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The  Schumacher  Institute  for  Sustainable  Systems  is  an  independent  interdisciplinary  research 
organisation based in Bristol, UK. Rooted in the work of E.F. Schumacher (1911-77), where people 
rather  than  money  lie  at  the  heart  of  life,  the  Schumacher  Institute  aspires  to  be  a  centre  of 
excellence in systems thinking, helping to develop social systems and ways of acting in the world 
that  are  fulfilling,  meaningful  and  sustainable.  Our  interdisciplinary  research,  which  weaves 
together contributions from numerous partners across multiple boundaries, informs our practice. We 
test  our  ideas  through  experiment  and  action,  working  as  a  collaborative  network  based  on 
conversation and debate. We disseminate what we learn through discussion groups, publications, 
accredited post-graduate programmes and short courses.

www.schumacherinstitute.org.uk
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Summary

This report uses the recently developed concept of planetary boundaries to frame an overview of the 
current status of the Earth system as revealed by a number of large-scale scientific studies carried 
out over the last decade. Findings from the studies converge on a common conclusion: that human 
activities are now the dominant force driving major planetary developments such as climate change, 
ocean acidification and biodiversity depletion – and that these changes offer serious challenges to 
further  human  development.  It  seems that  the  whole  Earth  system has  irrevocably  entered  the 
Anthropocene, a new geological epoch characterised by large-scale human impacts on the Earth 
system. Although there is widespread agreement that the Anthropocene began around 1800 with the 
advent of the thermo-industrial revolution, some researchers argue that humans became the main 
drivers  of  global  climate  change  as  early  as  8-10,000  years  ago,  with  the  rise  of  agriculture.  
Wherever we place the beginning of the Anthropocene, historical studies across multiple disciplines 
now strongly suggest that since the last Ice Age most, if not all human cultures have developed at 
considerable cost to their supporting ecosystems, both locally and globally. The challenge for the 
current generation is to use our newly gained and rapidly improving scientific understanding of the 
functioning and dynamics of the Earth system – and humanity's place within that system - to guide 
future human development along more equitable and ecologically sustainable pathways.

This report begins by briefly introducing some of the main concepts of systems theory and their  
application in Earth System Science. This is followed by an overview of several recent large-scale 
scientific studies of the Earth system, including a summary of the findings and recommendations of 
the  2001-2005  Millennium  Ecosystem  Assessment  (MEA),  a  United  Nations  Environment 
Programme study which aimed to provide a state-of-the-art scientific appraisal of conditions and 
trends in the world’s ecosystems and the services they provide to humanity. The report then goes on 
to discuss the more recently (2009) developed concept of  planetary boundaries,  which offers a 
powerful unifying approach to conceptualising and quantifying human impacts on the geobiosphere. 
The  report  concludes  by  describing  and  discussing  current  thinking  on  the  Anthropocene,  the 
geological  epoch  of  human  impacts  on  the  Earth  system,  considering  the  perspective  this 
formulation  provides  on  generating  principles  and  policies  to  guide  sustainable  human 
development.

In order to provide an overview of the large amount of material surveyed, the report is mainly  
presented  in  summary  form;  additional  information,  details  of  sources  consulted  and  relevant 
WWW links are provided in the numbered notes and bibliography which follow the main text.

About the author:  Steve Harris BSc, PhD, is a Research Fellow at the Schumacher Institute for 
Sustainable Systems, Bristol, UK where he specialises in climate, energy and population issues.
Please address all correspondence to: srharris@schumacherinstitute.co.uk 
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1. Systems thinking and Earth Systems Science

A system can be defined as “a whole compounded of several parts or members” - that is, a set of 
interacting  or  interdependent  elements  or  components  forming  an  integrated  whole.  Systems 
thinking, or Systems Theory, is the interdisciplinary study of systems in general, with the aim of 
identifying and understanding principles  that  apply to all  types  and sizes of system. A systems 
approach views the  universe  as  a  complex,  dynamic  (i.e.  active,  changing)  whole  made up of 
interconnected systems, sub-systems and components on every conceivable spatial and temporal 
scale.  This  way of  viewing reality  is  sometimes called  holistic,  inasmuch as  one of  its  central 
assumptions is that 'the whole is greater than the sum of its parts',  that is,  that systems exhibit  
properties and behaviour which emerge from the complex interactions of the system at multiple 
levels and which are not readily deducible from a study of the system's individual components in 
isolation. All systems share some common characteristics, which include: 

• Structure,  as  defined by the system's components and their  composition,  and the way 
those components are arranged with regard to each other; 

• Behaviour – consisting of a systems' inputs, processing and outputs (of materials, energy 
and information); 

• Interconnection:  the  web  of  functional  and  structural  relationships  between  the 
components of a system, including feed-forward and feedback loops; 

• Functions or groups of functions – what role or roles a system plays in its environment, 
sometimes loosely described as the 'purpose' or 'goal' of a system.

Systems may be natural or artificial (human-made). They are almost always made up from many 
smaller subsystems. Systems are classified into three general types:

1. Isolated systems exchange neither matter nor energy with their environment. Such systems 
are idealisations useful for scientific reasoning but which do not actually occur in reality.

2. Open systems  exchange  energy,  matter  and  information  with  their  environment.  An 
example of a natural open system is a living tree, which takes in energy in the form of 
sunlight and matter in the form of nutrients and water and returns oxygen to the atmosphere 
and leaves, twigs and seeds to the surrounding biosphere.

3. Closed systems exchange energy and information but not matter with the environment. An 
example of an artificial closed system is an operating photovoltaic (PV) solar panel, which 
transforms incoming sunlight (comprised of photons, the quanta of electromagnetic energy) 
into an electrical current. The Earth is usually considered to be a closed system (see Fig 1).

Systems  are  studied,  firstly,  by  defining  a  boundary;  that  is,  by  choosing  which  entities  or 
components are to be considered as comprising the system under analysis, and then defining which 
elements provide the major features of the system's environment. Once the scope of the system has 
been  defined,  it  becomes  possible  to  make  simplified  representations  (i.e. models)  of  various 
aspects of the system. These models, which may represent the structure and/or the behaviour of the 
system,  are  used  to  understand  the  system and  to  predict  or  impact  its  future  behaviour.  The 
principal elements considered during a system analysis are: 

• System inputs and outputs 
• System processes 
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• Feedback and controls within and from outside the system
• System boundaries and interfaces
• The system's environment 

Scientific research fields which study the general properties of systems include general systems 
theory, cybernetics, thermodynamics,  systems biology, ecosystems ecology and systems dynamics. 
The application of systems thinking to the study of our planet as a whole is called Earth Systems 
Science (ESS).

Earth  Systems  Science  is  a  multidisciplinary  research  area  which  integrates  the  formal 
(mathematics, statistics, computer science and systems theory), natural  (physics, chemistry and 
Earth science) and life sciences (biology)  and also frequently incorporates insights from historical 
studies  and the social  sciences  (especially  anthropology,  economics and human geography).  As 
illustrated  by  Fig.  1,  ESS  uses  the  systems  thinking  techniques  outlined  above,  attempting  to 
understand planet Earth as a complex, dynamic system of completely interlocked and interacting 
physical, chemical and biological processes and phenomena. 

Figure 1: Overview of the Earth System and its interactions. Courtesy of NASA.

