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INTRODUCTION

I n the hierarchy of Nature, energy is transformed successively through
many stages, resulting in products that are essential to ecosystems and 1o
the economy of humanity. The solar energy required for a product of Nature
is called the Solar ENMERGY (solar enmjoules). The solar enmergy
required to generate a joule of each kind of product is the solar TRANS-
FORMITY of that product. In this chapter the enmergy concept is applied to
ecosystems.

Just as the work of hurmans and machines generates inputs to the economy,
the work processes of Nature also contribute, By evaluating Nature's work in
making soils, minerals, clean water, biomass, information, etc., on the same
enmergy basis as the works of humans, the dollar or other currency values of
various aspects of Nature are estimated. These methods allow choices to be
made as to which uses and management of Nature contribute most to the
combined economy of humanity and Nature.

REVIEW OF PREVIOUS STUDIES

Ideas of energy being the basis of all natural and other phenomena devel-
oped with the concepts of energy in the last century. Thus Boltzmann (1 '91::5}
described the struggle for existence as the struggle for free energy, w}-ule
Maxwell (1877) generalized the concept of work as energy uap;fumatmn.
The acceptance of the Second Law of Thermodynamics implied thgt
degraded energy was inferior, and that not all energy could do work. Camnot’s
formulation (1824) showed the fraction of heat that could be converted to

* Originally called ‘emcrgy”. but see footnote and text on page 343.—Ed,
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riechanical work. The Cammot ratio (AT/T) was an energy-quality ratio for
r:lating heat to work.

Lotka's clear statement of the maximum-power principle (1922) implied
fredbacks of energy towards the further energy utility of the surrounding
system. Efforts by ‘technocrats’ to generalize value concepts using energy
(Scott, 1933; Hubbert, 1934) were not generally accepted because all kinds of
eaergy were regarded as equal. Diagramming systermms with evaluated energy-
flows became common, earlier in this century, for descriptions of natural
systems of The Biosphere and the economy (atmosphere, Simpson, 1929:
economic use, Zimmerman, 1933; ecosystems, Juday, 1940). In webs and
chains of systems, energy decreases at each stage as =nergy disperses and the
tvpe of energy is changed. By 1971, Tribus & Melrvine (cf. 1971) had sum-
marized the general emerging belief that energies of different tyvpes were not
equal in their ability to do work.

Lindeman (1942), in diagramming and evaluating energy transformations
in ecosystems, considered various efficiencies and ratios. One of these, the
ratio of energy output from a particular trophic level to that of another —the
less valuable inflowing type—is the reciprocal of the transformity used in
this chapter. It was probably taken for granted that a Calorie of top carnivore
meant more than a Calorie of phytoplankton. There were efforts to use actual
energy as a measure of what was dominant in an ecosystem (e.g. Whittaker,
1165). These efforts generated strong opposition, as most people knew that a
jcule in fish had more effect on an ecosystem than a joule of sunlight.

H.T. Odum (1967, 1971) used organic Calorie equivalents as a measure of
embodied energy (the energy required to generate a flow of kinetic energy).
As energy analysis of engineering systems became important in the new
period of energy shortage, thermodynamics research workers distinguished
those energies which were capable of doing mechanical work, and energy
available for such a purpose was given the name of exergy (Evans, 1969,
Sussman, 1981). However, this finds a Calorie of fren energy in dynamite the
same value as a Calorie in glucose, and does not recognize the very different
energies embodied in differential chemical substances. We accordingly
introduced the energy transformation ratio, now called transformity, as a
measure of quality as applied to both environment and the economic sys-
tems (H.T. Odum, 1976, 1978; H.T. Odum & Odum, 1976). Most of the
er-ergy analysis dealing with the energy crises of 1973-80 did not recognize
different qualities, Pimentel (1979), for example, calculated net energy of
crops, giving & Calorie of human effort the same weight as a Calorie of
oil.

Hannon (19734, 1973b) used an input-output matrix to describe the flows
of actual energy in an ecological web in the same way that dollar flows are
described in the Leontief (1966) input-output matrix.

One of the several concepts of embodied energy evolved as part of studies
of the input-output matrix way of representing syst:ms (Herendeen & Bul-
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lard, 1974). The input energies to the system were assigned to the pathways in
proportion to the flows in the matrix, whether they were expressed in dollars,
tonnes. or actual energies. The procedure (Herendeen, 1981) calculates
embadied energy per unit flow for the pathwa}fs by an inverting matrix
procedure: when the data are in dollars, these ratios are of embodied energy
perdollar. Such ratios are sometimes called ‘energy intensity factors’, and are
used to estimate energy converging on a particular process of interest, The
procedure divides the input energy among sectors according to the dollars,
and in effect makes them linear and additive. It divides up the energy within
the web in an arbitrary, automatic way.

This may not be the most useful concept of embodied energy, as it implies
that less than the total input energy is required for a pathway. There is no
reason why energy effects should be assigned according to dollar-flow except
in the aggregate. As these systems are non-linear, linear procedures may not
be appropriate.

Following procedures used in economics, where convergence to final
demand was of interest, earlier calculations considered only fuels, regarding
them as of the same quality, and in order to avoid double-counting, omitted
feedbacks from the final-demand sector. However, omitting the last column
of the matrix omitted those embodied energies that went from one sector to
final demand, and then back to another sector as services.

Costanza (1979, 1980) used the input-output matrix way of assigning
energy-flows to economic webs and world biospheral webs. He included all
sectors—even the final-demand sector—and both environmental energies
and fuels. This procedure also assigns the input energies to pathways within
the web by a matrix inversion procedure that subdivides the total, so that the
pathways are additive. This is a different concept of energy embodiment
from one which answers the question: how much energy was required to
develop the pathway?

Patten (1978), using matrix methods, developed a concepl of causality,
tracing effects of one sector of a web on another through successive time-
steps. The ecosystems studied in this way were linearized by calcu]aung with
steady-state models. When energy is used for the numerical properties of the
web studied, this approach may be a way of tracking actual energy, and might
be adapted as an embodied energy method. By 1981, there was general
agreement that energies were of different qualities, and that actual joules are
not adequate for projecting effects of energy and its ability to support pro-
cesses; but the ways of dealing rigorously with such matters of quality were
much in debate.

