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Our theme is that natural environment is an essential part of man's
total environment, Preservation of a substantial portion of the bio-
‘sphere in a natural state, while not a panacea for all the ills of
mankind, is, nevertheless, a necessity if we base the ecarrying capacity
of the earth on the quality of human life, First, we define “natural
environment™ as that part of our environment which is essentially
self-supporting, in that a minimum of human management is required
for maintenance, In terms of funection, “natural environment” is that
part of man's life support system that operates without energetie or

"In ths sbsence of the authors, this paper was resd hy Dr, E. L, Chestum, session
chairman,

-



NATURAL AREAs as ComPonExTs oF Maw's Exvironmest 179

economic input from the power flows direetly controlled by man,
“Natural environment” is a more restrieted ecategory than “open
space,” a term widely used by planners to mean any part of the
landseape, whether natural or man-made, that is free of building
structures. In this context “natural environment” includes ecological
systems ranging from little-used wildernesses to moderately used
forests, grasslands, rivers, estuaries, and oveans, whieh nroduce useful
products and reeyele wastes on a continuous basis, but without
appreciable cconomic cost to man, These self-maintaining ecological
systems run on sun energy, ineluding the energy of rain, wind or
water flow that are derived from sun power. In contrast, what we
choose to eall “developed environment” includes ecosystems that are
structured and maintaived by large auxiliary power flows from fossil
or other concentrated fuels that supplement or replace the natural
energy flow of the sun. A city, of eourse, is the ultimate developed
ecosvstem, but polf ecourses, suburban developments, agricultynral
fields and channelized rivers are also developed ecosystems sinee they
require a diversion of energy from man-controlled power flows to
maintain them in the developed state even though natural elements
{water, trees, grass, bacteria) may have important roles in such
svstems, Developed systems generate economic wealth but the econom-
ic cost of maintenance increases as a power function of the infensity of
development. For example, it is well known that the cost of mainte-
nance (C) of a network of services increases roughly as the square
of the number of units (N) in the network, as shown in the following
equation :
C=N (N1} orapproximately O = N?
2

Thus, if a eity doubles from 10 to 20 million units the eost goes up 4
times. Furthermore, the stress on supporting natural life support
systems increases markediy, again as some kind of multiplier. as the
size and power demand of developed systems increases, Becanse the
miultiplying mainienanee costs are too often nol anticipated and the
wseful work of nature totally undervalvated, developed sysiems have
an inherent tendeney to grow beyond optimum size, and ot the
exrpense of natural systems,

In some parts of the world aesthetic and recreational values (and
associated economic dividends) have been sufficient to justify preser-
vation of large natural areas in parks and refuges. In some countries
preservation of greenbelts and other natural areas have been a
cultural or religions tradition. However, in the future neither aesthetie
valu2s nor ethnie traditions will be adequate basis for preservation of
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natural environment because rapid technological and population
growth produces a strong drive to convert natural environment into
developed environment. General public awareness that patural en-

vironment is important is, by itself, not emough: So powerful is the-

positive feedbaek within the urban system, and the economic “foreing
funetion” from outside that there has to be equally strong negative

feedback eontrol built into economic and political systems to prevent

over-development. To suggest that cities and other highly developed
ecosystems have an inherent tendency to grow bevond the optimum
{i.e. to "overdevelop™) is not to embrace an anti-human, anti-urban or
anti-development philosophy. Because cities and other developed
environments are so valuable to man they must be protected from
exploitation just as is necessary for any valuable resource. Specifical-
Iy, eities need the proteetion of an adequate life support system, many
elements of which natural environment provides free of charge
Without natural reeyeling and other work of nature, the cost of
maintaining quality life in eities would be prohibitive. Later in this
paper we will show by actual ealeulation that the per eapita cost of
treating human wastes, which are only one small part of the pollution
disorder generated by eities, would be more than doubled if there were
no natural environment available and able to carry out the work of
tertiary treatment of these wastes.

