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waste (Georgescu-Roegen, 1971), and we know from experi-
1. Introduction

Ecological engineering, ecological economics and ecological
restoration are all emerging transdisciplinary fields dedicated
to tackling wickedly complex problems at the interface of the
economic system and the global ecosystems that sustain and
contain it. Though these fields emerge from different disci-
plinary backgrounds, each espouses a systems approach, and
each offers a critical part of the solution to the problems we
face in the 21st century (Mitsch and Jorgensen, 2003; Daly and
Farley, 2004; Society for Ecological Restoration International
Science and Policy Working Group, 2004). As emerging trans-
disciplines, each is still struggling to build consensus on the
terminology, methodologies and tools that characterize more
mature areas of studies: given our common goals, this con-
sensus should be built across all three fields. Dialogue among

the practitioners of these complementary transdisciplines is
therefore essential, and we welcome this opportunity for dia-
logue with Aronson, Blignaut, Milton and Clewell (hereafter
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referred to as “our colleagues”). This is not a dialogue about
the fact that natural capital is the limiting factor in economic
production, a point about which we all agree. It is rather a dia-
logue about how best to communicate this fact to conventional
economists, decision makers and the public in general.

Concerning our colleagues’ introduction, we agree with vir-
tually everything they say, and believe they have said it very
well. There is a bit we would like to add to the discussion,
however.

First, we would like to stress one of the most important
roles of natural capital that has perhaps received inadequate
attention in their introduction: the ability of natural systems
to absorb and recycle waste. The laws of thermodynamics tell
us not only that all economic production requires natural cap-
ital inputs, but also that all economic production generates
ence that waste can degrade natural capital. The role of natural
capital in providing a sink for waste may prove more limiting
than its role as a source of raw materials.
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Second, we would like to further clarify why neoclassical
conomics tends to ignore the importance of natural capital.
eoclassical economists assume there is no absolute resource

carcity—as any resource becomes scarce, its price increases,
roviding incentives to develop substitutes. For example, 200
ears ago, biomass was the major source of fuel for societies
verywhere, but as forests grew scarce, prices rose, and we
eveloped substitutes. Coal, petroleum, natural gas and ura-
ium have since emerged as important resources so that, due
o technology, we have more resources available to us today
han we did 200 years ago. As these resources grow scarce,
heir prices will increase and the neoclassical economists
ssume that the market will again develop substitutes. All that
atters is relative scarcity. The problem is that humans, like

ll other species, rely for their survival and economic welfare
n intangible, non-marketed ecosystem services such as cli-
ate stabilization, water regulation, waste absorption and so

n. Though increasingly scarce, the majority of these ecosys-
em services have no price, and therefore no feedback from

arkets signaling their scarcity and no market incentive to
roduce them.

Third, we would like to emphasize that the Millennium
cosystem Assessment supports what ecological economists
ave been saying for years. When the economy grows, it does
ot expand into a void, but rather into the finite sustaining and
ontaining biosphere. In the process, we lose natural capital
nd the vital life support functions it supplies. What ecological
conomists recognize is that it is not the net impact on human
elfare that is relevant, but rather the marginal impact. We
now from the law of diminishing marginal utility that the
ore economic goods and services we have, the less valu-

ble an additional unit becomes, and the more we degrade
he ecosystem, the greater the risk of catastrophic, non-
inear changes. At some point, rising marginal costs exceed
iminishing marginal benefits and additional growth is uneco-
omic. This is why we must distinguish between economic
rowth, which is a physical increase in the rate at which the
conomy transforms natural resources into economic output
nd waste, and economic development, which is an increase
n human welfare for a given level of resource use.

Fourth, we would like to further emphasize the implica-
ions of the increasing scarcity of natural capital for our mar-
et based economic system. Individuals choose how much
f a market good they want to consume, but all members
f society ‘consume’ the same level of ecosystem services,
hether or not they contribute to their provision. As a result,
market system leads to sub-optimal production. Consump-

ion of a market good such as gasoline by one person leaves
ess for everyone else, so it makes sense to ration consump-
ion through price. In contrast, one person’s ‘consumption’
f climate stability, clean air, flood prevention and most
ther ecosystem services (with the notable exception of waste
bsorption capacity), does not reduce the amount available
or others. Rationing use through prices (if possible) reduces
ocial benefits without changing social costs, so the mar-
et system leads to sub-optimal consumption. Neoclassical

conomists concentrate on markets, but markets fail to effi-
iently allocate our scarcest resources: we need an economic
ystem capable of sustainably, fairly and efficiently allocating
hem.
g 2 8 ( 2 0 0 6 ) 6–10 7