The issues involved in energy accounting were reviewed in summaries by
Slesser (1978) and Fluck & Baird (1980). Partial energy analyses were made
with fossil fuels, without including energies of very different quality such as
sunlight, human labour, and information.
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A manual of energy analysis using solar equivalenis asa common denom-
inator was prepared along with applications to power-plant siting by
H.T. Odum et al. (1983). Uncertainties in relating sunlight to fossil fuel were
reviewed by Lavine & Butler (1982). The behaviour of embodied energy in
webs was described by H.T. Odum (1983, ch. 14).

The Earth energies that are part of the total environmental works of The
Biosphere were included in order to involve all sources. This and refine-
ments in estimating sunlight equivalents of coal changed the transformities
{formerly called energy transformation ratios). These new values were used
to analyse 12 countries (H.T.,Odum & Odum, 1983), agriculture
(H.T. Odum. 1984¢), foreign trade (H.T. Odum. [19844). and coastal man-
agement (H.T. Odum, 1984a).

‘The concepts and terms of enmergy and transformity are employed in this
chapter to evaluate the pertinent parts of ecosystems and to suggest hyvpo-
theses concerning energy relationships.

CoNCEPTS AND DEFINITIONS

Concepts and definitions presented below are given with reference to Figs
I and 2. As webs with branches and feedbacks are normal components of
ecosystems, energy network diagrams may be necessary for clarity of defi-
nitions. In Fig. la, solar energy is shown driving an energy-web of a system
with energy transformed in each symbol, some being dispersed in degraded
form at each step as potential energy is used up. The energy transformed at
each step is much less in quantity than the energy entering that step. Ulti-
mately, transformed cm:rgics feed back to act in multiplier interactions
(directly or indirectly), in mineral cycles, and in information tmnsfers, con-
trol actions, reproduction, spatial operations, etc.

However, when some part of the system is examined in the context of
narrower boundaries, as is done in Fig. 1b, there are three energy inputs
observed, and someone calculating the inputs might regard them as separate
contributors to the output. Yet as these pathways are by-products, they
represent manifestations of the same original energy inflow {Fig. la).

If one of these pathways is discharging a storage made at an earlier time, it
does represent a different energy manifestation from that currently incoming
from the Sun, If the system has been evaluated for its steady-state average
flows, then storage contributions and various feedback inputs may be
ignored when the purpose is tracing contributions of energy-source. Wilh
this perspective on the nature of energy webs, we can set out definitions as
used herein:

Fnmergy:—This is the energy of one type which is required to generate
that of another type, commonly for a product of Mature. In Fig. 1, solar
enraergy is the solar energy-flow required to generate any other flow that is
being considered. The units of enmergy are ‘enmjou'es’. In Fig. | all path-
wavs have the same enmergy, namely 1,000 solar enmjoules (enmj.).
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Fig. 1. A simplified system web for explaining concepts: (a) Web of producers,

consumers, fecdbacks, and recyele, running on one source; values are energy flows in

joules per unit time. (b) Producer from the web isolated lo show how more sources

seem 10 be involved when viewed with a local viewpoint. (¢} Example of transformity
calculations from energy flows in a web.
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Fig. 2. Diagram summarizing the main energy basis of The Biosphere. Values are

enmergy flows, The enmergy of Earth heat use was estimated from rates of Earth heat

diffusion and a transformity of 6055 s?;aér:ienmjou!wjoule (H.T. Odum & Odum,
)

The term ‘emergy’ was suggested by David Scienceman, of University
Scheols Club, Sydney, Australia, ‘to avoid confusion with energy’. and
scerr ed appropriate for a quantity that measures emcrgent properties of
Natuvre. Dr Scienceman described the name as a contraction of ‘energy
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memory".* Other names that have been suggested are envergy and ember-
gy.

Observed enmergy:—The energy-flow empirically observed to be re-
sponsible for a particular flow is the empirical quantity measured in any
svstem, even one that is not competitive,

Maxivnium-power enmergy:—This is defined as the least flow of enmergy
that is capable of generating the flow in question under conditions which
maximize the power ofthe whole system, It is possible to transform energy at
either slower or faster speeds than that which generates maximum power.
Slower speeds give higher efficiencies and faster speeds give lower efficien-
cies (H.T. Odum & Pinkerton, 19335).

It is an old-standing hypothesis that systems are self-organized for maxi-
mum power (Bolizmann, 1905; Lotka, 1922) and, thus, long-operating sys-
tems may have their observed enmergy close to those which accompany
designs that maximize power. If maximum power is the design principle of
self-organizing environmental systems, then the maximum-power enmergy
"“¢an be regarded as the open-system thermodynamic limit to energy use. Any
theories or measure sthat help us to estimate these enmergy values, help
‘us-to-predict, from principles, the way in wh:-:h energy underlies the
organization of ecosjstdjns.

Steady-state enmé ~This is the enmergy lhat is estimated from stea-
dy-state system ave It may be that observed for short periods among
empirical data. Theotj:tidally, there:may be a maximum-power, steady-state
value, although we m 15t have either long enough data-series or adequate
theory yet to comput®_thzm.

In this chapter observed, empirically-factual, enmergies are considered
because they are the best estimates we have or seem likely to acquire of
maximum-power and steady-state conditions. As ecosystems have ‘been
around’ much longer than current human economic systems, the observed
dala in ecosystems may be closer to the ultimate best values for survival than
data from economic systems.

Enmergy in enmjoules is measured by the energy units that are employed. |

International commissions have made the joule the standard unit of energy,
although in this they have inadvertently distutbed a traditional but unstated
engineering use of the joule for energy of mechanical and electrical quality.
Using joules and calories as interchangeablé units for energy of all types
‘ignores energy quality.

A kilocalorie is 4,186 joules of heat in current use. Both units are used in
this chapter. K:luu:alone is abbreviated Calorie or. Cal. here. A current

* Our many vears ol editing experience, however, leads us 1o believe that it would be difficult,
ifindeed possible. to find any 1wo terms that would be more likely to cause chronic confusion in
print than energy” and ‘emergy’, and so (with Professor Odum’s full approval) we are using
‘enmergy” in the present work, —Ed.
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resesrch area in ecological energy analysis uses exergy, the actual mechanical
energy, as a measure of useful work (Jorgensen & Mejer, 1977, Mejer &
Jorgensen, 1979); but this ignores the wide range of energy qualities within
chemical, electrical, and mechanical, processes that have the same exergy
{mechanical work).

