive but they are not without problems and risks, such as lower yields and being
prone to unanticipated side-effects. But they may have a useful role as a complement to
existing monoculture stratagems.

There are two major reasons mimic systems may not achieve the same level of productivity as
monocultures (Ewel, 1999). Firstly, only a small fraction, say 10%, of large-stature perennial
plants are harvested from a forest mimic – compared to about 40–50% from monoculture
crops, while the bulk of the biomass is used to sustain the protective structure of the forest
ecosystem. Secondly, there is an evolutionary trade-off between reproduction and long-term
persistence wherein a considerable amount of primary productivity is used in respiration to
sustain the huge metabolic investment in perennial structure. This is unavailable for
reproduction and vice versa.

3.7 Ecosystem services
Ecosystem services similar to those provided by human industry can give support to
agricultural production, to off-site customers or to other uses such as tourism. Where
the delivery of ecosystem services is an additional product or service from a region or
catchment it contributes to ‘multiple land use’. The profitable delivery of ecosystem
services will most likely entail some careful planning at landscape scales and may
even involve some ecological engineering to get the system operating efficiently. An
engineering approach suggests selecting for those functions most in demand and
fitting biological organisms to niches to optimise productivity and ecosystem services
and functions.

A basic reason for widespread clearing of woody vegetation from land in Australia is that
there are other uses for the land that deliver greater economic return than leaving it
undisturbed as a natural system supporting native biodiversity. However, the total value of
land may incorporate one or more of many values (Pearce and Moran, 1994) in addition to
food and fibre production, such as indirect use values (ecosystem functions such as erosion,
water filtration), option values (willingness to safeguard it for future uses, that is, insurance
value), bequest value (value of knowing that others might benefit from the resource in the
future) and ‘passive use’ value (for example preservation of endangered species).

Multiple land use was identified as an objective for governments in the National Strategy for
Ecologically Sustainable Development (Council of Australian Governments, 1992). One way
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of promoting the multiple use of land could be through the delivery of ecosystem services.
These services can provide support for agricultural production (pollination of crops, nutrient
recycling, higher water-use efficiency), to off-site customers (clean water, clean air, lower
water tables) or to other uses such as tourism (aesthetics, landscape amenity, recreation and
even sports such as horse riding).

The present natural systems arose as the result of a series of chance events wherein new
organisms were able to make a living from the resources available. Therefore, in labelling the
consequences of this process – organisms making a living – as ecosystem services or
functions (food chains, water and erosion control, nutrient cycling) we run the risk of
perceiving the functions of natural systems as meeting some design criteria (Main, 1999). In
part to circumvent this criticism, ecosystem services are often now discussed in terms of how
ecosystems provide equivalent services to human industry (Binning and others, 2001).
Nevertheless, agriculture is all about meeting design criteria and so, increasingly, is landscape
management.

Cairns (2002) claims that maintaining and enhancing ecosystem services are essential for
economic development but that the degree of biological diversity necessary to do so is not
clear. It is also not clear what risks are involved in reductions of biodiversity and the delivery
of ecosystem services. He considers the only way to determine appropriate thresholds that
indicate major ecosystem malfunction is by monitoring biodiversity using ecosystem service
(that is, functional) endpoints. In his opinion the importance of maintaining these services is
more readily apparent to most of the general public than is the preservation of biodiversity;
demonstrating the importance of biodiversity will require a robust correlation between the
maintenance of biodiversity and the reliable delivery of ecosystem services.

The following questions from Myers (1996) need answering for an efficient, effective and
equitable balance between economic development and the ongoing delivery of ecosystem
services:

• How is the supply of services related to the condition of ecosystems?
• How reliant are ecosystem services on biological diversity?
• How much can technology substitute for ecosystem services?

Not all forms of biodiversity can contribute to all ecosystem services, nor perform them with
similar efficiency (Myers, 1996). However, biodiversity is likely to perform the two critical
roles of influencing energy and material flows and of contributing to ecosystem resilience.
Main (1999) suggests that ecosystem services provided by biodiversity may help in managing
many of the environmental problems faced or caused by agricultural systems. In Table 8 is a
summary of various problems with the contributing service that biodiversity (considered to
range from genetic, through species to ecosystem diversity) may provide. It appears that there
could be a hierarchy of ecosystem services with some of them, for example pollination, being
support services for a commercial good or service.

