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Abstract Numerous studies have found positive correlation between transportation
infrastructure investment and economic development. Basically these studies use a con-
ventional production function model augmented by a public capital input, mainly high-
ways, rail and other transportation facilities. While the range of the measured economic
growth effects varies widely among studies, the positive elasticity between transportation
investment and economic development is now commonly accepted. Still a major puzzling
issue is that the magnitude of the measured effect seems to decline significantly as the
econometric model is further refined, mainly with regard to space and time lags. That is,
the use of national or state data produces elasticity results, which are much larger than
when using county or municipality data. Similarly, when we introduce into the econo-
metric model a lag between the times when the transportation investments are made and
when the economic benefits transpire, the measured elasticities decline with the size of the
lag. Thus, the main objective of this paper is to investigate these issues analytically and
empirically and provide a plausible explanation. We do so by using alternative econo-
metric models, applying them to a database, which is composed of longitudinal state,
county and municipality observations from 1990 to 2000. The key result is that trans-
portation investments produce strong spillover effects relative to space and time. Unless
these factors are properly accounted for many reported empirical results are likely to be
overly biased, with important policy implications.
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Introduction

Over the last decade numerous studies have been conducted on the impact of transportation
infrastructure development on economic growth. The major objectives of these studies
have been to estimate the returns of transportation investments by type (e.g., highway or
public transit) and by geographical level (e.g., national, state). The most common approach
is to develop a production function type model in which transportation infrastructure is
treated as a public capital, which like other inputs (mainly private capital and labor),
impacts output. Longitudinal and pooled databases have been used to estimate output
elasticities as well as labor, private and public capital productivity.

While the estimated results vary considerably as explained in detail in the next section,
they nonetheless have established a positive association between transportation investment
and economic growth. Yet, several basic questions remain unsolved. First, what is the
nature of the causality between transportation investment and economic growth? Does the
former variable indeed affect the latter, as all of these studies implicitly assume, or that
highly developed economies can afford greater transportation capital expenditures so that
the causality, in fact, should be reversed? The second puzzling issue is that systematical
analysis done at one geographical level (e.g., state) will produce estimates, which are
significantly different than those produced for another (e.g., county). Put alternatively, it
seems that when we sharpen the econometrics by zooming on smaller scale areas, trans-
portation capital output elasticity diminishes. Third, does there exist a lag between the time
when the actual transportation investment is being made and the time when the economic
benefits transpire? If so, what is the nature of this lag in terms of its length and its
relationships with the geographical level of the analysis? A related question is what are the
underlying forces that produce these results? We hypothesize that spatial spillover effects,
especially at smaller geographical levels, can largely explain these results. To corroborate
this hypothesis we formulate a production function model with variables that reflect
transportation capital accumulation at adjacent geographical units. We then estimate the
model using state, county and municipality data. Finally, we ask at a given spatial level,
does the impact of highway capital on output vary across sub-regions and if so what is the
pattern of such variations?

In this paper we focus on the second and third issues, namely the relationships between
the geographical scale of analysis and the output elasticity of transport investment and the
impact of the time lags on these results. However, we also briefly explore regional vari-
ations in the effect of highway capital on output at a particular geographical level.

The paper is designed as follows. In the next section we present the results from existing
literature. Then, we present the database used for the empirical analysis. In the next section
we introduce three model types that are used for the estimation of the relevant parameters.
The estimated parameters are presented and discussed subsequently. Next, results of model
validation tests are presented. The paper ends with several policy conclusions that ensue
from the estimated results.

Results from the literature

Numerous empirical studies have been carried out since the seminal work of Aschauer
(1989) on the relationships between transportation capital investment and economic
development. The key policy results from these studies pertain to output elasticity with
respect to transportation capital. Table 1 below reports results from a number of studies on
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the subject. As evident from this table, the output elasticity results vary widely ranging
from a very high 0.39-0.56, (Aschauer 1989) or 0.33, (Munnel 1990) to a very low 0.04,
(Garcia-Mila and McGuire 1992) or 0.08 (Waters 2004). This wide diversity of output
elasticity estimates is probably the result of differences between studies relative to spatial
level of analysis, definition of capital stock as well as underlying models.

