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ENERGY BASIS FOR HIERARCHIES IN URBAN
; AND REGIONAL SYSTEMS!

Mark T. Brown?

Absgtrnct.—Understanding the hierarchical patterns of
energy flow in landscapes i= a major objective in the sclen=
ces of enviroament and husan settlement. Data om reglonal
and nacional patterns of landacape organizacion are used to
teat theorles of energy flow control of hierarchies. Simu-
lation models are developed to quantitatively relate ideas
of mechanism and energetics to hierarchical structure,
spatial pattern, and spectral distribution observed in sys=—

rems of humanity and nature.

INTRODUCTION

Complex systems such as ecosystems, indus=
trial processes, and networks of cities in the
landscape appear to be orgamized in webs of ener—
gy flow with multiple levels of components (fig.
la). These may be visualized in simplified form
with diagrame as In figure lb. The patterns have
spatial manifestations, wicth many small wnits
converging energy to a few larger ones.

Theories developed to account for theso
hierarchical patterne may be based, in part, on
the theory that systems compete for power and
survive by developing a structure of energy flows
that maximizes useful power. The maximum power
principle was enunclated by Lotka (1922) and
addirional corollaries were proposed by Odum
(1967, 1971, 19%75) and O0dum and Odum {1978}, The
type and form of web adapting to different com
binations of energy from the envircnment produces
different spectral distributions and spatial
patterns, which may be predictable from simple
models.

Thearetleal Concepts
An Energy Basis for Hiecarchies

Given in figures la and lb are simplified
Enargy clrcuic models (Odum 1971} that depict

——
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Mark T. Brown is Assistant Research Scilen—
Llst at the Center for Wetlands and Ad junce
Aselstant Professor, Department of Urban and Re—

Elonal Plapning, University of Florida, Gaines-
ville, Florida U.5.A.

energy flow and storage in hierarchically organized
gystems. These diagrams show energy flow ard cor
trol action feedbacks in five=compartment {leval)
hierarchies and are the basie eonfiguration for the
organization of data in this investigaciem of an
energy theory of hierarchically organized eystvems.

The following concepts and theories about the
relationship of energy, its spacial distributiom,
and resulting hiermrchies are postulates and are
the basls for examining data on systems of Florida
and the nation.

Energy Constraints

Systems operate under the constraints of the
First and Second Lawe of Thermodynamics and Lotka's
Haximum Power Principle (Lotka 1922) and corrollar=
les as proposed by Odum (19753) and Odur and Odum
(1976); and are organized in a manner to remain
competative and stable, increasing inflowing energy
when excess energy is available.

Energy (uality and Embodied Energy

Odum (1976, 1977, 1978a, 1978b) and Odum and
Odum (1976) suggest that there s a quality to
energy, which 18 a measure of its ability to do
work. OQuality of energy 1s related to the dogree
to which it is concentrated; with dilute energles
like sunlight, winds, waves, and other natural
energlies having lower quality than the more concen=
trated energles of foseil fuels.

Energy Quality and Freguency of Energy Sources

Recently, Odum (1981) and, in earlier studies
of the eycles of order and disorder, Alexander
(1978} have suggested that the quality of an energy
is related to iwe frequency in the time domaln.
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Others {(see Simon [971) have suggested that fre-
quency and place in hierarchy are related to the
extent that high frequency ik assoclated with Llow
place in hierarchical order and low frequency
with high hierarchical place.

Energy Quality znd Power Densiiy

One measure of the intensity of energy util-
ization in the landecape is powver density {Odum,
Brown, and Costanca 1976), or the rate of energy
flow per wnit area {Cal/acre‘year}. In this
manner, the energy intensity of ome area can be
compared on a relative scale with others. In
urban systems, power density Is considered to be
the rate of embodied energy consumption per unitv
area and in natural ecological eystems of the
landscape, power density I8 the rate at which
energy Is fiwed, a8 measured by gross primary
production.

Figure 1. The web of energy flow and comparfesnts of comples
systems. Shown above Iz & hypotheTlcal energy web, and
below a simplified form organized & a Blerarchy.

Previcus Studies of Hierarchies

Many theosries for hierarchical organization
of systems and the resulting distributions of
components , dating from antiquity, are prevalent
in the literature. As the amount of published
scientifie literature has grown exponentially in
the last BO years, so has the number of scien—
tiete using the concept of hierarchy in the anal=
yels of physical, blological, and social systeas,
Host notable in recent years are Woodger (1929,
1937), HWhyte {!‘M‘], 1969), wvon Bertalanffy []933,
1968), Simon (1962, 1973), Wilson (1969), Bunge
{1969), Welss (1971), and Lamzlo (1972, 1973), '
Hierarchy in social systems 8 investigated by 1
numerous authors (i.e., Aldrich 197%; Blauw 1972, =
1974; Burgess and Park 1924; Emery and Trist
1973; Glassman 1973; Landau 196%9; Honane 1967;
Thompson 1967; Weber 1946, 1947 ).