Should the delivery of ecosystem services in a landscape become a priority for a region or
catchment then all the ecosystems will need to be managed. If organisms are to undertake
functions that provide services useful to humans, then this will require shaping ecosystems
through the selection of organisms and inputs. In biodiversity terms this may be summarised
as ‘the right organism(s) in the right place at the right time’. (As a corollary, weeds, pests and
diseases are ‘the wrong organism(s) in the wrong place at the wrong time’). The organisms
that evolved through natural selection to use natural resources in certain ways may not always
deliver services any better than organisms selected for agricultural productivity.
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Table 8. Use of ecosystem services to avoid or ameliorate problems in agricultural systems (Table 4 of
Main 1999 © Kluwer Academic Publishers. With kind permission of Kluwer Academic Publishers).

Problem Services provided by biodiversity

Erosion

– wind Suitable vegetation to provide wind control by landscape texture,
manage landscape on soil type rather than cadastral characteristics

– water Control water run-off through texture of soil cover and surface,
minimal tillage, cultivate on contours

Leaching of
nutrients

Controlled application of fertilisers, plant vegetation to capture
nutrients, vegetate drainage lines to strip nutrients

Rising water tables Deep-rooted vegetation, increased evapotranspiration

Salinisation Control water tables by evapotranspiration of deep-rooted plants,
vegetate recharge areas

Weeds, pests and
diseases

Ongoing adaptive response by farmer, through husbandry, biocides,
biological control

Some species physically modify their own environment (or habitat) and hence the
environment of other species, often with profound consequences (Jones and others, 1994,
Jones and others, 1997, Lawton, 2000). For instance, trees in a forest, as well as competing
with other plants for light, water and nutrients and providing a food source for many animals
and micro-organisms, may also modify habitats by:

• providing shelter in branches, bark, roots and leaves;
• casting shade, reducing the impacts of rain and wind, moderating temperature extremes

and increasing humidity for organisms in the understorey;
• creating obstructions to surface flows, concentrating detritus and organic matter and

redistributing nutrients in the landscape.

An ecosystem engineering approach would then suggest selecting those functions most in
demand and fitting biological organisms to niches to optimise the delivery of the services
within a landscape. The organisms could be selected on the basis of their contribution to the
total of ecosystem services and functions. For instance, some research in Australia has been
directed to redesigning agricultural plants to provide some of the functions that will deliver
these services, such as deep-rooted perennial species that will also have commercial value and
new crops that will service new markets.
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4 Discussion

To pursue sustainable development, decision makers need to understand their business (what
it is, what it does and its interactions or connections) and the values that lead to balancing
benefits and costs. One opinion (Trudgill, 2001) is that – if the fundamental question of
societies is about ‘what kind of world do we want to live in?’ – the real challenge for the
conservation of biodiversity is about the ‘preferred ecosystem states and their relationships
with human well-being’. Engaging in this challenge necessarily involves discussing the
knowledge and understanding of possible ecosystem states.

Land is relatively stable in position and so landscapes provide a framework for connecting
biota and the environment. Land uses become a focus for bringing about desired outcomes
and ecosystem states. Ecological engineering, of which agriculture is perhaps the most
common form, is about putting the right organism in the right place to provide the ecosystem
functions that deliver the desired goods and services. In Australia many of these land use
decisions on private land accord with the free market paradigm which does not cater well for
some public goods, such as clean air and nature conservation. Consequently, there is
considerable effort being put into creating markets for some of these goods, for example
carbon credits, water rights and genetic resources.

4.1 Connections
This paper has identified a number of relationships or connections between biodiversity and
agriculture.

First, agricultural products are biological in nature, so the sector itself is ultimately dependent
upon biological resources and their diversity. However, their use for agriculture makes a
significant difference. The functional objective becomes productivity, typically yield or a
related function, which changes the weightings for costs and benefits in the genetic trade-offs
so that pure genotypes tend to perform better in the simplified agricultural environment.

Agriculturalists breed and select for desired characteristics under particular environments
using the phenotype of the organism, often emphasising cooperative growth, in contrast to
competitive growth. The tools of biotechnology now allow selection to be undertaken directly
on the genotype, or genes, that contribute desired features and so selection will be more
efficient and reliable.

The conscious control of risk externally by the farmer leads to using cultivars that, while
highly refined for yield, often have difficulty in surviving ferally. However, reserves of
diversity in genetic resources are important to cover counter-evolution by pests and diseases,
adapt to different markets and climate change, and provide a source of genes for further yield
gains.

