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ABSTRACT

Spatial variation in intra-urban population growth 
rates is thought to be functionally related to other spatial 
variables. This study attempts to recognize these func
tional relationships within Tucson, Arizona, and to evalu
ate the utility of alternative relationships as inputs for 
a general model of intra-urban population growth. Six 
hypotheses are proposed for testing. These hypotheses are 
that growth is a positive function of distance from the 
city center, vacant land, and birth-death ratio, and a 
negative function of net residential density, undesirable 
housing conditions, and housing age. Data limitations 
prevent testing of the relationship of growth with birth- 
death ratio. Simple correlation confirms the expected 
relationships for each remaining variable but also indicates 
that none of the simple relationships can account for as 
much as 50 percent of the variation in growth. Multiple 
correlation considerably improves the explanatory power of 
the model. Colinearity among the independent variables 
allows the elimination of distance and dwelling age from 

* the multiple relationship without significantly affecting 
its strength. For this reason, net residential density,

Vii



vacant land, and housing condition are felt to have the 
greatest usefulness for inclusion in a general model of 
intra-urban population growth.



CHAPTER 1

GEOGRAPHICAL STUDY OF POPULATION 
GROWTH WITHIN CITIES

Introduction
Much recent research in urban geography concerns 

attempts at establishing functional relationships between 
spatially varying phenomena within urban places. The dual 
problems of substantial population decline and growth lend 
themselves to this approach because decline and growth tend 
to be clearly localized within distinct parts of American 
cities. Based on the assumption that variation in rates 
of population change is not isolated or random, this study 
attempts to identify the various urban phenomena that 
demonstrate functional association with spatial variation 
in population growth and decline rates within Tucson, 
Arizona.

The goal of this research is to identify specific 
spatial variables which could ultimately be incorporated 
into an empirically testable model of differential urban 
population growth. A number of general and specific
C---------------------

1. Hereafter, unqualified use of the term "growth" 
implies both increases and decreases in population.

1



statements suggesting possible causes of population change 
are found in the literature of the various social sciences. 
The Tucson study provides a preliminary evaluation of the 
utility of these alternative explanations in terms of the 
degree to which functional relationships can be recognized. 
When tested, the proposed explainer variables may demon
strate no association with population growth, may be in
distinguishable from other elements with which they covary, 
or may, in fact, stand alone as clearly related to popula
tion growth. The utility of suggestions found in the 
literature is evaluated in terms of these three categories 
with the ultimate product being specific, useful, ex
plainer variables.

This study is not an empirical test of the vari
ables associated with spatial variation in population 
growth in American cities. It is, rather, an attempt to 
convert a mixture of subjective and objective ideas into 
a set of inputs that are functionally related to variation 
in population growth rates within Tucson and that appear 
reasonable as inputs for an empirical model dealing with 
other American cities.

The overall nature of population change within 
^metropolitan areas is quite complex. Population change is 
the net effect of birth rates, death rates, and migration. 
The problem is at once spatial and temporal and is dynamic



in terms of changing population totals and changing metro
politan boundaries. All these dimensions if handled at 
once can produce unnecessary complexity. Specifically, 
the present study focuses on spatial variables associated 
with aggregate population change within a central city. 
Questions such as the causes of intra-urban mobility dealt 
with at a behavioral level (Simmons 1968) or expansion of 
population at the fringe of urban settlement (Adams 1970) 
are considered as outside the scope of this specific 
problem.

Previous Literature
The study of intra-urban population patterns by 

American Geographers dates back at least to Mark Jefferson 
(1909). Recently, a number of studies dealing with urban 
population densities and change appeared in the literature 
spurred at least in part by research into the social con
sequences of population density (Calhoun 1962, Winsborough 
1965), concern over the future of central cities (Mumford 
1961), and the emergence of means for handling vase quan
tities of statistical data.

Studies investigating the theoretical basis of 
variation in population density within cities include 
Clark (1951), Muth (1961, 1968), Berry, Simmons, and 
Tennant (1963), and Newling (1966, 1969). These empirical
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studies demonstrate that the population density of a city 
initially rises and then undergoes a negative exponential 
decline with increasing distance from the city center. 
These studies, along with Winsborough (1970), also demon
strate that the gradient of decreasing densities with in
creasing distance from the city center becomes gentler 
over time. Based on these two axioms, Newling (1966) 
deduces a theorem describing the "allometric" intra-urban 
growth of population. If

where
= population density at distance d from the 

city center
Dq = extrapolated density at the city center
e = the base of natural logarithms
b = the rate of change of density with distance
d = distance from the city center

and if the value of b decreases over time, then the growth 
DrlOfactor ——  is expressed by the equation Ddl

(1 + rd) = (1 + r0)egd

^where

rd = the proportional rate of growth of distance 
d from the city center between time 1 and time 2



r0 = the extrapolated proportional growth rate at 
the city center

g = the rate of change of growth factor with 
distance.

This last finding indicates that population growth is a 
positive exponential function of distance from the city 
center and relates specifically to the problem of spatial 
variation in population growth. Unfortunately, Newling's 
theorem has apparently never been empirically tested. 
Rather, its validity is based solely on the validity of 
the two previous statements from which it is deduced. 
Attention, then, must be focused on the decline of density 
with increased distance from the city center and on the 
decrease of the density-distance gradient over time.

