International Journal of

isprs

Geo-Information

Article

Evaluation of Cross-Border Transport Connectivity and Analysis
of Spatial Patterns in Latin America

Changqi Miao, Yinbao Zhang, Xinjia Zhang *, Jianzhong Liu and Shike Zhang

check for

updates
Academic Editors: Wolfgang Kainz,
Andriani Skopeliti, Anastasia
Stratigea, Vassilios Krassanakis and

Apostolos Lagarias

Received: 18 September 2024
Revised: 28 December 2024
Accepted: 6 January 2025
Published: 8 January 2025

Citation: Miao, C.; Zhang, Y.; Zhang,
X.; Liu, J.; Zhang, S. Evaluation of
Cross-Border Transport Connectivity
and Analysis of Spatial Patterns in
Latin America. ISPRS Int. |. Geo-Inf.
2025, 14, 22. https://doi.org/
10.3390/ijgi14010022

Copyright: © 2025 by the authors.
Published by MDPI on behalf of the
International Society for
Photogrammetry and Remote Sensing.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

The School of Geoscience and Technology, Zhengzhou University, Zhengzhou 450001, China;
mcq@gs.zzu.edu.cn (C.M.); zhangyinbao@zzu.edu.cn (Y.Z.); livjianzhong@zzu.edu.cn (J.L.);
shikezhang@gs.zzu.edu.cn (S.Z.)

* Correspondence: zhangxinjia@zzu.edu.cn

Abstract: The study of cross-border transport connectivity is significant for the develop-
ment of regional integration and insight into global patterns. Comprehensive connectivity
evaluations are lacking and insufficient attention has been paid to Latin American connec-
tivity, so it is of great practical importance to comprehensively and rationally evaluate Latin
American connectivity. In this article, based on the four modes of transport, namely, sea,
road, air and railroad, and using the actual trade volume as a comparison, a connectivity
evaluation index system with considerable reliability and generalization ability was con-
structed using the expert scoring method, QAP correlation analysis, QAP regression, and
statistics, and the connectivity calculations of Latin America were obtained. Analyzing the
connectivity structure of Latin America, it was found that cross-border passenger and cargo
transport in the region was dominated by sea transport and supplemented by road and
air transport, with railroads used the least. The overall connectivity of Latin America was
low, and the overall development was unbalanced, with a strong law of spatial differentia-
tion, which was mainly manifested in the strongest connectivity of the integrated coastal
countries, followed by the island countries, and the lowest connectivity of the landlocked
countries. Different countries assumed different roles in regional connectivity, which could
be categorized into global hub type, local hub type and non-hub type based on the cal-
culations. There was a spatial pattern of decreasing connectivity with distance in typical
countries, but the rate of decline was closely related to their geographic location and the role
they played in the connectivity network. This study can provide reference and inspiration
for regional connectivity evaluation, improvement, and sustainable development.

Keywords: Latin America; cross-border transport connectivity; spatial patterns; evaluation
system construction; QAP; sustainability

1. Introduction

Regional/inter-country connectivity is an essential condition for regional integration
and economic globalization [1], of which transport infrastructure connectivity is an im-
portant component. A reasonable evaluation of the capacity of inter-country transport
infrastructure connectivity is a reflection of the degree of regional economic integration.
It can also provide recommendations for regional cross-border transport construction
based on the evaluation results, which can provide enlightenment for regional and global
sustainable development.

Connectivity is the ability of nodes in a network to interconnect and spatially interact
with other nodes through various means at a given time [2,3]. The broader connectivity
emphasizes the importance of availability of transport services and their capabilities within
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the framework of complex systems theory [4]. Cross-border transport, on the other hand,
is defined as infrastructure used for the transport of passengers and goods across the
administrative borders of two or more countries [5-11]. According to different modes
of transport, it can be divided into sea, road, air and railroad. The level or capacity of
spatial interactions (trade in goods, movement of people, etc.) between countries across
administrative boundaries through various transport infrastructures can be considered as
cross-border transport connectivity (hereinafter referred to as connectivity), which describes
the degree of sophistication of the transport network and the ease of interaction between
different countries.

