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Abstract

The correspondence between public transport supply and the distribution of the population
is usually assessed through a single reading of each variable and with correlations that ignore
the neighborhood relationships between zones. This article characterizes the distribution,
spatial autocorrelation and associations of nine socioeconomic, territorial and public
transport variables in the 184 transport analysis zones (TAZs) of San Juan de Pasto,
Colombia, an intermediate city. The 2018 census, the household origin-destination survey,
the register of commercial establishments of the Chamber of Commerce and the scheduled
supply of the Strategic Public Transport System (SETP) were integrated, and descriptive
statistics, Spearman correlations and univariate and bivariate Moran statistics were applied.
High dispersion does not imply spatial clustering: commercial establishments are the most
dispersed variable (CV = 246.3%) but the least clustered (I = 0.070), whereas income, the
least dispersed, is the most clustered (I = 0.455). Scheduled supply is associated with
commercial establishments (p = 0.58) and income (p = 0.38), and is not correlated with
households without a vehicle or with people seeking employment. However, the bivariate
analysis shows that zones with more households in strata 1 and 2 are surrounded by lower
supply (I = —0.235; —0.398 with household rates), a result that is robust to five
specifications, and it locates a core of four zones and a northeastern sector where residential
need coincides with lower route coverage. The results provide a baseline for assessing
accessibility and territorial equity.

Keywords: ~ intermediate cities; transport and land use; transport analysis zones;; spatial autocorrelation bivariate Moran; spatial mismatch;
public transport supply; Colombia

INTRODUCTION

Public transport planning requires knowing how the population, resources and urban
opportunities are distributed in space, because accessibility depends on the location of
activities, the impedance of travel and the capabilities of individuals (Hansen, 1959; Geurs
& van Wee, 2004; Paez et al., 2012), and sustainable mobility links living conditions with
the available alternatives for travel (Banister, 2008). Socio-spatial characterization therefore

has value in its own right as a diagnosis.

Mobility needs vary with income, vehicle availability, employment status and disability, and
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their territorial representation is the basis of social need diagnoses (Currie, 2010; Foth et al.,
2013). In Colombia, the spatial equity of accessibility has been assessed in Cali (Delmelle &
Casas, 2012) and Bogota (Bocarejo & Oviedo, 2012), and inequalities in access to work,
education and fares have been documented (Guzman et al., 2017; Guzman & Oviedo, 2018;
Oviedo & Guzman, 2020; Arellana et al., 2021); in the region, it has been examined in
Montevideo (Hernandez, 2018) and Santiago de Chile (Tiznado-Aitken et al., 2018),
together with the relationship between daily mobility and residential segregation (Rodriguez
Vignoli, 2008). This evidence comes mainly from large metropolitan areas (Vecchio et al.,
2020), and less attention has been paid to the joint reading of the statistical distribution and
the spatial structure of the variables in intermediate cities. Moreover, the correspondence
between need and supply is usually assessed with non-spatial correlations, which compare
zones without considering their neighborhood, even though the population also uses the
transport services of contiguous zones. The notion of spatial mismatch, originally formulated
for the separation between residence and employment (Kain, 1968), has been transferred to
public transport in studies of gaps between need and supply (Currie, 2010; Jiao & Dillivan,
2013; Fransen et al., 2015), which compare each territorial unit through gap or accessibility
indices but rarely assess whether the zones with the greatest need are surrounded by lower
supply.

San Juan de Pasto, the administrative, commercial and service center of the department of
Narifio, is an intermediate city, a category defined by its regional functions and socio-spatial
attributes rather than by its size (Villegas Alzate, 2023). Studies of the city address urban
expansion and land occupation models (Gonzalez Bastidas, 2021; Mesias Rosas, 2024) or
the social impact of the SETP from an organizational management perspective (Recalde
Martinez, 2019). No characterization was found that integrates, on a single transport zoning,
residential composition, commercial establishments and SETP supply through descriptive
and spatial statistics, or that contrasts need with the supply of the surrounding area through

bivariate spatial statistics. This is the gap addressed by the present study.

The objective of the article is to characterize the distribution, spatial autocorrelation and
associations of nine socioeconomic, territorial and public transport variables in the 184
TAZs of Pasto, to examine the extent to which statistical dispersion and spatial clustering
offer different readings of the territory, and to establish whether the correspondence
between need and supply changes when the surroundings of each zone are considered. To
this end, three questions are posed. How are residential, land-use and transport supply
variables distributed across zones, and how clustered are they in space! What associations do
these variables show with one another, and do they hold when the neighborhood between
zones is considered? How are the patterns of the resident population, commercial
establishments and service related, and where are the mismatches between need and supply

located?

The study contributes an integrated zonal baseline for an intermediate Colombian city and
evidence, robust to five specifications, that non-spatial correlation conceals mismatches

between need and supply that bivariate spatial statistics make it possible to locate. Its scope
898



Cultura.Intemational JournalofPhilosophyofCultureand Axiology 21(12s)/2024

is descriptive; effective accessibility and distributive equity are not evaluated here.

2. ANALYTICAL FRAMEWORK

2.1 Residents, destinations and transport supply

Four dimensions are distinguished: population and land occupation; socioeconomic
conditions and potential mobility constraints; located commercial establishments; and
scheduled public transport supply. Each answers a different question, and commercial
establishments and service represent territorial resources. From the perspective of transport
and land use, density and commercial establishments correspond to the land-use component
(Ewing & Cervero, 2010), and the scheduled service supply to the transport component.

Lack of a vehicle characterizes modal availability, whereas disability introduces specific

functional barriers (Casas, 2007; Lucas, 2012; Park & Chowdhury, 2022).

Accessibility studies combine land-use, transport, temporal and individual components
(Geurs & van Wee, 2004; Paez et al., 2012); social need studies compare supply with the
places where need is concentrated (Currie, 2010; Foth et al., 2013; Lucas, 2012), and equity
assessments rely on zonal comparisons between supply and population (Karner & Niemeier,
2013; Boisjoly & El-Geneidy, 2017) or on Lorenz curves (Delbosc & Currie, 2011). This
article remains at the level of diagnosis: an observed territorial difference does not in itself
constitute an equity judgment (Lucas et al., 2016; Pereira et al., 2017), and the location of

resources is not equivalent to their effective use (Grengs, 2015).