The hierarchy sssoclated with the landscape
of cities in reglons was first enunclated Iin 1933
by Christaller {1966) and further developed by
Losch (1954). Hany authors have applied central
place theory to regions and developed the theory b
furcher {see Dokmeci 1973; HKendersom 1972; Purver
19751, Others have been critical, ftnding At
least four specific weaknesses (see Beckman 1955;
Henderson 1972; Tinbergen 1968; wan Boventer
1969). A number of authors hawe used gravity
models and equations of diffusion for ull{:c,a.t_:r_na
regional influence of centers and caleulating the
apread of Innovation (see Beckman 1956, 1958, 1970
Berry 1972; Hagerstrand 1966; Isard and Peck
1954; Mansfield 1963}).

Zipf (1941} and later Steward (1947) have
suggeated there 15 4 mathematical relacionship =
between rank of cities and population size. Mae=
Arthur (1957) has suggested rank-abundance curves .
for the study of the structure of animal comsuni=
ties, and Odum, Cantlon, and Kornicker (1960} " °
have postulated a hierarchlcal organization of
ecological cosmunities uwsing & cumulative loga=
rithmic species=diversity index.

Few previous studies of hierarchy hawve dealt
with the energy control of landscape organization
but many with econcmic aspects and some with the
physical comstralnte of hierarchical organizationm.

Plan of Study ; _:-m"

In this study the hierarchical organization
of the landscape and resulting emergy SpectrTam __i'
energy storage and flow were investigated at M’E
levels: the reglonal level of ecosystems and =
urban land uses, the organization of cities in
landacape, and the organization of land uses
within eities. In addition, relatfonship of
intensity of development to the spatial mred
influence was investigated at different levels 1.415‘?
organization in the nation, the state, and & 0
districts of the stace. The specific plan
analysis of regioms, districts, and lu'E»g..l.iF
is as follows.
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First, energy spectra for mamy different
types and sizes of systems were comnstructed Lo
understand general trends of energy flow and
storage in observed hierarchies.

Second, maps were made of ecosystems and land
uses at twe levels of study; tha regloms of Flor-
ida and cities within these reglons.

Third, generalized models of each urban land
use type were evaluated and spectra and enargy
storage and energy flow were calculated.

Fourth, specific analyeils of the external
enargy requirements of areas of different sizes
and an emergetic evaluation of cities of different
pizes were conducted.

And Eifth, & series of theorstical models of
hierarchical organization were simulated on analog
and digital ,computers to explore different energy
flow and storage characteristics under different
organizations and pathway configurations. And
then data from an aquatic ecosystem of Florida
were used to test theorles of hierarchical distri-
bution and energy control.

HETHODS
General Methods and Definitions

A graphic language is wsed throughout this
paper to describe energy flow and interaction im
complex systems. The language is a graphic means
of depicting systems as Nth order differential
equat fons, eince each symbol represents a mathe—
matfcal relatlonehip of either energy flow, inter-
action, or storage relative to time. For a com
plete description of the language and its develop—
ment see Odum (1960, 1967, 1971, 1973, 1976a).

Evaluatiom of Dbeerved Hierarchies

The trends of hierarchical organization and
energy spectra were graphed -auilugarithlicllly
for gyscems of differing scales and complexity.
Data were gacthered from varlous sources in liter—
ature and from warious local, state, and federal

agencies in published reports and in some cases
unpubl ished data.

Land Use Hape of Reglon and Cities

Three reglional areas of differing character
and size were analyzed for total energy budgets,
land use, and resulting hierarehic organization:
the Kissinmee Everglades Basin in south Florida,
& dubtropical reglon of relatively intense urban
development; the St. Johns River Basin, a region
on the coast of central Florida dominated by a
major river and agricultural lands with ooderate
urban development; and Les County, Florida, an
Area In southwest Florida that is & coastal
county with extensive tourism and an agriculture
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Figers 2. Hap ot Florlds showlng three reglonal shady sreas and
two wrban study sress.

based Inland. The county has experienced recent
very rapld growth (fig. 2).

Two urban areas were analyzed in detall for
total energy budgets and power densitvies, energy
budgets and power densities of land uses within
the urban areas, and resulting hierarchic organi=
zation of the urban landscape: Ft. Myers, Flor=
ida, an urban area on the southwestern coast of
Florida whose main economic inputs are from tour=
fsm, and is a governoent center; and Gainesville,
Florida, an urban area In central Florida that is
a governmental center and center of university
education (fig. 2).

The average direct power density for each of
the land use classifications was calculated by
firast selecting a representative sample of struc=
tures in each of the land use types (approxi-
mately 10X sample silze), and then obtaining
yearly energy consumption data from local utility
tecorde for each of the selected structutes.