One of the most widely known and influential depictions of the Earth as self-regulating system of 
interacting  living and non-living elements is the Gaia Theory developed and popularised by Lynn 
Margulis1 and  James  Lovelock.2 Earth  Systems  Science  has  been  strongly  influenced  by  Gaia 
Theory but has since developed to include multiple perspectives and related issues in planetary and 
space science. The current scientific consensus in ESS3 emphasises the following key points:

• The  Earth  system  behaves  as  a  single,  self-regulating  system  with  physical,  chemical, 
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biological, and human components. The interactions and feedbacks between the component 
parts are complex and exhibit multi-scale temporal and spatial variability;

• Human activities are significantly influencing Earth's environment in many ways and are are 
equal to some of the great forces of nature in their extent and impact;

• Global change is highly complex and cannot be understood in terms of a simple cause and 
effect;

• Earth system dynamics are characterised not by gradual change but by critical thresholds 
and abrupt changes, which may be inadvertently triggered by human impacts;

• The nature of changes now occurring simultaneously in the Earth system, their magnitudes 
and rates of change are unprecedented.

2. The Earth as a self-regulating system

Earth is currently the only planet in the universe definitely known to support life. Our planet exists 
within the Sun's zone of habitation, a region of distance from the Sun within which global average 
temperatures allow much of the planet's surface water to remain in liquid form (and thus available 
to life) rather than freezing or boiling away as long as sufficient atmospheric pressure is maintained. 
The Earth's orbital relationship with the sun produces regular seasonal variation in weather, while 
its  atmosphere  and  electromagnetic  field  filter  the  Sun's  radiation,  providing  protection  from 
wavelengths and particles which can damage or destroy living processes.  The major water, carbon 
and nutrient circulation systems of the Earth (discussed below) continually replenish the biosphere 
and atmosphere while also helping to regulate the climate system. 

For the purposes of analysis Earth is usually understood as a closed system4 within which living and 
non-living components continually interact to produce and maintain an environment conducive to 
organic life and the emergence of consciousness.5 The Earth system is represented as comprising six 
major interlinked and interacting components or "spheres" (see Figure 2). These are:

• The atmosphere – the layer of gases (mainly nitrogen, oxygen and argon) surrounding the 
Earth,  extending upwards  from sea level  to  about  100 km. Earth's  atmosphere has five 
principal layers of different pressure, density and temperature;

• The hydrosphere –  the total mass of fresh and salt water (about 1.4 × 1018 tonnes) found 
on, over and beneath the surface of the planet;

• The biosphere – all the living organisms found on Earth, from microbes to whales; usually 
thought of as being sub-divided into biomes6 and their constituent ecosystems7;

• The geosphere – the solid parts of the Earth, the rocks and regolith8 of the planet. In Earth 
System Science the term is usually used to include both the lithosphere that makes up the 
Earth's crust and upper mantle and deeper inside the planet, including molten rock such as 
makes up lava.

• The cryosphere – the portions of the Earth's surface where water is mainly in solid form – 
glaciers, ice caps, ice sheets, snow and frozen ground, including permafrost.

• The anthroposphere – those parts of the Earth which have been made or greatly modified 
by  humans  –  cultivated  land,  cities,  road  systems,  mines  and  quarries,  reservoirs  etc. 
Current estimates suggest that at least one third to half of all terrestrial surfaces have been 
modified by human actions, and that humans currently exploit more than half of all surface 
fresh water.9 

In systems thinking terms, each of these spheres comprises a major subsystem of the whole Earth 
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system, and each in turn is made up of further sub-systems such as layers,  currents,  biomes & 
ecosystems, tectonic plates, cities, states, etc.

Figure 2: The Earth as a closed system showing solar energy input and interconnections between atmosphere, 
hydrosphere, geosphere, cryosphere, biosphere and anthroposphere. Figure courtesy of The Earth and Sun Systems 

Laboratory, National Center for Atmospheric Research, USA.

Four  great  natural  cycles  involving  continual  exchanges  between  the  living  and  inanimate 
components of all spheres of the Earth system provide the current basis for life on Earth. Briefly,  
these are: 

• The hydrological  (water)  cycle.  Solar  radiation heats  the oceans,  evaporating water  as 
vapour into the air; ice and snow also sublimate directly into water vapour, and water is 
transpired from plants and evaporated from the soil. Rising air currents loft water vapour 
into the atmosphere, where lower temperatures cause it to condense into clouds. Air currents 
move  clouds  around  the  globe;  cloud  particles  collide,  grow  heavier,  and  then  fall  as 
precipitation (rain, snow, hail). Snow accumulates in ice caps and glaciers capable of storing 
frozen water for thousands of years; snow packs thaw and melt, and the released water flows 
away overland. Most precipitation falls back into the oceans or onto land, where it flows 
over the ground as surface run-off. A portion of this run-off enters streams and rivers which 
move  water  towards  the  oceans.  Run-off  and  groundwater  are  also  stored  either  as 
freshwater in lakes or  soak into the ground as infiltration, where they replenish underground 
aquifers of porous rock which can store large amounts of freshwater  over long periods. 
Some infiltration stays close to the land surface and may seep back into surface-water bodies 
(and the ocean) as groundwater discharge. Some groundwater finds openings in the land 
surface and later re-emerges as freshwater springs. Over time, fresh water returns to the 
ocean, completing a round of the water cycle. 

• The  nitrogen  cycle.  The  nitrogen  cycle  involves  transformations  of  nitrogen  and  its 
compounds.  The Earth's  atmosphere is  the major  nitrogen reservoir,  being comprised of 
around 78% nitrogen gas.  Nitrogen is  crucial  for  life  on Earth  as  it  essential  for  many 
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biological processes. It is in all amino acids, is incorporated into proteins, and is present in 
the bases that  make up the nucleic  acids (e.g.  DNA and RNA).  In plants,  much of  the 
nitrogen is used in chlorophyll molecules which are essential for photosynthesis. Processing, 
or fixation, is necessary to convert gaseous nitrogen into forms usable by living organisms. 
Most nitrogen fixation is done by free-living or symbiotic bacteria. These bacteria combine 
gaseous nitrogen with hydrogen to produce ammonia, which is then further converted by the 
bacteria to make other organic compounds. Some nitrogen fixing bacteria live in the root 
nodules of legumes (such as peas or beans) where they form a partnership with the plant,  
producing  ammonia  in  exchange  for  carbohydrates.  All  nitrogen  obtained  by  animals 
originates in the consumption of plants at  some stage of the food chain.  As nitrates are 
soluble  nitrates  they  enter  groundwater,  and  where  groundwater  recharges  stream flow, 
nitrate-enriched groundwater  can  contribute  to  eutrophication,  a  process  leading to  high 
algal, especially blue-green algal populations and the death of aquatic life due to excessive 
demand for oxygen.10 During anaerobic (low oxygen) conditions, denitrification by bacteria 
occurs.  This  results  in  nitrates  being  converted  to  nitrogen  gases  (NO,  N2O,  N2)  and 
returned to the atmosphere.

• The oxygen cycle. The oxygen cycle involves the movement of oxygen within and between 
its  three  main  reservoirs:  the  atmosphere  (air),  the  biosphere  (living  things),  and  the 
lithosphere (Earth's crust). The main factor driving the oxygen cycle is photosynthesis - the 
solar-powered transformation of carbon dioxide and water into food with oxygen as a by-
product – which is responsible for the modern Earth's atmosphere and life. Animals respire 
oxygen, create energy and returning carbon dioxide and water to the environment. Oxygen 
is also dissolved in water where it is consumed by freshwater and marine organisms. As 
oxygen is a highly reactive element which would normally be rapidly exhausted in chemical 
interactions, the presence and persistence of significant amounts of oxygen in an atmosphere 
is an unmistakeable signature of life. The oxygen cycle provides a very clear example of 
how life alters and maintains the environment from which it emerges.