Most of the previous studies have used a production function model with a similar
structure. Eakin (1994) for instance, has applied a production function to state level data set
consisting of output, labor, private capital and state and local government capital. The
study has concluded that the elasticity of private output with respect to public sector capital
is quite large (0.23). Munnell (1992) examined spillover effects by hypothesizing that
highway public capital creates positive cross-state spillovers. She argued that this could
occur when infrastructure investments in one state benefit people in others. Eakin and
Schwartz (1995) have studied similar effects and measured the indirect effect of highway
capital investment on neighboring states. However, they have rejected the hypothesis that
highway capital has positive output spillovers. In fact, in some of their specifications, the
spillover parameter was significantly negative. Yet, theoretically indirect effect from
highway capital investment is the net result of the two offsetting effects. These are: a
relocation of economic activity (e.g., Forkenbrock and Foster 1990), and the spillover
effect (Munnell 1992). Boarnet (1996) has examined how highway investments redistribute
economic activity, by dividing the economic impacts of transportation infrastructure into a
direct effect (impact near a street or a highway) and indirect effect (any impact that occurs
at locations more distant from the highway corridor). He concluded that the direct and
indirect effects were equal in magnitude with opposing signs.

On the question of the relationships between public capital investment and private
economic activity, Munnell (1990) has estimated a model in which public capital affects
output, employment growth, and private investment at the state and regional levels. The
dependent variable was state product, while the independent variables were level of
technology, private capital stock, labor and the stock of public capital. The regression
results confirmed, at the state level, that public capital has a significant positive impact on
the level of output, disregarding possible spillover effects. The elasticity for the private
capital in the equation was found to be 0.31, whereas that of public capital was 0.15, both
highly significant. Haughwout (2000) proposed a spatial general equilibrium model of an
economy with non-traded, localized public goods like infrastructure. The results show that
infrastructure provides significant productivity and consumption benefits to both sectors
firms and households. The elasticity for the public capital was estimated to be non-neg-
ative, but small.

The database

The database used in this study is composed of state, county and municipality data. These
are:

State Level (48 states. All values are in millions of year 2000 dollars unless otherwise
stated)

H: End-of-year highway capital stock in each state (Source: Munnell 1992)
K: End-of-year non-residential private capital stock (Source: Munnell 1992)
NH: End-of-year highway capital stock in neighboring areas

Q: Gross State Product (Source: NJ Department of Labor)
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L: Employment (number of jobs) (Source: Real Estate Center, Texas A&M University)
State U: State unemployment rate (%), based on national unemployment (Source: Real
Estate Center, Texas A&M University)

County Level (18 counties in New York/New Jersey Metropolitan area. All values are in
millions of year 2000 dollars unless otherwise stated).

H: End-of-year highway capital stock' in each county (Source: Eqn.1 in Ozbay et al. 2006)
K: End-of-year non-residential private capital stock (Source: Munnell 1992). States’ values
were apportioned among counties based on personal income

NH: End-of-year highway capital stock in neighboring areas

Q: Gross County Product (Source: NJ Department of Labor, State values were apportioned
to counties based on personal income)

L: Employment (number of jobs) (Source: Real Estate Center, Texas A&M University)
County U: Based on state unemployment rate (%) (Source: Real Estate Center, Texas
A&M University)

Municipality Level (389 municipalities in NY/NJ Metropolitan area. All values are in
millions of year 2000 dollars unless otherwise stated)

H: End-of-year highway capital stock in each municipality (County values were appor-
tioned among municipalities based on personal income)

K: End-of-year non-residential private capital stock (County values were apportioned
among municipalities based on personal income)

NH: End-of-year highway capital stock in neighboring areas

Q: Gross Municipality Product (County values were apportioned among municipalities
based on personal income)

L: Employment (number of jobs) (Source: Real Estate Center, Texas A&M University)
Municipal U: Based on county unemployment rate (%) (Source: Real Estate Center, Texas
A&M University)

Formulation of models

In this study we have used three types of models: a basic production function model, a time
lag model and a spatial spillover model. Each of these is estimated for the three levels of
analysis: state, county and municipality. We begin by introducing the basic production
function model, on which basis the other two model types were formulated.

1og(Oc.r) = Bo + B1Ucs + Brlog(Les) + By log(Kes) + By log(Hey) + cs (1)

where: €: Error term

p: (i=1,.. .,4): Parameters to be estimated
U: Larger scale unemployment rate (e.g. state level rates for county analysis)
c: Index of state, county or municipality

! As used in this study, public capital is the dollar amount (in millions) of the summation of ‘‘Expenditure of
Federal Funds Administered by The Federal Highway Administration’” and ‘‘State Highway Agency Capital
Outlay and Maintenance.”” Only the sectors pertaining to highways are included. More information can be
found at http://www.fhwa.dot.gov/policy/ohim/hs03/hf.htm.
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t: Year index (1990-2000)

This model is similar to those used in the germane literature save for the addition of an
unemployment explanatory variable, which is introduced into the model as an instrumental
variable to account for the economic activity dynamics, which take place at a scale larger
than the present level of analysis.