A first step towards redressing the inbalanee in valuation of natural
versus developed environment would be to determine the real value of
“natural environment” in eomparable monetary terms as are used to
determine the worth of developed environments, The example of the
previous paragraph suggests one approach, and we will have more to
say about this later in the paper. However—and this is our most
important theme—the true value of a man's total environment is
determined by the diversity interaction between the “developed” and

the “natural” environment and not only by the worth of cach as a'

separale component, Yet, at the present time society does not evaluate
in any effective manner total environment, but bases human values on
the monetary worth of separate components, largely the highly de-
veloped ones. If power-hungry developed systems spread in an
unrestrieted and unplanned manner at the ezpense of the natural
environment, then a point is soon reached where the latter is unable to
perform its “free” life support functions. Then, not only does the
quality of the remaining natural self-supporting environment decline,
but, more important, the quality of the highly developed environment
also deteriorates as the costs of pollution and other dizorder abate-
ment rises percipitously in non-linear, multiplying fashion. Ae-
cordingly, there has to be some optimal proportion befween the
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natural and developed enviromments (sinee 100 percent of either
would be unthinkable). Once a rational ratio for a given region is
determined there has to be an agreed upon “environmental-use plan”
{ = “land-use plan” as this term is generally understood by planners
and conservationists), with sufficient legal ar < political sanetion to
counteract the overdevelopment syndrome. We aim to show that it
should now be feasible to model environmental decision-making so as
to prediet the total consequences of varying the proportion of
developed to natural environment (1:1; 2:1 and so on) and thereby
find an optimum range in terms of quality of the total environment.
After we have presented a very simplified and theoretical working
model for such ecosystem management, we will then discuss more
pragmatic approaches which we hope planners will find useful until
such time as realism can be built into total models.

Tae Ecosystem MavaceEMeENT MoDEL

Figure 1 pictures the essential elements, energy flows and human
values that must be considered in modeling environmental-use options
designed to maintain an optimum balance between natural and
developed ecosystems in counties, watersheds, states, regions or other
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relatively large areas of the biosphere. The svimbols used in this model
ura pari of an “energy language” devised by H. T. Odum and
deseribed in detail elsewhere (H, T. Odum, 1967, 1968, 19713, Circles
represent energy sources while the tank-shaped, round bottom modules
represent stored or potential energy or resources. Natural ecosystems
are depicted as bullet-shaped, autotrophic modules, that are self-
nourishing and developed eeosvstems as hexagonal, heterotrophie or
consumer modules that require an energy input for nourishment. Both
natural and developed ecosystems have storage capacities important
for maintaining function during period of reduced energy inflow,
Downward-directed arrows into heat sinks (like electrical “ground”
symbols but only one-way flow) show where energy is lost during con- -
version from one form to another as required by the sccond law of
thermodynamies. Modules containing a large “X" stand for a multi-
plicative funetion during work transfer or exchange as discussed in
the preceding seetion of this paper. Espeeially important is the energy
drain and reduction in storage capacity that developed systems impose
on natural systems, as shown by the “stress” arrow in Figure 1. Note
that except for original energy sources and land resources all modules
have at least one input. or source of energy, and at least two outpits,
one representing a heat loss or energy drain and the other is passed on

. as an input to another unit in the system. Seen graphically in this

manner, the interrelationships and interdependence of components as
working parts of the whole ean be clarified. Finally, the model
identifies the three environmenial values as previously mentioned,
namely: (1) the value of natural ecosvstems as such, (2) the value of
developed ecosystems as such, and (3) the value of man’s total
environment as determined by “diversity interactions” between 1 and
2,

If all of the inputs and outputs of components in the ecosystem
model can be quantitated in ecommon-denominator energy units
{which can be converted to monetary units as will be diseussed in the
next section) different options in land-use planning can be simulated
with analog or digital eomputers, The switching module in Figure 1
shows how a land-use program eould theoretically vary the percentage
of land that is developed in order to prediet interactions, and te
determine an optimum proportion between developed and unde-
veloped land in terms of the quality of the total environment (Value
No. 3, Figure 1). To be realistic the oversimplified model of Figure 1
would have to be expanded to include separate modules for different
types of both developed and natural systems sinee emergy require-
ments and outputs vary widely within each of these two general
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classes of ecosystems, For example, as already noted a high-density
city has a much greater power requirement, and, therefore, exerts a
much greater stress on its surrounding environment, than does a
low-density suburban development.