• The carbon cycle. The carbon cycle involves the exchange of carbon compounds among 
living organisms, soil, rocks, water, and air. It is usually thought of as four major reservoirs 
of carbon interconnected by pathways of exchange: the atmosphere; the terrestrial biosphere 
and fresh water systems; the oceans, including dissolved inorganic carbon and living and 
non-living marine biota; and sediments including fossil fuels. Carbon exchanges between 
these reservoirs occur through a variety of chemical, physical, geological, and biological 
processes. The ocean contains the largest active pool of carbon near the surface of the Earth.  
The global 'carbon budget' is the balance of exchanges (incomes and losses) between the 
carbon reservoirs or between one specific loop (e.g., atmosphere ↔ biosphere) of the carbon 
cycle. Examination of the carbon budget of a pool or reservoir provides information about 
whether the pool or reservoir is functioning as a source or sink for carbon. 

4. Recent studies of the Earth system

The past  decade  has  seen  the  completion  of  a  number  of  major  international,  interdisciplinary 
scientific studies focused on understanding and evaluating the current status of the Earth system. 
These include:

• The International Geosphere-Biosphere Programme:11  Global Change and the Earth 
System:  A Planet  Under Pressure  (2004)12;  describes  what  is  known about  the  Earth 
system  and  the  impact  of  changes  caused  by  humans.  The  project  considered  the 
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consequences of these changes with respect to the stability of the Earth system and the well-
being of humankind and explored future paths towards Earth System Science in support of 
global sustainability.

• United  Nations  Environment  Programme:  Global  Environment  Outlook  4: 
environment for development (2007).13 This report  assesses the current state of the global 
atmosphere, land, water and biodiversity, describes the changes since 1987, and identifies 
priorities  for  action.  GEO-4  is  one  of  the  most  comprehensive  UN  reports  on  the 
environment. It was prepared by about 390 experts and reviewed by more than 1 000 others. 

• The Intergovernmental  Panel  on  Climate  Change:   Synthesis  Report  of  the  IPCC 
Fourth Assessment Report (2007)14; this provides an integrated view of climate change as 
the final part of the IPCC’s Fourth Assessment Report (AR4) , showing that warming of the 
climate system is unequivocal, that many natural systems are being affected by regional 
climate changes, that these changes are mainly driven by anthropogenic  greenhouse gas 
emissions, and that such emissions and their impact are set to grow over the coming century, 
with major and not easily predictable effects.

• The UNEP Millennium Ecosystems Assessment:15 Living Beyond our Means (2005); 
Ecosystems  and  Human Well-Being  (2005).16 The  Millennium Ecosystem Assessment 
assessed the consequences of ecosystem change for human well-being. From 2001 to 2005, 
the MA involved the work of more than 1,360 experts worldwide, providing a state-of-the-
art scientific appraisal of the condition and trends in the world’s ecosystems and the services 
they provide, as well as the scientific basis for action to conserve and use them sustainably. 
Findings from this report are discussed in detail in Section 5 of this report.

Despite  their  differing  remits  and  contributing  disciplines  findings  from all  of  the  studies  are 
remarkably convergent, pointing toward a set of common conclusions:17

• The global  atmosphere  is  warming  -  as  a  result,  the  global  climate  is  changing.  These 
changes  are  happening  rapidly,  continue  to  accelerate,  and may  prove  to  have  extreme 
consequences  for  humanity.18 The  principal  drivers  of  this  warming  are  the  impacts  of 
human activities, mainly the release of greenhouse gases into the atmosphere through the 
combustion of fossil fuels but also the deforestation and emissions associated with land-use 
changes such as intensive agriculture and animal husbandry;

• One to two-thirds of all species of plants, animals, and other organisms may die out over the 
coming decades, mainly due to the deliberate or accidental destruction or disruption of their 
habitats by human activities;19

• Due to the dissolution of increasing amounts of Carbon Dioxide,  the oceans are rapidly 
becoming acidified.  Surface ocean pH has  decreased by around 30% from preindustrial 
levels20 resulting  in  large-scale  damage  to  acid-sensitive  marine  organisms  and  the 
wholesale disruption of marine ecosystems;

• Many of  the  natural  resources  and services  upon which  humanity  depends are  severely 
depleted or degraded, and the ability of natural processes of recycling and restoration to 
keep pace is severely threatened;21

• Much of the Earth's fertile soil is being degraded or destroyed due to intensive agriculture;
• Despite great advances in sanitation, medicine and agriculture, billions of people around the 

world lead lives marred by thirst, hunger, disease, poverty and conflict.22 
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One of the most accessible ways to communicate the torrent of evidence produced in these very 
large-scale studies was provided by the series of graphs produced by the IGBP,11 a selection of 
which are reproduced in Fig. 3 below.

Having indicated the headline findings  from the global  studies  outlined above,  and noted their 
convergence, we will now go on to consider in more detail one of those studies, the United Nations 
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Figure 3: Rapidly accelerating human 
impacts on the Earth system  since 1750, 
illustrating the onset of the 
Anthropocene (see Section 6) with the 
thermo-industrial revolution, c. 1800, 
and the 'Great Acceleration' in human-
driven changes that occurred in the 
second half of the Twentieth Century.

Adapted from Steffen et al (2004). Global 
Change and the Earth System: A Planet 
Under Pressure. Courtesy of the 
International Geosphere-Biosphere 
Programme.
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Environment Programme's Millennium Ecosystems Assessment.

5. The Millennium Ecosystem Assessment23

From 2001 to 2005 The Millennium Ecosystem Assessment (MEA) initiated by the United Nations 
Environment Programme (UNEP) assessed the consequences of ecosystem change for human well-
being. It involved the work of more than 1,360 experts from 95 countries, an 80-person independent 
board of  review editors  and review comments  from 850 experts  and governments.  Its  findings 
provided a state-of-the-art scientific appraisal of the condition and trends in the world’s ecosystems 
and the services they provide. The Assessment also aimed to provide a scientific basis for action to 
conserve and use the world's ecosystems sustainably.

The MEA primarily focused on the benefits that people obtain from  ecosystem services and the 
consequences  of  ecosystem change  for  human  well-being.  As  illustrated  by  Fig.  4,  ecosystem 
services  -  defined  as  resources  and  processes  provided  by  natural  ecosystems  which  benefit 
humanity  –  are  understood  to  be  of  four  basic  types:  supporting,  provisioning,  regulating  and 
cultural.  Each of  these types of  service connect  with human security,  health  and well-being in 
multiple ways.

Figure 4: Ecosystem services and their links to human well-being. Courtesy of Millennium Ecosystem Assessment.
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The MEA addressed the following topics:
1. Ecosystem Changes in Last 50 Years 
2. Gains and Losses from Ecosystem Change 
3. Ecosystem Prospects for Next 50 Years 
4. Reversing Ecosystem Degradation.

Under  heading  (2)  the  study  identified  three  major  problems  impacting  on  future  human 
exploitation of ecosystems:

a) The degradation of ecosystem services 
b) An increased likelihood of non-linear changes 24

c) The exacerbation of poverty for some people.

5.1 Summary of findings from the The Millennium Ecosystem Assessment

MEA finding 1: Ecosystem changes in the last 50 years 
Over the past 50 years, humans have changed ecosystems more rapidly and extensively than in any 
comparable period in human history. This has resulted in a substantial and largely irreversible loss 
in the diversity of life on Earth. There has been unprecedented change in ecosystems: 

• More  land  was  converted  to  cropland  since  1945  than  in  the  18th  and  19th  centuries 
combined;

• 25% of the world’s coral reefs were badly degraded or destroyed in the last several decades; 
• 35% of mangrove area has been lost in this time;
• The amount of water in reservoirs quadrupled since 1960;
• Withdrawals from rivers and lakes doubled since 1960. 