Muth (1961) and Berry and Horton (1970) provide 
explanations for the empirically observed negative ex
ponential decline of population density with distance from 
the city center and the decrease of the density-distance 
gradient over time. Both explanations, presented here in 
simplified form, are based on a presumed tendency for com
petitive locational equilibrium in a private housing 
market, assuming consumer demand for only two products:
(1) housing and (2) access to one central mode. An un

stated but inherent assumption is that all demands for 
access to other than the central node balance each other 
and central access, as the one dominant and therefore
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unbalanced demand, is the only access consideration favoring 
some housing locations over others. Transport costs are 
reasonably assumed to increase with distance from the cen
tral node but at a decreasing rate due at least in part to 
fixed transport costs unrelated to distance. For resi
dential locational equilibrium to exist under the stated 
conditions, the wavings in housing cost with an increment 
of increased distance must equal the increase in transport 
cost. Since the potential for profit declines with dis
tance and decreased housing demand, land values must also 
decline with increased distance. The consequences of this 
land value gradient are that producers of housing will 
tend to substitute capital (i.e., structures) for land near 
the center where land values are high and substitute land 
for capital towards the periphery of the city in order to 
equate the marginal productivity of the different sites.
It is this increased land per housing unit which results in 
decreased densities with increased distance from the city 
center,

Muth (1961) also provides a rationale for the 
second underlying principal to Newling's theorem. Muth 
suggests that the decrease in the density-distance gradient 
^over time can be caused by a fall in the marginal cost of 
transportation, an increase in income, or a fall in con
struction costs.
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Because Newling's theorem is not empirically 

tested, its validity rests on the tests of the two under
lying statements. Winsborough (1970) demonstrates that the 
density gradient does in fact decrease over time. Muth 
(1961) presents the results of his empirical test of the 
more crucial of the two underlying principals: the decline
of density with distance from the city center. In his study 
of 46 U. S. cities using 1950 data, Muth finds coefficients
of determination (r̂ ) ranging from 0.74 to 0.02 describing

2the relationship of density to distance. The median r is 
approximately 0.45. Although Muth does conclude that den
sity decline is related to distance, it is also equally 
clear that distance alone cannot adequately account for 
density. Other as yet unidentified factors combine to 
account for approximately 55 percent of the variation in 
population density within his test cities. The inability 
of distance to adequately account for density casts some 
doubt on the soundness of Newling's theorem of intra
urban population growth. This theorem would provide an 
accurate measure of population growth only if the density- 
distance relationship described all the variation in den
sity. Regardless of the empirical tests of the theorems 
^from which Newling's theorem is deduced, his theorem needs 
to be empirically tested by itself before its usefulness
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can be assessed. In the meantime, other spatial variables 
functionally related to population growth need to be 
identified.

Harris (1968) criticizes the assumption of housing 
cost-transportation cost equilibrium forming the heart of 
the density-distance model discussed in the preceeding 
paragraphs. He proposes three alternative assumptions, 
each of which might replace distance as the explanation for 
areal variation in population density and these assump
tions, considered over time, also have important implica
tions for population growth. Harris' first hypothesis is 
that the distribution of densities is determined by a 
general preference for low residential densities which the 
well-to-do are progressively better able to satisfy than 
are the poor. The second hypothesis is that preference is 
for a combination of good housing, neighborhood desirability, 
and non-obsolescence of the housing stock. The high cor
relation of high density with age, deterioration, and obso
lescence could merely be a matter of changing technological 
conditions through history and not a result of general 
preference for lower residential densities, Harris' third 
alternative hypothesis relates to the desire of higher- 

.tincome and higher status groups in the American population 
to segregate themselves from lower status groups. Density 
patterns would then be a result of the expansion of various
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income and status groups within the framework of the first 
hypothesis, Harris makes no attempt to evaluate each of 
the hypotheses, pointing out that the high correlation 
between density, blight, obsolescence, and social status 
in American cities makes tests distinguishing between the 
four extremely difficult. Distance also is highly corre
lated with these other phenomena and, therefore, the model 
discussed earlier is also difficult to test.

Thomas (1960) offers another useful study at
tempting to shed light on the causes of spatial variation 
in population growth. He analyzes a set of nine variables 
that he claims are logically associated with population 
growth. These variables are: (1) size of population;
(2) density of population; (3) cost of housing; (4) birth- 
death differential; (5) age (number of years since initial 
urban settlement); (6) quality of schools; (7) number of 
persons engaged in manufacturing; (8) accessibility from
the central city; and (9) amount of vacant land. Thomas' 
results are of less interest to the present study than are 
his variables because he was dealing with population change 
in satellite cities of a large metropolitan area and not, 
as is the case here, with a central city. For this same 
reason, his variables 1, 6, and 7 will not apply toward 
explaining population growth over a continuous surface 
where variation in size of population and persons employed
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in manufacturing is only related to arbitrary boundaries 
on the surface and where one school district covers nearly 
the entire surface as is the case in Tucson. His remaining 
variables do offer alternatives for hypothesis formulation 
and testing and the logic of these variables should be 
reviewed.

Although Thomas only states and does not explain 
in this article the logical relationship of his independent 
variables with population growth, possible explanations can 
be found for each variable. Density of population, age of 
an area, and distance from the central city are the 
equivalent of the presumed desire of Americans for spacious 
living, new and non-obsolete housing, and transportation 
savings. Birth-death differential attempts to measure 
population change for the portion of a population remaining 
within the same area over the entire time span under con
sideration. Vacant land refers to the space requirements 
of new residential construction. Cost of housing, Thomas' 
last variable, seems to covary with too many other elements 
to represent an adequate explainer of population change.

A number of additional works relating to urban 
population are of little use in solving the present prob
lem. One avenue of research, represented by Hartshorn 
(1971), concentrates only on the inner core and slum areas 
of cities. Another category of investigation delves into
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peculiar aspects of the population density gradient such 
as deviations because of historical influences or site 
characteristics (Borchert 1961). Still a third type of 
study, represented by Jones (1958) , attempts to outline 
urban landscape units associated with different population 
densities. Other types of studies of limited applicability 
are represented by Simmons (1968) and Adams (1970) mentioned
earlier. All of these avenues of research present findings

%
of some use in the present study though, unfortunately, 
none of them deal specifically with spatial variation in 
intra-urban population growth.