Indirect power density was calculated for
the land use categories in the Ft. Hyers study
area only. A detalled model of energy flow
between the main sectors of the local economy for
1973 wae evaluated (Brown 1980) to obtain the
energy embodied in goods and services that were
consumed in the residential, commercial, Indus=
erial, and construction sectors of the economy.
Evaluation of the flows of dollars among sectors
of the economy was used and converted to embodied
energies using a conversion factor of 21,000 Cal
CE/§.

The structure assoclated with each land use
was determined from property tax records of both
cities where total area of structure for each of
the sample structures was used. Volume of struc-
ture was calculated by multiplying area by aver-
age helght of buildings.

Foat ]
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Land Use Haps

Land use mopa were congtructed from false
color infrared and black and white infrared photo-
graphs taken in 1973 and 1974, The land uee map
for the south Florida reglon war prepared during
previcus studies (Odum and Brown 1976). Areas of
each land use were determined by cutting different
land uses from the map and weighing them on an
analytical balance. A conversion factor of grama/
acre was uaed to convert from welght Lo area.

Urban Land Use Power Densitles

Power denaity 18 & measure of energy flow per
unit of time per unit of ares. In this study,
power density if expressed in unite of Cal CEfacre
*year. Power density Is expressed as the addi-
tion of energy consumption of fuels and electri-
city per unit area (referred to as direct power
density), and consumption of the ecergy embodied
in goods and services per unit area {referred to
as indirect power density}. Total power density
results from the addition of both of these bypes
of input energles.

Claggification of Citles
by Average Power Density

An average clty power density was determined
for all eities within each reglon by uslng aver—
ages derived in detailed studies of the two urhan
areas, Gainesville and Fr. Myers, Florida. The
area of each city is not necessarily the actual
area within legal city limits, rather it s the
area that when viewed from aerial photographs is
within the major concentration of urban land uses.
In some cases this area may be smaller than actual
clty limits and in other casesa, where suburban
gprawl is evident, the ares may be conaiderably
larger.

Development Density and Imports/Exports

One measure of produceion and consumption in
reglonal eystems is gross domestic produce (GILE)
ag determined from the total flow of dollars with-
in & reglonal econcmy. While domestic product is
not always available for reglons, it may be decer—
mined from employment data and averages for
productivity per employes in each economlic
Eector.

GDP for counties in Florida, staces, and
nations were determined from employment data, and
“developnent depsity” was caleulated by dividing
GDF by land area of each county.

Export multipliers for each county and state
ware decermined in the following manner: employ=
ment data for eight broad economlc sectors (azri-
culture, manufacturing, wholesale and retall
trade, government, services, transportation and

public utilities, banking and finance, and con=
ptruction) were obtalned and compared ts the same
data From the U.5 economy. Fosltive departures
Erom the U.5. percent employment were coneldered
to indicate that portion of each economlc sector
that was export employment {for a detailed dia=-
cugglon of location quotients and methods see
pielbrun [1974]).

Exports were determined by multiplying num=
ber of export employess in each economle sector
by the productivity per employee for that sector.
It wae assumed that local differences in employee
productivity were negligible.

GOPF and exporte for 21 selected countries KT
were obtained from United Nations (1978). Caleuw=' = b
lacions of export multipliers anmd GDP were not
necesgary since published data are available
directly.

Gimulation Models of Hierarchical
Organization and Energy Spectra

A series of theoretical models were slmula=-
ted on both digital and annlog computers to test
hypotheais and evaluate structure and character—
latic properties of systems organized in hier—
archical fashion. A8 the models grew in complex=—
ity and ineight gained, & final model, which wase
a aynthesies of previous models, was simulated
using data from Fontaine (1978) for an squatic
food chain. 4

Simulation Technlques r
Models were drawn using the energy cirad hﬁ
language, and computer programs were written L_
directly from the graphic model. The faclll_ti.!-_.i
of the Northeast Regional Data Center om the cam=
pus of the Univeraity of Florida were used for.

digitial computer simulation, and DYNAMO simula=
cion language (Pugh 1970) was used. Some model
were simulated on an EAI Minilac analog compuférs
The simulation models had one thing common fo
all—each ig & chain of five autocatalytic com
ponents connected in series. Differences in the
successive models ave In the kinetics of the
nections between compopents; with the first mod
els having simple linear flows between compidrs .
enta, and later modele being more complex.

BESULTS

Similarities of Differing
Systens and Scales

Empirical evidence of hierarchical
large-scale, complex systems of the land
presented as energy spectra in graph form
the munber of units in each. level of C 1
archy is graphed on the vertical axis, aod
power per unit (or powsr denslty per unit)
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Figure 3 1a an epergy epectrum of citien in
Flordida. Zipf (1941), using populacion and rank
of eitdes, described a frequency distribution that
exlated for clities in the United States and other
countries. FHe empirfcally reasoned that all rank=
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Figure 3. () Energy spectrus of elties In Florida graphed semi-
logarithnloal Iy, showing the frend of frequent occurrence
of low power cltles and less frequent occurrence of e
wory high power citilos In the lendscepe. (b} Log=log plot
of tha enargy spectrum of cities In Florids, affer 'ﬁpf
(18411, shawing o nogative slops of sppresisately 1.