At present, there are many results for cross-border transport connectivity. For example,
Zong and Pan et al. analyzed the connectivity between global shipping routes and port con-
nectivity based on complex networks [12,13]; Huang et al. studied the impact of “the Silk
Road Economic Belt and the 21st-Century Maritime Silk Road” initiative on the container-
ized maritime transport connectivity of the countries along the route [14]; Zhang et al. ana-
lyzed the shipping connectivity characteristics of the “Asian Mediterranean” region from
the dimensions of port functions and shipping routes [15]; Kanrak et al. analyzed the
connectivity, classification and cluster structure of the cruise shipping network between
Asia and Australia [16]; and Wang studied the development of transport corridors in border
areas [17]. In addition, scholars such as Allroggen, del Rosal, and Zhang et al. studied
shipping and aviation connectivity using gravity modeling, network analysis, and spatial
analysis [4,18,19]. The above results mainly focused on a single mode of transport, and
lacked comprehensive connectivity evaluation, in-depth study of its impact mechanism,
and reliability verification of the evaluation method. At the same time, there is a lack
of research on cross-border transport in Latin America, and even less on the study of
connectivity in Latin America.

Among the existing studies on connectivity, the research foundation on its relationship
with trade is relatively deep, and it can be argued that there is a generally significant positive
correlation between connectivity and trade. For example, Calatayud et al. argued that
improving connectivity was an increasingly important topic on the international trade and
transport policy agenda [20]; Jiao et al. established a gravity model between multiple modes
of transport and trade constant prices, and found that increased connectivity between China
and the countries along the route positively promoted inter-country trade in goods, and
that different modes of transport had different degrees of impact on trade [21]; Canbay,
Hoffmann and Saeed et al. found a positive causal relationship between global shipping
connectivity and trade, and assessed the extent of the impact of shipping connectivity on
trade [22-24]; Oum et al. analyzed the impact of air connectivity on bilateral trade using the
gravity model [25]; Bensassi et al. studied the relationship between transport infrastructure
and trade using the gravity model [26]; and studies by Li, Matsumoto and Ng et al. also
confirmed the positive correlation between connectivity and economy and trade, which
were complementary and mutually reinforcing [27-29]. In addition, scholars such as Wang,
Zhu, Guchang, Sharma, and Wong also analyzed and explained the linkages between
connectivity, economy, and trade using the expert scoring method, modeling, complex
networks, and double difference models [30-35].

Therefore, this paper used quantitative methods, based on the four modes of cross-
border transport (sea, road, air and rail) and the actual amount of trade as a comparison,
combined with expert scoring, statistics, QAP correlation analysis and regression analysis,
to construct a comprehensive connectivity evaluation system that was reliable and able to
respond to the reality to a considerable extent, and to evaluate the inter-country connectivity
of Latin America. After that, the spatial pattern of connectivity in Latin America was
analyzed by combining network analysis and visualization. The connectivity evaluation
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system established by this study is applicable to other regions of the world and has a certain
degree of universality; at the same time, the evaluation and analysis of connectivity in
Latin America fill a gap in this study in the region and can provide recommendations for
improved regional connectivity and integration development.

2. Methods and Data
2.1. Technical Lines of Study

The technical line of research of this paper is shown in Figure 1.

/ 4 types of cross-border /
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data
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\ |
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Figure 1. Technical lines of study.

This article used four types of cross-border transport data, namely, cross-border sea,
road, air, and rail, for connectivity evaluation. Different cross-border transport types
have different connectivity capacities and cannot be directly assigned using the data
difference-based assignment method. Therefore, in this paper, the data were divided
into two categories to be normalized separately: (i) transport infrastructure connected
through physical materials. This form of connectivity is mainly reflected in the interaction
between countries through land transport, such as roads, railroads, etc., so the connectivity
measurement of this type is mainly based on the number and grade of line facilities.
(ii) Transport infrastructure connected by routes. This form of connectivity is mainly
reflected in the nodes between ports, airports and other stations, mainly manifested in
the routes of transport means. Therefore, the connectivity measurement of sea and air
transport is mainly carried out through the number and frequency of routes and flights.
The Liner Bilateral Connectivity Index (LBCI) synthesized inter-country sea transport
connectivity and could be used directly, while the air transport data were web-crawled to
synthesize inter-country route counts and flight frequencies. The normalized adjacency
matrices of each cross-border transport among Latin American countries were obtained by
preprocessing the above four types of data.

The original connectivity evaluation system was determined by the expert scoring
method, and the connectivity initial adjacency matrix of Latin America was calculated
based on the normalized adjacency matrices of the above types of cross-border transport.
However, the weights of the indicators in the original evaluation system did not fully
correspond to the reality of inter-country connectivity in Latin America. Therefore, it was
necessary to take the trade adjacency matrix as a comparison, based on the theoretical
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basis that connectivity and trade should show a strong positive correlation, combined with
quantitative calculations to test the reliability of the initial adjacency matrix of connectivity;
based on the test results of the original evaluation system of connectivity, it is necessary to
optimize in order to obtain more reliable, more realistic results.