Since the metabolism of a modern eity with its automobiles,
industries and high electric power eonsumption is about 100 times
greater than the metabolism of most natural ecosystems (4000 as
compared to 40 keal/M®/day) it is easy to see why high-powered
systems tend to be destruetive of lower-powered systems in contact
with them. Even the simplest models elearly demonsirate that high-
powered systems, such as eities, require an abundant life support
from nature. If large areas of natural environment are not preserved
to provide the needed input from nature then the quality of life in the
city declines and the eity can no longer compete economically with
other cities that have an abundant life support input. Frequently, it
18 not energy itself that becomes the limiting faetor, but some basie
natural resource required to maintain the high rate of energy flow. In
south Florida water seems now to that limiting input. Continued
urban or industrial growth in many areas will depend on developing
special water sources such as by desalination, or pumping water from
underground or distant sources. If such special sources are developed
the city's energy cost rises until it ean no longer compete with ~ities
that do not have to pay this extra cost. It is a sad situation when cities
grow beyond their means and can no longer pay for their own
maintenance, They borrow money or demand federal grants in order to
grow ever larger and more demanding of their life support system
when they ought to be diverting more of their energy to maintaining
the quality and efficiency of the environment already developed, and
to reducing the stress on vital life-supporting natural environment.
Preliminary simulation of the south Florida situation indicates that a
1:1 ratio of natural to developed environment would provide a basis
for an optimum environmental-use program. Until this kind of
systemg analysis procedure can be refined and become a basis for
political action, it would be prudent for planners everywhere to strive
to preserve 50 perecent of the total environment as natural environ-
ment.

CALCULATING THE MONETARY VALUE oF NATURAL ENVIRONMENT

As indicated in the preceding section, it will be a long time before
total ecosystem management will be aceepted as an economie and
political reality. In the meantime, we have to justify and manage on
the basis of separate values (Values No. 1 and 2 in Figure 1). A
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stronger economic basis for justifying the preservation of natural
environment is obtained if we caleulate the work of nature in terms of
dollars or other rurrency units. Since money and energy flow in
opposite directions, which is to say that money outputs is exchanged
for energy input, H. T. Odum (1971) has suggested that the ratio of
(Gross National Produet (GNFP) to National Power Consumption can
be used to convert ealories to dollars. For the United States this works
out to be approximately 10,000 kilocalories equals one dollar. Using
this conversion Lugo et al. (1971) calculated the work done by a tree
with a 50 M*® crown as being worth $128 per year, and $12,800 over a
100-year life span of the tree. The useful work done by an acre of
forest, then, would be $10,360 per vear and £1.04 million over a 100-
vear period. This value may be regarded as somewhat inflated by ego-
centric man, since he might not consider all work done by a forest use-
ful to man. However, we believe it comes eloser to the real value than
conventional economie cost-accounting which values a forest only in
terms of yield of wood or other consumer products and ignores its life
support value,

Another approach to economie justification for preservation of nat-
ural environment involves evaluating the work of nature in treat-
ment and reeyeling of wastes, Again, conventional accounting rarely
includes placing a dollar value on such useful work. This ean be done
by caleulating how much it wounld cost cities to completely treat
wastes by artificial means if there were no natural environment
available to do at least part of the work. Experiments at Pennsylva-
nia State University have shown that land areas covered by natural or
semi-natural vegetation can be effective natural tertiary treatment
areas for municipal wastes that have gone throngh secondary treat-
ment (see Parizek, 1967; Sopper, 1968). While these studies suggest
that 2 inches a week of waste water can be added without stress, we
would suggest that about half of this, or 4 feet per vear, would be a
more judicious rate in terms of aveiding mineral buildup in the land
filter. An acre of land could then absorb about 1.3 million gallons of
treated waste water per year, which is about the amount of waste
water produced by 35 city people {100 gallons per day per person or
36,500 gallons per year). If this waste were subjected to artificial
tertiary treatment the cost would be 30¢ per 1000 gallons or about
$400 for the 1.3 million gallons. Thus, an acre of natural environment
could be worth at least $400/year for this one useful funetion alone.
Most of all, if all wastes had to be carried through tertiary treatment
in artificial systems because there was not enough natural environment
to do this work free, then the taxpayer’s bill for waste treatment
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would be doubled since tertiary treatment costs about twice as much
as secondary treatment,