Bates fo Fig. 3,

Date on population of Ineorporated clties of the State ol
Florids sro from the Bursss of Coonomic and Buslness
Rasmarch, lnlversity at Flarids (19781, Tha distributlen
of clfy power denslty was done graphleally, whers cltles
with simlior powsr dons|tles wers growped ‘fogather end
Eislgned 8 walghted aversge power density.
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Flgure 4. Ensrgy spesctrum of ombodled scergy In natural lend
productlon and urbsn lend use power densltles In *he south
Florids sres, showing the spatisl charscter of produectios
of both matursl snd wrben |oeds.

GO0

size distributions of ecltlea should be a straight
line when plotted a8 a log-log graph. Countries
fot exhibiting & straight log=log distributioa
were suffering from some [orm of disunity, and
would tend toward unity (as described by his
straight line log=log plot) if the forces causing
disunity were removed. In & growing meglon like
Florida, the forces of population growth may well
account for the departure from a straight line
discribution shown in figure 3a. The departure
from the ideal distribution that oceurs with the
smallest clties may be & function of data, since
many gmall cities are not incorporated and there=
fore not fncluded in the scacistical census of
cltles.

The composife energy spectra for south Flor-
idan in 'figure & is a graph of the power density of
all input energles wersus the number of acres of
that particular power density. The graph iz based
on the spatial diseributicn of incoming energy,
both natural energles and foesil fuel derived
energies.

The energy spectrum in figure 5 shows the
energy chaln of Increasing qualicy of energy as it
flows from natural lande through the urban areas
of the 5t. Johne River Besin and the Eissimmee-
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Fwerglades Basin.  This praph deplers the spat Pl
character of energy chaing, as there are larp:e
areas of low—energy lands to concentrate dilote
low=quallty energies and pase them op to the
pmaller yet wery high-energy lands of the cft fen,

Regional Analyais

The Landecape of Clties within Reglons

When an pvernge power density wag caleolated

for cities, there was a tendency for the cltles to

into the five classes of citles listed 1n
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Figura %. Enorgy spectrum of inconing energles o south Flor=

Ide, showlng The spatial distr ibu®lan of both recoeabls
and fossli fuel sources. Al onergles &ra aspresssd I
Cal CE. Data on Incoming mafural enargles (swnllight,
rain, winds, Tides, and waves] ara from Costanza C19Tah,
Date on Inconlng fossil fuel derlved enorgles ace frem
Odum and Brown {19781, The graph daplcts the spatial
character of Inflawing enorgles, Becsusa of the nature of
tha |andscope and tha Inflowing mergles, thers are arood
al concentratlon and sress of relatlvaly sparsa Inflowing
natural onergy. Fassil fusl onergles ara soreetnt poin?
sources heving very small sress of concenfration. There-
fore, the scraage of end ute mas used as e spatial
dlstr | bt Fon,

Flgura t. Ganerallred nap of Jecksarsllle, Florida, & cless 1
clty: showing the three lamd uis eatagor | comerclal
iblack sraal, Industrlal lcross-hatched srea), ond residens-
tlal {stippled s aal,

table 1. Because of the large area of wetland
ecoayetoms In the south Florida etudy area, the b
majoricy of clties of all sizes were sampled from
the 5t. Johns area. 1t was folt that dee to the
extent of this wetlands coverage, and that devel-
opable lamd L5 confined to a wery narrow strip
aleng both coasts, the south Florida reglon repre=
sents & unigue situation from a physical stand-
point, and this inhibits the development of a
conplere array of city slzes.

Shown in Elgure & 15 an exanple of a class 1
ity {Jacksonville, Florida). Thres types of
urhan land use are indicated and were used to cal=
culate average embodled energy power densities.

The percentage of each land use for each of
the city cypes ware compared and are given in
rable 1. The extent that 8 city serves As 4 oen=
tral place is indicated by the data as the pex=
cent of industrial and commercial land use
increages. Thus, the clase | cities (which
ineludes Jacksonville and Hiaml) have a higher
percentage of total land area in conmercial and
{ndustrial uses than the other classes.

The areas of land use in each of the cate=
gories of commerclal, industrlial, and other uses
are ligted in rable I with corresponding enbodled

energy power density. The percent of the total
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Table 1. WUban lend wses snd populatlon for % classes of cltles In Floclda.