The QAP correlation analysis was used to calculate the connectivity initial adjacency
matrix and trade adjacency matrix correlation to test the strength of correlation between
two adjacency matrices and their significance level, the basic principle of which is shown
in Figure 2a. If the calculated correlation coefficients reached a strong correlation (r > 0.6)
and were within the significant level (p < 0.01), there was no need to adjust the weights
of the indicators for the original evaluation system of connectivity. If it did not reach a
strong correlation (r < 0.6) or was not within the level of significance (p > 0.01), the original
evaluation system of connectivity needed to be adjusted to the weights of the indicators in
order to reach a strong correlation and significance level.

& QAP correlation analysis b QAP regression analysis

calculate the Pearson calculate the regression
correlation coefficient 7, of coefficient by multiple
the A and B matrices linear regression
v v

random permutations of the random permutations of the
rows and columns of the B rows and columns of the
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than i : than
1000 calculate the Pearson calculate the new regression 1.000
times times
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! v
compare r, with the compare 5 with the
probability distribution of 7; probability distribution of g;
to determine significance to determine significance

Figure 2. QAP basic principle.

QAP regression analysis was used to analyze and process the independent variable
(normalized adjacency matrix of each cross-border transport) and the dependent vari-
able (trade adjacency matrix), the basic principle of which is shown in Figure 2b. Based
on the regression results, the impact of different cross-border transport modes on trade
(connectivity) was determined, which was used to adjust the weights of the indicators
in the original evaluation system of connectivity. Afterwards, the correlation between
the adjusted connectivity adjacency matrix and the trade matrix was calculated, and the
connectivity evaluation system with the largest » was selected as the optimized connectivity
evaluation system.

The optimized connectivity evaluation system was used to calculate the connectivity
among Latin American countries, and the spatial pattern of connectivity among Latin
American countries was analyzed by combining network analysis methods and visualiza-
tion tools. In this article, the overall spatial pattern of inter-country connectivity in Latin
America was analyzed using overall connectivity and visualization; the spatial characteris-
tics of typical country connectivity in Latin America were analyzed using country centrality,
country meso-centrality, and individual country connectivity networks.

2.2. Data
2.2.1. Overview of the Study Area

Geographically, Latin America refers to the American region south of the United States,
including Mexico, Central America, the Caribbean, and South America. Latin America has
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a vast territory, varied topography and landscape, and rich natural resources [36], but the
economic development among countries is unbalanced, and the transport structure and
level show large differences. This article evaluated the connectivity among 33 sovereign
countries in Latin America and analyzed their spatial patterns. Based on the land and sea
attributes of the Latin American countries, they were classified into three types: integrated,
island, and landlocked. Integrated countries were defined as those connected to the
continent and possessing a functional coastline; island countries were defined as those not
connected to the continent and primarily consisting of islands; and landlocked countries
were defined as those connected to the mainland but lacking a coastline. The names of
Latin American countries, the types to which they belong and the corresponding ISO codes
are shown in Table 1.

Table 1. Types of Latin American countries and their ISO codes.

Country Code Type Country Code Type
Argentina ARG Integrated Honduras HND Integrated
Antigua and Barbuda ATG Island Haiti HTI Island
Bahamas BHS Island Jamaica JAM Island
Belize BLZ Integrated Saint Kitts and Nevis KNA Island
Bolivia BOL Landlocked Saint Lucia LCA Island
Brazil BRA Integrated Mexico MEX Integrated
Barbados BRB Island Nicaragua NIC Integrated
Chile CHL Integrated Panama PAN Integrated
Colombia COL Integrated Peru PER Integrated
Costa Rica CRI Integrated Paraguay PRY Landlocked
Cuba CUB Island El Salvador SLV Integrated
Dominica DMA Island Suriname SUR Integrated
Dominican DOM Island Trinidad and Tobago TTO Island
Ecuador ECU Integrated Uruguay URY Integrated
Grenada GRD Island Saint Vincent and the Grenadines VCT Island
Guatemala GTM Integrated Venezuela VEN Integrated
Guyana GUY Integrated

2.2.2. Data Sources

This paper used cross-border sea, air, road, and railroad data and trade data among
Latin American countries. The sources of the data and relevant information are presented
in Table 2.

Table 2. Data sources and data information.