Hypotheses
As stated earlier, this study is an attempt to 

identify spatially distributed phenomena that are func
tionally related to intra-urban variation in population 
growth within the City of Tucson. The following hypotheses, 
based almost entirely on the literature reviewed in the 
previous section, are proposed as solutions to this prob
lem. These hypotheses are that variation in the rate of

\

population growth within the City of Tucson is:
(1) a positive exponential function of distance from 

the city center
S

(2) negatively associated with net residential densities
(3) positively associated with the location of vacant

land



(4) negatively associated with undesirable housing 
conditions

(5) negatively associated with areas of older housing
(6) positively associated with the ratio of births 

to deaths.



CHAPTER 2

ORGANIZATION OF THE TUCSON STUDY

The methodology and study area discussed in this 
chapter deal with tests of the six hypotheses in the City 
of Tucson, Arizona, between the years 1960 and 1970. Ac
cessibility of the area and availability of data are im
portant determinants in the choice of this place and time 
span. Equally important is the range of negative and 
positive growth rates found in Tucson over the decade of 
the 1960's. The existence of substantial areas of negative 
population growth are particularly noteworthy in light of 
the rapid overall increase in population in the Tucson area 
during this time.

Data Sources and Observational Units 
The information needed to test the six hypotheses 

is primarily found in publications of the U, S, Bureau of 
the Census and the Tucson Area Transportation Study. Census 
material from 1960 includes data relating to population 
size and characteristics and housing age and condition,
^At the time of the study, only population size is avail
able for 1970. The Transportation Study material includes 
summaries of 1960 land use from which areas for calculating

13
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densities and specific land use proportions are obtained. 
United States Geological Survey topographic maps and the 
First National Bank of Arizona Map of Tucson Metropolitan 
Area are used for distance measurements and for some gen
eral landscape information. Additional landscape informa
tion is obtained from field work in the Tucson area and 
recent land use information is taken from a 1967 map by 
the Department of Community Development Planning Division.

Information used in this study must be available 
for an adequate number of observational units within the 
study area. The usual areal units incorporated into 
studies of individual cities are census tracts because 
most readily accessible census data dealing with internal 
variations within cities are available by tracts. Further
more, comparability between observational units for census 
material and for Transportation Study material supports the 
use of tracts in the present study. Finally, an adequate 
number of tracts are available if tracts are used. The 
total of 38 observational units available for use in this 
study compares favorably with the sample of 25 tracts from 
each city used by Muth (1961).

An alternative source of population data, the most 
•t recent report of the Tucson-Pima County Population Study 
(1967), is used in a few minor instances. The population 
data in this report, although broken down into smaller
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areal units than census tracts, obviously do not include 
1970 census figures and data for the inter-censal years are 
only estimates based on a disaggregation of area-wide 
population estimates. The margin of error is considerable 
for data of this type. In addition, many of the social 
and economic data for 1960 are not available for the areal 
units used by the population study.

Specific Variables
Before the hypotheses can be tested, and even before 

specific tests can be established, variables and measures 
of magnitude are needed (Appendix A). These variables 
must be consistent with the intent of the hypotheses and 
the limitations of available data. When specific vari
ables cannot be found a hypothesis must either be re
phrased or rejected as untestable though never the less 
reasonable.

One variable is labeled dependent and all others 
independent in line with common terminology describing 
functional relationships. These terms refer to position 
of a variable within a function. Use of "dependent" does 
not imply causation and use of "independent" does not imply 
any rigorous degree of actual independence. Specific 
^analysis of covariation among the independent variables 
is included in the analysis.
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The rate of population growth is the dependent 

variable. This variable is defined by the equation

(1 + r±) = pyy.
3.1

where
(1 + r^) = the population growth factor for each of 

i observational units expressed to three 
decimal places

P^2 = the population of each unit in 1970 
= the population of each unit in 1960.

This measure provides a factor that when multiplied by the 
1960 population yields the 1970 population. Using this 
measure facilitates other necessary calculations by elimi
nating the need for minus signs to indicate negative 
growth, eliminating zero as a possible growth rate, and 
making the absolute value of growth increase from the 
lowest to the highest rates. If only the proportional 
rate of growth (r̂ ) is used, negative growth has a minus 
sign and the absolute values of both positive and negative 
growth rates increase away from zero, the value of an un
changed population.

Distance from the city center, the first inde
pendent variable, is measured as the average of straight 
<line distances from the center of the central business 
district (the corner of Stone Avenue and Pennington Street 
in Tucson) to the nearest and farthest points of each



observational unit, expressed to the nearest hundredth 
of a mile. There is little reason to believe that an 
average value is significantly less accurate than the 
results from using the time-consuming process of de
termining approximate centers of either area or popula
tion. The use of straight line distances and the center 
of the central business district compares favorably with 
similar studies such as Muth (1961). Any areal distor
tion due to the lack of radial streets in Tucson should 
become apparent when the association between the distance 
variable and population growth is tested.

The independent variable dealing with net resi
dential density is measured by the equation

where
nji = the net residential density for each observa

tional unit, expressed in persons per square 
mile

= the population in 1960
a^ = the area within each observational unit devoted 

to residential land use.
Net residential density, in the context of Harris' (1968) 
^argument, is used as a measure of spacious living. Gross 
density, the ratio of population to total area, does not
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measure this quality because of the effect of areal varia
tions in proportions of non-residential land uses and 
vacant land.

The third independent variable is measured by the 
proportion of vacant land within each observational unit 
in 1960 carried to two decimal places. This variable 
provides a measure of the land open for development at the 
start of the study period. It does now, however, indicate 
areas of land that become available for development after 
1960 because of conversion or demolition. In addition, 
no feasible means exists for ditinguishing between vacant 
land suited for residehces and vacant land destined for 
other uses.