THE PER CAPITA APPROACH

In a recent stu’+ E, P. Odum (1970} attempted to determine the
total environmental requirements for an individual as a basis for
estimating the optimum population density for man. In this study,
the State of Georgia was used as an input-output model for estimat-
ing the per capita acreage requirements on the assumption that this
state is large enough and typical enough to be a sort of “microcosm”
for the nation and the world. The basic guestion asked was: How
many aeres of environment does ench person reguire to maintain a
reasonably high standard of living on a continuing, self-contained
equilibrinm basis—in the sense that imports and exports of food,
other energy and resources would be balanced? In other words, what
does it take to support a quality human being in an area that ean not
count on being an ecological and economic “parasite™ on some distant
region. As it turned out, Georgia is a good mierocrsm for the United
States because its human density, growth rate, £ | produetion, and
the distribution of its human and domestic animal populations are all
close to the mean situation for the whole nation.

The per capita area required for food was estimated by taking the
diet recommended by the President’s Couneil on Physical Fitness and
determining how much erop, orchard and grazing land is required to
supply the annnal requirement for each item. If we would be satisfied
with & diet based on intensive grain and soy bean eulture perhaps as
little as one-third of an acre could keep a person fed and reasonably
well nourished, but the kind of diet Americans enjoy (including
orange juice, bacon and eges for breakfast and steaks for dinner)
requires a great deal of land to produce, at least 1.5 acres per person.
The impaet of domestic animals on man’s total environment is often
overlooked in land-use planning. In Georgia, for example, domestic
animals (cattle, pigs, chickens, ete.) consume primary production
(food produced by plants) equivalent to that consumed by 21 million
persans (compared to 4.8 million persons mow living in the state).
And this does not include pets, which for the nation as a whole
eonsume enough food to feed five million people. While the impact of

- domestic animals on the environment is not nearly so great as that of

an equivalent human biomass the stress they place on the natural |

environment i8 eonsiderable, and must be aceounted for, We could, of
course, do away with domestic animals, but this would mean giving

up meat in the diet (and associated options) and dehumanizing man ;:.

himself to the level of a domestic animal.
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TABLE 1. MINIMUM PER CAFITA ACREAGE REQUIREMENTE FOR A
QUALITY ENVIRONMENT

Food-producing land 15
Fiber-producing land 1.0 acres
Natural use areas 20
Urban-Industrial Systems 0.5

TOTAL E.0 acres

In a similar manner, the per capita acreage needed for fibers
( paper, lumber, cotton, ete.), watersheds, tertiary treatment of wastes,
recreation, parks, highways, urban and industrial living space were
estimated. For some uses good data are available in statistieal
yearbooks, but for other needs (for example, outdoor recreation) we
had to depend on recommendations of professional planners who deal
with the particular human need. Our preliminary attempt to sum up
total environmental needs in terms of the mintmum space required is
shown in Table 1.

It should be emphasized that this estimate of 5 acres (2 hectares)
per person applies to a self-sustaining region with good soils, a
temperate climate and abundant rainfall; requirements would be
larger in areas with a less favorable climate. Since Georgians now
enjoy 10 acres per person, we conclude that optimum population
density (again on a self-sustaining basis at an American level of
affluence ) is no more than double the present population.

In this model (Table 1) about 2/5 of the total requirement is
designated as natural environment. When we consider tha* food and
fiber-producing lands contain considerable natural elements which
contribute to life support and reeyeling, this estimate comes close to
the 50 percent figure previously suggested as a working hypothesis
for planners,

APPENDIX

To illustrate how the model of Figure 1 ecould be used, hypothetical
data based on reasonable expectations for energy flows and exchange
coefficients were fed into an analog computer and the output plotted
as a performance curve, as shown in Figure 2. The “sum of values”
on the Y-axis is the sum of the three values shown in Figure 1, and is
plotted as a percentage of the maximum sum. In this highly general-
ized run the optimum plateau covers a broad range between one-third
and two-thirds developed lands, Anything more than 60 percent
developed (or anything less than 40 percent natural) environment
resulted in a precipitous decline of the value of the total environment.
It should be emphasized that the optimum mir between developed
and npatural environment eould vary consideravly from region to

‘region depending on the intensity of development, the kind and
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Figure ?.—Performance curve generated from the model of Flgure 1 using
hypothetical data based on reasonable values for energy flow In highly devel-
oped and natural environments. The “sum of values” is the sum of the three
vrluea shown Iin Figure 1 plotted ax a percent of maximum. W. Smith, H.
McKellar, and C. Littlejohn, of the University of Florida, obteined the diagram
using analog computer using light settings of percentage of developed land.