2.2 Zonal measurement and spatial structure

Zone-based aggregate analysis is conditioned by the scale and delimitation of the polygons
(Openshaw, 1984; Fotheringham & Wong, 1991; Javanmard et al., 2023), and associations
between aggregates do not describe individuals (Robinson, 1950). Zonal totals locate
volumes and may covary simply because both grow with zone size (Pearson, 1897; Kronmal,
1993), whereas density or mean income describe intensities or levels; furthermore, a variable
may be dominated by a few extreme zones and show little similarity between neighbors, or

vice versa.

Spatial structure is examined with the global Moran’s 1 and local indicators of spatial
association (LISA), which assess the similarity between neighboring zones (Moran, 1950;
Getis & Ord, 1992; Anselin, 1995) and depend on the definition of neighborhood (Bivand
& Wong, 2018). A skewed distribution, a high correlation and a local cluster are therefore
complementary pieces of evidence. When the interest lies in the correspondence between
two variables, the bivariate Moran’s I and its local version relate the value of one variable in
each zone to that of another variable in its neighbors (Lee, 2001; Anselin, Syabri, &
Smirnov, 2002; Anselin, Syabri, & Kho, 2006). This perspective is relevant for public
transport, because the service available to a zone includes the routes of contiguous zones,
and it makes it possible to identify mismatches that non-spatial correlation does not detect.
The term mismatch is used here in a descriptive sense, as the combination of high
residential need and low supply in the surrounding area, without implying causality. There
are three analytical expectations: (E1) the dispersion of a variable does not anticipate its
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spatial clustering; (E2) zones with more households in strata 1 and 2 will have lower mean
income and may have fewer territorial resources, a possibility that is examined rather than
assumed; and (E3) the absence of non-spatial correlation between supply and social

conditions does not imply the absence of spatial mismatch.

3. DATA AND METHODS

3.1 Study area, spatial unit and sources

The study covers the 184 TAZs of San Juan de Pasto, including discontinuous peripheral
units; in intermediate cities, the transport zoning is the common support for census, survey
and operational information, and it is therefore the unit of analysis here. The 2018 National
Population and Housing Census and its cartography (Departamento Administrativo
Nacional de Estadistica [DANE], 2018), the household origin-destination survey (EODH),
the commercial establishments registered with the Pasto Chamber of Commerce as of
January 2024, geocoded from the information provided by this entity (hereafter, commercial
establishments), and the SETP routes, stops and service headway table (Table 1) were
integrated, with the Land Use Plan as the framework (Concejo Municipal de Pasto, 2015).
Processing was carried out in R. Because the sources refer to different periods, the database
is an integrated territorial characterization rather than a simultaneous measurement. The

nine variables were assigned to the same 184 polygons in all analyses (Figure 1).

Study area: 184 transport analysis zones (TAZs)

1.28°N -
TAZs in the neighborhood network (175)

[0 TAZs without contiguous neighbors (9)
—— SETP routes

Bus stops S I

1.24°N -
1.22°N -
1.20°N -
1.18°N -

1.16°N -

1.14°N -

77.34°W 77.32°W 77.30°W 77.28°W 77.26°W 77.24°W 77.22°W

Source: Authors' elaboration with data from DANE (2018) and AVANTE. Reference system: WGS 84

Figure 1. Study area: TAZs of San Juan de Pasto, zones without contiguous neighbors, and
SETP route and stop network. Source: Authors’ elaboration with data from DANE (2018)
and AVANTE.
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Table 1. Information sources used to build the zonal database.

Source Information used Period, coverage
and sample
2018 National Population, 2018; entire
Population and households, municipality
Housing Census socioeconomic
and its strata and zone
cartography boundaries
(DANE)
Household Vehicle availability, 2017; 4,509
origin-destination disability, job households and
survey (EODH) seeking and 16,047 persons
household income assigned to the
TAZs
Commercial Registered Register as of
register of the commercial January 2024
Pasto Chamber of establishments,
Commerce geocoded and
assigned to the
TAZs
SETP route and Routes, stops and 2020 operational

stop layers and
service headway

table (AVANTE)

service headway per
route (minutes
between buses)

design (Consorcio
Pasto 2020, 2020);
weekday, 05:30-
21:30

3.2 Selection and measurement of variables

The nine variables were selected for their conceptual relevance, their availability and their
assignment to the TAZs (Table 2). They describe the resident population, understood as
potential SETP users, since the survey does not make it possible to isolate those who actually
use the system. The population aged 19 to 65, labeled working population in the database, is
used as a measure of the resident working-age population, without certifying actual
employment; commercial establishments correspond to the registered establishments,
aggregated by zone into a field with fractional values; and job seeking is the activity declared
in the survey, not an official unemployment rate. Households in strata 1 and 2 are those
located in the two lowest of the six socioeconomic strata that Colombia assigns to residential

properties, a residential classification rather than a direct measure of poverty.

Table 2. Variables analyzed, source, analytical meaning and transport equity dimension.

Equity
, Source and . . .
Variable ) Interpretation dimension
operation
(references)
Volume of
Populatio Integrated resident Potential demand
n aged 19 layer by TAZ population; does (Geurs & van
to 65 (census) not certify actual Wee, 2004)
employment
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Vertical equity:
Househol Volume of socioeconomic
ds in strata Integrated households by condition (Lucas
| and 2 census layer socioeconomic et al., 2016;
stratum Pereira et al.,
2017)
Populatio Land-use
_ Census and ,
n density cartooranhic Intensity of land component
(inhab./ha lag ef occupation (Ewing &
) Y Cervero, 2010)
Magnitude of
Commercial registered
ial
Commerci establishments act?oimfnde;zlsanot Destinations and
1 registered with me\;stzll’re size or opportunities
Z
establishm the Pasto capacity and (Geurs & van
Chamber of p ty Wee, 2004; Paez
ents does not include
Commerce, , et al., 2012)
cocoded informal or
& unregistered
establishments
EO_DH; Limited modal Modal constraint
Househol expansion and o1t ,
, , _ availability; not and social need
ds without imputation , )
_ equivalent to bus (Currie, 2010;
a vehicle where
necessary use Grengs, 2015)
EODH; Functional
Persons expansion and Functional barrier (Casas,
with imputation vulnerabili 2007; Park &
disabilities where v Chowdhury,
necessary 2022)
EODH;
Persons ox arclzion ’an J Declared Social exclusion
seeking iIr)n utation employment and access to
employme \I))vhere status; not an employment
nt necessary official rate (Lucas, 2012)
Vertical equity:
Estimated EODH; . economic
monthl Approximate v (Perei
y category . capacity (Pereira
household midpoints and capaci et al., 2017;
income imputation pacity Guzman &
Oviedo, 2018)
Routes, stops Scheduled
and service supply (sum of Transport supply
Service headway per headways); does versus need
frequency route, in not measure (Currie, 2010;
(SETP) minutes waiting times or Delbosc &
between buses effective Currie, 2011)
(AVANTE) accessibility
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Note. Source: Authors’ elaboration based on the census, the household survey, the register
of commercial establishments of the Pasto Chamber of Commerce and public transport
records.