The fourth and fifth independent variables relate to 
housing condition and age. Housing condition is measured 
by the combined proportion of all dwelling units that are 
deteriorating or dilapidated in 1960, carried to two deci
mal places. Because deteriorating and dilapidated are de
grees of the same phenomenon, no difficulty arises from 
combining them. One problem that does exist, however, is 
the lack of information on other aspects of dwelling de
sirability such as size or style. Housing age is measured 
by the proportion of dwelling units in structures over 20 
years old in 1960, carried to two decimal places. This 
figure of 20 years may be too low to adequately represent
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dwellings which are becoming obsolete. Unfortunately, no 
finer distinction is possible using standard census data.

The final independent variable is measured by 
Thomas (1960) as the difference between the birth rate of 
an area and the death rate. Unfortunately, such data are 
only available for entire cities and not for census tracts 
within a city. The intent of this variable is to make some 
measure of the natural increase or decrease of population 
within an area, discounting the influence of net migra
tion. In Tucson as a whole, however, nearly two out of 
every three families counted in 1960 had changed resi
dences during the five previous years. Many moves, it is 
reasonable to assume, result from changes in family size 
(i.e., births and deaths). Thus, birth and death rates 
are of doubtful utility even when considering the minority 
of an area's population remaining sedentary over the time 
span of this study. These restrictions likewide apply to 
other 1960 demographic data such as number of women of 
child-bearing age or number of elderly persons. Hypothesis 
six is rejected as untestable, probably without seriously 
prejudicing the overall study.

Other data restrictions in addition to the lack of 
^ measures for hypothesis six require discussion. The ac
tual time of the .Transportation Study land use survey is 
the late 19501s though some updating was done and the data
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are presented in the study as 1960 data. No general state
ment can be made concerning deviations from actual 1960 
residential and vacant land areas brought on by this time 
lag. One further limitation is the lack of information 
other than population totals from the 1970 census. This 
limitation does not restrict the availability of testable 
variables because any predictive model would, by defini
tion, lack data for the period covered in the model's 
projection. The lack of 1970 data does restrict the in
terpretation of certain tests because the actual behavior 
of a variable over the 10 year time span of the study can 
only be assumed. In addition, Tucson was not divided into 
census tracts prior to 1960 so no earlier information 
exists from which to establish trends. This lack of ade
quate historical information is probably the major short
coming of studies such as the present one dealing with 
young, rapidly growing metropolitan areas. Nevertheless, 
this limitation can be minimized provided only functional 
relationships and not causal connections are sought.

Tests
Linear correlation and regression analysis provides 

a general framework for testing the proposed functional 
relationships between population growth and the five vari
ables : (1) distance from the city center; (2) net resi
dential density; (3) vacant land; (4) deteriorating and
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dilapidated dwellings; and (5) dwelling age. This method 
of analysis provides standardized measures of the strength 
of association between the dependent variable and inde
pendent variables. Also provided is a linear equation for 
each function and a method for identifying areas where the 
functional relationships inadequately express the popula
tion growth rate. These residual areas are then singled 
out for critical examination.

The use of linear correlation and regression does 
not mean that the expected functions are linear. The 
technique is employed for reasons of convenience. Simple 
data transformations can convert curved relationships into 
approximations of straight lines, thus avoiding the many 
difficulties of working with quadratic equations.

The initial test is a series of simple bivariate
correlation and regression analyses between population
growth and each of the five independent variables. In
each case the coefficient of correlation (r) indicates
the closeness of association between the two variables

oand the coefficient of determination (r ) indicates the 
amount of variation in the dependent variable accounted 
for by each of the independent variables. This test in

dicates if a general functional relationship exists between 
pairs of variables and allows identification of areas



where variation in growth rate is inadequately described 
by each independent variable (Appendix C).

Because growth rate variation is more reasonably 
associated with a group of independent variables than with 
any one particular variable, multiple correlation and re
gression analysis is applied as the second test. Coef
ficients of multiple correlation (R) and multiple determine- 
tion (R ) are provided along with the list of residuals.
One additional statistic provided by multiple correlation 
is the coefficient of partial correlation (R1) indicating 
the closeness of association between independent variables 
not yet entered into the regression equation and the de
pendent variable when previously entered variables are 
assumed to be constant and the proportion of variation in 
growth associated with these previously entered variables 
likewise held constant.

One interesting aspect of partial correlation is 
a de-emphasizing within the regression equation of inde
pendent variables having high colinearity with previously 
entered independent variables. If two phenomena demonstrate 
similar association with population growth, the first one 
entered has already accounted for the variation in growth 

^rates described equally well by the second and a low 
partial correlation of the second variable with growth

22

occurs.
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Considerable insight into the problem of colinearity 

between two independent variables is found in the correla
tion matrix. Colinearity is evidenced by high correlation 
between an independent variable and one or more other in
dependent variables. The regression procedure considers 
only the variable having the highest simple (first step) 
or partial (succeeding steps) correlation with the dependent 
variable and can cause equally desirable independent vari
ables to be overlooked. To overcome this, separate re
gression equations are analyzed using only one of two 
colinear variables at a time. This technique helps elimi
nate prejudice when interpreting results of tests.

The last test is an analysis of the residuals from 
multiple regression. The aim is to discover additional 
spatial variables reasonably related to growth. This test 
involves considerable use of land use maps of Tucson for 
1960 and 1967. Also involved is a need for overall 
familiarity with the landscape and recent history of the 
study area.

Study Area
The specific study area within the overall Tucson 

metropolitan area is restricted by the availability of 
''data and by the desire to only consider variations of 
population growth within previously built-up areas. The 
resulting study area covers all urban census tracts in the



24
Tucson Standard Metropolitan Statistical Area (SMSA) and 
the actual observational units are, with two exceptions, 
these census tracts (Figure 1). Because of differences in 
tract delineation between the Bureau of the Census and the 
Tucson Area Transportation Study, tracts 6 and 16 are com
bined into one unit and tract 25 is disregarded south of 
the dotted line. Only an estimated 2 percent of the popula
tion in tract 25 is located in the excluded area in both 
1960 and 1970 and the census data are assumed to apply to 
the smaller area with no adjustments necessary.