Finally, we agree with our colleagues that ecological
restoration is critically important, but argue that it is under-
mined by continued economic growth (though not by eco-
nomic development). Economic growth relies on the extrac-
tion of renewable and non-renewable resources. The loss of
renewable resources degrades ecosystems, as do the waste
emissions from the use of non-renewable resources. Economic
growth also promotes the conversion of ecosystems to roads,
urban areas, agriculture and wasteland. Admittedly, some
ecosystems may recover in growing economies, and some pol-
lution levels may decline, but these improvements are off-set
by ecological degradation elsewhere on the planet. Large scale
ecological restoration ultimately requires an end to economic
growth.

2. Dialoguing with Aronson, Blignaut,
Milton and Clewell

Here we will address our colleague’s points one by one.
The first issue our colleagues have with our diagram is our

use of the term ecosystem instead of biosphere. We believe
that the word ecosystem conveys the notion of complex-
ity and the need for systems thinking. Another paper coau-
thored by Farley (Boumans et al., 2002) uses the term bio-
sphere to describe all life on the planet, and this term may
indeed be most appropriate when the focus is on ecologi-
cal restoration. In the same paper, anthroposphere is equiv-
alent to human-made capital and populations, lithosphere
includes all non-renewable minerals and fossil fuels, hydro-
sphere includes all water flows and atmosphere has its stan-
dard meaning. If we add to this geosphere to describe Ricar-
dian land (the notion of land as a physical substrate that
captures sunlight and rain) we would have a unified system
of terms to describe humans and their artifacts, renewable
resources, non-renewable resources, water, air and land, all
of which have distinct characteristics that affect their allo-
cation. These separate spheres interact in complex ways to
generate the global ecosystem and the ecosystem services it
provides.

Our position is that no term is perfect, and as long as all
terms are appropriately defined, which term is used is not
critically important. That said, we both recognize that we
are trained as economists, and though we are knowledgeable
about ecology, we admit that ecologists are probably better
qualified to decide on an appropriate label for the sustaining
and containing system.

The second issue our colleagues have with our diagram
is whether we have exaggerated the relative change in flows
of economic and ecosystem services as we have moved from
an empty to a full planet (we will return to the use of these
adjectives below). Our colleagues point out “that growing eco-
nomic services have made possible huge increases in human
numbers but not, on average, human welfare. The human pop-
ulation has grown, as has the proportion that can be classified
as ecological refugees.” (Aronson et al., in this issue) This is

another point well taken.

There are actually several factors relevant to the relative
change in service flows. One is an ethical debate: how do we
measure human welfare? Is average welfare the relevant con-
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cept, or total welfare summed across all people? If the latter,
then the fact that we have gone from less than a billion to over
six billion people over the past 200 years suggests a dramatic
increase in the rate of flow of economic services even if average
welfare has stayed the same. If we focus on average welfare,
improvements in life expectancy, nutrition, health and liter-
acy across most of the world might still support a significant
increase in arrow size. Certainly we agree that the thickness
of the arrow should not represent the sum of gross national
product (GNP) across nations, which has increased by a factor
of 36 in the last century alone (Delong, 2002). In any case, the
arrows are not meant to be to scale, but are simply meant to
illustrate the fact that as the economy grows, it does so at the
expense of the sustaining ecosystem or biosphere.

Perhaps the most important issue is not the exact change
in the width of the arrows over the last 200 years, but whether
or not additional increases in economic service compensate
for the inevitable reduction in ecosystem services. While our
figure does not try to show this, the Index of Sustainable Eco-
nomic Welfare (Daly and Cobb, 1994) and the Genuine Progress
Indicator (Cobb et al., 1999) suggest that we have already
crossed this threshold in many countries, and social welfare
is decreasing as the economy grows. Other research suggests
that economic growth correlates with greater life satisfaction,
health and happiness only up to some threshold. Beyond this
threshold, increases in relative wealth are more important
than increases in absolute wealth, in which case economic
growth in the wealthy countries may provide little or no net
benefits (Easterlin, 1995; Frank, 2000; Lane, 2000; Max-Neef,
1995) while still imposing ecological costs.

Third, our colleagues argue that the term manufactured
(literally hand-made) capital should replace manmade capital
in our figure, to emphasize the fact that such capital is sterile,
incapable of reproducing or sustaining itself. Certainly one of
the key benefits of investing in natural capital is that it is capa-
ble of self-sustaining reproduction, while manmade capital is
not. However, we define capital as a stock that yields a flow of
benefits into the future, and hence lump fossil fuels, minerals
and water into the category of natural capital, none of which
are capable of reproduction.