3.3 Linkage, expansion and imputation of the survey

The household, person and vehicle modules were linked through the questionnaire and
folio identifiers and assigned to the TAZs. Expansion used census factors, with a minimum
of five surveyed households for a direct estimate. Household income was estimated by
assigning representative values to the individual income categories, summing them by
household and averaging them by TAZ; the no-income option was coded as zero, the non-

fixed-income option was excluded and the open upper category was represented by its lower

bound.

TAZs without the minimum sample received imputations of rates and means from at least
two donor zones sharing a common boundary, up to third-order neighborhood, or, in their
absence, from the three nearest observed zones. Eighteen TAZs were imputed (eight with
immediate neighbors, four with second- or third-order neighbors and six by proximity), only
for the four survey variables (households without a vehicle, disability, job seeking and
income). These zones are retained in the descriptive statistics (Table 3), the maps and the
main spatial analysis (Table 4 and Figures 6 to 9), but are excluded from the Spearman
correlations (Figure 11), because imputation may introduce artificial similarity between

neighbors; their influence on Moran’s | is examined in Section 4.5 (Table 5).

3.4 Construction of service supply

Stops were cleaned (0.1 m tolerance) and linked to routes within 50 m and to TAZs within
25 m. The aggregate frequency of each TAZ adds, only once, the service headway, in minutes
between buses, of each distinct route serving it, according to the weekday headway table
(Consorcio Pasto 2020, 2020). By construction, it increases with the number of routes and
with the length of their headways, so it is interpreted as scheduled route supply and not as
buses per hour; hereafter, aggregate frequency and scheduled supply refer to the same

variable. Nine TAZs recorded zero supply, two of them (213011 and 203013) also isolated,

and 17 showed a possibly incomplete correspondence between stops and routes.

3.5 Statistical and spatial analysis

For each variable, the mean, median, standard deviation, coefficient of variation (CV),
quartiles, interquartile range (IQR), skewness and excess kurtosis were calculated, and values
outside [Q1 — 1.5 IQR; Q3 + 1.5 IQR] were identified as outliers; kurtosis describes the
weight of the extremes and not geographic clustering (NIST/SEMATECH, n.d.).

Six variables express volumes per TAZ (population aged 19 to 65, households in strata 1 and
2, households without a vehicle, disability, job seeking and scheduled supply), which
indicate where potential demand is concentrated; their maps and LISA are interpreted as

concentrations of persons or households, not as a higher proportion of the condition.

After a normality diagnosis (Lilliefors, 1967), the associations between pairs of variables were

described with the Spearman correlation on the 166 observed zones, with two-sided p-values
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adjusted by the Holm (1979) method for the 36 pairs.

Spatial autocorrelation was assessed with the global Moran’s I and LISA, using first-order
queen contiguity and row-standardized weights. Nine TAZs, peripheral units sharing no edge
or vertex with any other zone, have no neighbors and were excluded from the network of
175 zones (Figure 1); this condition is geometric and distinct from imputation (Section 3.3).
A total of 9,999 permutations were used, conditional for LISA, and local results with
pseudo-p < 0.05 were classified as High-High (HH), Low-Low (LL), Low-High (LH) or High-
Low (HL); their significance is nominal and exploratory. As a sensitivity analysis, Moran’s |

was recalculated without the 18 imputed TAZs (166 zones, 161 connected).

The bivariate Moran’s I and the bivariate LISA (Anselin, Syabri, & Smirnov, 2002; Anselin,
Syabri, & Kho, 2006) relate the standardized value of a variable x in each zone to the average
of another variable y in its neighbors, that is, each zone to its surroundings (Lee, 2001).
Eight pairs were analyzed: the three linking territorial resources (commercial establishments,
income and supply), households in strata 1 and 2 with income, and the four social
conditions with supply, using the same network, matrix and number of permutations. The
calculation was implemented in Python (NumPy) with the same weight matrix, which exactly

reproduces the univariate Moran’s I values obtained in R.

Robustness was assessed with four variants: without the 18 imputed TAZs (161 zones);
household rates instead of counts, to control for zone size; a matrix of the six nearest
neighbors (184 zones); and the reverse direction, with supply in the zone and the condition
in the surroundings. Zones classified as High-Low in at least three of the four specifications

that preserve the direction of the pair were considered a robust core of mismatch.

4. RESULTS

4.1 Opverall statistical profile

Table 3 summarizes the nine variables. All have positive skewness and a mean greater than
the median, but the weight of their extremes differs. Commercial establishments are the
most extreme variable (CV = 246.3%; skewness = 10.66; kurtosis = 129.42; 11 outliers):
their maximum, 704.1 in TAZ 101152, is about 56 times the median. Households without a
vehicle have the second-highest kurtosis (9.82), and the population aged 19 to 65 is the most
regular (kurtosis = 0.20; two outliers).

Table 3. Location, dispersion, extremes and shape of the nine variables in the 184 TAZs.

Variable Min. Q1 Med| Me| Q3| Max| C Sk| Ku| Out
ian an . \Y% e rt. L.
% | w.