Second, agriculture modifies indigenous ecosystems in a variety of ways to optimise the
production of desirable goods – essentially creating new ecosystems with different
consequences. The regulation of functions through flows of energy, nutrients and information
by the components of biodiversity is progressively lost under agricultural intensification and
becomes more dominated by inputs of industrial origin. Nevertheless, a diversity of species
and the continuity of interactions between them are important in agricultural situations, as
shown in the break crop effects from crop rotations. Because humans have become the
keystone species in agriculture, agro-ecosystems are unstable in that they will change to
something else when the human actor is removed from the system.

Third, agriculture, as a disturbance, strongly influences landscape structure and consequently
its function. In intensive forms it dominates the spatial distribution of species more than
environmental variables so that patch size tends to decrease, the patches become more regular
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in shape with sharper boundaries and the number of linear elements increase. This partitioning
of the landscape into individual farms may even isolate land use decisions to a scale smaller
than the landscape.

Fourth, biological organisms, and thus agriculture, alter the environment. The diversity of
organisms determines the manner in which life alters the environment through the magnitude
and variability of ecosystem processes. The influence shows as a complementarity of resource
use – where species differ in the types, amounts or spatial or temporal pattern of use of
resources – which, although theoretically underlying intercropping and polyculture, is not
easy to demonstrate experimentally. It also shows as a buffering effect over time from species
richness (the underpinning of crop rotations) and in the relationship between biodiversity and
productivity, which apparently varies with scale. Together, the complementarity of resource
use and the buffering effect give an insurance effect, or resilience, to multiple land uses that
spreads risks and increases capacity to respond rapidly to opportunities.

Fifth, agriculture and conservation of native biodiversity are uses of land that will
increasingly be in competition where agriculture is intensifying and where there are only
small areas in conservation reserves. The trade-offs and degree of co-existence are not well
studied in Australia. Indeed, it seems that the degree of certainty of scientific understanding of
biodiversity decreases as the scale and level in the hierarchy increases and detailed studies on
the functions of biodiversity are only just entering the literature.

4.2 Policy Implications
This part of the discussion is based on the groupings of agro-biodiversity that are identified in
Table 6.

For category 1, where agriculture has management responsibility and the biological resources
are valued for agricultural products, this review of the connections between agriculture and
biodiversity indicated several points.
First, management approaches to ecosystems, particularly agro-ecosystems, should address
not only the biological organisation (for example the essential structure, processes and
functions, and interactions between organisms and their environment) but also the human
interactions that shape and influence them. This involves developing practices that enhance
the benefits yet minimise the undesirable impacts on the wider environment and providing
suitable incentives to adopt them.
Second, there are benefits from maintaining genetic diversity within agricultural systems
because the genetic resources conserved are important for improving agricultural organisms,
for assisting in controlling the development of resistant pests, as insurance against permanent
loss and to keep open future options. However, there are also opportunity costs in maintaining
genetic resources that have to be traded against the potential benefits.
Third, there are continuing concerns in the community about the amount of genetic
modification that is appropriate and about the transfer of genes between species by humans.

For category 2, where agriculture has management responsibility and the biological resources
are valued for other purposes, native biota can provide a distinctive flavour, beauty and vision
to local landscapes and may also compete with invading organisms for niches and habitats to
reduce the spread of pest organisms.

Key issues for decision makers are how much endemic biodiversity should be conserved,
particularly on private land, where and at what cost. An important task is to devise measures
for such values and methods to capture and distribute its benefits, most likely using market-
based instruments. It will involve teasing out the differences between an emphasis on patterns
of distinctiveness, based on evolution and historical contingencies, and an emphasis on
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species richness patterns, which often relate to contemporary ecological processes and
controls.

Little of the debate about nature conservation appears to address these questions, often being
argued in terms of absolutes. The minimalist position would be that conservation in special
reserves, to allow a small number of representatives to survive, should be sufficient (the ‘ark’
or ‘zoo’ position). The maximalist position appears somewhere close to reducing the human
population in Australia to 8–10 million and having most of the continent used as a
conservation reserve. In between lie many alternatives, including private, commercial
conservation and the use of agricultural land in conservation activities.

In practice, because of the public good aspects of biodiversity, whereby they are not valued
when abundant, the greatest need for valuation of services is likely to be at the margins, such
as the delivery of clean water for multiple uses.

Category 3 is where agriculture has little management responsibility and the issues impinge
from the outside but the biological resources still have some importance to agriculture. The
issues include the delivery of some ecosystem services (such as pollination of crops), the
management of biocontrol agents, pests and weeds that cross boundaries and restrictions that
may be placed on farm managers to comply with, or achieve, conservation objectives.