The notation used here for powers of 10 is that used by computers and
increasingly in manuscripts and printed texts. E5, for example, mean 107,

Enmergy Sources of The Biosphere

For the overall global web shown in Fig. 2, there are two main sources, the
Sun's light and Earth's energy. As indicated in Fig. 2, the internal closed-loop
pathways are all given the sattie value of enmergy, namely 8 solar enmjoules
per vear. These 24 solar enmjoules comprise the sum of the enmergy inputs
of the two sources.

Other concepts of embodied energy may not be wrong: but they are dif-
ferent, and the numbers which these definitions generate may have different
utility and theoretical meanings, such that they will need different

names.

Transformity

Transformity is the joules of one energy type which are required to generate a
joule of another type. The units are solar enmjoules per joule. If, as is done in
Fig. 1, the feedback inputs can be ignored because they are by-products of the
same original source, then the solar transformity of any flow is the ratio of
steady-state inflow of solar enmjoules to the flow of joules of that pathway in
the web (see examples in Figure Ic). A solar enmjoule per joule isequal to a
solar enmcalorie per calorie (solar enmjoule per joul: may be abbreviated
sei/j).

Whereas the enmergy may be large or small, depending on whether there is
a large or small area of the Earth involved, the transformity gives the enm-
joules required per joule. It is an intensity factor (rather than capacity factor)
that measures the amount of energy of solar type which was converged and
dispersed in the process of generating the higher-quality flow to the right in
the web.

Source Method for Estimating Transformity

One way of estimating solar transformities is from solar-based webs on
which are placed actual flows of energy. The solar energy driving the steady-
state: system (Fig. 1c) is divided by the energy flow of the pathway.

Merhod of Back Calculation of Transformity from Elfects

Ancther way of estimating transformities from systemns is indirect. Estimat-
ing how much carnivore can be produced from a particular energy-flow
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allows that flow to be related to some other energy which also generates the
carnivore. Because high-quality energies are flexible, they can often be gen-
erated from more than one source and thus it is easy to use the high-quality
products as a common denominator to compare other flows. The transfor-
mities that are developed with this procedure may not be the ultimate, most
efficient ones for maximum power—if the processes which are being related
are new, and not yet evolved in competitive economies.

Net Pnjducﬁun-»ﬁet Enmergy

Net production in ecology is a productive flow that is in excess of some
concurrent diversions and uses. There are as many kinds of net production as
there are situations with branching flows and storages. Generally, calcula-
tions of net production have been given in actual energy units or units of
biomass or carbon 1o which energies are somewhat proportional, As shown
_in the example in Fig. 3a, the energy content in the productive flow to the
rightlis much greater than the small Calorie content in feedback control
pathways. Rarely has the feedback’s energy been considered important in
estimating net productions. The following is the traditional definition:

Net production of energy is the energy-flow at a point in a system in excess
of feedback of the energy required. Unfortunately, this measure is not a
measure of the net contribution of a life-supporting resource to the system:
actual energy measures do not Ihemgnize energy quality, and the ultimate
energy requirements are not the actual energies remaining in that path-
way.

Net Enmergy

An improved concept of net enmergy was developed to include considera-
tions of energy quality (H.T. Odum, 1976). Net enmergy is estimated after
energies are multiplied by transformities to obtain solar enmergy of produc-
tion and feedback. The following definition is illustrated in Fig. 3b.

Net enmergy is the enmergy contribution of a flow in excess of the high-
quality energy used, where both are expressed in solar enmjoules.

In the example in Fig. 3b, the feedback is found to have the same solar
enmergy as the productive flow, so that there is no ‘net enmergy’ in our
present sense. Many processes that have net energy are found to use more
enmergy than they generate wlf:en' ultimate energy sources are traced, using
transformities. . et : :

The Net Enmergy Yield Ratio is the ratio of the yield to the feedback from
the economy, both expressed in enmergy units (enmjoules per unit time).
The higher this ratio is, the more will be the net enmergy available for
processes other than the one analysed.

The Energy Hierarchy Graph{Fig. 4) is a special kind of power spectral
graph on which can be plotted energy flows or energy storages so as to
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Fig. 3. Diagram of the energy web of an aquarium, illustrating the concepts of net
prqdu_cuan and net enmergy: (a) Enmergy flow with net production calculated as
Calo-ies of energy-flow. (b) Enmergy flow with net enmergy caleulated in units of
solar enmergy so as to reflect energy actually required dirzctly and indirectly. (c)
Transformities calculated by dividing enmergy flow in (b) by energy flow in (a).
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Fig. 4. Energy hierarchy graph giving the distribution of energy according to trans-
formity on the horizontal axis: (a) the graph, and (b) system diagram of energy
flow.

represent actual energy quantities according to the transformity of each. If
there is one energy source that generates an energy web or chain (such as a
food-chain) with dispersion of potential energies at cach transformation
stage, then the graph may be exponential in form if there is a succession of
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constant percentage drops at each stage. The product of each transformation
stage is a smaller energy-flow of higher quality than that which generated it
Many ecological phenomena may be manifestations of the hierarchy of
energy transformations as explained with this graph.

This graph is a generalized application of the Maxwell-Boltzmann distri-
bution for molecules in which many lower-energy molecules on the left
contribute to successively lower quantities of higher-energized molecules an
the right. Whereas the Maxwell-Boltzmann distribution was applied to
quasi-equilibrium states, the generalized use of the energy hierarchy graph
may be applied to both open and closed systems. The energy-flow and/or
-storages on the left of a point on the graph are required for the energy to the
right of that point. The horizontal axis is represented by the transformity
increasing to the right. The vertical axis is the quantity of energy of the
transformity given on the abscissa.

Enmerg}'. Signature

The set of inflowing energies constitutes a ‘signature’ of the environmental
condition of an ecosystem. The combination of driv:ng sources and their
relative magnitudes, succinctly characterize the resources to which self-
organizing ecosystems can develop adaptive structures and processes.