)

Population 220 | 610.5 107 | 113 | 153| 359 | 59.| 0.| 0.2 2

aged 19 to 65 7.0 7.7 7.8 1.0 3 63 0

Households in 5.0 60.5 306. | 356| 555| 171 | 89.| 1.| 1.1 1

strata 1 and 2 0 1 .5 0.0 0 06 9
Density 0.6 9.0 16.5| 18. | 25.| 744 ] 68.] 1.| 2.1 4
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(inhab./ha) 4 3 8 24 6
Commercial 0.0 2.2 12.6 | 22. 26. | 704.| 24| 10 12 11
establishments 2 6 1 63| 6| 94
6 2
Households 4.0 110.0 | 200. | 225| 279 | 135| 75.| 2.| 98 7
without a 5 4 3 3.0 4 20 2
vehicle
Persons with 0.0 18.0 515 | 64.| 85 | 314.| 95| 1.| 2.9 12
disabilities 4 5 0 6 64 4
Persons seeking 0.0 14.0 350 51.| 69.] 269.| 10 .| 2.8 12
employment 7 3 0 4.7 | 64 1
Household 369 1233 161 175 208| 460 | 41.| 1.| 1.7 9
income 7 6 3 1 9 14 8
(thousand
COP)
Service 0.0 12.0 260 | 30.| 41.| 112.] 73.] 1.] 1.3 5
frequency (min) 3 3 0 7 13 5

Note. Units specific to each variable; income in thousands of Colombian pesos (COP) per
month, rounded. CV: coefficient of variation; Skew.: skewness; Kurt.: excess kurtosis; Outl.:
outliers. Source: integrated database, n = 184 TAZs, with expansion and imputation where
applicable; includes the 18 TAZs imputed in the four survey-derived variables.

Kurtosis measures the intensity of the extremes, not their number: disability has 12 outliers
with a much lower kurtosis than commercial establishments. Income has the lowest CV
(41.9%), although nine outliers reveal an upper tail. Zeros indicate that no positive value was

recorded or estimated, not missing data.

4.2 Distribution and spatial structure of the nine variables

4.2.1 Population aged 19 to 65

The population aged 19 to 65 has a median of 1,077 persons (mean of 1,137.7; CV =
59.3%) and its maximum, 3,591, is in TAZ 110131. The largest volumes are in the north,
northeast and south. Spatial dependence is positive (I = 0.236; p = 0.0001), with 13 HH
zones, 11 LL zones and 19 contrasts (14 LH and 5 HL) (Figure 2), so residential
concentration changes rapidly between nearby zones. It is associated with households
without a vehicle (p = 0.79), households in strata 1 and 2 (0.70), disability and job seeking
(0.54), but not with income (0.06); since these are zonal totals, part of this covariation

reflects zone size.
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(a) Thematic map (b) Box plot
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Figure 2. Population aged 19 to 65: (a) thematic map, (b) box plot, (c¢) Moran scatter plot
and (d) LISA clusters.

4.2.2 Households in strata 1 and 2

Households in strata 1 and 2 have a median of 306 (mean of 356.1; CV = 89.0%) and a
maximum of 1,710 in TAZ 110131, with concentrations in the northeast and south. Their
autocorrelation is among the highest (I = 0.402; p = 0.0001), with 19 HH, 30 LL, 8 LH and
2 HL zones (Figure 3): they form contiguous groups rather than an isolated maximum. They
are negatively associated with income (p = —0.42), and their correlation with commercial
establishments (—0.05) and supply (—0.16) is not significant; Section 4.6 shows, however,

that these zones tend to be surrounded by lower supply.
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(a) Thematic map (b) Box plot
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Figure 3. Households in strata 1 and 2: (a) thematic map, (b) box plot, (c) Moran scatter plot
and (d) LISA clusters.

4.2.3 Population density

Density has a median of 16.5 inhab./ha (mean of 18.4; CV = 68.8%) and a maximum of
74.4 in TAZ 112115. Consolidated and eastern foci contrast with extensive low-density
peripheral units. Moran’s 1 is 0.344 (p = 0.0001), with 11 HH and 21 LL zones (Figure 4),
and its geometry differs from that of residential volume, because a small zone can be dense
without concentrating many residents. It is moderately associated with households in strata
1 and 2 (p = 0.36), population (0.29) and commercial establishments (0.25), and not with
supply (0.02).
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(a) Thematic map (b) Box plot
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Figure 4. Population density (inhab./ha): (a) thematic map, (b) box plot, (c) Moran scatter
plot and (d) LISA clusters.

4.2.4 Commercial establishments

Commercial establishments have a median of 12.6 and a mean of 22.2, pulled up by the
maximum. Their statistical concentration coexists with a low Moran’s I (I = 0.070; p =
0.0105): LISA identifies 10 HH and 14 LL zones, and 145 of the 175 zones are not
significant (Figure 5), because the central maximum is not reproduced in its neighbors. They
are associated with supply (p = 0.58), income (0.42) and population (0.32), and not with
households in strata 1 and 2 (—0.05). The field expresses the registered magnitude, not the
capacity of the establishments.
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(a) Thematic map (b) Box plot
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Figure 5. Commercial establishments: (a) thematic map, (b) box plot, (c¢) Moran scatter plot

and (d) LISA clusters.

4.2.5 Households without a vehicle

Households without a vehicle have a median of 200.5 (mean of 225.4; CV = 75.4%) and a
maximum of 1,353, again in TAZ 110131. Spatial dependence is positive but lower than
that of stratum and income (I = 0.153; p = 0.0026), with 7 HH zones, 12 LL zones and 146
non-significant zones (Figure 6); the foci in the northeast and south do not form a
continuous band. They are associated with population (p = 0.79), households in strata 1 and

2 (0.60), disability (0.58) and job seeking (0.46), and not with supply (0.02) or income
(—0.08).
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Figure 6. Households without a vehicle: (a) thematic map, (b) box plot, (c) Moran scatter
plot and (d) LISA clusters.

4.2.6 Persons with disabilities

Disability has a median of 51.5 persons (mean of 64.4; CV = 95.6%), a maximum of 314
and 12 outliers. Its global I is not significant at 5% (I = 0.077; p = 0.0524); only two zones
are HH and six LL, and 160 are not significant (Figure 7). It is associated with households
without a vehicle (p = 0.58), population (0.54), households in strata 1 and 2 (0.48) and job
seeking (0.40), and not with supply (0.01). It contributes a functional dimension that is not
substituted by income or service (Casas, 2007; Park & Chowdhury, 2022).
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Figure 7. Persons with disabilities: (a) thematic map, (b) box plot, (c¢) Moran scatter plot and
(d) LISA clusters.