Haan Ares Maan Ares Mann Ares
Humber Hean Total Commarclal Industrial AT Dt Hean

City Class of Citles Araa [ecras) lmas [pcrec) Uses [Bcras) Uses (acres) Fopulatian

Class | 1 PEAE13.T BO03. % B2, 2 B2EET. & 304, 265

Class 2 2 BIBTT. 40247 35210.1 55322 99,006

Class 3 L] 137144 TH. 59,7 124723.6 mam

Class 4 21 A584.1 I 1516 41875 12,957

Class 3 116 6929 0.7 6 633,48 1, T34

Takle 2. Aress of wrben lend e, ewbodled energy powsr denslty, end totel
embod e emergy flow for flve clasess of citles In Flarids,
Commarc|al Land Use Industrisl Land Use ALl Other Lend Uses
Avarage Embod | ed Avarage Embod |ed Ayerags Embod|ed Tatal
Ensrgy Power Enargy Pows Erargy Power Esibwcd 1l
Dmns ity Dms |ty D | +y Enargy Fiow
Arsa tx 167 cal Area i 107 cal Area tx 107 Cat (PRI

City Olass [acres) CL/ecre * yri [ocras) CEfacra * yrl [ncres) CES e " yr) CESYED
Closs 1 [ il 1.1 Bla2 a4 B2E6H 0.7 182.4
Class 2 02 8.7 s a4 53332 0.7 89.0
Clags 3 m 7.3 15 a4 12423 0,7 18, 7
Class 4 243 Sl 152 a4 488 8.7 ("}
Ciass 3% k- +] 3.5 10 a4 B4 2.7 0.6

land area of each of the uses Is also listed, and
when compared for each class of city, indicates
the extent that esch city type serves s a cen—
tral place. The percent of land use in commer-
clal and industrial wes ls highest for class ]
citles and decreases with each class.

The Flows of Energy in a Reglonal
Hlerarchy: Lee County

The flows of energy through, and the stor=
ages of cnETgy within a regional Lu.ndl:a.pe, while
somowhat web=like in their organization, can be
Erouped by qualicy of energy and a hierarchy
emerges. Given in figure 7 is an energy model of
lee County, Florida, organized as a reglonal
hierarchy.

Figure 7 is a “heat energy” diagram, where
all flows and storages of energy are evaluated in

their chemical potentisl energy, or heat energy
equivalents.

The regional hierarchy has two enargy sour—
ces Inflowing from the cutside. The first is

natural renewable energies that are the sum of
all natural energles inflowing, including: sun=
Light. chemical potential energy assoclated with
the purity of rainwater, potential energy asso=
clated with runoff of raine dee to their eleva-
tion as they flow to sea level, potential energy
asgociated with winds, potential energy in waves
at the coastnl margins, amd the potential energy
of tides over the estuarine areas. The second ie
the sun of fossil fuel energies inflowing and
laported goods.

The renewable energles are cascaded through
the replonal econcmy and embodied in natural
structure, agricultural structure, and urban
structure, directly amd indirectly into the higher
quality components of governmental and educational
gtructure and humans. Some of this eshodied nat=
ural energy is exported in locally harvested and
manufactured goods.

The inflowing fossil fuel energles and goods
are Lhe primary sources of energy for the urban
structure and higher quality components. Huch of
this energy outflows as used heat energy, but is
likewvise embodied in the astructure of the reglonal
hlerarchy.
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Sometimes referred to as a “first law dia-
gram,” because the inflowing energies ¢qual the
degraded energles or heat losses from the system,
figure 7 ghows the sum of inputs equal to the cut=
Elows for each component as well as for the
reglional system as a whole.

Flows of energy decrease from right to lefc
a8 more and more encrgy 1s dissipated as dispersed
heat from conponents. In general, there are five
orders of magnitude difference in enerpy Elows
from the inflows of natural energy to those of the
feedbacks of human work; supporting the notion
that there 18 & constant percent decrease From one
component to the next In hierarchically organized
BYBLEME .

When “heat" energles are converted to embod-
ied energy Calories of coal equivalent, the valuss
in figure 8 result. Figure § 18 an embadied
energy diagram of the regional hierarchy, thus
theré is no energy outflowing ae dispersed heat,
but it is embodied in the next level components as
energy is “concentrated” through the system. Com
parisen of figure 7 with figure & shows the very
large flows of energy from matural sources, when
expresded in coal equivalent Calories of embodied
energy, ns having nearly the game order of magni-
tude as those of fossdl fuel sources.

Flgurs 7. Energy clroult model of Les County, Florlda, organized sa a
Humbers sre flows and sPorages of
San notas for datalls of ealcule=

Development Density and Imports/Exports

Development density (GDP/eq mi) was evaluated
for various countiea In the State of Florida, var~
Llous states in the nacion, and various countriss. '
Then exports are evaluated using an export multi=
plier method for counties and states, and exports
for countries were obtained from the literature
directly. Developmant density was related to
exportd In a serles of nomographs for the thres
different sized reglons and are summarized in.,
Elgure 9. .

i
The nemograph in figure 9a is & log=log plet o
of development density versus export for I:he:n;;
bined data from counties, states, and countriess =
Asguming & linear relationship betwesn deve
density and exports and plotting an arithmetic
seale gives the graphs in figure 9b.  Statis
analysis using least squares regresslion giw
following equations for each set of datar

0. 58) i

Counties: Ex = (0,21 x Dev. + 5.757 .:...
States: Ex = 0,13 x Dev. = 16047 "
Countries: Ex = 0,286 x Dev. = 1.86.

where, Ex = Exports/sg mi, and i
Dev. = Development density (GDE/eq mi
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When a regresslon equation is fitted te the com
bined eet of data, the Eolluwiﬂg equation is
glven for the line: (R* = 0.83)

Combined Data: Ex = 0.968 x Dev. + 23,84, (4)

Energy Flow and Structure in Urban Systema

The energy flow and etructural characteris=
tics of land uees were analyzed uwalng 1973 data
for two urban areas of Florids: Fr. Myers in
southwest Florida and Galnesville in central
Florida, and the data are summarized in cable 3.