A convenient way of representing an ecosystem’s biotope is to arrange
sources in order of their transformity, either in a bar graph such as Fig. 4a, or
around the edges of an energy system diagram such as Fig. 5. After energy
flows are estimated, they may be multiplied by the appropriate transformi-
ties to provide the total enmergy expressed in solar enmjoules for each
inflowing source (Fig. 5c).

Enmergy in a Storage

Ecosystems have valuable storages, such as those of living b‘iomass.. peat,
soil, wood, mineral concretions, gene-pools, etc. The enmergy in a storage is
the enmergy flow which is required to develop the storage, multiplied pro-
portionately by the time needed to generate.the storage. Another way to
calculate the enmergy in storage is to multiply the stored potential energy by
the solar transformity of the type of energy in that storage.

ENERGY QUALITY INTERPRETATIONS OF ECOLOGICAL PHENOMENA

" Energy quality considerations provide some new insi zhts into ecosystems.
their driving sources, their hierarchies, their populations, oscillations, and
catastrophies, and their organisms or biota as well as their biology and
autecology.
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Fig. 5.. Represantation of farcing functions (energy sources) in Florida landscapes: (a)
Energy flows. (b) Solar transformities from Table 1. (c) Flows of solar enmergy
calculated as product of numbers in (a) and (b).
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Transformity of Ecosystem Sources Comprising Biotopes

Any overall systems view of ecosystems recognizes many outside input
sources, including sunlight, rain, nutrients, geological influences, and genetic
information in the seeding of species into the system. These sources may be
ranked by transformity, starting with solar energy as one. Transformities for
many environmental source$ were determined earlier (H.T. Odum et al,
1983); some of these are given here as Table 1.

In order to make energy systems diagrams hierarchical, uniform, and
congruent with those of other workers, the convention is suggested that
external sources be arranged from left to right in order of transformity. As in
other webs and as was illustrated in Fig. 4, the quality (transformity) goes up
from left to right as the remaining energy quantity goes down. This conven-
tion was used in the second edition of Energy Basis for Man and Nature
(H.T. Odum ‘& Odum, 1981)—and in Systems Ecology (H.T. Odum,
1983)—see examples in Fig. 5. Energy sources are also the external forcing
functions of simulation models. Mathematical definitions of transformity in
terms of Fig. 4 and hierarchical spectra were given elsewhere (H.T. Odum,
19845).

TasLE |
" Transformities of Some Main Sources ‘Driving’ Ecosystems. *
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An examination of the outside sources arranged in order of their trans-
formity gives also an arrangement.in inverse order of their flow of energy.
Multiplying these, as in Fig. 5c, produces a'source ‘signature’ expressed in
enmergy units (solar enmjoules). Autecological traditions have always recog-
nized the importance of various types of environmental factors without
regard to actual energy. This tradition is continued by using enmergy for
determining the influence of sources. Because rain represents a large area of
oceanic solar energy embodied in the water that converged on land, many
ecosystems have more solar enmergy in rain than in direct sunlight (see
example, Fig. 5¢c).

Chemica! Substances in Hierarchies of the Universe

That the Universe is hierarchically organized has been made obvious by
those reporting results of astronomical studies. The energies incoming from
space are hierarchically organized, with much low-energy radiation and less
-~high-energy radiation. The matter of the Universe in stellar dust, and the
.matter of the Earth, also reflect the prior hierarchical distributions of energy
in the processes that generated the elements. For example, there is very
abundant hydrogen and much smaller amounts of the heavy elements.

Within the Earth, the geological and geochemical processes also constitute
a hierarchical system. Dilute energies of sun, radioactive heat, and residual
heat, are converged within Earth’s systems by means of hydrological and
sedimentary cycles into highly-organized and intense pulses of earthquake
and volcanic eruptions that build continents, mountains, trenches, and vol-
canoes. These Earth hierarchies produce further chemical concentrations of
elements that were already in a hierarchical distribution pattern resulting
from cosmic actions. Further differentiation generates distinct patterns of
commonness and rarity, which become available to the ecosystems for
developing their structures and functions.

The enmergy and transforntities of chemical substances are calculated
from the energy required to generate or concentrate them from precursor
states. The minerals developed in the lithosphere represent the hierarchical
energy transformation process. Rarer forms of elements, crystals, and other
compounds, have higher transformities. They are scarce because they
require more resources than was the case with common substances. Items at
the end of a hierarchical transformation-chain have to be scarce.

When ecosystems are depicted with various chemical substances—such as
nitrogen, phosphorus, and copper—these can be drawn from left to right in
the order of their abundance in the ecosystem, and this may also represent
their order in the scale of quality (in the sense of transformity). This theory
suggests that the elements with the highest transformity have the most effect
per unit weight. Knight (1980, 1981), studying the productivity of micro-
cosms, found positive and negative effects and high transformity for cad-
Mmium. i
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Transformity in Ecosystem Webs

Driven by the enmergy ‘signature’ represented in Fig. £, ecosystems develo p
web-patterns connecting producers, consumers, control feedbacks, material
recycles, hierarchical convergence, and storages. If the various components
are arranged according to their transformity, with low quality on the left and
high quality on the right, then the energy systems diagrams are simpler than
otherwise, with fewer crossing lines. Diagrams become standard patterns, so
that one person’s diagrams are similar to and congruent with those done by
another—see example in Fig. 6.

First, energy flows are written on the pathways, as is often done in energy
analyses of ecosystems. Such a diagram, as in Fig. 6, is a first-law diagram
with energy inflow equal to that stored and outflowing (as described by the
First Law of Thermodynamics). The further to the right that energy flows
and is transformed, the less actual energy remains, but the higher is its
quality.

INext, it is possible to estimate transformities for flows and storages by
estimating the solar enmergy that is responsible for the web. For example,
the ratio of solar enmergy driving the web to the energy flowing through a
fish population is the solar transformity of fish production.