4.2.7 Persons seeking employment

Job seeking has a median of 35 persons (mean of 51.7; CV = 104.7%) and a maximum of
269, with concentrations in the west, northeast and southeast. Its autocorrelation is limited
(I = 0.165; p = 0.0020), with 12 HH zones, 11 LL zones, ten contrasts and 142 non-
significant zones (Figure 8). It is associated with population (p = 0.54), households in strata 1
and 2 (0.51), households without a vehicle (0.46) and disability (0.40), and not with supply
(—0.05) or income (—0.16).
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Figure 8. Persons seeking employment: (a) thematic map, (b) box plot, (c) Moran scatter plot
and (d) LISA clusters.

4.2.8 Estimated monthly household income

Estimated monthly income has a median of COP 1,617,153 and a mean of COP 1,756,215
across TAZs; its CV, of 41.9%, is the lowest, and its maximum, COP 4,601,023, is in TAZ
109098. It has the highest Moran’s I (I = 0.455; p = 0.0001), with 19 HH and 21 LL zones
(Figure 9): high values cluster in the center-west and northwest, and low values in the south
and northeast. It is negatively associated with households in strata 1 and 2 (p = —0.42) and
positively with commercial establishments (0.42) and supply (0.38). As a zonal mean, it does

not express inequality between households.
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Figure 9. Estimated monthly household income (COP): (a) thematic map, (b) box plot, (c)
Moran scatter plot and (d) LISA clusters.

4.2.9 Aggregate service frequency (SETP)

Scheduled supply, expressed as a sum of headways in minutes, has a median of 26 (mean of
30.3; CV = 73.7%) and a maximum of 112 in TAZs 101154 and 101157; nine zones record
zero. Its Moran’s I is 0.448 (p = 0.0001), with 28 HH zones, the largest number among the
variables, 10 LL and 6 LH (Figure 10): it clusters high values in the center and south, and
low values in the north and periphery. It is associated with commercial establishments (p =
0.58) and income (0.38), and not with households without a vehicle (0.02), disability (0.01),
job seeking (—0.05) or households in strata 1 and 2 (—0.16). The 17 zones with incomplete

correspondence limit its precision.
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Figure 10. Aggregate service frequency (SETP): (a) thematic map, (b) box plot, (c¢) Moran
scatter plot and (d) LISA clusters.

4.3 Associations between variables

Figure 11 presents the Spearman matrix computed with the observed data. The residential
volume variables are positively and significantly associated with one another (p between 0.40
and 0.79), a covariation consistent with the shared size of the zones that does not allow the
conclusion that the same persons combine these conditions (Pearson, 1897; Robinson,

1950). Territorial resources (supply, commercial establishments and income) are also

associated with one another (p = 0.58, 0.42 and 0.38).
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Figure 11. Spearman correlations between the nine variables, computed with the observed
data (without imputed zones). Colors represent p; * p < 0.05; ** p < 0.01; *** p < 0.001,
with Holm adjustment. Working-age pop. corresponds to the population aged 19 to 65;
Strata 1-2 households, to households in strata 1 and 2; No-vehicle households, to
households without a vehicle; Job seekers, to persons seeking employment; and Service
frequency, to the aggregate service frequency (scheduled supply).

Between the two groups, supply is not associated with households without a vehicle,
disability or job seeking (p between —0.05 and 0.02), and income is associated, negatively,
only with households in strata 1 and 2 (—0.42); density is associated with the volumes and
with commercial establishments, but not with service. These bivariate relationships are zonal
and do not identify individual effects. In the zone-byzone comparison, the operational
pattern does not reproduce the distribution of households with mobility constraints; Section

4.6 examines this relationship taking into account the surroundings of each zone.

4.4 Global and local autocorrelation across variables

Table 4. Global autocorrelation and distribution of LISA clusters.

Variable Moran’s Pseu H LL L H

1 dop H H L

Population aged 19 to 65 0.236 0.00 13 11 14 5
01

Households in strata 1 and 2 0.402 0.00 19 30 8 2
01

Density (inhab./ha) 0.344 0.00 11 21 3 3
01

Commercial establishments 0.070 0.01 10 14 6 0
05
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Households without a 0.153 0.00 7 12 7 3

vehicle 26

Persons with disabilities 0.077 0.05 2 6 6 1
24

Persons seeking employment 0.165 0.00 12 11 9 1
20

Household income 0.455 0.00 19 21 6 0
01

Service frequency (SETP) 0.448 0.00 28 10 6 0
01

Note. HH: High-High; LL: Low-Low; LH: Low-High; HL: High-Low. Queen contiguity and
9,999 permutations; nominal local significance at 5%. The nine isolated TAZs (without
contiguous neighbors) are excluded from the network of 175 zones. Results include the 18
imputed TAZs; their exclusion is examined in Table 5.

Eight variables show positive and significant global autocorrelation; disability is the
exception (Table 4). Income, supply and households in strata 1 and 2 have the highest
indices, whereas commercial establishments combine the highest CV and the highest
kurtosis with the lowest significant I: the weight of the extremes does not anticipate
similarity between neighbors. LISA counts describe classified zones, not independent
clusters, and, being univariate, they do not test the overlap between social and operational

patterns, which is examined in Section 4.6.

4.5 Exploratory sensitivity to the imputed zones

Without the imputed zones, income goes from I = 0.455 to 0.437, supply from 0.448 to
0.441 and households in strata 1 and 2 from 0.402 to 0.412 (Table 5): the three retain the
highest indices, although supply and income swap first place. Disability shows the largest
reduction (from 0.077 to 0.038). The comparison does not isolate the effect of imputation,

because the network also changes from 175 to 161 zones.

Table 5. Descriptive sensitivity of Moran’s | to the exclusion of the imputed zones.

Variable 1 with 184 1 with 166 Differe
TAZs (175 TAZs without nce
in the imputation
network) (161 in the
network)
Households in strata 1 0.402 0.412 0.010
and 2
Persons with disabilities 0.077 0.038 —0.039
Household income 0.455 0.437 —0.018
Service frequency (SETP) 0.448 0.441 —0.007

Note. The three variables with the highest indices and disability, the only variable without
global significance at 5%, are presented. Differences calculated from the coefficients
presented, without new permutation tests.