In table 3, the second column headed “foeail
fuel power density” is defined as the power den—
8lty that 1s from the direct use of electtlcity
and other foseil fuela; and the colusn headed
"power density of embodied energy in goods and
services” ig defined as the power density of the
#nbodied energy that is consumed indirectly in
the use of goods and services, All enerpgy Elows
Ate expressed as a demsity function on & yearly
bagis; in this case, Calfacre’year, rather than
on & Wousing or comsercial unit basis. The vol=

wne of enclosed space oceupled by built struc—
Eure,

Comerally, the land uses are arranged in
erder of increasing power density from low dem-
®ity residential to the central business district
i’m‘u]‘- The volume of structure per acre
neteases with increasing power density as might

circult model of Las County, Flerlda, evaluated In coal
lor e of embod|ed emergy.

be expected, with the exception of mobile home
land uses, where anergy use 18 high as compared
with the volume of structure. In this land use
category, living unite tend to be small {Ffrom 600
to 850 sg fr), while the energy demands of the
irhabitante are approximately equivalent to those
of ather residential land use types.

Industrial land uses are not Wery energy
intensive on the average in the Florida urban
landscape in comparison to other industrialized
armas of the nation. For example, an average
value for fossll fuel power density of Induscrial
lamd waes for the naclon derived from the Council
an Environmental Quality {1979} 1a equal to
approximately &,600 x 10 Calfacre*yr, or
about & times that computed for the Florida indus=—
trial land wees. Thie iz due primarily to the
"light industrial" nature of Florida industry, and
alao to the fact that warehouse districtes were
ineluded in this classification.

Two different densities of CBED were evalu-
ated: those areas with an average helght of two
stories and those with an average height of four
ateries. Since epergy use and therefore power
density is strongly melated to the volume of
gtructure assoclated with a land use, 1t seema
appatent that the power densities of these land
uges will differ significancly from the wvery
urbanized areas of the mnation where CBD's might
have hefghrs as much as 10 times greater than
thoge experfenced in Florida.
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YEnsegy comsumption date frem Bl FThg records of Florlde Power and Light, Ff, Myars of tice for
1973, In gecwral, & 108 semple slze of oach land use classlfico®lon wes used.

5 ond servlces consuwed by sach sector are from e lnput/output snalysis of tha Las Caanty

analysls that geve total end use of goods and services by sector,

attrlbutabla to sach separate land use within sectors was spportlonsd accordisg %o The sams parcantage

of fossll fuel energles comsumed by sector.,
ditlor of column 2 and 3.

Syalume of structure Is calculsted by multiplylng the squers feat -of strectersl sres (obtelne
trom property Tes records] by aversge halghts of bulidIngs.

Simulation of HModels of Hierarchical
Organization and Energy Spectra

Resulte of the study of several hierarch-
ically organized wodels are presented in this sec-
tion, starting with & elmple model and progressing
to more complex examples. Differsntial equations
to describe the behavior of each are pregented
along with time simulacions of each model.

In genaral, the models are five compartmant
systems Chaving 5 state variables) and differ in
kinetics of interaction between compattnents as
the models become more complex. The final model
slmulated is an aquatic food chain organized as a
hietarchic syatem of energy flow, using daca from
Fontaine (197B) to evaluate each state variable
and pathways of energy flow between variables.

Theoretical Models

Presented In figures 10, 11, and 12 are
elaulation resulte of a simple hlerarchic chainm of
energy flow without interacting feedback pathuays.

Than that smcunt thot was

The steady state simulation results are’
in figure 10 and then the results of varicus
turbations of the model are presented (figa. 11
and 12). In all cases, pathway coefficlonts are
held constant In each simulation run, changing "
only those coefficlents Indicated in the models in
the figures. When the inirial conditiofis For g
state varlables are set low and the system alloked' 5
to grow to steady state walues (fig. 11), damped %
oeclllation is exhibiced by compartments Ol and =
0Z, with less noticeable oacillation fn “upstrea
compartments. il AT

ol f

In a final simulation of the simple chain
nodel, pathway coefficlents were adjusted so tha
turnover times for all compartments wers | 1
The slmulation results ate given in Figote 12
Without the dampening effect of increasing' i
turnover times for each compartment (as was
cage in the sioulation presented in fig. I1)
increasing eecillatory behavior is exhi
each component. The energy source has
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A feedback pathway is added betwean compart-
menle acting a8 a multiplicative Interaction Ln
the next simulation, which {a shown in figure 13.
The model haw the added feature of & second energy
soutce that is multiplicacively interacted with
compattment 93, ueing & ewitching funerion, mo
that the nodel first runs in & steady state and
then at timg = 10, the second source i turned on.
The intervactlon of the second source changes the
distribution of energy within the system, with 0l
attaining & lower overall valua, and Q2 and Q3
higher values. The graphs in figure 14 give the
energy spectral distributlons for the steady state
golution, and as & result of the second source.