There has been unprecedented change in biogeochemical cycles: 
• Since 1960 flows of biologically available nitrogen in terrestrial ecosystems have doubled 

and flows of phosphorus tripled; 
• More than 50% of all the synthetic nitrogen fertilizer ever used has been used since 1985; 
• 60% of the increase in the atmospheric concentration of CO2 since 1750 has taken place 

since 1959; 
• Humans now produce as much biologically available Nitrogen as all natural pathways and 

this may grow a further 65% by 2050. 
There have been significant and largely irreversible changes to species diversity: 

• The distribution of species on Earth is becoming more homogeneous; 
• Humans have increased the species extinction rate by between 50 and 1,000 times over 

background rates typical over the planet’s history; 
• 10–30% of mammal, bird, and amphibian species are currently threatened with extinction.

MEA finding 2: Gains and losses from ecosystem change 
The changes that have been made to ecosystems have contributed to substantial net gains in human 
well-being and economic development, but these gains have been achieved at growing costs. These 
problems will substantially diminish the benefits that future generations obtain from ecosystems. 
Since 1960, while population doubled and economic activity increased 6-fold: 

• Food production increased 2 ½ times; food production per capita has grown and food price 
has fallen;

• Water use has doubled;
• Wood harvested for pulp and paper production tripled; 
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• Timber production increased by more than half;
• Installed hydropower capacity doubled;
• Approximately 60% (15 out of 24) of the ecosystem services evaluated are being degraded 

or used unsustainably.
 
Economics: The degradation of ecosystem services often causes significant harm to human well-
being and represents a loss of a natural asset or wealth of a country. The total economic value 
associated with managing ecosystems more sustainably is often higher than the value associated 
with conversion, but conversion often still takes place because private economic benefits are often 
greater for the converted system. Thus, the degradation of ecosystem services represents loss of a 
capital asset but loss of wealth due to ecosystem degradation is not reflected in economic accounts. 
Ecosystem services, as well as resources such as mineral deposits, soil nutrients, and fossil fuels are 
capital assets. Traditional national accounts do not include measures of resource depletion or of the 
degradation of these resources - a country could cut its forests and deplete its fisheries, and this 
would show only as a positive gain in GDP without registering the corresponding decline in assets 
(wealth).  Accordingly, a number of countries that appeared to have positive growth in net 
savings (wealth) in 2001 actually experienced a loss in wealth when degradation of natural 
resources were factored into the accounts. 

Increased likelihood of  non-linear changes: there is  established but  incomplete  evidence that 
changes being made in ecosystems are increasing the likelihood of non-linear and potentially abrupt 
changes in ecosystems, with important consequences for human well-being. Examples include: 

• Fisheries collapse;
• Eutrophication and hypoxia;
• Disease emergence;
• Species introductions and losses; 
• Regional climate change.

The level of global poverty remains high, and inequities are growing: 
• 1.1 billion people surviving on less than $1 per day of income; 
• During  the  1990s,  21  countries  experienced  declines  in  their  rankings  in  the  Human 

Development Index.25 
Access to ecosystem services: 

• An estimated 856 million people were undernourished in 2000–2002, up 32 million from 
1995–97; 

• Per capita food production has declined in sub-Saharan Africa;
• Some 1.1 billion people still lack access to improved water supply, and more than 2.6 billion 

lack access to improved sanitation; 
• Water scarcity affects roughly 1–2 billion people worldwide.  

Degradation of ecosystem services harms poor people: 
• Half the urban population in Africa, Asia, Latin America, and the Caribbean suffers from 

one or more diseases associated with inadequate water and sanitation;
• The declining state  of  capture  fisheries  is  reducing an inexpensive  source  of  protein  in 

developing  countries.  Per  capita fish  consumption  in  developing  countries,  excluding 
China, declined between 1985 and 1997.

 

The pattern of ecosystem winners and losers has not (so far) been taken into account in management 
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decisions ; of critical concern are  Dryland systems , which have the lowest levels of human well-
being and only 8% of the world’s renewable water supply . In dryland systems, per capita water 
availability  is  two  thirds  of  the  level  required  for  minimum  levels  of  human  well-being. 
Approximately  10–20%  of  drylands  are  degraded  while  they  also  experienced  the  highest 
population growth rate in the 1990s . Dryland systems cover 41% of Earth’s land surface and more 
than 2 billion people inhabit them.

MEA finding 3: Ecosystem prospects for the next 50 years 
The degradation of ecosystem services could grow significantly worse during the first half of this 
century and is a barrier  to achieving the Millennium Development Goals (MDG).26 Most direct 
drivers of degradation in ecosystem services remain constant or are growing in intensity in most 
ecosystems 
Expected changes in direct drivers: 

• Habitat transformation:  a further 10–20% of grassland and forestland is projected to be 
converted by 2050 

• Overexploitation, overfishing: pressures continue to grow in all scenarios 
• Invasive alien species: spread continues to increase 
• Nutrient  loading:  humans  have  already  doubled  the  flow  of  reactive  nitrogen  on  the 

continents, and some projections suggest that this may increase by roughly a further two 
thirds  by  2050.  The  MEA scenarios  project  that  the  global  flux  of  nitrogen  to  coastal 
ecosystems will  increase by a further 10–20% by 2030, with almost all  of this increase 
occurring in developing countries.  

• Climate  change:  by the  end of  the century,  climate change and its  impacts  may be  the 
dominant direct driver of biodiversity loss and changes in ecosystem services globally. The 
balance of scientific evidence suggests that there will be a significant net harmful impact on 
ecosystem services worldwide if global mean surface temperature increases more than 2o C 
above pre-industrial levels.

Regions facing the greatest challenges in achieving the 2015 MDG targets coincide with regions 
facing the greatest problems of ecosystem degradation:  sub-Saharan Africa, Central Asia, parts of 
South and Southeast Asia, and some regions in Latin America . Although socio-economic factors 
will play a primary role in achieving many of the MDGs, there are strong linkages with ecosystem 
condition and MDG targets are unlikely to be met without improvement in ecosystem management 
for goals such as: 

• Poverty Reduction 
• Hunger 
• Disease 
• Environmental Sustainability including access to water

MEA finding 4: Reversing ecosystem degradation 
The challenge of reversing the degradation of ecosystems while meeting increasing demands for 
their  services  can  be  met  under  some  scenarios  involving  significant  policy  and  institutional 
changes, but these changes are large and not currently under way. 
Many options exist to conserve or enhance specific ecosystem services in ways that reduce negative 
trade-offs  or  that  provide  positive  synergies  with  other  ecosystem  services.  Improvements  in 
services can be achieved by 2050; Three of the four MEA scenarios show that significant changes in 
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policy  can  mitigate  many  of  the  negative  consequences  of  growing  pressures  on  ecosystems, 
although the changes required are large and not currently under way. Ecosystem degradation can 
rarely be reversed without actions that address one or more indirect drivers of change:  

• Population change (including growth and migration);
• Change in economic activity (including economic growth, disparities in wealth, and trade 

patterns);
• Socio-political  factors (including factors ranging from the presence of conflict  to  public 

participation in decision-making);
• Cultural factors;
• Technological change. 