Data Classification Data Sources URL Corresponding Time
o SredNatesCotee
road natural earth https:(gécvg\;zﬁnsrtlulr; ﬁa;}tfhzc(l)az’f).com / A.D.2020
railroad natural earth http S:(é é Z\éz\;z\;n;;ulr;ﬁa;;hz%zgcom/ A.D.2020
air VariFlight Map h(t;Fc’se/s s/ Qﬁafr;‘fgﬁif;‘%;’g/ AD.2020
trade UN Comtrade https://comtrade.un.org/ A.D.2020

(accessed on 17 May 2024)

Of these, cross-border roads and railroads were last updated in 2020, so all other data
were queried and filtered according to 2020. Regarding sea transport data, the United
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Nations Conference on Trade and Development (UNCTAD) database includes the LBCIL.
The LBClI is based on a combination of variables related to the number of trans-shipments,
direct connections, public connections and the size of the largest vessel on the smallest route,
and reflects the level of connectivity in the transport of goods by sea between countries.

2.2.3. Data Preprocessing

Using the attribute information contained in cross-border roads and railroads, cross-
border roads and railroads were screened with the restriction of crossing the border line,
and the cross-border road and railroad adjacency matrix between Latin American countries
was constructed. For sea transport, the temporal resolution of the LBCI was quarterly,
using 2020 data, filtered and averaged to obtain the sea transport adjacency matrix between
Latin American countries. The air transport data mainly included the number of routes
and the number of flights, and the air transport adjacency matrix between Latin American
countries was obtained by crawling the data. The above adjacency matrices for sea, road,
rail, and air transport were normalized and used as inputs for the connectivity calculations
below using the expert scoring method. The trade adjacency matrix, on the other hand,
serves as a comparison for the accuracy of the connectivity adjacency matrix. The data
preprocessing steps are shown in Figure 3.

road railroad
type data data
Catagory
Name X .
filter R filter Featurecla normalized
level : .
road adjacency railroad adjacency Continent adjacency

Sov_a3 i i

i matrix matrix matrices

for each
Quarter s.ea transport. rfur transport. Cross-
adjacency matrix adjacency matrix Dep IATI Country Code
Econom : border
Y filter T filter
—»| Arr IATA Country Code
Partner ‘ transport
. Frequency
Index LBCI air transport
data
. | Filter
‘ ReporterSO | FlowDesc | PartnerISO | PrimaryValue :
trade | ‘ trade adjacency
data matrix

Figure 3. Data preprocessing.

3. Connectivity Evaluation System Construction
3.1. Original Evaluation System

The different indicators in the connectivity evaluation system could not directly adopt
the assignment method based on data differences, which required judgment based on
certain experience and cognition. Wang et al. [30] used the expert scoring method to assign
weights for the connectivity evaluation indicators when evaluating the infrastructure
connectivity of China-Silk Road countries. The experts came from the subject group of
the third-party assessment report on the progress of the construction of the Silk Road
Economic Belt and the 21st Century Maritime Silk Road; the indicators” weights had
a certain authority and the calculation results were empirically verified in the analysis
section. So, using this evaluation system for inter-country connectivity evaluation had a
certain degree of reliability. Therefore, this paper referred to the connectivity evaluation
system used by Wang et al. [30] to establish the original evaluation system for inter-country
connectivity in Latin America, as shown in Table 3.
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Table 3. Original evaluation system for inter-country connectivity in Latin America.
Connectivity Type Score Indicator Score Meaning
sea 35 LBCI 35 LBCI
railroad 29 Infrastructure connectivity 29 Number of infrastructures
road 18 Infrastructure connectivity 18 number of arterial road connections
. 18 direct route 14 number of routes
ar frequency of flights 4 frequency of flights
Based on the normalized adjacency matrix of each cross-border transport, the con-
nectivity initial adjacency matrix of Latin America was calculated using the weights of
indicators from the original evaluation system of connectivity, i.e., the connectivity network,
as shown in Table 4; using the trade data, the trade adjacency matrix among Latin American
countries was screened and sorted out, i.e., the trade network, as shown in Table 5.
Table 4. Connectivity initial adjacency matrix among Latin American countries (2020).
ARG ATG BHS e URY VCT VEN
ARG 0 13.61 22.45 e 42.61 14.06 14.51
ATG 13.61 0 13.61 oo 13.61 14.64 14.73
BHS 2245 13.61 0 e 22.28 14.02 14.66
: : : : 0 : : :
URY 42.61 13.61 22.28 e 0 14.06 14.50
VCT 14.06 14.64 14.02 e 14.06+ 0 20.41
VEN 14.51 14.73 14.66 e 14.50 20.41 0
Table 5. Trade adjacency matrix among Latin American countries (2020) (US$).
ARG ATG BHS o URY VCT VEN
ARG 0 629 156 26972271 e 1405 156 415 101 216 110 243 068
ATG 629 156 0 170 100 e 3249 4151 004 5708
BHS 26972 271 170 100 0 e 699 988 0 650 144
: : : : 0 : : :
URY 1405 156 415 3249 699 988 e 0 0 4 808 796
VCT 101 216 4151 004 0 e 0 0 0
VEN 110 243 068 5708 650 144 e 4 808 796 0 0