Aquatic Food Chain

Glven in figure 15 is an evalusted agquatic
food chain organized as m hierarchy of |TETRY
flow. The data wsed in the model glven are & sum=
wary of Fontaine's (1978} dats for Lake Conway
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Flgure 10, Model ond steady atete simulation results for 8
sinple Rlerarchic systen of compurtwents, with no tesdbeck
batwssn compartments, WYelues In pareathosss shove asch
conpartment are turnover times, valuwss In emach stor
tank ore stesdy stete velues, ond dlfferential squstions
ara as fol lows:
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1
in central Florids. Compartments were summed !
together into trophie levels based on primary ;
energy source In the follewing manner: Q1 =
Phytoplankton, Macrophytes, and Epipilec Algae; {
Gl = Zooplankton and Benthic Invertebratea; 3 =
Primary and Secondary Level Fish; Q4 = Tertiary
Level Fish. A fifth compartment was added as a
top carnivore, and values of storage and flowe
estimated.

The major differences between the agquatie
food chain hierarchy and the previous sedels are
the addicion of a aixth compartment that repre—
Bents A pool of detritus and nutrient storage

that {s recycled from the other five compart-

nments, the additive pathwaye of energy flow up
the food chain, and the additive feedback path—
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Figura 11, Simulation results of the simple chaln when Initial
coed|tlons are set low, as Indicetel sbove asch compart=
mant, Hote that there Ia a differsnce In the verticel
scale from the graph In flgurs 10,
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Figure 12. Model and slmalatlon results when the tursover
times of sach compartment are adjustel so that thiy aro
mqual, Mumbers In parenthases sbove sach compartment sra
furnover tlees. Adjustent of Turnover tlees was achleved
by rascaling Inflows end cutflows for each compartment so
that they were squal fo the stesdy state valws,
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Flgure 13, Model and sinulatlon results for » hlerarchlcal
snargy chaln with Interact|ve fesdbeck ard & second
source. Thae slmulatlon is flrs? run In standy state con=
ditlons wntll time = 10, then the second soures Iz
sultched on, Oifferential ajuations sra &8 fol lows:
A= o | 14ELQI #9211
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ways of control action flow from higher level
coppartmente o lower ones.

The model given in figure 16 shows the Ensp=
BY Bource A8 & smooth sing wawve that represents
the variation in sunlight from summer to wintery .
The graphs in figure 16 are the pteady state
solution, where the effects of dampening of the !
fluctuations in energy source are shvious. | Since
02 draws most of Ilts energy from the large: stable
pool of detritus, very little opcillation I8
observed. 03, on the other hand, draws much of
its energy from the first compartment (1) and -
shows osclllacion, but damped from char of gl }
Yearly variation in standing crop, in tha h
compartments (04 and §5) is relatively -llr
to the dempening of upstream compartments

The model in flgure 17 was simelated’ D
the effect of control sctions by the highes
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level compartment. This last compartment has an
additional input pathway driven by a sine wave
with amplitude warying from +1 te =1, and fre-
guency equal to the turnover time of the compart—
ment (5 yr). The input pathway acte as both
positive input Aand drain, causing the compartment
o osclllato.

The oscillation ser up In compartment Q5 is
passed on [0 downstream compariments through
feedback pathways C18 and C29, and 15 passed fur-
ther downstream through feedback pathways C23,
ci&, €17, CI8, and Cll. Because of differences
In scaling on the graph of the wertical axis for
each compartmmt, the differences in the magnitude
of oscillation of each compartment are not appar=

la}
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Flgers W, Graphs of the energy spectral distributions of com-
parimants In the slmulation sodel In figere 13 whers &
mecondary wefgy source was Infroduced into the systes,
18} Tha aistribution schiwved with single low qual ity
urca; (b)) the distributlcon schieved with the additlon of
& scoadary high quality enargy source.

ent. The percent change from minimue toc meximus
values for each compartment is given In Elgure
17. A general trend of decreaseing magnitude of
oscillacion from the highest level compartment to
the lowest level compartment 1s observed.

In all, many simulations of the warious mod-
els reported here were conducted; testing warious
organizaticns and perturbations to each model.
Different kinecle organizarion, energy sources
amnd magnitudes were tested for the theoretical
models. The aquatic food chain wes simulated
testing different sources (constant and pulsing),
effects of harvesting of each compartment, and
the effects of a secondary enérgy Bource as a
stocking function. These eimulation results are
reported in Browm (1980). Reported here are some
of the highlights of those initial investigations.