100

amount of poisonous wastes produced, the capacity (productivity) of
the matural environment, the density and behavior of the human
population, and so on., However, performance eurves of the type
shown in Figure 2, appear to be characterized by rapid declines once
one goes beyond the optimum plateau. If this is a true generalization
it may explain why it is difficult to recognize overdevelopment before
it is too late,
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Daring the coming vear it is hoped that data from actual situations
can be used to further test and refine the procedure. Partieularly
desired are data on actual economie budgets, power flows and land use
patterns in large metropolitan distriets, or other regions or sections
that have a functional unity. First attention will certainly be given to
areas where research and planning inventories can provide accurate
values, and where public opinion and government organization are
sufficient]ly strong to promote serious planning aimed at preventing
overdevelopment,

In addition to showing energy relationships. the energy diagram is
a way of writing differential equations, and the differential equations
are an intermediate step in putting the model on analog or digital
computer. The translation of the Fig. 1 model is given as three linked
equations below in which the natural energies are designated 5, fossil
fuels, F'; the developed lands, D; the natural lands, (1-D}; the
natural ecosystems, N; the developed ecosystems and cities, C; and
the interactions of diversity of man and nature, I; k's ave the
coefficients for each pathway which may be evaluated from data.
Where the pathway has little drain action on its source, it is indicated
by a small triangle and its outflow action omitted in the equations. ~

| = k; 8(1-D) — ksN — k,ON
= k; DFN — kON
= ks CN — ksl

Value rates (V) are the sum of the energies of replacement and
maintenance and, thus, are the sum of three rates of energy fow.

V = kN + ksC + kil

The graph in Fig. 2 is the steady state sum of value flows found
with one set of coefficients (k's) in the set of eguations on an AD-30
analog computer.

-
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DISCUSSION

_ M. Winttan Betier (U7, 8, Environmental Proteetion Ageney): Again T would
like to caation ngainst overuse of an analogy, The statement was made here that
an acre of land would cost 400 for use in tertiory treatment but was worth
$12.500 in terms of the energy that the trees contribute, Fine, But suppose you
have an acre of land in the middle of a city and a developer comes up and aaya,
“IM give you that money; give me the aecre of land.” T am afraid ¥ou have
yourself in a box and you must have higher values. So please don't eatablish a low
value, beeause they may eome and buy it from you.

mscession LeapeER CaLuizsoy: Thank you for that word of ecaution, Mr.
Chairman, is there time for another comment 1

Dr., Ropprr WEEDEN (University of Alaskad: Those of us who would like to
preserve tundras and deserts would alse like to supplement this system of
monetary and encrgy interchange values, Clearly these are hased on o biologieal
productivity, Tundras and deserts are lower in biological produetivity, and through
thir syatem alone, then, would have lower monetary values, I think that Dre, Hardin
and many of us here con think of ways in which yon can supplement this system,
as propossd by Dre, Odum, with other types of value syatems,

I, | 4. BeLL (Univeraity of Washington ) : I have some expericnee in doing
peological vivdeling in the San Juan Tslands area in the State of Washington, and
I would like to urge you to more general eaution, Now Dr, Odum's atatement that
analogue or visual stimulation ean be carried out is a Fantastic overstatement of
tha problem, Every one of those connections in that diagram requires some kind of
functional determination of how that connection works, This requires an inordinate
amount of basiec research, number one, and every single one of those connections
mnst be specifically introdueed inte the computer in some aort of mathematienl
funetion. Therefore, the tendeney here is, 1 think, to raize hopes a little too much,
I have read D, Oduen's book and 1 would Tike to cawtion that this is not going to
be any kind of panacea, Every single ecosystem that gets modeled is going to be
the result of thouwsands and thousands of man hours of work. Thank you.

Dr, CrEATUM : Both Odums, Gene and Tom, recognize this, And this one of the
reasons I think Gene said that it will be a long time before we can really
affectively fill in the little boxes in thia model. It will take a tremendous amount
of work, and it is going to cost 5 lot, but in the meantime we may be able to work
more efficiently with new concepts, with at least what we have,