In order to investigate possible lags between the time of the investment and the time of
its impact on output the following model is estimated:

log(Qcr) = o + B1Ucs + Prlog(Ley) + B3log(Ke) + Bylog(Hesn) + ecs (2)

where: n=1,2,...,5 years.
Next, we developed a spillover model that takes into account the effects of highway
investment on areas, which neighbor the investment’s location.

log(Qcs) = Bo + P1Ucs + Balog(Les) + Pylog(Key) + Bylog(Hey) + Bs1og(NHey) + ée
(3)
Finally, we calculated the output elasticity with respect to highway capital, 8 in Eq. 1:
AQ
By =35 (4)
H
By rearranging and substituting the values for Q and H(for given years) we obtain the

marginal output of highway capital, %, ie.,

AQ _
AH

0
= 5
By * 7 (5)
This value is the percent change in Q (gross state, county or municipality product) in
response to a 1% change in highway capital (H).

Estimation results

In this section we present the key results from the time series analysis estimation of the
three models (Equations 1-3), relative to the three geographical levels of analysis: state,
county and municipality. In particular, we focus on the output elasticity from highway
capital development, which as was shown in Table 1, ranges from a very high to a very low
elasticity.

Results from the estimation of the basic model
The results from the basic model are summarized in Table 2. Clearly these results lend
further evidence to Munnell’s conclusion that the estimated impact of highway capital

weakens as the geographic study area gets smaller (Munnell 1992). As explained below
this phenomenon is due to pronounced spillover effects.
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Table 2 Estimation Results from the Basic Model

Intercept (fy) U (f;) logL logK logH R-Sq Number of  Durbin-Watson

B (B (B) Observations*
State -3.19 —-0.046  0.99 0.025 0.047 0.98 528 1.92
[-statistic] [-33.3] [-8.9] [63.4] [1.6] [2.4]

County 0.47 -0.06 0.079 0.925 0.045 0.98 198 1.98
[-statistic] [2.2] [-9.9] [1.8] [16.7] [3.8]

Municipality 0.06 -0.035 0.205 0.818 -0.002 0.99 4279 1.94
[-statistic] [1.6] [-37.9] [18.5] [78.8] [-0.87]

? Number of states, counties and municipalities multiplied by analysis period of 11 years

Estimates of output elasticity with respect to highway capital

In order to illustrate the computation of the marginal output of highway capital (Eq. 5),
consider the case of the county level data. In 2000, total gross county product (Q) in the
study area was $633,692 million and total county highway capital was $85,235 million.
From Table 2, the coefficient for highway capital at the county level is 0.045. Substituting
these values into Eq. 5 yields the Marginal Productivity of highway capital of 0.34. That is:

80 _ g4, 623652

AH 85035 034

This figure indicates the percent change in gross county product (GCP) from a 1%
change in highway capital. It implies that a $1 increase in highway capital leads to a long-
term accumulated increase in GCP of 0.34 dollars. The direct elasticity is 0.045, which
implies an increase of $4.5 in GCP in response to a $100 capital investment. Table 3
summarizes the output elasticity results for the state, county and municipality levels.
Again, it is evident that output elasticity declines, as the geographic focus gets smaller.

Another way of interpreting the output elasticity is by computing the rate of return of
capital investment at the three geographical levels. For example, for the 11 years (1990—
2000), highway capital has an average rate of return of 7.6% for the county level (0.34
divided by 0.045). Figure 1 shows the rate of return of the highway capital as function of
time for state, county and municipality levels.

As can be seen from this figure, for state and county levels the rate of return steadily
increased during the entire period (1990-2000). At municipality level, however, a dis-
cernible variable trend is observed, which we have interpreted as indicating spillover
effects at the level of analysis. Another result from Fig. 1 is that the average rate of return
over the 11-year period is 7.18%, 5.09% and 4.33% for the state, county and municipality
levels, respectively. These results further support our contention that the impact of high-
way capital on economic growth weakens as the geographic scale gets smaller.