DISCUSSION

Analysis of reglons, uwrban systems, and
smaller ecosystems showed many manifestations of
hierarchy that were related to supporting energy
flows. Sioulated models were able to duplicate
many of the observed features of hierarchical
organization. This evidence supports a theory of
energy control of the crganization of systems of
man and mature.

Pathways of energy flow were shown to be
greatest, hierarchically, im the highest compon=

entg of urban and reglonal landscapes. Here com—
ponents were found to be largest in size, fewest

in number, to have larger time constants, and have
greatest potential control of the overall systems
Processes.

Hierarchical Principles of
Landscape Organization

From the measurements and models, principles
may be formulared for relating parts to whole
landscapes and as guidelines for reglonal plam—
ning.

Energy Qualicy and Sparial Effect

While the number of coaponents decreased in
successive levels of hierarchies, the spatial
area over which their effect was spread increased.
The nomographs of development density versus
exports suggested this relationship, for as the
density of buman activity Increased, the total
exports to other reglons increased.

T b e e ] B e A R

Energy Convergence in Landscape Hierarchies

The evaluated models of regional and ecolog-
ical systems and data on reglonal land uses and
spatial distribution of Incoming energies showed
the pattern of convergence of energy flows to
higher and higher quality components in smaller
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spat lal extent. Incoming energies, low in qualicy
and spatially dilute, were transformed into higher
quality energles, many as storages, 88 eneTgy
flows converge from many low quality components to
fewer and fewer high qualicy ones.

EneTgy Divergence (Dispersion)
in Landecape Higerarchies

Emergy ie not only concentrated and con=
verged in landscape processes, but much is fed
back in dispersing actions of recyele and con-
trol.  Spectral distributions of incoming energles
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Figure 17. Model and simulation results of The squatlc food
chain when compartrant 9% I= cavsed to csclilate from an
Input pattmay drives by o sine wave with anpl [tude +1 to
=l. Tha osclilation s passed onto lower lewsd compart-
mants wlth Secransing anplltude [docroasing ampl |tuda Is
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and power density of land uses, as well as the
distributions of clities within reglonal landecapes
indicated that digpersnion of high guality energy
from centralized sources follows a hierarchical
distribution,

Control Actions of High=(uality Components

Evaluat lon and slmulattion of hierarchically
arganized nodels suggested that the highest gqual=
ity pathways were those assoclated with the high=
est level component in the hierarchy, and sugpges=
ted a general principle of hierarchic organiza-
tion and control action feedbacks. The greatest
contral effect was achieved with the highest qual-
ity pathways, since their overall cost was large
and thelr effect must at lesst be equal thelr
casts In the simulations of the aquatic ecosva=-
ton, greatest overall effect to the system was
achigved when the final compartment was perturbed.

Primary and Secondary Energy Sources
and Their Effect on Alerarchies

The landecape is & mosalc of natural lands,
agricultural lands, roads, cities, and penple
related through pathways of energy flow and
exchange,. When viewed a8 a whole systen of pro=
cedses, It was seen that energy sources inflowing
support the processes of the entire system. Sys=—
tens that are sustalned by one energy source such
as Che evaluated aquatic ecosystem, develop rela-
cively smooth distributions of energy between com=
ponents a8 energy 1 cascaded up the hierarchy
supporting fewer and fewer componente. Secondary
energy sources of higher quality Inflow st levels
in the hierarchy where thelr quality marly
matchea, with additional energles for support at
these levels, greater structure was developed and
the hlerarcy was shifted somewhat in the relative
distribution of energy between levels.

Stability Through the “Filtering”
Actlone of Hierarchies

The term stability has been applied to a
number of concepte. Orfans (1975) distingulshesa
seven different concepts of stabilicy. When
models of hierarchies were simulated, stabilicy
wiak greally enhanced if turmover times were
ad justed eo chat turnover Increased with each
level in the energy chailn. When the turnover
times were set equal im all compartments, oscilla-
tion was exhibited, since any perturbation In one
compartment was passed om to the next.

A Theary of Reglonal Boundaries Derived
from Flace in the Landscape Hierarchy

A method that may have significance in deter-—
mining the regional bouwndaries of systems was sug=
gested by the results of the nomographa of exports
vergus development denmsity of regions. The nomo=
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graphs showed that the propensity to export (and
therefore to import to maintain balance of pay=
ments) was greater as the density of development
increased for regional systems of all sizes. In
essence, this relationship suggests that the
greater the density of development the more an
arca relies on externszl arene for cources of pri-
mary goods and energles. And, to carry it one
step further, since primary goods require large
areas of the landscape for thelr production (l.e.,
they are low in quality and occupy large spatial
area), the greater the density of development, the
greater the slze of the reglon required for
BUppOTL.
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