4.6 Bivariate spatial association between social conditions, resources and supply

The relationships between resources hold when neighborhood is incorporated (Table 6):
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zones with more commercial establishments and higher income are surrounded by more
supply (I = 0.248 and 0.289; p = 0.0001), and income is associated with neighboring
commercial establishments (I = 0.148; p = 0.0136). The negative relationship between
households in strata 1 and 2 and income is also spatial (I = —0.261; p = 0.0001): 15 HL
zones concentrate these households in a low-income environment, and 22 LH zones contain

few of them in a high-income environment (Figure 12a).

The most relevant result appears when social conditions are contrasted with supply.
Although the Spearman correlation between households in strata 1 and 2 and supply is not
significant (p = —0.16), their bivariate spatial association is negative and significant (I =
—0.235; p = 0.0001): zones with more households in these strata tend to be surrounded by
lower supply. The same occurs, with lower intensity, with job seeking (I = —0.101; p =
0.0050), whereas households without a vehicle and disability show no significant global
association ([ = —0.048 and —0.047).

Table 6. Bivariate Moran and bivariate LISA clusters for selected pairs.

Pair (x in the zone Bivariate 1 Pseu H L L H
- lag of y) v dop H L H L
Commercial
establishments - 0.248 O(.)OIO ; 1 ; 1
scheduled supply
Income -
commercial 0.148 0.01 ! ! 5 3
. 36 0 1
establishments
Income - scheduled 0.00 2 1
supply 0.289 01 5 9 3 1
Households in
strata 1 and 2 - —0.261 0.00 2 7 2 !
: 01 2
income
Households in
strata 1 and 2 - —0.235 O(.)(iO 6 6 é 5
scheduled supply
Households without
a vehicle - —0.048 0;72 ; 6 ; 5
scheduled supply
Job seeking - _ 0.00 2
scheduled supply 0.101 50 7 8 8 >
Disability - 0.12 1 2
scheduled supply 0.047 18 4 8 1 >

Note. x: variable in the zone; y: variable averaged over the neighboring zones. HH: high x
and surroundings with high y; LL: low x and surroundings with low y; LH: low x and
surroundings with high y; HL: high x and surroundings with low y. Network of 175 zones,

queen contiguity, 9,999 permutations (conditional for LISA) and nominal local significance
at 5%; includes the 18 imputed TAZs.

At the local level, five zones (109096, 110102, 110108, 112109 and 213014) are High-Low
both for households in strata 1 and 2 and for households without a vehicle, and three of
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them also for job seeking (Figures 12c and 12d): they concentrate these conditions in an
environment of significantly low supply. Four are in the north and northeast, between 1.6
and 2.2 km from the core of highest supply, and the fifth is on the southern periphery; none
is imputed. With 2.9% of the zones in the network, they contain 6.8% of the households in
strata 1 and 2 and 5.1% of the households without a vehicle. The 13 HH zones of
households without a vehicle, in the center-west and the south, combine instead

concentration and high supply in the surroundings.

(a) Strata 1-2 households - income (b) Establishments - scheduled supply

X y

\e. X

x m—High-High (2) - High-High (22)

- Low-Low (7) - Low-Low (10)

=5 B Low-High (22) »
High-Low (15)
1 Not significant (129)

1 No neighbors (9)

z—
z—

2 km 2 km
—— ——

(c) Strata 1-2 households - scheduled supply (d) Households without a vehicle - scheduled supply
’ N ’ N
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Figure 12. Bivariate LISA: (a) households in strata 1 and 2 and spatial lag of income; (b)
commercial establishments and lag of scheduled supply; (c) households in strata 1 and 2
and lag of scheduled supply; (d) households without a vehicle and lag of scheduled supply.
The first variable refers to the zone and the second to the average of its neighbors.

These results compare each zone with its surroundings and depend on the neighborhood
used; since supply is strongly associated with the number of routes (p = 0.96), an

environment of low supply indicates, above all, few routes in the neighboring zones.

4.7 Robustness of the bivariate analysis and mismatch zones

Table 7 compares the bivariate I across five specifications. The negative association between
households in strata 1 and 2 and the supply of the surroundings is significant in all of them
(I between —0.182 and —0.398; p < 0.0001) and is stronger with household rates (I =
—0.398), indicating that the mismatch is not a mere effect of zone size. The relationship

with job seeking is also negative and significant in all five (I between —0.081 and —0.140).
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Households without a vehicle show a significant negative association only without the
imputed zones and with rates (I = —0.089 and —0.087), and disability only without the
imputed zones (I = —0.083), so their relationship with the supply of the surroundings is
weak. The relationships between resources and between strata 1 and 2 and income hold in

all variants, and the reverse direction reproduces the signs with similar magnitudes.

Table 7. Robustness of the bivariate Moran’s 1 to five specifications.

Pair (x in the zone - Base Witho Hou 6 Reve
lag of y) ut sehol neig rse

imput d hbor direc

ed rates s tion

Households in strata 1 -0.2 —0.28 -0.3 —0.1 -0.2

and 2 - supply 35%* [*** 98** 82** 84**

Job seeking - supply —0.1 —0.14 —0.0 —0.0 —0.1

01** O**+ g+ 31+ 3Q

Households without a -0.0 —0.08 -0.0 —0.0 —0.0
vehicle - supply 48 9* 87" 17 70

Disability - supply -0.0 —0.08 -0.0 -0.0 -0.0
47 3* 32 16 65

Commercial 0.24 0.239* — 0.22 0.24
establishments - supply gr** ** 9> s

Income - supply 0.28 0.264* — 0.27 0.29
g - g [**

Households in strata 1 -0.2 —0.29 -0.4 —-0.2 -0.3

and 2 - income 61** [*** 63** 46** 05**

Note. Base: counts, queen contiguity and 175 zones (Table 6). Without imputed: 161
connected zones. Household rates: conditions divided by the total number of census
households in the zone; not applicable (—) to commercial establishments and income. 6
neighbors: six nearest neighbors, 184 zones. Reverse direction: the second variable in the
zone and the first in the surroundings. 9,999 permutations; * p < 0.05; ** p <0.01; *** p <
0.001.