Collectively these factors influence the level of production and consumption of ecosystem services 
and the sustainability of the production. 
In order to achieve a reversal of ecosystem degradation human institutions need to change. 
There must be:

• Increased transparency and accountability of government and private-sector performance;
• Elimination  of  subsidies  that  promote  excessive  use  of  ecosystem services  (and,  where 

possible, the transfer of these subsidies to payments for non-marketed ecosystem services);
• Greater use of economic instruments and market-based approaches in the management of 

ecosystem services (where enabling conditions exist);
• Promotion of technologies that enable increased crop yields without harmful impacts; 
• Restoration of ecosystem services; 
• Social and behavioural changes in consumption ;
• Communication and education; 
• Empowerment of groups dependent on ecosystem services ;
• Knowledge; 
• Incorporation of non-market values of ecosystems in resource management decisions; 
• Enhancement of human and institutional capacity.

5.2 The Millennium Ecosystem Assessment - Summary of Findings

• Over the past 50 years, humans have changed ecosystems more rapidly and extensively than 
in any comparable period in human history;

• The changes that have been made to ecosystems have contributed to substantial net gains in 
human  well-being  and  economic  development,  but these  gains  have  been  achieved  at 
growing costs in the form of the degradation of many ecosystem services, increased risks of 
non-linear changes, and the exacerbation of poverty for some groups of people;

• The degradation of ecosystem services could grow significantly worse during the first half 
of this century;

• The challenge of reversing the degradation of ecosystems while meeting increasing demands 
for  their  services  can  be  met  under  some  scenarios  involving  significant  policy  and 
institutional changes, but these changes are large and not currently under way. 

Findings from the MEA had great impact worldwide, attracting considerable media exposure. Its 
conclusions were generally expressed in positive and balanced terms, emphasising the scope for 
preserving and enhancing existing ecosystem services through wise governance rather than overly 
stressing threats. However, the synthesis reports also made it clear that human activity is damaging 
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the  planet’s  ecosystems  at  unprecedented  rates,  rates  that  call  into  question  the  ability  of  the 
environment to provide life-supporting services. The MEA was criticised by some environmental 
NGOs27 for refraining from apportioning more blame for ecosystem degradation on the developed 
nations, and in particular for not making even more explicit the links between ecological damage 
and growth-oriented economics. There was also some criticism that the MEA reports didn't focus 
more strongly on suggesting solutions to the multiple threats to ecosystem services. Concern to 
place  tighter  parameters  and timescales  on  the  various  trends  outlined  by the  Assessment  was 
followed up in subsequent research by scientists around the world. The next section discusses one 
of the most well-known recent attempts to provide a scientifically supported framework for policy 
action: the concept of planetary boundaries.

6. Planetary Boundaries28

Figure 5: The 9 planetary boundaries. The inner green shading represents the proposed safe operating space for nine 
planetary systems. The red wedges represent an estimate of the current position for each variable. The boundaries in  
three systems (rate of biodiversity loss, climate change and human interference with the nitrogen cycle), have already 
been exceeded. From Rockström et al (2009) A safe operating space for humanity. Nature 461, 472-475 (24 September 
2009).

In 2009 a group of Earth system scientists  associated with the Stockholm Resilience Centre at 
Stockholm University,  Sweden29 published  research  which  formulated  the  powerful  concept  of 
planetary  boundaries  as  a  way  of  evaluating  the  current  status  of  the  Earth  system.  These  9 
boundaries  (summarised  in  Fig.  5  above)  are  limits  or  thresholds  of  Earth  system functioning 
which, if they are transgressed, may result in an abrupt and possibly catastrophic environmental 
change on the continental to planetary scale. The 9 boundaries are:

1. Stratospheric  ozone  layer.  The  stratospheric  ozone  layer  filters  out  ultraviolet 
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radiation from the sun. When this  layer decreases,  increasing amounts of ultraviolet 
(UV) radiation reach ground level and can cause a increased incidence of skin cancer in 
humans as well as damage to terrestrial and marine biological systems. The discovery of 
the Antarctic ozone hole in 198530 provided evidence that increased concentrations of 
anthropogenic ozone depleting substances, combined with polar stratospheric clouds, 
had moved the Antarctic stratosphere into a new regime. Fortunately, because of the 
actions taken as a result of the Montreal Protocol,31 we now appear to be on the path 
that will allow us to stay within this boundary. 

2. Biodiversity. In the Millennium Ecosystem Assessment (see above) it was concluded 
that changes in biodiversity due to human activities were more rapid in the past 50 years 
than at any time in human history, and the drivers of change that cause biodiversity loss 
and  lead  to  changes  in  ecosystem services  are  either  steady,  show no  evidence  of 
declining over time, or are increasing in intensity. These large rates of extinction can be 
slowed  by  judicious  projects  to  enhance  habitat  and  build  appropriate  connectivity 
while  maintaining  high  agricultural  productivity.  Further  research  is  needed  to 
determine whether a boundary based on extinction rates is sufficient, and whether there 
are reliable data to support it. 

3. Chemicals  dispersion.  Emissions  of  persistent  toxic  compounds  such  as  metals, 
various  organic  compounds  and  radionuclides,32 represent  some of  the  key  human-
driven changes  to  the  planetary  environment.33 There  are  a  number  of  examples  of 
additive and synergistic34 effects from these compounds. Such effects  are potentially 
irreversible.  Of  most  concern  are  the  effects  of  reduced  fertility  and especially  the 
potential  of  permanent  genetic  damage.  As  an  example,  organism  uptake  and 
accumulation to sub-lethal levels has been identified as a cause of dramatic reductions 
in marine mammal and bird populations. At present, it is not possible to quantify this 
boundary; however, it is nonetheless considered sufficiently well defined to be on the 
list. 

4. Climate Change.  We have reached a point at which the loss of summer polar ice 
appears almost certainly irreversible. From the perspective of the Earth as a complex 
system,  this  is  one  example  of  the  sharp  threshold  above  which  large  feedback 
mechanisms could drive the Earth system into a much warmer,  greenhouse gas-rich 
state  with  sea  levels  metres  higher  than  present.35 The  weakening  or  reversal  of 
terrestrial  carbon sinks,  for example through the ongoing destruction of the world´s 
rainforests, is another such interdependent tipping point. Recent evidence suggests that 
the Earth system, now passing 387 ppmv CO2, has already transgressed this Planetary 
Boundary. A major question is how long we can remain over this boundary before large, 
irreversible changes become unavoidable. 

5. Ocean acidification. Around a quarter of the CO2 humanity produces is dissolved in 
the oceans. Here it forms carbonic acid, altering ocean chemistry and decreasing the pH 
of the surface water. Increased acidity reduces the amount of available carbonate ions, 
an essential building block used for shell and skeleton formation in organisms such as 
corals,  and  some  shellfish  and  plankton  species.  This  will  seriously  change  ocean 
ecology and potentially  lead  to  drastic  reductions  in  fish  stocks.  Compared to  pre-
industrial times, surface ocean acidity has increased by 30%. The ocean acidification 
boundary is a clear example of a boundary which, if transgressed, will involve very 
large change in marine ecosystems, with ramifications for the whole planet. It is also a 
good example of how tightly connected the boundaries  are,  since atmospheric  CO2 
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concentration is the underlying controlling variable for both the climate and the ocean 
acidification boundary. 

6. Freshwater consumption and the global hydrological cycle. The freshwater cycle 
is both a major prerequisite for staying within the climate boundary, and is strongly 
affected  by  climate  change.  Human  pressure  is  now  the  dominating  driving  force 
determining the function and distribution of global freshwater systems. The effects are 
dramatic, including both global-scale river flow change and shifts in vapour flows from 
land use change. Water is becoming increasingly scarce and by 2050 about half a billion 
people are likely to have moved into the water-stressed category.  A water boundary 
related  to  consumptive  freshwater  use  has  been  proposed  to  maintain  the  overall 
resilience  of  the  Earth  system  and  avoid  crossing  local  and  regional  thresholds 
‘downstream´. 