The study area is adequate for testing the hypothe
ses. Gross densities in 1960 ranged from 995 to 8,624 
persons per square mile and urban settlement had at least 
been introduced over the entire area. The overall growth 
of the Tucson area is shared by the study area where popu
lation increased by a factor of 1.222 from 217,074 in 1960 
to 243,548 in 1970. And most important, the criterion 
of large variation in rates of population growth is satis
fied by the range of growth rates from 0,467 to 2.276, 
with 16 observational units less than 1,000 and 22 greater. 
Figure 2 presents a generalized picture of the areal varia
tion of population growth rates this study is attempting 

^to relate to other spatial distributions. Although the 
arrangement might be described as rapid peripheral growth 
and rapid central decline, there are numerous anomalies
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at even this level of generalization. Clearly a much more 
detailed study is warranted.

The study area approximates a central city of an 
SMSA rather than an entire metropolitan area. Ninety- 
three percent of the study area population is located 
within the 1960 Tucson city limits and this figure repre
sents 95 percent of the total city population for that 
date. Restriction of the study to only the central city 
is consistent with the general nature of the problem. One 
qualification, though, is that results relate only to 
characteristics of a central city and no inferences con
cerning metropolitan areas are in order. Because the 
overall intention of this study is only to suggest a set 
of independent variables and not to form a basis for gen
eralization, this qualification is not too restrictive.

Physical Landscape
The physical landscape of the study area is char

acterized by a great deal of uniformity and a general lack 
of internal physical barriers to communication. The only 
physical barrier of any consequence is a section of the 
Santa Cruz River which separates the western parts of ob
servational units 2, 11, and 12, and the southwestern part

c
of 38 from the remainder of the study area (Figure 3).
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Looking beyond the general uniformity of the physi

cal landscape, flood plains and river terraces each possess 
enough distinctive characteristics to permit a reasonable 
division of the physical landscape. In addition to the 
obvious landform difference, flood plains are the location 
of more recent alluvial deposits and a higher water table 
than the adjacent terraces. These conditions, as well as 
the flood potential, have favored continued agriculture in 
portions of the flood plains and discouraged urban settle
ment ,

Cultural Landscape
Certain distinctive features of the cultural land

scape, in addition to the specific land use, density, and 
dwelling elements already mentioned, affect the nature of 
Tucson as the study area far more than do any physical 
elements. When compared to averages for 53 central cities 
(Bartholomew 1955), Tucson has noticeably higher propor
tions of industrial land (Table 1). The relative weight 
of single family, two family, and multiple family housing 
areas shows no difference between Tucson and Bartholomew’s 
averages when only residential areas are considered. The 
overall gross population density of the Tucson study area 
lis 2,869 persons per square mile, a figure putting Tucson 
among other low density southwestern cities including
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T^ble 1. Land Use Proportions.

Land Uses Average (%)a Tucson (%)k

Residential
Single Family 80.3 82.0
Two Family 12.1 10.0
Multi-Family 7.6 8.0

Total Residential 100.0 100.0
Urban

Commercial 3.3 5.4
Light Industry 2.8 0.9
Airport, Railroad 4.9 5.3
Heavy Industry 3.6 1.7
Parks 6.7 3.0
Schools and Public Facilities 10,9 8.3
Streets 28.1 29.3

Total Non-Residential 60.3 53.9
Residential 39.7 46.1

Total Urban 100.0 100.0
All

Urban 65.0 57.6
Vacant and Agricultural 35.0 42.4

Total All Land Uses 100.0 100.0

^Bartholomew 1955.
^Tucson Area Transportation Study 1960.

Dallas, El Paso, Fort Worth, Houston, Phoenix, and San 
Diego. The median density for the 50 largest U. S. central 
cities in 1960 is approximately 6,500 persons per square 

-tmile (U. S. Bureau of the Census 1960a) .
Specific 1960 cultural landscape elements relating 

in some way to the problem of population location and
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change are shown in Figure 3. These features are all set 
down on what is basically a rectalinear street pattern 
oriented to the cardinal points with major streets at one 
mile intervals (not illustrated in Figure 3)1

Confidence Tests
Because the study area is presented as the entire 

population of a central city and all data are presumed 
measures of the population and not of a sample of that 
population, no statistical tests of significance are in
cluded. Certain census data are, in fact, based on samples 
and confidence in their use is subject to the confidence 
limits applied to the original data. Also, certain Trans
portation Study data involve some degree of estimation, 
another source of possible error. In neither case is con
fidence testing called for and statistics such as correla
tion coefficients and coefficients of determination are 
presented as parameters of the population with an assumed 
high degree of confidence, subject to the limitations of 
underlying data.

•c



CHAPTER 3

ANALYSIS

Simple Correlation
The first hypothesis predicting growth as a posi

tive exponential function of distance cannot be directly 
tested by linear correlation and regression analysis. In
stead , a simple mathematical transformation is necessary 
to convert the exponential equation into an equivalent 
linear expression. The exponential function

where
y = the dependent variable (population growth rate) 
a = a constant
b = the rate of increase of y_ with x
x = the independent variable (distance from the city 

center)
is transformed into

In y = In a + bx

<where
In y = the dependent variable (natural logarithm of 

growth)
32
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In a = a constant
b = the rate of increase in In % with x 
x = the independent variable of a linear equation. 

Linear correlation and regression is then applied to this 
new function.