Calerlan fmEfDay 3

Fig. 6. Energy-flow in Silver Springs, Florida (H.T. Odum, 1955; Knight. 1981).
Refer to Table II for transformities evaluating quality of energy increasing from lelt
to right in the web.
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The resulting transformities in Table II increase from left to right by
position in Fig. 6. That animals, larger and longer in development, should

TasLe H
Solar Transformities* for Components of Silver Springs, Florida
(cf. Fig. 6). . !
; ) | Transfocmity®
: . soler
f lem . eamcal/Cal,
Sunlightisy e i f .....,;..'..,..]. ,,,,, i 1
Light absorbed inplants . . . ......... L LR 224
Ciross plant production . . .. ....... ki o 4,421
Food 1p herbivores . ... .. e P R 10,413
Orginic matter o detritus . . ... ... ... sobam i L 18,260
Hydrostatic head of inflow spring . . . ... ... R B 23,600
Herbivores used by camivores . .. . ... .. .. e R 252,000
Eiod o top cARavenE e R 7,000,000
Nultlent use . o ovvss v P R e e 9,333,000
Migrating ] ety R S e i s e ; 63,000,000

* Trambrmitics in the table were calculated by du-idmc_li»: solar rnmtlrilr of the river waler by each energy Nlaw,
Ratio of Solar enmergy of sources in Fig. 6 1o cnergy Rows in the sysiem. Although there are 4,638 direct solar Calories per
square metre per day driving the Silver Springs sysiem. the solar enmergy received through the physical waler-flow is

mﬂ;mm = (physical energy wsed) (sotar tranaformity of river fow}
Selar cnmergy = (10,7 Calim®'day) (2,34 = 10* sobar enmecal/Cal)
= 2,52 » 10" solar enmeal./m®/diy in spring waler used.
Return feedback required fs the nutrient content of the produce removed in the exportol
4 Calories to the right. I | § organic matier was removed containing 1% P, then relurn
feedback of phosphorus necds to be 0.01 gram P/m'/day. The plant use maintains the
photphorus concentration at about 0.001 gram P/m®, The feedback thus constitutes a
10-Fold concentration stimulus, The encrgy pér gram
; RT 10.m
| AF =] — In ﬂT:I
i (.01 giday) (3 = 107 'Calrdeg moke) (300 deg K) (2.3 logis10)
3 {33 g/moie)

AF = 59 x 10°%al/day : : A .
Although the calculation of one nutrient was used, others would give similar resulls if the feedback adds
about ten limes the lowest cancentration from which the plants can draw nuinents.

Energy Mows for Florida:

Wind Kinetic Encrgy —2

Wind ical gradient 2 m/mss

"-‘r':nd ::c“r:; lﬂnrll::d = (1000 m) (1.23 kg/m?) (2 m¥s) (2 mis) - mox 107! mém/e) (T324)
= 37.067 Cal/mi/yr

Rain chemical polontial energy —

« (1.5 miyr) (10° g/m") {2 x 10! Calideg/mole} (300) (Ln
{18 gimole) :

999,990
000

¥

= 2173 Cal/m¥yr
Uiplifi of limestone = :
= (2 gfem') (10 em¥m?) (0.5 em/ 1000 yrs) {0. 146 Cal/g)
= ‘llﬁ Cal‘'m¥yr -
Encrgy in specics seeding:
Assume 1% of litterfall as seeds etc. or about
{5 cal/g) 12 g'm*rday) (3635 days) (.01} = 36,5 Cal/m¥/yr
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have higher-quality energy than other sources, is to be expected, and it is
useful to have a quantitative measure for comparing energy-chains.

One of the interesting aspects of the transformities is the ability to set
equivalences between things that are not part of the same web. For example,
electricity and high-enmergy fish are similar in their transformity. One
consequently hasa choice between damming rivers to use water potential for
electricity, or retaining high-quality food resources without a dam.

Transformity in Population Age-structure

Reproduction is an energy-consuming work-process which transforms vari-
ous organismic energies and materials into reproductive propagules such as
sceds, spores, eggs, larvae, offspring, etc, These have high enmergy as a result
of the transformation—so long as they are still concentrated with the parent
organism. But then these propagules disperse over a larger area, losing their
concentration.. This is a control feedback which decreases the enmergy per
unit space. As a small high-quality energy package, a propagule interacts
with lower-quality energies of the environment to develop growth and onto-
genetic changes. Each of these changes upgrades the individual to a higher
and higher quality by successive transformations.

The stages of development are accompanied by gradual decline in popu-
lation numbers with mortality. Eventually, a high-quality mature stage is
reached that once again generates reproductive propagules for dispersal.

The pattern of change of population number and size is often represented
by age-structure graphs such as those in Fig. 7. Many young individuals on
the left, through successive steps, generate a few mature individuals on the
right. The age-structure graph generally has the shape of the transformity
spectral pattern in Fig. 4. The individuals lost, and the energies flowing in
their support, are embodied in those that survive to the next stage. These
were necessary inputs. The role that the organisms play in the ecosystem as
they are transformed to older stages increases; the realms which they cover
and interact with increase accordingly, as the enrnergy per individual
increases,

Transformity in Life-cycles

The transformity concept provides another dimension with which to exam-
ine complex life-cycles such as those of Algae, parasites, biota having an
alternation of generations, ctc. The energy-quality concept suggests that such
diagrams may be drawn using the conventions of Fig. 5a, with low quality
bun 1igh quantity on the left, being transformed to hizher quality with less
and less numerous units on the right. Return feedback pathways represent
procucts, services, and stages, which are being dispersed and thus are losing
enmergy concentration. An example in Fig. 8 illustrates the concept, with
disp=rsal processes lowering gnmergy concentration. Wright (1968) models
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Fig. 7. Typical age-structure diagram mtcrprelad as an energy-quality spectrum

‘embedded in an ecosystem hierarchy.. The system’ has energy transfers in part by

consumption and in part by survival; (a) system diagram. {b) energy-flow being

indicated as a funclion of transformity, (c) energy slorages on the same plot—

enmergy at each stage is also given as product of stored energy and transformity. and
{d) movement of a dominant year-class as a pulsation of enmergy.
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Fig. 8. Energy quality in the life-cycle of a slime-mould: (a) energy diagram.
{b) sketch, and (c) spectral graph.
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slime-moulds, providing a systems view of convergence of biochemical
processes in differentiation.

Transformity and Size

In general, whether one is considering increasing size with age within mem-
bers of one species, or whether one is comparing organisms of different sizes
belonging to different species, the larger organisms have larger realms from
which they derive inputs, whether directly or indirectly. Larger units may
also feed back their services to larger areas. It may be inferred that larger
size-units have more enmergy and higher solar transformity than small ones.
Large size is one form of high quality and hierarchical position in ecosys-
ems.

cloud-formation systems in the atmosphere, the larger units represent the
convergence of enmergy from larger areas. In terms of Fig. 4, many small
. .units.contribute to or evolve intp a few large units on the right.