The challenge facing decision makers in agricultural landscapes is to maintain as many
functions as possible in as many landscapes as possible. This is because landscapes represent
a scale at which many management and policy decisions have an impact, particularly if there
are large transfers of water, material and energy. The landscape may include many different
uses including agriculture – the production of food and fibre – but also nature conservation,
urban infrastructure and the delivery of ecosystem services. For instance, the challenge for the
public interest concerning the role and contribution of invasive species lies mostly in
preventing further damage to natural and managed ecosystems.

Resource management decisions for sustainable development need to be made at the scale
corresponding to the structure and function of the issue. Decision makers will need to
understand and work with landscape diversity. Simply increasing biodiversity will not
necessarily result in a better landscape. Improving particular functions requires managing for
the appropriate landscape elements in the proper spatial configuration.

4.3 Conclusions
Although deriving from natural systems, agriculture has been pursuing a different
evolutionary path: one directed by humans that intensifies the flows of energy and matter in
ecosystems and with substitutions between capital, labour and human knowledge. Agriculture
is in the process of rapid and directed evolution as agricultural management seeks to provide a
uniform environment for the production of goods from preferred organisms. It also selects
more genetically uniform organisms that can flourish in these modified environments to
produce standardised and reliable products for markets.

Australian farmers contend with variable climate, different soils, pests and diseases and
changing economic and social circumstances. Successful farmers have responded to this
dynamic situation by forging agricultural systems that are flexible, adaptable and innovative.
Managing the inherent risks involves making trade-offs between short and long-term goals,
between maximising benefits and the consequences of failure. In effect, agriculture has
shifted to the farmer much of the risk faced by organisms in natural systems.

Diversity is a time-honoured response to such variability because it ensures that there is
always some organism capable of taking advantage of changed circumstances or able to
recover more quickly after a severe perturbation such as drought (for example Diaz and
Cabido, 2001). But it is moot as to how much agricultural managers are well-advised to do
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likewise – to manage their risks better by incorporating diversity in their agricultural systems.
Managing agricultural systems to mimic natural ecosystems may enhance some ecosystem
functions but at the cost of lower productivity of marketable products and the loss of the
ability to provide a uniform product that derives from genetic uniformity. It may be better to
separate and manage those parts of the landscape that could benefit from conservation of
native biodiversity.

Agricultural biodiversity necessarily includes a debate over biodiversity and the
intensification of land use. It has been noted that one reason native biodiversity is or isn’t
conserved is because in many cases little value is attached to its capacity to provide products
for human use or trade. Some species come to be more valued than others, for example birds
for their colour, movement and song, over soil insects that eat the roots of pasture plants.
There is ambiguity as to what is the best scientific information. Consequently, pragmatic
approaches to nature conservation may be required that protect smaller units than desired,
avoid worst-case losses of diversity and balance the protection of countable objects of
diversity with the protection of natural processes (Schwartz, 1999).

Ecosystem services, similar to those provided by human industry, are an attempt to place a
value on some of the non-market values that flow from the interactions of biota in landscapes.
The profitable delivery of ecosystem services will most likely entail some careful planning at
landscape scales and may even involve some ecological engineering to get the system
operating at desirable levels.

Understanding of processes at some locations is not enough to predict effects at larger scales.
However, neglecting to understand the processes that underlie patterns of change will hinder
the improvement of management. Inevitably, good management, whether adaptive or
systematic, is linked to good measurements and to understanding of the systems. Therefore
there needs to be serious investment in:

• monitoring of the complete range of ecosystem functions and services delivered in
landscapes by the diversity of organisms. Here the recent National Land and Water
Resources Audit has undertaken a first cut at the estimation of native biodiversity and the
processes threatening it and provided estimates of national-scale delivery of some
ecosystem functions and services. But the linkages to biodiversity are generally not
known;

• understanding of the functioning of ecosystems, which at present has incomplete theory
and calibration to allow predictability at a level available for management use, particularly
for Australian systems. This is needed to consider the compatibility between different land
uses in a landscape particularly in terms of consequences for productivity, salinity,
conservation of nature, and water quality and amount.

Agriculture, nature conservation and the delivery of ecosystem and landscape services are all
uses of land that compete with each other and with other land uses for human purposes. They
involve trade-offs and decisions that will be important for determining the future directions
and land uses of Australia. Nature conservation, like agriculture, is a land use that has costs as
well as benefits. The debate over diversity on agricultural land will need to be resolved at a
range of scales. At the landscape scale the question is likely to be one of which, where and
how much of each land use.