No specific shape is proposed for the relationships 
between growth and the remaining four variables but the 
proper function to use can be deduced from the nature of the 
variables and from the scatter diagrams (Appendix B). Below 
some undetermined level net residential density, de
teriorating and dilapidated dwellings, and dwellings over 
20 years old tend to have values too low to substantially 
effect growth, thus they are most simply expressed as nega
tive exponential functions and the natural logarithm trans
formation of growth is employed to obtain linear relation
ships for testing. Vacant land does not share this quality 
and appears to vary with growth in a roughly linear manner. 
No transformation, therefore, is necessary.

All five variables are accepted as demonstrating 
some acceptable degree of areal functional association with 
population growth (Table 2). By themselves, these variables 
can describe from 27 percent to 42 percent of the variation 
-tin population growth rates, with the exception of vacant 
land, these variables all demonstrate exponential relation
ships with growth. None of the relationshipsf howeverf is
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Table 2. Simple Correlation of Growth with Five Variables.

Variable r r2
Distance to City Center3 +0.648 0.420
Dwellings over 20 Years Old3 -0.619 0.383
Net Residential Density3 -0.570 0.325
Vacant Land +0.565 0.319
Deter, and Dilap. Dwlgs. -0.523 0.274

^Correlated with In growth. 
Source: Calculated by author.

sufficiently strong to stand alone and multiple correla
tion and regression analysis is needed to further test the 
hypotheses.

Multiple Correlation
This section describes tests of combinations of 

the five tentatively accepted independent variables;
(1) distance from the city center; (2) net residential 
density; (3) proportion of vacant land; (4) proportion of 
dwelling units deteriorating and dilapidated; and (5) pro
portion of dwelling units over 20 years old. As with simple 
correlation, the aim is to arrive at expressions of func
tional relationships between the dependent and independent
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variables and to measure the amount of variation in the 
dependent variable spatially associated with variation in 
the independent variables. Because all variables except 
vacant land approximate linear expressions with In growth 
rather than growth, In growth is used as the dependent 
variable for multiple regression. The equation for the 
relationship of growth and five variables is

(1 + rj.) = ae+blxl''b2x2+b3x3*'b4x4"b5x5

where
(1 + rj_) = the growth rate factor for each of i ob

servational units
a = a constant
e = the base of natural logarithms

xlfx2fx3rx4/x5 = the first five variables
tl/b2 fbg,b4 ,b5 = the rates of change of growth with each

variable
This equation transforms into the following linear multiple 
regression equation

In (1 + r^) = Ina + b^x^ - b2%2 + ^3X3 ” b^x^ - bgxg 

where
In (1 + r^) = the dependent variable 

In a = the constant.t
Multiple correlation of In growth with distance as 

the first variable along with all four additional variables
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increases the coefficient of multiple correlation (R) from 
0,648 to 0.765 and the described variation (R̂ ) from 0.419 
to 0.585 (Table 3). The fifth variable, dwellings over 
20 years old, adds little if anything to the descriptive 
power of the regression equation. The sign of the partial 
correlation between this fifth variable and In growth 
actually is positive after four steps (Table 3) instead 
of the negative, sign seen in simple correlation. This 
change of sign, along with the low value of the partial 
correlation coefficient (+0.098) indicates that all the 
variation in growth negatively associated with variation 
in dwellings over 20 years old is adequately described by 
the four proceeding variables and inclusion of the fifth 
variable is meaningless. Apparently, therefore, variation 
in dwellings over 20 years old is highly correlated with 
one or more of the other independent variables in this 
regression analysis and should not be included in this 
initial multiple correlation test.

The correlation matrix for the five independent 
variables confirms a high correlation of dwellings over 
20 years old with distance and significant correlations 
with each of the other three variables (Table 4). Distance, 
^likewise, shows significant correlation with each other vari
able, In effect, then, it is very difficult if not impos
sible to separate the association of distance with population
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Table 3. Multiple Correlation of 

Variables.
In Growth with Five

Step Variable R' R R2

1 Distance to City Center — — — 0.648 0.419
2 Net Residential Density -0.363 0.704 0.496
3 Vacant Land +0.291 0.734 0.538
4 Deter, and Dilap. Dwlgs. -0.303 0.762 0.581
5 Dwellings over 20 Years +0.098 0.765 0.585

Source: Calculated by author.

growth from the association of dwellings over 20 years old 
with growth. It is also quite difficult to differentiate 
between either distance or dwellings over 20 years old and 
the three remaining independent variables.

Eliminating distance from the multiple correlation 
analysis provides a clear indication of the difficulty 
involved in separating the variation of distance from that 
of dwellings over 20 years old (Table 5). The proportion 
of dwellings over 20 years old, with only a meaningless 
contribution to the previous correlation (Table 3), now 
enters as the first step, All the remaining three variables 
contribute significantly to describing variation in growth 
and, especially important, values of R and are only



Table 4. Correlation Matrix for Independent Variables.

Distance Net Res. Vac. Land Det. Dwlg. 20 Years

Distance — — — -0.515 +0.572 -0.487 -0.784
Net Res. —- -0.254 +0.559 +0.682
Vac. Land 
Det. Dwlg. 
20 Years

—0.068 -0.505
+0.604

Source: Calculated by author
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Table 5. Multiple Correlation of In Growth with Dwellings 

over 20 Years Old, Vacant Land, Deteriorating 
and Dilapidated Dwellings, Net Residential Den
sity.

Step Variable R' R R2

1 Dwellings over 20 Years — — — 0.619 0.383
2 Vacant Land +0.316 0.666 0.444
3 Deter, and Dilap. Dwlgs. -0.389 0.727 0.528
4 Net Residential Density -0.265 0.749 0.562

Source: Calculated by author.

slightly lower than when distance is included and dwellings 
over 20 years old excluded.

Eliminating both distance and dwellings over 20 
years old also fails to significantly weaken the values of 
R and R^ (Table 6). Multiple correlation and regression, 
therefore, indicates that three combinations of proposed 
variables provide equally accurate functional associations 
with population growth. The three alternative combinations 
can describe from 56 percent to 58 percent of the varia
tion in growth, compared to 42 percent for distance alone, 
-*the most significant individual variable.