Another example is the convergence of rivulets to form small streams and
then small streams converging to form large streams. Numerical examples
are given by H.T. Odum (1985) for swamp: watersheds and by Diamond
{1984) for the Mississippi Basin. The feedback and dispersal of high-quality
energies of major rivers to the far larger spatial area of The Biosphere is
observed in the distributaries of deltas.

Larger units cover larger territories, but they have less total quantity than
the units from which they draw'energy by transformations. As was indicated
in Fig. 4, total quantity declines along the energy-chains from left to right,
although the unit size increases.

Transfurn"lity Within Organisms | :

Energy quality within an organism may be related to the energy transfor-
mations and feedbacks of the system of organs. The organs of the body with
larger volumes converge sunlight or food sources into successive physiolog-
ical transformations to form higher-quality structural products and tissues,
finally converging on thase organs which are smallest but have the greatest
general feedback control roles, e.g. nerves and hormones (see Fig. 9).

The energy used by an organism has fm::;d quality, which is increased by
cumulative transformations within the organism, so that output services are
of much higher quality. These products may be further transformed by
successive consumers, which are drawn to the right on ecosystem dia-
grams— following the convention of drawing higher-transformity items on
the right. Units at the base of a food-chain may be defined as producers,

because of their role in contributing moderate-quality inputs to consumers

‘of higher quality.

Even in non-living phenomena, such as turbulent eddies in the sea or
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Fig. 9. Diagram of the organ systems of an organism, arrangad in order of transfor-
mity from left to right.

anmm:rs are those organisms which transform their inputs into high-
quality services Fnd products; but feed these back—so as to control larger
areas through dispersion of materials, information, and other work. For
either producers or consumers, the contribution of work output to other
aspects o!‘tl?e system is of higher quality than most inputs. To evaluate the
energy quality of an organism's contribution, the output products and work
have to be evaluated—not just the organism's total €nergy consumption
!Exam pfeq of energy transformation between organisms and within an urgan:
Ism are given in Figs 3 and 9, respectively.
. Asingle tree demonstrates spatially the convergence and concentration of
energy quality within an individual. Dilute solar energy and energies of
water, etc., are converged first in leaves and then concentrated in twigs,
limbs, and t'runk_s, and, after storage, in flowers and finally fruits. Ultim ately
1'.h¢y; are dispersed again to where interactions can occur between high-
quglny feedbacks and raw materials, diluting energies to produce new plants
of intermediate energy-quality.

Parasites Compared with Predators

Although parasites and predators both draw energies from host populations,
I.‘I'.Ih'.'ll' energy-quality roles are quite different. The predator represents the
higher-quality unit with larger size, larger-sized supporting territory, and
convergence of the embodied energies of the prey population, :

.
[ Wiy



ENMERGY IN ECOSYSTEMS 361

rank-order diagram may really be a hierarchical energy-quality representa-

tion of species, of which the most common ones are the main processors of :

lower-quality inflowing energies, whereas the scarce ones to the right may be

high-quality information processors. The scdrce, rare species in an ecosys-
tem are of high quality by virtue of their scarcity that results when a largc
enmergy is used for their generation. The role of the rarer genetic storage is as
a contingency that is available to help aﬂapl the echsystcm to less-common
mndmunx v : _ .

J |
Tranéfurmir:' and Humans

Humans gradually evolved to become top members of ecosystems, in part
because of their unique information-processing abilities. In energy-system
diagrams organized by quality, the humans and their systems-work go on the
right of the diagrams. The things that individual humans do will converge in
= largt:r highm'-quaht}' processes ancr storages—of social institutions, culture,
universities, governments, medical processes, etc. Diagrams of the conver-
. gence of lower-quallty energies: into the higher-quality aspects of human
" organization are given elsewhere (H.T. Odum & Odum, 1981; H.T. Odum,

1983), but the shape of the diagrams is q‘.iu{:h like that l:-t'thé ecosystems (cf.'

the diagram given by Adams, 1975)." .

The flows of money circulate through parts of human wehs The ratio of
dollar flow to accompanying energy-flow increases towards. lhf.' high-quality
nght as do the lmnsfarmmr:s ;

Noise, Pulsing, and Catastrophe
A review of the several levels of biological organization, including those of

organisms and ecosystems, suggésts the i'm:#a,sing periods and magnitude of

the ‘pulses’ which need to be considered i m any’ mnd:ls or theories of time
and space.

Systems of all sizes are observed 1o puis: in thm“r performance, altematmg
a productive growth with a consumptive use of storages that may recycle
materials for another round of altemnating growth and pulsed consumption.
In general, the small systems have short, small pulses and the large systems
have long, large pulses. In the hierarchical organization of systems, the many
small'units with their short pulses converge through energy transformations
to generate the larger, centralized units with large pulses separated by long
intervals of time. Models of this phenomenon are discussed elsewhere
(H.T. Odum, 1981; Richardson & Odum, 1981; H.T. Odum, 1982).

As illustrated in Fig. 11, the many small, low-quality pulses are filtered out
when théy are con verged to larger units, so they may not be of much interest
at this larger level of organization except as noise, generating useful varia-
tion. This perception interprets noise as deterministic but uninteresting,
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Fig. 11. Frequency of pulses as a function of position in energy qualn:, hierarchy:

pul:¢s smaller than the system of concern are considered as *noise’, and larger pulses

of systems larger than that of concern are regarded as cntsstmphrs {a) Energy-

trar sformity spectrum; (b) Oscillation period as a function of transformity; (c) Svs-

tems dlagmm of pmdumnn and consumption with oscillation frequencies appro-
priate to sources and hierarchical position.

rather than as indeterminate randomness. Campbetl (1984) analysed various

ecosystem designs as adaptive filters of varying inputs.
As explained and modelled by Alexander {19?8] the pulses of systems of
much larger size than the above in which one's systern of interest is embed-
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A small parasite on the body of its host is in parallel with some of the
organs of the host, drawing enmergy from the lower-quality biological and

physiological systems of the host's body. The parasite develops through

sharing the enmergy of its host. The predator develops through using
enmergy of many hosts, and thus is higher than the parasite in the energy-
qualily chain, with higher solar transformity.
Transfurmm in the Cell 1)

The hxera rchical distributions of cellular 5|:n.u:ture suggests thit the enmergy
is converged from energy sources 1hruugh physiological transformations to
the nuclear genetic material in the centre, with f;cdback of control actions
caschding back through messenger control amibns Fig. 10 shows energy’
traniformation ratios, from sunlight to the geneu-:: strands, for an aggregated
cellular chain ofa plant cell. Within the spanal realm of the cell, the genes are,
the top members and controllers, towards which energies are transf'anned;
and ‘controls are distributed and diverged.