7. Land system change. Land is converted to human use all over the planet. Forests, 
wetlands and other vegetation types are converted primarily to agricultural land. This 
land-use change is one driving force behind reduced biodiversity and has impacts on 
water flows as well as carbon and other cycles. Land cover change occurs on local and 
regional scales but when aggregated appears to impact the Earth system on a global 
scale. A major challenge with setting a land use-related boundary is to reflect not only 
the needed quantity of unconverted and converted land but also its function, quality and 
spatial distribution. 

8. Nitrogen  and  phosphorus  inputs  to  the  biosphere  and  oceans.  Human 
modification of the nitrogen cycle has been even greater than our modification of the 
carbon cycle. Human activities now convert more N2 from the atmosphere into reactive 
forms than all of the Earth´s terrestrial processes combined. Much of this new reactive 
nitrogen pollutes waterways and coastal zones, is emitted to the atmosphere in various 
forms, or accumulates in the terrestrial biosphere. A relatively small proportion of the 
fertilizers  applied  to  food  production  systems  is  taken  up  by  plants.  A significant 
fraction of the applied nitrogen and phosphorus makes its way to the sea, and can push 
marine and aquatic systems across thresholds of their own. A concrete example of this 
effect is the decline in the shrimp catch in the Gulf of Mexico due to hypoxia caused by 
fertilizer transported in rivers from the US Midwest. 

9. Atmospheric aerosol loading. This is considered a planetary boundary for two main 
reasons: (i) the influence of aerosols on the climate system and (ii) their adverse effects 
on  human  health  at  a  regional  and  global  scale.  Without  aerosol  particles  in  the 
atmosphere, we would not have clouds. Most clouds and aerosol particles act to cool the 
planet by reflecting incoming sunlight back to space. Some particles (such as soot) or 
thin high clouds act like greenhouse gases to warm the planet. In addition, aerosols have 
been  shown  to  affect  monsoon  circulations  and  global-scale  circulation  systems. 
Particles also have adverse effects on human health, causing roughly 800,000 premature 
deaths worldwide each year. While all of these relationships have been well established, 
all the causal links (especially regarding health effects) are yet to be determined. It has 
not yet been possible specific threshold value at which global-scale effects will occur; 
but aerosol loading is so central to climate and human health that it is included among 
the boundaries.

6.1 Planetary boundaries: summary and implications

As illustrated by Fig. 5, Rockström et al   found that 7 of the 9 planetary boundaries have already 
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been exceeded: biodiversity loss (1000%); the nitrogen cycle (348%, although the phosphorus cycle 
component of this boundary, at 82%, currently remains below the estimated safe threshold); climate 
change  (110%);  ocean  acidification  (106%);  stratospheric  ozone  depletion  (103%);  and  global 
freshwater use (103%). Figures for chemical pollution and atmospheric aerosol loading have not yet 
been determined, and thus may well be near, or even beyond safe thresholds.

The 2009 publication of Rockström et al's proposals for quantifying the limits of a safe operating 
space for humanity within the Earth system launched widespread debate in the scientific community 
and  attracted  media  attention  worldwide. The  journal  Nature organised  independent  expert 
commentaries  from leading researchers  in  each of  the  relevant  areas.36 While  there  was  broad 
consensus on the usefulness of the planetary boundaries framework, concerns were raised about the 
practical  and  policy  implications  of  setting  upper  bounds  on  environmental  degradation. 
Methodologically, there are still many unknowns limiting our ability to accurately set parameters 
for complex phenomena such as ocean acidification. There is also the problem that global-level 
boundaries necessarily obscure the very wide variations in local circumstances that will develop – 
as for example with atmospheric warming, which is much more pronounced, and has much more 
severe effects, at the poles.

In  terms  of  policy,  it  may  be  that  the  setting  of  upper  thresholds  encourages  politicians  and 
regulators to take no significant action until the boundaries are near or passed – allowing the kind of 
delaying  and  avoidance  tactics  that  have  been  so  evident  in  global  efforts  to  reduce  carbon 
emissions  from  fossil-fuel  combustion.  Setting  longer-term  planetary  boundaries  may  simply 
distract from sorely needed near-term action. However, as the editorial in Nature concluded, what 
both  expert  reaction  and  the  global  media  furore  made clear  is  that  “the  planetary  boundaries 
concept and its first estimate of numeric values ...gives us an important warning call of how close 
we are to over-stressing the Earth.” The planetary boundaries concept, which provides a unifying 
framework  for  the  data  presented  by  the  Millennium  Ecosystems  Assessment  and  the  other 
scientific studies discussed in this report,  also further highlights a common conclusion of those 
studies: that humanity id now one of the most significant forces driving change in the Earth system. 

7. The Anthropocene 

The studies discussed in this report all clearly identify human activity as one of the primary drivers 
of change in the Earth system, and as such, they coalesce conclusions which have been emerging 
from Earth science research throughout the latter half of the 20th Century. In 2000 recognition of the 
reality of planetary-scale human impacts led the Nobel laureate, atmospheric chemist Paul Crutzen 
and colleagues to coin the term 'Anthropocene' to describe the geological epoch in which we now 
live.37 The  Anthropocene,  from the  Ancient  Greek  anthropos, 'human  being'  and  kainos, 'new, 
current'  is  defined as  the  new, human-dominated  period  of  the Earth's  history.38 It  implies  that 
humans are now a force for planetary change on a par with solar variation and plate tectonics.

The Earth was formed approximately 4.5 billion (4.5 X 109) years ago, and has changed greatly 
over time. The oldest fossil fuels (coal, oil and gas) were formed  about 650 million years ago; 
human life on Earth began about 5-7 million years ago; modern humans spread ‘Out of Africa’ 
between 50,000 to 100,000 years ago. All human culture has developed over the past 2.5 million 
years (from the approximate date of the first stone tools). The period of time since the ending of the 
last  major Ice Age, from roughly 10,000 years ago to the present,  is usually referred to as the 
Holocene by geologists. The earliest 'civilisation' began about 10,000 years ago ( approximate date 
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of the first  agriculture) at the start of the Holocene, and thus almost the entire development of 
civilisation  has  thus  taken  place  under  relatively  stable  climatic  and  environmental  conditions 
favourable to the establishment and increase of human populations on almost every part  of the 
terrestrial  landmass.  Industrial  civilisation began about  250 years  ago (the industrial  revolution 
began around 1760) and the 19th & 20th Centuries saw exponential39 growth in human populations, 
made possible by advances in sanitation, medicine, science and technology, and the industrial-scale 
exploitation of natural resources and services – particularly energy-rich fossil fuels (coal, oil and 
gas). 

As discussed in previous sections of this report,  and shown in Figs. 3 & 5, the development of 
human culture, accompanied by human population growth has throughout been accompanied by 
increasing levels of human impact on the Earth system. Fig. 6 summarises the connections between 
human development and ecosystem change in the Anthropocene.

Figure 6: Summary of human enterprises and their impacts on the Earth system. From  Vitousek, P. M., Mooney, H. A.,  
Lubchenco, J. & Melillo, J. M. (1997) Human Domination of Earth's Ecosystems. Science 25th July 1997, Vol. 277 no.  
5325 pp. 494-499.