Because the local classification is more sensitive than the global coefficient, a robust core was
defined with the zones that are High-Low, for households in strata 1 and 2 or households
without a vehicle, in at least three of the four specifications that preserve the direction of the

pair: 110102, 110108, 112109 and 213014 (Table 8 and Figure 13). Zones 109096 and

110097 appear in two specifications and are considered sensitive; none of the six is imputed.

Table 8. Profile of the zones of mismatch between need and supply.

Zone Pop. aged Househol Hous Inc Sup Spe
19 to 65 ds S1-82 ehold om ply cif.
(%) s e (min wit
witho (th ; h
ut a ous rout HL
vehicl and es)
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e (%) CcO
P)
110102 2066 922 490 845 30; 4 3 of
(91.1) (48.4) 4
110108 1014 398 238 112 30; 4 4 of
(88.6) (52.9) 8 4
112109 2324 1105 385 178 22;3 4 of
(93.2) (32.5) 0 4
213014 2129 880 506 123 6; 1 4 of
(87.0) (50.0) 8 4
109096 2812 1124 483 202 17; 2 2 of
(90.4) (38.9) 9 4
110097 2617 1149 711 926 6; 1 2 of
(88.5) (54.7) 4
Median of the 1077 306 200.5 161 26; 3 —
184 TAZs (83.6) (40.4) 7

Note. Households as a number and, in parentheses, as a percentage of the census
households in the zone. Supply: sum of headways (minutes) and number of routes. Specif.

with HL: specifications (base, without imputed, rates and 6 neighbors) in which the zone is
High-Low for households in strata 1 and 2 or without a vehicle, with a permutation
sampling independent of that of Table 6.

The core zones have between 1,014 and 2,324 persons aged 19 to 65, proportions of
households in strata 1 and 2 between 87.0% and 93.2%, above the median (83.6%), and,
except for 112109, an income below the median. They contain 5.0% of the households in
strata 1 and 2 and 3.9% of the households without a vehicle in 2.3% of the zones. Their

own supply is not always low: 110102 and 110108 exceed the median (30 versus 26), which

shows that the mismatch lies in the surroundings, whereas 213014 has a single route.
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Figure 13. Synthesis of the mismatch between need and supply: robust core (High-Low in
three or four specifications), sensitive zones (two specifications) and low-supply zones
surrounded by a high concentration of households in strata 1 and 2 (reverse direction).

In the reverse direction, 25 zones with below-average supply are surrounded by high
concentrations of households in strata 1 and 2; their median supply is 17, with two routes,
compared with 26 and three in the city, and they are home to 24.0% of these households
and 18.9% of the households without a vehicle. Most form a continuous sector in the
northeast, which includes TAZ 110131, and a second group is located in the southeast

(Figure 13): the mismatch shapes sectors of the city and not only isolated zones.

5. DISCUSSION

Regarding the first question, all variables have positive skewness, but the weight of their
extremes and their clustering vary independently. Regarding the second, residential volumes
and territorial resources covary within each group, also when neighborhood is considered.
Regarding the third, the relationship between the two groups is weak in the non-spatial
correlation, but when the surroundings are considered, the zones with more households in
strata 1 and 2 and more persons seeking employment are surrounded by lower supply, in a

core of four zones and a sector in the northeast.

5.1 Dispersion is not equivalent to clustering

The difference between dispersion and spatial continuity confirms that box plots and
kurtosis describe the shape of a distribution, whereas Moran and LISA provide its
geographic structure (Anselin, 1995; Bivand & Wong, 2018). Ranking zones by their
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extremes points to individual outliers, such as TAZ 101152; detecting contiguous groups
points to territories, such as those of income or supply. A diagnosis that reports only one of

the two describes a different territory from one that reports both.

5.2 Residential volumes and territorial resources

The concentration of maxima in TAZ 110131 indicates an accumulation of volumes, not
that the same persons combine these characteristics (Robinson, 1950), and the covariation
between volumes may be due to zone size (Pearson, 1897; Kronmal, 1993). For this reason,
the use of rates in the robustness test (Section 4.7) is relevant: the mismatch between strata 1
and 2 and supply becomes stronger with rates, and the negative relationship between these

households and income, an average per household, does not depend on zone size.

Regarding the expectations, E1 is supported by the contrast between commercial
establishments and income and by the lack of correspondence between the CV or kurtosis
and Moran’s I. E2 is partially met: households in strata 1 and 2 are negatively associated
with income, but not with commercial establishments nor, in the non-spatial correlation,
with supply, although the bivariate analysis shows that they are surrounded by lower supply.
E3 is met: the correlation between these households and supply is not significant (p =

—0.16), but their bivariate spatial association is negative and robust (I between —0.182 and
—0.398).

5.3 Social conditions, destinations and transport supply

Modal, functional and labor constraints present different geometries: disability does not
form significant clusters, so a selection of zones based only on large clusters would omit this
heterogeneity, which supports distinguishing social profiles in transport diagnoses (Currie,

2010; Foth et al., 2013; Pereira et al., 2017) and a specific dimension for functional barriers
(Park & Chowdhury, 2022).

The association between commercial establishments, supply and income indicates that
scheduled supply follows the location of activities and income rather than that of mobility
constraints, in line with Colombian evidence (Bocarejo & Oviedo, 2012; Arellana et al.,
2021) and with studies in Bogot4, Cali, Montevideo and Santiago, where public transport
accessibility partly reproduces the socio-spatial structure (Delmelle & Casas, 2012; Guzman
et al., 2017; Hernandez, 2018; Tiznado-Aitken et al., 2018). Establishing whether this
responds to planning criteria or to network design, and assessing the actual benefits,

requires measuring destinations, travel times and travel costs (Geurs & van Wee, 2004;

Grengs, 2015).