It is sometimes a habit of thinking in biology to examine hierarchies|
without regard to the spatial ¢concentration in'which they actually occur in an ;
ecosystem. Looking at the concentration of Structure and function in a cell|
through a microscope, allows one to forget that the particular cell type under,
consideration may be in low concentration when examined in terms of the
entire ecosystem. The cells may therefore be of low quality when considered.
in the ecosystem, but may be converged in the ecosystem to units of much
hlgher quality. Whereas a gené may contral the cell, it is in turn controlled by
much more concentrated, higher-order systems that utilize the converging
work transformations of countless genes. The gene is a small, highly efficient
micro-robot slave which receives its controls from the larger-system phe-
nomena. Its energy quality, when calculated per area of the ecosystem, is
moderate if it is computed in relation to its Furmaunn from existing tem-
plates.

@%

l:dhrru.fmzr'l:lnr

Fig. 10). Energy-flow in algal cells in Cal/m*day. Solar transformity of DNA =
4.000/0.1 = 40.000 solar enmcalories/calorie.
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However, a successful gene that has been selected by the larger environ-
mental system and is held by many individuals of the species over the
landscape, is then a shared information unit. Such svccessful, shared infor-
mation has higher-than-otherwise transformity of the additional work done
by the environment in its development and selection.

Transformity of Evolntionary Steps

Energy changes are always calculated relatively to some energy reference-
level. We sometimes calculate hydroelectric potentials from sea-level refer-
ence, and fuel potential energies relative to atmospheric oxygen concentra-
tions. Enmergy and transformities similarly depend on the difference
between the item of interest and a reference state. With information, the
enmergy that is added in making a copy is relatively small so long as there is
an original available. The enmergy in duplicating text :n a printing press or in
organismic reproduction is relatively small.

However, if there is no template and one has to be redesigned by some
work processes from some materials of much less energy quality, then the
added enmergy is much greater. The long time taken by an author to rewrite a
book involves protracted addition of enmergy. Similarly, the considerable
energy required to maintain a population with choices and selection
actions—such as may be necessary to develop a specie; from the next nearest
one available—is the added enmergy of that evolutionary step. The greater
the differences and the longer the necessary evolution {or the larger the
populations necessary to do the work), the greater will be the transformity of
the species.

If one has the last male and female specimens of a species or copy of a
book, it has a high transformity of its evolutionary replacement rather than
the smaller transformity of its duplication. Thus, the enmergy concept and
transformities supply a scale of evolutionary value that, at least in principle,
can distinguish which species are deserving of more conservation effort,
etc. .

As part of a project on power-plant siting and endangered species
(H.T. Odum et al., 1983), R.L. Knight suggested getting an average enmergy
in species by dividing the total number of species that were estimated ever to
have existed on Earth, into the total solar enmergy estimated as utilized by
The Biosphere over that long period of time. The result of this calculation
was a very high transformity of 5 x 102! solar enmjoules per joule.

Transformity and Rank Order

A favourite graph for representing species diversity has been the quantity-
rank-order diagram which, in general, puts the most common (highest rank-
ing) species first, the next mgst eommon next to it to the right, etc., producing
a declining curve not unlike that represented by the steps in Fig. 4a. The
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ded, have such infrequent pulses relative 1o the smaller systems that they
seem to be catastrophes. They may be regular but appear irregular to those
with shorter lifetimes in the smaller systems. The pulses of much larger
systems are so infrequent that they are ignored on a probability basis as too
infrequent 1o prepare for. Moreover, the energy required to retain an adap-
tation may be larger than the catastrophic action itself. Each system may
adapt to pulses of quality-range that include one or two orders of magnitude
lower quality and one or two orders of magnitude higher guality,

Alternation of Production and Consumption

\We are accustomed to the concept of alternation of production and con-
sumplion because we are accustomed to the daily and seasonal pulses of
solar energy. Indeed the alternation of production and pulsed consumption
may be a more general property of all energy hierarchies than'is commonly
supposed. Production is a large-volume process composed of small, fast-
" period units that are filtered by the convergence through system storages to
consumers. The consumers at a higher-quality position in the hierarchy have
larger units and time-periods, so that they"draw from the prqduclinn of
longer periods during their pulsing consumption. This alternating pattern
generates increased power in some production-consumption models, at
least in some ranges of values (Richardson & Odum, 1981; H.T. Odum,

1982).

Nested Pulses !

If alternating periods of gradual productive accumulations are followed by
pulsating consumption as a property of energy-quality hierarchy, then there
is a size- and time-level of accumulation and pulse for each stage in the
hierarchy. The ecosystem is made up of different-sized (and -timed) accu-
mulation-pulse regimes, each'nested within the hext (see Fig. 11).

Pulsation of Human Civilization

Many of the rises and falls of human cultures and civilizations may have
been manifestations of buildup of soils, forest biomasses, and dominant
year-classes—e.g. among fishes—followed by relatively briel bursts of
human civilization rapidly consuming those storages. On a small scale this1s
also the case with shifting agriculture. On a very large scale, the mineral and
[ue] deposits of The Biosphere are gradually generated and brought to the
surface by the Earth's sedimentary and voldanic cycles. The current explo-
sive pulsation of civilization is sometimes called ‘King Hubbard’s Blip', and
appears to be the same phenomenon on & very large scale of size and time. IfJ
this, is a correct interpretation, several inferences about the future are pos-
sible. ! i
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The pattern of moving from our recent growth-period to a lower-energy
civilization may be steep and its impact catastrophic. as rapid consumption,
returning the system to gradual production again, mmay be the pattern for
maximum power. It may be the pattern that maximizes the economy at each
point in time, even during a period of overall decline. For the long-range
future. pulsations of civilization based on soils and biomass will surely
repeat themselves over and over; but another blip as large as the present one
will inevitably be a very long time to come in the future, as the rate at which
Earth’s resources form and come to the surface is of the order of magnitude
of 3.6 cm per 1,000 years (Judson, 1968).