Table 3 Output elasticity of highway capital

Level Direct elasticity (ff 4) Output elasticity
State 0.047 0.37
County 0.045 0.34
Municipality -0.002 —-0.01
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Fig. 1 Rate of return of highway capital (State, County, and Municipality)

Results from the estimation of the lag model

In the estimation of model (2) several time lags were tried (n=1,2,...,5 years). The most
sensible and statistically significant results were obtained for 1-year lags. This is not
surprising considering the fact that the economic cycles at all the three geographical levels
demonstrate an increasing gross product over time, which in turn, are associated with
shorter lagging effect of highway investments. The results of the model for the 1-year lag
are given in Table 4.
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Table 4 Estimation results from the Lag model (1-Year Lag)

Intercept (ff;) U (B;) logL (f,) log K (p;) logH (f;) R-Sq No. of Obs.* D-W

State -3.18 -0.05 1 0.019 0.046 0.98 480 1.94
[#-statistic] [-32.4] [-9.1] [61.6] [1.2] [2.3]
County 0.6 -0.08 0.08 0.92 0.044 0.99 180 1.91
[#-statistic] [3.9] [-17.9] [2.6] [34.5] [7.9]
Municipality ~ —0.001 -0.04 0.24 0.8 -0.009 0.99 3890 1.97
[#-statistic] [-0.01] [-60.5] [27.4] [98.8] [-5]

? Number of states, counties and municipalities multiplied by analysis period of 10 years

It is evident from the results shown in this table that the inclusion of a lag variable
slightly reduces the coefficient of highway capital for all three levels of analysis. One
possible explanation is that highway capital stock accumulation over time is a function of
the amount of highway investment made and is largely independent of time lags. As before
the impact of highway capital diminishes, as the geographic level of analysis gets smaller.

Results from the estimation of the spillover model

The third set of results was obtained from estimating the spillover model. For a spillover
effect to exist 4 in Eq. 3 must be negative while 55 positive (and statistically significant).
The results shown in Table 5 indicate that there are no spillover effects at state and county
levels (the f3, are positive). The reason for this result could be due to the fact that most of the
economic activity defined in the output variable, Q, is contained within the state and county
but not in the municipality. The negative coefficient observed for the variable H at the
municipality level indicates that the spillover effects are dominant at this level of analysis.
This finding is consistent with the argument made by Boarnet (1995) that more spillovers
are observed at geographic areas such as cities and municipalities than at states and regions.

Statistical tests for the validation and robustness of the estimated results

In order to validate the statistical significance of the results estimated from the three
models, we performed several statistical tests aimed at testing possible model misspeci-
fication, heteroscedasticity, and the existence of time-related and spatial autocorrelation.

Since the database used in this study is composed of time series data, we tested for the
existence of autocorrelation in order to validate the robustness of the regression results.
Specifically, we tested for a systematic pattern in the error terms that indicate either
attracting (positive) or repelling (negative) autocorrelation (Marsh 1999) by using the

Table 5 Estimation results from the Spillover model

Intercept U (f)) log L log K log H logNH R-Sq No.of D-W

(Bo) (o) (B3) (Bs) (Bs) Obs.*
State -34 —0.05 1 0.028 0.035 0.021 098 528 1.94
[z-statistic] [-27.1] [-8.8] [63.7] [1.8] [1.8] [2.5]
County 0.6 —0.065 0.045 0.94 0.042 0.022 0.99 198 191
[-statistic] [2.7] [-10.2] [1] [24.5] [4.3] [2.2]
Municipality 0.024 -0.04 0.21 0.81 —0.009 0.01 0.99 4279 1.97
[-statistic] [0.6] [-39.2] [19.4] [77.6] [-3.7] [9.3]

? Number of states, counties and municipalities multiplied by analysis period of 11 years
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Durbin—Watson test statistic. The test compares the residual for time period t with the
residual from time period (—1) and develops a statistic that measures the significance of
the correlation between these successive comparisons. Details of the test are in the
Appendix. In addition, and as can be seen from the relevant columns of Tables 2, 4 and 5,
the value of the test statistic for all models is very close to 2. Therefore, it can be concluded
that there is no sign of autocorrelation problem in the models developed in this paper.