Perhaps a more critical distinction is between stock-flow
and fund-service capital (Georgescu-Roegen, 1971). Stock-
flows are transformed into whatever is produced—timber
into houses, steel into cars. Fund-services are the agents of
transformation, which are not themselves transformed—the
labourer or machine that makes cars, the car that provides the
service of transportation or the forested watershed that regu-
lates water flows and reproduces itself. Stock-flows are used
up while fund-services are worn out, though fund-services
provided by nature are continuously renewed through solar
energy. In terms of natural capital, stock-flows are the struc-
tural elements of ecosystems. Fund-services are the ecosys-
tem functions that result from a specific configuration of
stock-flows. A wrecked car has the same structural elements
as an intact car, but no longer provides the service of trans-
portation, and a timber plantation may have many of the same

structural elements as the native forest it replaces, but may no
longer provide the same ecological functions (Malghan, 2006).
These are useful concepts for answering the critical question
in ecological restoration and ecological engineering of “what
i n g 2 8 ( 2 0 0 6 ) 6–10

are we restoring to?” (e.g. Simenstad et al., 2005; Aronson and
Le Floc’h, 1996; Middleton, 1999).

Fourth, our colleagues take issue with the placement of
human welfare outside of the physical system in our figure.
We do this to stress the fact that welfare is a psychologi-
cal phenomenon. Admittedly, even psychological phenomena
are ultimately part of the physical world, for as Eisely (1979)
reminds us, “the human brain . . . burns by the power of a
leaf.” There is no welfare without at least some physical con-
sumption. However, our goal is to stress the fact that wel-
fare is not tightly linked to the physical size of the economy.
Research into human happiness has found only a very weak
correlation with material consumption. In fact, the pursuit of
material gain may actually correlate with unhappiness, and
“young adults who focus on money, image and fame tend to
be more depressed, have less enthusiasm for life and suffer
more physical symptoms such as headaches and sore throats
than others.” (Bond, 2003, p. 40) The things most correlated
with happiness include desiring less, friendships, marriage,
religion and helping others (Holmes et al., 2003), all of which
demand relatively few resources. Max-Neef (1992) has identi-
fied subsistence, protection, freedom, identify, participation,
creation, idleness, affection and understanding as satiable
needs that are constant across time and cultures, and most of
these needs can be satisfied with minimal physical resources.

As ecological economists we argue that physical growth of
the economic system must end. As economic growth is per-
haps the most widely agreed upon economic goal in the world,
this is seen as a radical demand, but is made less so when we
stress the fact that economic development can continue to
increase human welfare even as we reduce the physical size
of the economy. If the current generations view sustainabil-
ity as a sacrifice in welfare, we are unlikely to achieve it. By
emphasizing the psychological nature of welfare, we hope to
make it clear that sustainability does not imply a sacrifice of
welfare, and in fact the opposite is likely to be true. We agree
with Dresp (in this issue) that happy endings are important.
In no way is this meant to imply that humans are not part of
the natural world.

The fifth issue our colleagues have with our diagram
is our use of the terms ‘empty’ and ‘full’. They propose
two alternatives, ‘underdeveloped’ and ‘overdeveloped’ and
‘pre-industrial’ and ‘anthropocene’. As stated above, ecolog-
ical economics distinguishes between economic growth, an
increase in the rate of throughput and economic develop-
ment or an increase in the level of welfare for a given rate
of throughput. Though we do at times use them ourselves, for
the purposes of this figure, the terms underdevelopment and
overdevelopment offer too much ambiguity: is underdevelop-
ment result of too little throughput, or inefficient conversion of
that throughput to welfare enhancing artefacts? Could people
mistake overdevelopment for too much welfare, rather than
too much throughput?

Pre-industrial and anthropocene in contrast are excellent
terms, in many ways superior to empty and full. However, the
use of the word ‘full’ stresses the idea that there are physical

limits to growth, while pre-industrial and anthropocene do
not convey this message as clearly.