While  much  of  the  major  environmental  change  now  occurring  on  Earth  is  clearly  a  direct 
consequence of the industrial revolution of the late 18th Century, W. F. Ruddiman40 has argued that 
the Anthropocene actually began approximately 8,000 years ago with the growth of farming. At this 
point, humans were dispersed across all of the continents (with the exception of Antarctica), and 
agriculture and animal husbandry began to supplement and replace the hunter-gatherer modes of 

Schumacher Institute for Sustainable Systems
Spring 2012

21



Pushing the Boundaries: The Earth System in the Anthropocene

subsistence  which  had  supported  human  existence  for  millions  of  years  previously.  Such 
innovations were followed by a wave of extinctions, beginning with large mammals and land birds. 
This  wave  was  driven  by  both  the  direct  activity  of  humans  (e.g.  hunting)  and  the  indirect 
consequences of land-use change for agriculture and the deforestation associated with bringing land 
under cultivation. However, for most of the Holocene human populations have been relatively low 
in comparison to the last few centuries., and although many of the processes currently altering the 
Earth's environment were already occurring in the deep past, it is still an open question to what 
extent they affected the whole Earth system. What is certain is that human alteration of the Earth 
system radically grew during the Industrial Revolution, and underwent another 'Great Acceleration' 
in the period following World War 2. As the series of graphs from Steffen et al., 2004 41 (some of 
which are reproduced in Fig.  3) graphically illustrate,  the increasing rates of change in human 
activity since 1750 are reflected in the accelerating rate of global-scale changes in the atmosphere, 
biosphere, hydrosphere and cryosphere. Such is the scope and rapidity of these changes that many 
scientists  consider them to be in some respects comparable to earlier catastrophic events in the 
Earth's geological history, such as the Cretaceous–Tertiary (K-T) extinction event, which occurred 
very rapidly approximately 65.5 million years ago and resulted in the extinction of most of the non-
avian dinosaurs.

The Anthropocene, though not yet officially recognised by most geological societies as an epoch of 
geologic time, is now a common term in the academic literature and is increasingly appearing in the 
popular media.42 A search in the academic publications database Web of Knowledge43 with the key 
word Anthropocene returns 177 scholarly articles published over the last 10 years with the term in 
their title, while a Google search on Anthropocene generates around 382,000 hits.44 However the 
debates  about  its  scientific  validity  are  eventually resolved, it  has clearly become an important 
cultural term, providing a useful shorthand for the increasingly widespread perception that the Earth 
system is  in  deep crisis,  a  crisis  for  which  humanity  is  responsible.  As such,  it  offers  both  a 
challenge and opportunity to concerned scientists, citizens, activists and policy-makers in the 21 st 

Century.

8. The Anthropocene as Challenge and Opportunity

In the Anthropocene, the Earth system is undergoing radical changes – in atmospheric and ocean 
composition, average temperature, land-use, biodiversity  etc. - at rates rarely, if ever seen in the 
geological records. A host of carefully conducted and highly credible scientific studies all indicate 
that the impact of human activities on the geobiosphere is such that the overall state of the system is 
altering, with increasing rapidity, into one sufficiently different to present conditions to offer many 
serious challenges to the continuance of our current way of life. When we consider that the whole 
development of human civilisation has taken place under the reasonably stable climatic conditions 
of the past 10-12 000 years, the ability of humanity to survive and thrive as part of a significantly  
altered  Earth  system  is  an  open  question.  For  example,  global  warming  due  to  atmospheric 
pollution,  alongside  ocean  acidification,  freshwater  depletion  and  soil  degradation,  severely 
threatens  the  effectiveness  of  our  current  systems  of  agriculture,  and  thus  our  ability  to  feed 
ourselves.
 
Findings from the Millennium Ecosystem Assessment suggest that these very serious challenges 
can be met and overcome, but only if major and quite rapid changes are made to current human 
practices and institutions. Unfortunately, there is little indication as yet that such changes are under 

Schumacher Institute for Sustainable Systems
Spring 2012

22



Pushing the Boundaries: The Earth System in the Anthropocene

way.  The  globalised  industrial  capitalist  economy  appears  committed  to  continuing  growth  in 
production and consumption – and in its present form, i.e. taking little or no economic account of 
ecosystem services, such growth is strongly linked to ever-increasing energy and resource use, and 
brings with it ever-increasing levels of pollution, resource depletion, species loss and ecosystem 
degradation. 

However,  there  is  much to  hope for.  Our scientific  knowledge,  which is  also  rapidly  growing, 
equips us not only to recognise the existence of the Earth system crisis but also to identify some of 
its causes, set clear planetary boundaries to guide future policy and action, and, hopefully, develop 
technologies which will allow the continuing development of our global civilisation while radically 
reducing  –  and  possibly  even  remediating  -  the  negative  impact  of  our  activities  on  the 
environmental  goods  and  services  which  underpin  our  well-being.  Such  a  hopeful  prospect  is 
clearly dependent upon humankind's ability to create social, economic and political systems which 
allow and support the wise application of science and technology to the solution of our current  
problems, a process to which all aspects of our human culture – science, art and religion – have 
much to contribute.

By recognising the Anthropocene, we can begin to stop attributing the blame for the Earth system 
crisis to external, 'natural' forces beyond our control, because we can and must now see ourselves as 
the  major  'natural'  force  shaping  planetary  development.  By  accepting  the  deep  roots  of  the 
Anthropocene in the earliest stirrings of our civilisation, we can begin to let go of over-romanticised 
notions of the the 'noble savage' who lived in harmony with their environment, adopting a more 
realistic and historically-rooted understanding of our role as a force for change in the Earth system, 
knowing that there is no pre-industrial Eden to be rediscovered. We can begin to more consciously 
take responsibility for the Earth system, acknowledging that nature is not just what created us, it is  
also something we create, and that we can help sustain.
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Notes: Sources, Web Links and Further Reading

1 See Margulis, L. (1998). Symbiotic Planet: A New Look at Evolution. London: Weidenfeld & Nicolson. 
2 See for example Lovelock, James (2000/1979). Gaia: A New Look at Life on Earth (3rd ed.). Oxford: 

Oxford University Press.
3 This information is extracted from the 2001 Amsterdam Declaration on Earth System Science made by 

the International Geosphere-Biosphere Programme (IGBP), the International Human Dimensions 
Programme on Global Environmental Change (IHDP), the World Climate Research Programme (WCRP) 
and the international biodiversity programme Diversitas. See 
http://www.igbp.net/4.1b8ae20512db692f2a680001312.html 

4 The Earth is considered to be a closed system as its continued functioning depends on a very large input 
of solar energy from its immediate environment (the solar system) – around 30% of which is radiated 
back out to space - but only a negligible exchange of matter (through incoming meteorites, cosmic dust, 
etc. and atmospheric loss and the occasional spacecraft outgoing) which is normally discounted for the 
purposes of large-scale analysis.

5 The question of whether Earth exists for these purposes, or whether they merely arise out of random 
events regulated by natural laws or patterns ('chance and necessity'), is one for philosophical and/or 
religious debate – science normally characterises attributions of  end-goals (teleology) as being immune 
to resolution by scientific methods and thus outside its purview. Consciousness is here loosely defined as 
the observed capacity of some forms of organic life  - most notably ourselves - for awareness, self-
reflection, reasoning, voluntary control of behaviour, etc. and the reporting of these experiences to others. 

6 A biome is a major community of ecosystems sharing similar climatic and geographic conditions, usually 
classified in terms of the dominant vegetation, e.g. forest, grassland, tundra etc.