The spatial autocorrelation test is carried out in order to test for any systematic pattern
in the spatial distribution of a variable. Positive or negative spatial autocorrelation indicate
neighboring areas, which are more alike or unlike, respectively, whereas random patterns
exhibit no spatial autocorrelation. Thus, the spatial autocorrelation test, tests the
assumption of randomness (Lembo 2004). Here we have used the standard Moran’s index
(Moran’s 1), as an indicator of spatial autocorrelation. This index can be applied to zones or
points with continuous variables associated with them. It compares the value of the var-
iable at any one location with its values at all other locations. The test statistics are
described in the Appendix. The results of the spatial autocorrelation analysis indicate that
there is no significant spatial autocorrelation in these models. The Moran’s indexes for the
state, county and municipality levels analysis were 0.021, 0.057 and 0.0025, respectively.
Furthermore, the statistical significance of this result was justified by the z-scores obtained
by using Eq. A3 in the Appendix at 90% confidence interval. In addition, we have tested
the models for possible misspecification and heteroscedasticity and were satisfied that
neither of these possible complications were an issue.

Finally, we have tested for the robustness of the three models. To that end, we tested the
predicted output results of the county level basic and lagged models (the results shown in
Tables 2 and 4) on other geographical areas not included in our database, which include 8
counties in southern New Jersey. We used labor and capital stock data for these 8 counties
between 1990 and 2000 and estimated their output using our models. We then compared
these estimated results with the actual levels of output of these counties. Our estimation
results were accurate with 7.9% error. For the county level lag models, our estimation
results were accurate with 8.3% error. We judge these errors to indicate robustness,
especially if these counties have different economic activity dynamics than the ones in the
original database.

Further corroboration of results

Are the above results supported by theories, which predict the impact of transportation
capital investment on regional economic growth? Hansen (1965) hypothesized that the
potential effect of economic overhead capital (infrastructure capital) augmentation, varies
across three broad regional categories. These are lagging, intermediate, and congested
regions. Lagging regions are characterized by a low standard of living due to small-scale
agriculture sector and/or stagnant or declining industries. These regions do not attract new
firms and public infrastructure investment would have little impact on economic growth
(Eberts 1990). Intermediate regions are characterized as having abundance of well-trained
labor, cheap power, and raw materials. In such regions increased economic activity,
resulting from infrastructure investment, would lead to marginal social benefits exceeding
marginal social costs. Congested regions are characterized by very high concentrations of
population, industrial and commercial activities, and public infrastructure. Any marginal
social benefits that might result from further public capital investment would be
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outweighed by the marginal social costs of pollution and congestion stemming from in-
creased economic activity.

In another study Kim and Lee (2002) investigated the relationship between public
capital and technical efficiency. Their analysis is based on the proposition that public
capital can affect actual output by enhancing technical efficiency, thereby reducing the gap
between maximum potential output and actual output. Using panel data from U.S. state
manufacturing industries during 196986, they concluded that technical efficiencies varied
substantially both between states and between years; and variations in technical efficiency
are significantly explained by variations in public-sector capital.

To corroborate our results we made use of Hansen’s (1965) hypothesis. Accordingly we
have used our state-level database in order to ascertain if there are systematic variations in
the contribution of highway capital to output across regions in the U.S. and, if so, what is
the pattern of these variations. Using the State’s level of highway capital, employment and
population we have categorized states as lagging regions, intermediate regions, and con-
gested regions. We then estimated our basic model for these three region types. Table 6
summarizes the results from this analysis. Two important findings emerge from this table.
First, the contribution of highway capital to output indeed varies across regions with
differing characteristics. Second, our findings support Hansen’s theory that in intermediate
regions, the contribution of highway capital to state’s output is more pronounced than in
the congested regions. Thus, the direct elasticity for the intermediate regions was estimated
as 0.35 while for the congested regions the estimated elasticity was 0.29. For the lagging
regions it was estimated as —0.03.

Given these results we have, therefore, concluded that both the database and models
used in this study indeed capture the relationships between transportation capital expansion
and economic growth at the three geographical levels of analysis.