THEORIES TO BE TESTED ABOUT ENERGY QUALITY

Up to this point the present chapter has defined transformity and enmergy
as means 1o indicate the accumulated value of successive energy transfor-
mations and as a way to distinguish items and processes quantitatively in

. regard to energy invested in their existence.

INew theory may result from using these measures, and several ideas are

- sugeested for empirical testing. Reasoning from the maximum-power prin-

ciple suggests some relationships, and the empirical confirmation of these
will help us further in understanding energy organization of the ecosystem
or, for that matter, any system.

Pulsating Period and Embodied Energy

Following the concept of hierarchical spatial convergence introduced with
Fig. 4, the greater the enmergy of a unit of a process is, the longer will be the
period between pulsations. This relationship may make it possible to deter-
mine pulsating frequency from the size of a system, which means that the
external pulsation of an outer system may be inferred from its size without
knowing its.nature, and vice versa. The period of pulsating may help to
determine the ultimate enmergy territory from which the pulsation has
drawn its support, and to which it may direct its feedbacks. The rarer the
component is,'the longer will be the period between its surges.

Effect Proportional to Enmergy

As described in an earlier essay (H.T. Odum, 1979), the items of larger
enmergy may be expected to have larger effects on the systems from which
they draw their support. The reasoning is that surviving system designs are
those which maximize their supporting system’s power and thus their own
basis for existence. Items which require many energy transformations and
much enmergy constitute a liability—unless they feed back with reward
amplification loops to the broader, spatially larger support-system. There-
fore the systems observed as surviving the self-design process will have a
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correlation between enmergy and feedback effect: Knight (1981), in studies
of cadmium, started the process of correlating transformity characteristics of
chemical substances with their amplification action (positive or negative
toxic action). | _

Té many people, the value of something is proportional to the effect it has.
This enmergy-effect hypothesis suggests that items which are valuable in the
scnse of the high enmergy are also valuable in the sense of having a large|
ampiifier effect. items thai have large amplifier effects also have steep’
action-responses. They havea large derivative on a limiting-factor graph. In
economics they might be described as having a large marginal effect, and
thus be considered valuable to those concerns where such a process is con-
nécted 1o human economy. i i

‘ltgoes without saying that high-quality energy can have important amplif-
ier effects only if it can find lower-quality energy with which to interact.
High-quality energy cannot be in excess of its hierarchical rarity withogtl
“Iosing its éffect. Too many PhDs, too many eagles, or too much mercury, will
be selected against—until the hierarchical abundance indicated on the left in
Fig. 4 is re-established. '

Value and Scarcity at the End of Hierarchy

The correlation of scarcity with perceived value is often attributed to human
behaviour, but the réverse may be more likely.' Because they require more
energy, high-transformity items are inherently scarce, and those items which
are retained by selection are those which are found to have large effects.
Human behaviour that leads to survival learns to prefer that which is scarce
because of its greater-than-otherwise effects.

Transformity, Transportation, and Transmission

Scanning of energy-flows of different types suggests that higher-quality ener-
gies may be more easily transported than lower-quality energies. Certainly,
the higher the transformity is, the more enmergy can be transported for the
same effort. For example, birds represent a convergence of solar energy into
high-quality form. Transporting birds containing a few grams of sugar, car-
ries more enmergy than transporting the' same enmergy in leaves. .

‘Eleciric power-lines transmit enmergy, of coal more cheaply than trans-
porting the coal as coal before;its conversion to electricity. If this transpor-
tation theory isgeneral, then one of the pro perties of high-quality energy is its
‘tranisportability, and it is this property that makes possible the feeding balwck
of small energies of high transformityto give back to the large supporting
area the large stimulating effect that is required for the hierarchy to be
competitive, to maximize power, and to deal wit:h necessary contingen-
cies. i !
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Strange Equivalences and a Final Word

High-quality energies include some very contrasting kinds of energy. Some
are very hot, with intense concentrations of energy; others are very cold, as in
the case of an iceberg. Some are neutral in temperature, being in the form of
information and culture, while others are large, as in the case of an elevated
mountain.

Transformities are easily calculated from the abundant data existing on

- enérgy-ilows in The Biosphere. These formi a scale of values that is at leasi a

handy way to calculate what energies have been responsible for an entity, and
may yet constitute the thermodynamic basis of pertinent values. If theo-
retical reasoning is confirmed by means of empirical testing. enmergy and
transformity should provide ways to predict catastrophes, presuppose hier-
archical distributions, and relate genetics with energetics —so unifving bio-
geochemistry, population ecology, and community ecology with common
measures, and ultimately leading to an understanding of the hierarchical

‘organization of Nature and her component ecosystems and ecobiomes,
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SUMMARY

The concept of enmergy in ecological systems is examined in this chapter.
An intensive measure of enmergy, the transformity, is the ratio of the joules
of one type that is required in a competitive web to generate a joule of
another quality. Transformities provide an energy-value system for the
ccosystem. Values range from 1 solar enmjoule per joule for sunlight, by
definition, to 10*! solar enmjoules per joule for the most valuable entities
such as unique gene-reservoirs. The enmergy values suggest systematic ways
of modelling and diagramming ecosystems so as to include hierarchical ma-
nifestation of energy-flow, to make diagrams by different workers congruent,
and to organize voluminous data on energetics of ecosystems for easy refer-
ence. i

Because of the apparent correlation of operational time with the transfor-
mity. temporal characteristics of ecosystem components and phenomena
may be classified according to transformity, low valuzs being regarded as
‘nois2’, intermediate values as dynamic phenomena, and large values as
catastrophic phenomena. Other hypotheses are that amplifier effects are
proportional to enmergy, enmergy is more efficiently transmitted in high-
quality than low-quality form, more high-quality than low-quality embod-
ied energy can be stored, and high-quality energy is more flexible in use than
is lov/-quality energy.
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