The bivariate analysis qualifies this reading: the absence of correlation is not equivalent to
spatial neutrality. The neighborhood structure, which the article shows to be relevant for
each variable, is also relevant for pairs of variables, and it is what makes it possible to locate
the mismatches. The result is consistent with studies of social need (Currie, 2010; Foth et
al.,, 2013) and of public transit deserts (Jiao & Dillivan, 2013), and it specifies that, in an
intermediate city, the gap may not be observed in the zone itself, but in the route coverage of

its surroundings.
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5.4 Implications for planning in intermediate cities

Five implications follow for the management of an intermediate city: interpreting volume
maps as concentrations of persons or households, in line with the recommendation to
incorporate explicit distributive measures into transport plans (Karner & Niemeier, 2013;
Boisjoly & El-Geneidy, 2017); presenting dispersion statistics and spatial statistics together;
giving specific treatment to functional conditions such as disability; cleaning supply data
before ranking zones; and assessing the correspondence between need and supply with
bivariate spatial statistics, which in Pasto points to the core of four zones and the

northeastern sector as priority candidates for reviewing the layout and coverage of the SETP.

6. CONCLUSIONS

The study supports the following conclusions on the socio-spatial structure of San Juan de

Pasto and the correspondence between residential need and the scheduled supply of the
SETP.

Statistical dispersion and spatial clustering are distinct properties, and a diagnosis that
reports only one of them describes an incomplete territory. Commercial establishments are
the most unequal variable across zones (CV = 246.3%; kurtosis = 129.42), but the least
clustered (I = 0.070): their map is dominated by a single peak in TAZ 101152, whose value is
about 56 times the median, and 145 of the 175 zones show no local significance (Figure 5).
Income, by contrast, is the least dispersed variable (CV = 41.9%) and the most clustered (I =
0.455), with contiguous blocks of high income in the center-west and northwest and of low

income in the south and northeast (Figure 9).

The resident population and social conditions make up a geography of their own,
concentrated in the north, the northeast and the south. The volumes of population aged 19
to 65, households in strata 1 and 2, households without a vehicle and persons seeking
employment covary with one another (p between 0.40 and 0.79) and reach their maxima in
TAZ 110131 (Figures 2, 3, 6 and 8). This geography is not homogeneous: population has the
largest number of neighborhood contrasts (19 LH or HL zones), and households without a
vehicle form foci in the northeast and the south that do not constitute a continuous band,

so residential concentration changes rapidly between nearby zones.

Territorial resources make up a second geography, concentrated in the center. Scheduled
supply has the largest number of High-High zones in the set (28), in the center and the
south, and low values in the north and the periphery (Figure 10); it is associated with
commercial establishments (p = 0.58) and income (p = 0.38), and the bivariate analysis
confirms that zones with more commercial establishments and higher income are
surrounded by more supply (I = 0.248 and 0.289; Figure 12b). The SETP network therefore
follows the location of activities and income, whereas density, which clusters in eastern foci,
is not associated with supply (p = 0.02; Figure 4): the densest zones do not necessarily receive

more service.

The city shows a sharp socio-spatial polarization between income and stratum. Households

in strata 1 and 2 are negatively associated with income both in the correlation (p = —0.42)
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and in the bivariate analysis (I = —0.261; —0.463 with rates), and the bivariate map
distinguishes 15 zones that concentrate these households in a low-income environment and
22 zones with few households in these strata in a high-income environment (Figure 12a).

Inequality is therefore expressed not in isolated zones, but in contiguous blocks of the city.

Non-spatial correlation conceals a mismatch between need and supply that the bivariate
analysis makes visible. The correlation between households in strata 1 and 2 and supply is
not significant (p = —0.16), but the zones with more households in these strata are
surrounded by lower supply (I = —0.235), a relationship that becomes stronger when the
condition is expressed as a proportion of households (I = —0.398) and that holds without
the imputed zones, with another definition of neighborhood and in the reverse direction
(Table 7). Persons seeking employment show the same pattern, with lower intensity, in all
five specifications. The third expectation of the study is confirmed: the absence of

correlation is not equivalent to the absence of spatial mismatch.

The mismatch has a precise location and shapes sectors of the city (Figure 13). Four zones
(110102, 110108, 112109 and 213014) combine, in at least three of four specifications, high
concentrations of households in strata 1 and 2 and of households without a vehicle with an
environment of significantly low supply; with 2.3% of the zones in the network, they contain
5.0% of the households in strata 1 and 2 (Table 8). In the reverse direction, 25 zones with
below-average supply, surrounded by high concentrations of these households, form a
continuous sector in the northeast, which includes TAZ 110131, and a second group in the
southeast; they are home to 24.0% of the households in strata 1 and 2 and 18.9% of the
households without a vehicle, with a median supply of 17 and two routes, compared with 26

and three routes in the city as a whole.

The problem is, above all, one of coverage of the surroundings and not only of the zone.
Two of the core zones, 110102 and 110108, have their own supply above the median, but
are surrounded by zones with few routes, whereas 213014, on the southern periphery,
depends on a single route. Since scheduled supply is closely associated with the number of
routes (p = 0.96), improving the correspondence between need and supply in these sectors
requires reviewing the extent and connectivity of the network, and not only the frequency of

the existing routes.

Not all mobility constraints behave in the same way. Disability does not form significant
clusters (I = 0.077; p = 0.0524), it is the variable most sensitive to imputation and its
relationship with the supply of the surroundings is weak (Figure 7 and Table 7). Since it is
not concentrated in defined sectors, addressing it cannot rely on territorial targeting and
requires universal accessibility criteria applied to the network as a whole. Households
without a vehicle, for their part, show a mismatch with the supply of the surroundings only
in some specifications, which suggests treating them as a complementary condition rather

than as the main indicator of need.

The results are stable with respect to the main measurement decisions. When the 18

imputed zones are excluded, scheduled supply, income and households in strata 1 and 2
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retain the three highest Moran indices (Table 5), and the mismatch between strata 1 and 2
and supply is significant in all five specifications of the bivariate analysis. Supply, measured
as a sum of scheduled headways, should be read as route coverage, and the nine zones
without assigned service and the 17 with incomplete correspondence between stops and

routes should be cleaned before any ranking of zones.

The study offers a methodological lesson and a planning tool. The way variables are read
defines the territory that a diagnosis makes visible: reporting dispersion, univariate clustering
and bivariate spatial association together prevents a single dimension from being taken for
the whole and makes it possible to move from stating that there is no correlation to
identifying where the underserved zones are. For the transport authority and municipal
planning, the core of four zones and the northeastern and southeastern sectors are the
priority candidates for reviewing the layout and coverage of the SETP, and the zonal
database constructed constitutes the baseline for measuring, in later stages, accessibility to

employment centers and territorial equity in Pasto.
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