Conclusions

This paper asks the empirical question: what are the relationships between transportation
capital development and economic activity at the state, county and municipality levels? To
that end, we have developed and used three types of models. These are, first, a production
function type model with output as the dependent variable and labor, private capital, public
capital (transportation capital) and unemployment as independent variables. This model
type was labeled as ‘‘basic model’’. The second model type is a lagged model in which 1—
5 years time lags were introduced to test for possible delays in output response to addi-
tional transportation investment. The third model type is a spillover model whose objective
is to test the hypotheses that highway investments made in one area have economic
development impacts on neighboring areas and that these impacts become more

Table 6 Results from regional analysis

U.S. Regions Highway capital Population Employment Direct elasticity
(Millions) (Millions) (Millions) of highway capital

Lagging® $0-25,000 0-5 0-3 -0.033

Intermediate” $25,000-50,000 5-10 3-5 0.351

Congested® >$50,000 10-20 5-10 0.297

# 36 States fell into this group
b6 States, (Florida, Kentucky, Louisiana, Michigan, New Jersey, and Virginia) fell into this group
¢ 6 States (California, Illinois, New York, Ohio, Pennsylvania, and Texas) fell into this group
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pronounced as the geographical area gets smaller. We further carried out several statistical
tests to validate the estimated results. In addition, we have studied the variations in the
effect of highway capital on output across regions using our state level database.

Based on the empirical results reported in this paper the following key conclusions were
drawn.

(a) Private and public capitals have positive and statistically significant impacts on output
at the state, and county levels.

(b) The magnitude of the impact of public capital declines, as the geographical scale gets
smaller due to more pronounced spillover effects.

(c) For state, county and municipality level, when various time lags are applied to
highway capital, the coefficients associated with that variable are smaller compared
with the non-lag case. We interpret these results as indicating that in New Jersey,
where the accumulation of transportation capital stock is mainly a function of the
amount of highway investments made, output responds immediately to capital
investments, largely independent of time lags. Perhaps expectations from highway
construction play a major role in this regard.

(d) Spillover effects onto neighboring areas surrounding the location where the highway
investment was made tend to increase, as the geographical area of analysis gets
smaller. That is, we can expect large output spillover effects at the municipal level
from investments made in adjacent locals.

(e) The output elasticities with respect to public highway capital obtained in this study
are 0.37, 0.34, and —0.01 for state, county and municipality levels, respectively.
These estimates are in accord with the results obtained in other studies (see Table 1).
Their decreasing magnitude again reflects the spillover effects noted above.

(f) The rate of return of highway capital over the years (1990-2000) displays a smoothly
increasing pattern for state and county level analysis. For municipality level, however, a
strong fluctuating trend is observed, again reflecting the spillover effects in the study area.

(g) Contribution of highway capital to output varies across regions with differing
socioeconomic characteristics, which support theories advanced in the literature.

As a final note, it should be emphasized that the results presented in this paper are
mostly appropriate for similar aggregate-level analysis (i.e., municipal, county or state)
rather than for corridor-specific analysis. However, to the degree that the empirical results
obtained for New Jersey relative to the spillover effects are generic, what can be said of the
economic development impacts at the corridor level of specific transportation investment
projects? Should the analysis of these impacts be confined to the area where the investment
is made or be expanded to the entire metropolitan area? These questions are subjects for
further research.
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Appendix: Autocorrelation tests
The Durbin—-Watson test for first order autocorrelation

The formula for the D-W statistic is given in Eq. Al:
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where:

d: Durbin—Watson statistic
e: Residual
t:Time period counter

D-W statistic is used to test for the presence of both positive and negative correlation in
the residuals. The statistic has a range of from 0 to 4, with a midpoint of 2. The null
hypothesis (Hp) is that there is no significant correlation.

Ho:p:()
HII[)?&O

“d”’ is approximately related to *‘ p’’ as d~2(1—p). When p=0, the D-W statistic is
d=22.

The Moran Test for spatial autocorrelation

IZNZI'ZJ' Wi‘j(Xi_)_()(Xj__j?) (AZ)
(Ei Zj Wz/) Zi (X, _X)

where:

N: Number of cases (in this paper, it’s 48 for state, 18 for county, and 389 for municipality
level analysis)

X;: Variable value at a particular location

X;: Variable value at another location

X: Mean of the variable

Wi;: Weight applied to compare between locations i,j (1 if these locations share a border, 0
otherwise).

Similar to correlation coefficient, Moran’s index varies between —1.0 and + 1.0. When
autocorrelation is high, the coefficient is high. A high I value indicates positive autocor-
relation. The statistical significance of the calculated Moran’s indices can be determined
using Eq. A3 (Anselin 2005).

(1) = —— (43)

where:

Z(I): Z-score for standard normal distribution
I: Calculated Moran’s index
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E(I): Theoretical mean given by Eq. A4
Seay: Theoretical standard deviation given by Eq. AS5.

;E = | | Z
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