Whatever policies and decisions are made to enhance contributions to sustainable
development, the complexity of the connections in the systems ensure that there are going to
be unintended as well as intended consequences arising over time. Scientific insights can help
reduce and manage these consequences.
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Glossary

Adaptive capacity is described as system robustness to changes in resilience (Gunderson,
2000).

Agro-ecosystem is an ecosystem used for agriculture, with particular emphasis on its
interactions with human activities, including economic and cultural activities.

Agro-biodiversity (agri-biodiversity) is a shortened form of agricultural biological diversity.
Agricultural biodiversity is a broad term that includes all components of biological
diversity of relevance to food and agriculture, and all components of biological diversity
that constitute the agro-ecosystem: the variety and variability of animals, plants and micro-
organisms, at the genetic, species and ecosystem levels, which are necessary to sustain key
functions of the agro-ecosystem, its structure and processes (annex I of decision III/11 of
the Conference of the Parties to the Convention on Biological Diversity).

Allele is a form of a gene. Genes can exist in more than one form – each different form is
called an allele.

Biodiversity (biological diversity) is the variety of all life forms – the different plants, animals
and micro-organisms, the genes they contain, and the ecosystems of which they form a
part (Commonwealth of Australia, 1996a). Biological diversity means the variability
among living organisms from all sources including, inter alia, terrestrial, marine and other
aquatic ecosystems and the ecological complexes of which they are part; this includes
diversity within species, between species and of ecosystems (UNEP, 1992).

Biological resources include genetic resources, organisms or parts thereof, populations or any
other living component of ecosystems with actual or potential use or value for humanity
(UNEP, 1992).

Biological integrity refers to a system’s wholeness, including presence of all appropriate
elements and occurrence of all processes at appropriate rates. It is thus a synthetic property
of the system (where biological diversity is a collective property of system elements).
Defined as ‘the capability of supporting and maintaining a balanced, integrated, adaptive
community of organisms having a species composition, diversity, and functional
organisation comparable to that of natural habitat of the region’ (Angermeier and Karr
1994).

Biota refers to all of the organisms at a particular locality – the living part of an ecosystem.
Complementarity of resource use is the partitioning of resources (such as water, nutrients,

food) in space or time, for example deep and shallow roots capturing water at different soil
depths.

Disturbance is any relatively discrete event in time that disrupts ecosystem, community, or
population structure and changes resources, substrate availability or the physical
environment (Pickett and White, 1985, quoted by Brawn and others, 2001) or causes
significant changes in the structure and function of landscapes (Risser, 1987, quoted by
Ludwig, 2000).

Diversity is species number weighted by some measure of importance, such as size, energy
flow or abundance (Orians, 1975). Total diversity is sometimes partitioned into
components: _ diversity (D_) is the local, within-community component; _ diversity (D_) is
the between-community component and _ diversity (D_) is the total regional diversity
where D_ = D_ + D_ .

Diversity maintenance is coexistence in the same spatial region of species having similar
ecology or alternatively maintenance of species richness and evenness over long time
scales (Chesson, 2000).

Ecosystem means a dynamic complex of plant, animal and micro-organism communities and
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their non-living environment interacting as a functional unit. (UNEP, 1992).  They can be
of any size, as long as the concern is with the interaction of organisms and their
environment in a specified area. An ecosystem is a natural entity (or a system) with
distinct structures and relationships that link biotic communities (of plants, animals and
micro-organisms) to each other and to their abiotic environment. The extension of an
ecosystem does not have precise limits but is characterised by a common origin or
common dynamic process. Ecosystems make up big natural systems such as grasslands,
mangroves, coral reefs and tropical forests, but also agro-ecosystems, which are highly
dependent on human activities for their existence and maintenance.

Ecosystem function is the flow of energy or materials through an ecosystem, including many
processes such as primary production, nutrient cycling, energy transfer and water
dynamics.

Ecosystem services are the conditions and processes through which natural ecosystems, and
the species that make them up, sustain and fulfil human life. Ecosystem services = benefits
from nature.

Ecotone is a zone of transition between adjacent ecological systems with a set of
characteristics uniquely defined by space and time scales and by the strength of the
interactions between adjacent ecological systems (Holland, 1988, quoted in Gosz, 1993).

Endemism is the degree to which a species is confined to a particular geographical area, that
is, biogeographic distinctiveness (Whittaker and others, 2002).

Extent (geographical) is the geographic space over which comparisons are made (Whittaker
and others, 2002).