Plots of the residuals against growth rates (Appen
dix D) indicate certain areas where the combinations of
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Table 6. Multiple Correlation of In Growth with Net

Residential Density, Vacant Land, Deteriorating 
and Dilapidated Dwellings

Step Variable R' R R2

1 Net Residential Density — — — 0.570 0.325
2 Vacant Land +0.480 0.694 0.481
3 Deter, and Dilap. Dwlgs. -0.393 0.749 0.561

Source: Calculated by author.

variables provide very poor estimation of the actual growth 
rates. Eliminating these areas from the analysis provides 
a means for evaluating the significance of the three func
tional relationships found with multiple regression (Figure 
4). Multiple correlation over the remaining area for each 
combination of independent variables indicates a high de
gree of association with growth, lending additional support 
toward acceptance of the first five hypotheses (Table 7). 
The similarity of the descriptive power of each combination 
is again notable.

The areas where growth is not adequately described 
in terms of the initial five variables offer no readilyc
apparent patterns or associations to help account for their
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Table 7. Results of Three Multiple Correlations for Re

duced Areas.

Correlation with In Growth R R2

Distance to City Center, Net Residential 
Density, Vacant Land, Deteriorating and 
Dilapidated Dwlgs.

0.922 0.853

Dwellings over 20 Years Old, Vacant Land, 
Deter, and Dilap. Dwlgs., Net Residential 
Density

0.908 0.825

Net Residential Density, Vacant Land, 
Deteriorating and Dilapidated Dwellings

0.907 0.822

Source: Calculated by author.

deviation (Figure 4). These areas must be subjected to 
further critical examination.

Residuals
The one remaining test is an attempt to account 

for the residuals from multiple regression. Evaluation of 
this test must be highly selective because of the large 
number of elements that might be related to population 
growth rates. The only practical approach is to analyze 
each residual area, looking for features in addition to 
those already considered that might reasonably be as
sociated with either excessive positive or excessive 
negative growth. The goal of this test is a plausible
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accounting for the residuals with no attempt to evaluate 
all possible relationships.

Overpredicted growth in areas 20 and 21 is associ
ated with substantial acreage destined for industrial use. 
Some land vacant in 1960 has actually received new industry 
during the decade of this study, particularly in the vicinity 
of the Southern Pacific Motor Freight Terminal in the 
eastern part of area 20. Area 21 is still primarily unde
veloped but may receive future industrial or commercial 
growth in the Benson Highway and Interstate 10 areas. The 
problem of land reserved for non-residential uses was anti
cipated when vacant land was defined as a measure of space 
for residential development. Measuring vacant land only if 
it is zoned or planned for residential use might alleviate 
this problem. Unfortunately, limitations of data severely 
restrict the usefulness of this revised measure.

Growth in area 5 may reflect expansion of enrollment 
at The University of Arizona, centrally located within this 
observational unit. Generally, population decrease is 
associated with areas of similar distance, age, density, 
and lack of vacant land. Proximity to the university could 
sufficiently increase demand for housing to alter this ex

pected pattern and bring about the observed growth.
Growth in area 2 is unusual because of proximity 

to the central business district and age of dwellings.
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This growth does not seem associated with any readily ob
servable landscape element. Sufficient vacant land for 
growth does exist in 1960 and is developed during the 
decade. The existence of this land so close to the city 
center is surprising and possibly reflects the historically 
sluggish growth of Tucson west of the Santa Cruz River.

Area 32, despite its relatively great distance from 
the city center, was essentially fully developed by 1960 
and experienced a corresponding low growth rate during the 
decade of this study. This development was associated with 
the rapid growth of Tucson far to the east during the late 
1950's. The growth rate of area 32 only appears low when 
distance is included in the regression analysis, thus con
firming the association of Tucson’s asymetrical expansion 
with the overpredicted growth rate.

Underpredicted growth areas 35 and 38 represent 
parts of Tucson that are essentially beyond the fringe of 
urban settlement in 1960 but have grown very rapidly since 
that date. These areas have two of the three lowest gross 
population densities in the study area in 1960 and probably 
do not deserve an urban designation as of that date. The 
third area of low gross population density, area 24, still 

^is not developed in 1970 and, by chance, fits well into 
the three multiple regression curves. For all three areas, 
the phenomenon being measured is not shifting urban
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settlement but rather initial urban settlement. This 
phenomenon falls outside the scope of the defined problem.

The remaining two areas, 3 and 19, have no apparent 
association with other elements to account for their un
usual rates of population growth. Area 19 is situated 
near the railroad industrial area and Davis-Monthan Air 
Force Base but these places do not necessarily favor growth 
because of the substantial noise pollution and congestion 
generally associated with them. Area 3 exhibits the lowest 
growth rate within the study area though its undesirable 
attributes are not necessarily more severe than those of 
area 10, an area of considerably less population decline.

The residual areas, when taken as a whole, are most 
frequently related to peculiarities in the recent expansion 
of Tucson and only marginally involve the problem of popu
lation change within developed urban areas. Among the three 
areas where recent expansion seems not to be a major factor, 
satisfactory accounting is available for only one area.
Two anomalies remain with no satisfactory description of 
elements reasonably associated with their growth.

•e



CHAPTER 4

INTERPRETATION OF TEST RESULTS

Simple correlation confirms the expected functional 
relationships between population growth and the five inde
pendent variables: (1) distance from the city center;
(2) net residential density; (3) vacant land; (4) de
teriorating and dilapidated dwellings; and (5) dwelling 
units over 20 years old. Variation in distance alone can 
account for 42 percent of variation in growth f the strongest 
simple relationship. The strength of this association is 
not great enough to stand on its own and combinations of 
variables are necessary to adequately account for growth.