7 An ecosystem is a biological community of interacting organisms and their physical environment.
8 Loose, rocky material including dust, sand, gravel and soil.
9 See Vitousek, P. M., Mooney, H. A., Lubchenco, J. & Melillo, J. M. (1997) Human Domination of Earth's 

Ecosystems. Science 25th July 1997, Vol. 277 no. 5325 pp. 494-499.
10 Eutrophication is a widespread problem due to the large-scale use of artificial fertilisers on ploughed land, 

where rainwater washes the loose soil into watercourses, carrying the nitrogen with it.
11 See http://www.igbp.net/ 
12 Steffen, W., Sanderson, R.A., Tyson, P.D., Jäger, J., Matson, P.A., Moore III, B., Oldfield, F., Richardson, 

K., Schellnhuber, H.-J., Turner, B.L., Wasson, R.J. (2004). Global Change and the Earth System: A 
Planet Under Pressure. London: Springer.

13 Full text available for download from http://www.unep.org/geo/geo4.asp
14 Full text available for download from 

http://www.ipcc.ch/publications_and_data/publications_ipcc_fourth_assessment_report_synthesis_report.
htm 

15 See http://www.maweb.org/en/index.aspx 
16 Full texts of the synthesis reports are available for download from 

http://www.maweb.org/en/Synthesis.aspx 
17 It should be noted that the broad scientific consensus on the scale of human impacts on the Earth System 

reported in the studies discussed here has mainly been reinforced by subsequent research, with many 
studies showing more rapid acceleration in the trends reported than stated in these necessarily rather 
conservative summaries. 

18 For an accessible overview of the climate science see Hansen, J. (2009) Storms of My Grandchildren. 
London: Bloomsbury Press.

19 Studies published in 2010 indicate that despite growing awareness of, and commitments to deal with, 
biodiversity depletion, the rate of loss is not slowing. See, for example Butchart, S. H. M., Walpole, M, 
Collen, B. et al (2010). Global Biodiversity: Indicators of Recent Declines. Science, 28 May 2010: Vol. 
328 no. 5982 pp. 1164-1168 

20 Latest data is available from the UK Ocean Acidification Research Programme at 
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http://www.oceanacidification.org.uk/
21 In addition to the Millennium Ecosystems Assessment see also the European Union reports on the 

economics of ecosystems and biodiversity available at 
http://ec.europa.eu/environment/nature/biodiversity/economics/ 

22 Most of the studies discussed draw on the Human Development Reports and the Human Development 
Index created and maintained by the United Nations Development Programme. See 
http://hdr.undp.org/en/humandev/ for an overview and http://hdr.undp.org/en/statistics/hdi/ for the most 
recent data.

23 See http://www.maweb.org/en/index.aspx 
24 That is, changes that have complex causes, are extremely difficult to predict accurately from current 

states, and may be abrupt or extreme.
25 The Human Development Index created and maintained by the United Nations Development Programme 

combines indicators of life expectancy, educational attainment and income to provide a single statistic 
which serves as a frame of reference for both social and economic development. See 
http://hdr.undp.org/en/statistics/hdi/ 

26 The eight Millennium Development Goals (MDGs) – which range from halving extreme poverty to 
halting the spread of HIV/AIDS and providing universal primary education, all by the target date of 2015 
– form a blueprint agreed to by all the world’s countries and all the world’s leading development 
institutions. See http://www.beta.undp.org/content/undp/en/home/mdgoverview.html for an overview.

27 Notably Friends of the Earth International, see 
http://www.foe.co.uk/resource/press_releases/millennium_ecosystem_asses_31032005.html 

28 The text in this section is directly quoted, with some minor amendments and additional notes, from 
Rockström, J., W. Steffen, K. Noone, Å. Persson, F. S. Chapin, III, E. Lambin, T. M. Lenton, M. Scheffer, 
C. Folke, H. Schellnhuber, B. Nykvist, C. A. De Wit, T. Hughes, S. van der Leeuw, H. Rodhe, S. Sörlin, P. 
K. Snyder, R. Costanza, U. Svedin, M. Falkenmark, L. Karlberg, R. W. Corell, V. J. Fabry, J. Hansen, B. 
Walker, D. Liverman, K. Richardson, P. Crutzen, and J. Foley. (2009). Planetary boundaries:exploring the 
safe operating space for humanity. Ecology and Society 14(2): 32.

29 http://www.stockholmresilience.org   
30 By British scientists Joseph Farman, Brian Gardiner, and Jonathan Shanklin of the British Antarctic 

Survey.
31 The 1987 Montreal Protocol on Substances That Deplete the Ozone Layer is an international treaty 

designed to protect the ozone layer by phasing out the production of numerous substances believed to be 
responsible for ozone depletion.

32 A radionuclide is an atom with an unstable nucleus which has excess energy available to be imparted 
either to a newly created radiation particle within the nucleus or to an atomic electron. This process of 
shedding excess energy is known as radioactive decay, which results in the emission of gamma rays 
and/or subatomic particles. These particles constitute ionizing radiation, which can cause damage to the 
cells of living organisms.

33 Radionuclides also provide part of the stratigraphic signature the Anthropocene; see e.g. Price, S. J., Ford, 
J. R.,   Cooper, A. H., & Neal, C . (2012) Humans as major geological and geomorphological agents in 
the Anthropocene: the significance of artificial ground in Great Britain. Phil. Trans. R. Soc. A 2011 369, 
1056-1084 . 

34 Synergy - the interaction of two or more agents or forces so that their combined effect is greater than the 
sum of their individual effects.

35 For more information on climate feedbacks and possible tipping points see Hansen, J. (2009) Storms of  
My Grandchildren: The Truth About the Coming Climate Catastrophe and Our Last Chance to Save  
Humanity. London: Bloomsbury. ISBN 140880744.

36 The Nature commentaries are available online at 
http://blogs.nature.com/climatefeedback/2009/09/planetary_boundaries_1.html 
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37 For a history of the term 'Anthropocene' and its antecedents see Steffen,W., Grinevald, J., Crutzen, P., & 
McNeill, J. (2011) The Anthropocene: conceptual and historical perspectives . Phil. Trans. R. Soc. A 
(2011) 369, 842–867 .

38 Technically, the Anthropocene is defined as the most recent period of the Quaternary, succeeding the 
Holocene. The Quaternary is a period of the Earth's history characterized by numerous and cyclical 
glaciations, beginning 2,588,000 years ago. The Quaternary is divided into three epochs: the Pleistocene, 
the Holocene, and now the Anthropocene.

39 Exponential: a process which increases through through repeated multiplication or division of a number 
by itself. A graph of exponential change does not appear as a straight line but rather as a curve (often 
referred to as a 'power curve') that continually becomes steeper or shallower.

40 Ruddiman, W. F. (2007). Plows, Plagues, and Petroleum: How Humans Took Control of Climate. 
Princeton, NJ: Princeton University Press. ISBN 0691133980.

41   Steffen, W., Sanderson, R.A., Tyson, P.D., Jäger, J., Matson, P.A., Moore III, B., Oldfield, F., 
Richardson, K., Schellnhuber, H.-J., Turner, B.L., Wasson, R.J. (2004). Global Change and the Earth 
System: A Planet Under Pressure. Berlin: Springer-Verlag. ISBN 978-3-540-26594-8

42 See, for example, 'The Anthropocene: A Man-made World' The Economist May 26th 2011, available 
online at http://www.economist.com/node/18741749 and 'Anthropocene: Have humans created a new 
geological age?' BBC News, 11th May 2011, available online at http://www.bbc.co.uk/news/science-
environment-13335683 

43 /http://www.webofknowledge.com 
44 Web searches carried out 26th March 2012.
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