Fitness is the long-term ability of a population to survive and grow in environments. It is
measured by the number of offspring produced and the survival and fecundity of offspring
in relation to that required for the population to maintain its size.

Flagship species is a species that can garner resources in support of conservation as a result of
its popularity (Schwartz, 1999).

Focus is the spatial scale at which data are collected (also called the ‘grain’) or aggregated for
analysis (Whittaker and others, 2002).

Functional diversity is the value and range of functional traits of the organisms present in a
given ecosystem.

Functional type is the set of organisms sharing similar responses to environmental factors and
similar effects on ecosystem functioning.

Gene is a unit of information that governs the inheritance of an individual characteristic of an
organism.

Genetic material means any material of plant, animal, microbial or other origin containing
functional units of heredity. (UNEP, 1992)

Genetic resources are genetic materials of actual or potential value. (UNEP, 1992)
Genotype is the information contained within the chromosomes.
Genome is the totality of the genetic material in chromosomes, or DNA, unique to an

organism.
Germplasm is the genetic material that carries inherited characteristics of an organism.
Grain – see Focus.
Guild is a number of species having overlapping resource requirements (Chesson, 2000).
Habitat means the place or type of site where an organism or population naturally occurs

(UNEP, 1992). Alternatively, it is ‘an area or areas occupied, or periodically or
occasionally occupied, by a species, population or ecological community and includes any
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biotic or abiotic component’ (New South Wales Threatened Species Conservation Act
1995 section 4).

Indicator species are those that predict the presence or diversity of other taxa (Schwartz,
1999) or show attributes such as ecosystem condition, biodiversity or population trends of
difficult-to-sample species.

Keystone species is one whose impact on its community or ecosystem is large or
disproportionately large relative to its abundance (Power and others, 1996). A keystone
species is thought to have high interaction strength so that its removal would likely
precipitate loss of obligate and possibly opportunistic users.

Landscape is a patchy mosaic of interconnected and interacting ecosystem units which are
structured in different ways (Forman, 1995, quoted by Ludwig, 2000).

Native organisms are those that occurred naturally in an area before European interventions.
Natural systems are those existing largely in the wild or the absence of human interventions.
Patch is a non-linear surface area differing in appearance from its surroundings.
Phenotype is the appearance of an individual, or group of similar individuals – as contrasted

to genetic makeup or genotype.
Resilience in ecological systems is the amount of disturbance that a system can absorb

without changing state or stability domains (allowing for multiple stability domains).
Sometimes described as the time required to return to an equilibrium or steady state
following a perturbation (Gunderson, 2000). According to Walker and others (2002)
resilience is the potential of a system to remain in a particular configuration and to
maintain its feedbacks and functions, and involves the ability of the system to reorganise
following disturbance-driven change. Resilience has three defining characteristics: the
amount of change a system can undergo (and, therefore, the amount of stress it can
sustain) and still retain the same controls on function and structure, the degree to which the
system is capable of self-organisation and the degree to which the system expresses
capacity for learning and adaptation.

Spatial scale is the size of the base unit used in sampling and analysis but often varies to
include either or both extent and focus (Whittaker and others, 2002).

Species diversity has a varied meaning, from number of species to indices that include
abundance distributions of species (Whittaker and others, 2002).

Species richness is the number of species but often used as a synonym for species diversity
(Whittaker and others, 2002).

Species density is used as the number of species in a standardised sample, for example per
unit area (Whittaker and others 2002).

Species turnover (or differentiation diversity) is the turnover in composition in a space
between two inventory samples (Whittaker and others, 2002).

Stability is the persistence of a system near or close to an equilibrium state (Orians, 1975).
Sustainable use means the use of components of biological diversity in a way and at a rate

that does not lead to the long-term decline of biological diversity, thereby maintaining its
potential to meet the needs and aspirations of present and future generations (UNEP,
1992).

Synteny is the similarity (conservation) of gene order and orientation between organisms.
Trophic levels relate to feeding patterns, that is, trophic level 1 = plants and other autotrophs;

trophic level 2 = herbivores that consume live plants; trophic level 3 = carnivores that prey
on herbivores; and trophic level 4 = secondary carnivores that prey on trophic level 3.
Each level requires biomass an order of magnitude or more greater than itself to feed on to
allow for the costs of feeding and to prevent extermination of the food supply.
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Trophic structure is the partitioning of biomass into trophic levels and guilds.
Umbrella species are those with large area requirements such that other species are protected

through conservation actions directed at the umbrella species (Schwartz, 1999).