Multiple correlation indicates that spatial varia
tion in population growth within Tucson can be functionally 
related to any of three combinations of independent vari
ables: (1) distance from the city center, net residential
density, vacant land, deteriorating and dilapidated 
dwellings; (2) dwellings over 20 years old, vacant land, 
deteriorating and dilapidated housing, net residential 
density; and (3) net residential density, vacant land, 
deteriorating and dilapidated dwellings. No one combina
tion better describes growth than do the others.

46
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The problem of covariation among the independent 

variables must be overcome before the utility of these 
variables as inputs in a model of intra-urban population 
growth can be evaluated. The pre-eminence of distance may 
stem as much from its colinearity with the other variables 
as from any intrinsic quality of distance. Similar co
linearity obscures the importance of housing over 20 years 
old. Net residential density, vacant land, and deteri
orating and dilapidated dwellings all reasonably measure 
the historical radial growth aspect of distance. Equally 
important, if the land value model discussed in Chapter 1 
is operative in a given situation, its effects can be mea
sured through variations in net residential density and 
vacant land, two elements as responsive as gross density 
to a land value-distance gradient. Also, net residential 
density and deteriorating and dilapidated dwellings en
compass much of the suspected reason for the association 
of housing age and growth. Some argument can be made for 
not excluding housing age because of the element of style 
or novelty not measured by net residential density. The 
Tucson study, however, provides no support for this argu
ment because the dwelling age variable does not improve the 
^multiple correlation coefficient. The implication, then, 
is that net residential density, vacant land, and de
teriorating and dilapidated housing have the greatest
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utility as variables for describing population growth within 
central cities.

The excessive amount of variation in growth inade
quately described by multiple regression is somewhat dis
turbing. Between 42 percent and 44 percent of the variation 
in growth is unrelated to variation in the five variables. 
This remaining variation is reduced to a more acceptable 
15 percent when residual areas are excluded.

Analysis of residual areas indicates additional 
considerations that might improve the predictive power of 
the three most useful independent variables. One important 
step is to carefully exclude areas on the fringe of urban 
settlement before applying a model designed for intra-urban 
growth variation. Another important consideration involves 
the need for more accurate measurement of vacant land to 
exclude excessively large areas destined for non-residential 
use. Also, major focal points of access (i.e., universi
ties) can be expected to affect population growth whenever 
they undergo rapid transformation.

Additional research is now needed to evaluate the 
suggested model for cities other than Tucson. Nostatement 
concerning the general utility of the model can be made 
^untilthe results of this research are known.
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3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Statistical Data

Growth3 Net Res.c Vacant^ Deter. &e Housing^
Rate Distance*3 Density Land Dilap. 20 Years
0.731 0.27 41,125 .02 .20 .97
1.243 0.94 12,407 .23 .18 .46
0.467 0.73 20,280 .14 .44 .86
0.872 0.72 14,112 .05 .09 .94
1.103 1.24 20,891 .05 .09 .70
0.991 2.36 9,008 .09 .04 .31
0.895 1.88 12,464 .19 .07 .08
0.841 1.15 11,895 .23 .24 .70
0.806 0.82 23,541 .11 .52 .84
0.629 0.81 28,716 .23 .88 ,95
0,832 1.39 19,403 .19 .45 .33
0.991 2.14 14,113 .45 .43 .26
1.097 1.90 11,847 .29 .12 .17
1.063 1.83 13,633 .28 .01 .25
0.918 2.08 11,543 .10 .15 .19
1.045 3.63 8,667 .19 .01 .02
1.036 3.44 10,069 .16 .05 .10
1.054 2.93 6,235 .10 .02 .19
1.532 2.92 12,199 .30 .02 . .oi
1.048 3.41 12,748 .42 .01 .01
0.829 2.89 16,424 .68 .25 .07
0.888 3.95 23,503 .19 .33 .33
0.968 3.24 18,137 .20 .24 .27
1.186 2.59 9,090 .34 .30 .24
0.981 3.25 9,148 .21 .08 .15
1.342 3.66 4,151 .30 .12 .17
1.151 4.05 7,296 .21 .11 .14
1.442 5.11 7,833 .42 .09 .07 U1o



Table 8 (Continued)

Observ.
Unit

Growth^
Rate Distance*3 Net Res. 

Density
c Vacant^

Land
Deter. &e 
Dilap.

Housing^ 
20 Years

29 1.234 6.45 9,231 .39 .03 .03
30 1.303 4.52 9,368 .29 - .06 .07
31 1.012 4.19 9,672 .14 .07 . 02
32 1.054 6.09 10,198 .37 .01 . 01
33 0.966 4.34 10,663 .09 .04 . 02
34 1.185 5.30 17,005 .42 .02 .01
35 2.276 5.59 7,628 .65 .20 .10
36 1.076 4.11 14,771 .34 .24 .04
37 1.425 5.65 14,269 .73 .02 .01
38 1.748 4.90 11,300 .42 .11 .09

aU. S. Bureau of the Census 1960a, 1970 .

^Calculated by author.
CU, S. Bureau of the Census 1960a, and Tucson Area Transportation Study

1960.
^Tucson Area Transportation Study 1960. 
eU. S. Bureau of the Census 1960a.
£u. S. Bureau of the Census 1960a
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MAPS OF RESIDUALS FROM SIMPLE REGRESSION
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Figure 10. Residuals from Simple Regression: In
"'Growth and Distance to City Center. •
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e Figure 11, Residuals from Simple Regression: In
Growth and Net Residential Density.
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 ̂ Figure 13. Residuals from Simple Regression: In
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Figure 14, Residuals from Simple Regression: In
Growth and Dwellings oyer 20 Years Old.



APPENDIX D

PLOTS OF RESIDUALS FROM MULTIPLE 
REGRESSION AGAINST GROWTH
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Figure 15. Plot of Residuals from First Multiple 
Regression.
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Regression,
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