The sixth issue our colleagues raise with our diagram is
the fact that we do not mention the importance of global-



e r i n

i
t
o
i
p
t
a
b
d
i
o
e
a
c

s
d
c
a
u
s
c
m
a

t
d
s
s
e
t
e
t
F
e
e
fi
o
i
a
a
a
t
h
i
i
s
s
w

m
a
(
t

3

I
v

r

e c o l o g i c a l e n g i n e

zation. We certainly have no disagreement with the impor-
ance of globalization and address it at length elsewhere in
ur book, but did not feel it necessary to include everything of

mportance in a single figure. This is one luxury of having 450
ages to present our views! Globalization not only speeds up
he processes depicted in our diagram, but is likely to make
ny resulting ecological collapse global as well. However, we
elieve that the current degree of globalization is only possible
ue to the abundance of cheap fossil fuels, and this era is com-

ng to an end (Campbell and Laherrère, 1998). As we exhaust
ur fossil fuels and globalization declines, the rate of physical
conomic growth is likely to decrease. With or without glob-
lization, continued economic growth threatens the natural
apital on which our economy and species depends.

Seventh, while our figure essentially presents static snap-
hots of an empty and full planet, their figure suggests the
ynamic conversion of natural capital stocks to human-made
apital stocks, making this trade-off even more explicit. In
ddition, our colleagues show that the costs of restoring nat-
ral capital increase as the extent of ecosystem goods and
ervices decline. We did not draw our figure to focus specifi-
ally on the issue of ecological restoration, and hence barely
ention the need for such restoration, but certainly appreci-

te its importance.
There can be little doubt that the costs of ecological restora-

ion rise as the abundance of ecosystem goods and services
iminishes. When ecosystems are relatively healthy, it is pos-
ible to simply leave them alone, and they will restore them-
elves naturally. This has happened throughout the northeast-
rn US and in large parts of the Amazon. However, if ecosys-
ems fall below their minimum viable size or are subject to
xcessive waste emissions, climate change or other impacts,
he cost and difficulty of restoration increases dramatically.
or example, only some 7% remains of Brazil’s Atlantic For-
st, much of it replaced by fire prone grasslands (Silvano
t al., 2005). Natural restoration in the presence of periodic
res is unlikely, and it is in fact quite possible that fires will
verwhelm remaining forest tracts. A rough rule of thumb in
sland biogeography suggests that a 90% reduction in size of
n ecosystem leads to a loss of 50% of the species (MacArthur
nd Wilson, 1967). In the Atlantic forest, it is quite possible that
massive and expensive restoration process will be required

o prevent such a loss in biodiversity. We must bear in mind
owever that the total value of ecosystem goods and services

s infinite. Whatever cost we are forced to pay for restoration
s worth it if the alternative is reducing critical natural capital
tocks to a level from which they can never recover. Our goal
hould be to minimize costs by initiating restoration activities
hile restoration costs are still relatively small.

Finally, our colleagues argue that our figure focuses too
uch on the problem and not enough on the solutions. They

re right. Our textbook emphasizes an end to economic growth
not development) as one solution, and only to a lesser extent
he need for ecological restoration. Both are essential.
. Conclusion

n conclusion, we have three points to make. First, we are
ery grateful for the opportunity to dialogue with colleagues.
g 2 8 ( 2 0 0 6 ) 6–10 9

We are trained as economists, and appreciate the chance to
learn from ecologists. Disciplines tend to develop their own
jargon and language, making communication between disci-
plines unnecessarily difficult. The only way to break down
this barrier is to engage in dialogue, explain what we mean
by our jargon, and eventually agree on a mutually acceptable
language. Until such a language emerges we must be careful to
define our terms, and present the terms that other researchers
are using to label the same ideas. If we pursue this approach,
we expect that over time one set of terms will come to domi-
nate. And we should all strive to keep our language intelligible
to the general public.

Second, in addition to overcoming the language barrier,
dialogue is necessary for the cross fertilization of ideas. Eco-
nomics seek to allocate scarce resources among alternative
desirable ends, but we cannot do this without understanding
how ecosystems function, and how economic activities affect
them. Dialogue is essential to stimulate ever greater synthesis
between the multiple disciplines that contribute to ecological
engineering, ecological restoration and ecological economics.

Third, to understand complex systems, we need more than
one model, and more than one diagram to explain it. We do not
believe that our diagram is better than the one our colleagues
propose, but rather that both do a good job of emphasizing
slightly different concepts.

In summary, there is growing agreement across the natural
and social sciences and engineering that natural capital is the
limiting factor in improving human welfare. Broad swathes
of civil society, non-government organizations, business and
governments (with some notable and unfortunate exceptions)
are slowly coming to accept this fact as well, but the need for
action is urgent and the stakes are high. We must learn to com-
municate the seriousness and urgency of the problem rapidly
and effectively if we want society to act before the growing
scarcity of natural capital makes its importance painfully obvi-
ous, and the costs of restoration painfully high. We hope this
dialogue contributes to that goal.
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