However, since the realistic connectivity capacity of each transport mode varies in
different regions, and although it could reflect the reality of the connectivity in the region
to a certain extent, the connectivity in Latin America that was calculated using the original
evaluation system was bound to have some bias. Using QAP correlation analysis and
setting the number of permutations to 5000, the correlation between the initial adjacency
matrix and the trade adjacency matrix for Latin American countries was calculated, and
the results are shown in Table 6.

Table 6. Results of QAP correlation analysis between connectivity initial adjacency matrix and trade
adjacency matrix among Latin American countries.

Indicator = Pearson Correlation  Significance = Average  Std Dev N Obs
Value 0.469 <0.001 0.001 0.074 5000

In this result, the Pearson’s correlation coefficient r = 0.469 between the connectivity
initial adjacency matrix and the trade adjacency matrix proved that there was a moderate
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positive correlation between the two; the p-value (significance) was less than 0.001, which
indicated that the correlation was statistically very significant, and that the event did not
occur by chance. The above results proved that the comprehensive evaluation of inter-
country connectivity using each cross-border transport as an indicator system was quite
reliable. However, its correlation coefficient was r < 0.6; therefore, the degree of reflection
of this connectivity initial adjacency matrix on the reality of connectivity (trade volume)
among countries in Latin America needed to be improved and further optimized.

3.2. Connectivity Evaluation System Optimization

The connectivity evaluation system optimization process is shown in Figure 4.

CO“_“’?C.ﬁI’itY optimized connectivity connectivity
1.n1t1a evaluation system . . adjacency
adjacency s independent evaluation matrix
matrix QAP Y o variables, QAP system
correlation @ dependent  regression [ indicators
analysis variable analysis weights
t.rade smoothing redistributed t'rade
adjacency adjacency
matrix matrix

Y

Figure 4. Connectivity evaluation system optimization process.

Regression analysis can measure the degree of influence of different independent
variables on the dependent variable, and thus determine the appropriate allocation of
weights for different indicators. Therefore, the impact of different modes of transport on
trade was measured using the four cross-border transport normalized adjacency matrices
as the independent variables and the trade adjacency matrix as the dependent variable.
And the determination of the regression method required the analysis and processing of
the data of the independent and dependent variables. The data structure analysis of the
independent and dependent variables showed that each variable conformed to a normal
distribution, but there were outliers (extremely large values, extremely small values, etc.).
In order to exclude the effect of outliers, the independent and dependent variables were
smoothed using bubble sort and interpolation.

The existence of multicollinearity between variables also affects the selection of re-
gression methods. QAP analysis is a “method of measuring the relationship between
relationships” [37], which can effectively solve the problems of multicollinearity and spu-
rious correlation that exist in traditional measures of relational data processing [38]. A
number of scholars have already used QAP regression analysis in the fields of transport,
trade, tourism, and regional development to conduct research on the influencing factors
and driving forces [39-44]. Therefore, in this article, QAP regression analysis was chosen to
determine the degree to which the independent variables influence the dependent variable.
The results of the QAP regression analysis are shown in Table 7.

Table 7. Results of QAP regression analysis.

Variables Standardized Coefficient Significance () = Number of Valid Values
sea 0.522 <0.001 1089
railroad 0.037 0.452 1089
road 0.208 <0.001 1089
air 0.202 <0.001 1089

In the above regression results, the larger the standardized coefficients and the stronger
the significance (the smaller the p-value), meaning that this mode of cross-border transport
had a greater impact on trade, the higher the degree of correlation. Observation of the
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data showed that sea, road and air transport all had a significant positive impact on
trade; however, the degree of impact was different, with sea transport having the greatest
impact, followed by road and air transport, while railroads had a non-significant impact on
trade. According to the results of the regression analysis, the original evaluation system
of connectivity was reallocated with reasonable weights with reference to the regression
coefficient, and the allocation results are shown in Table 8.

Table 8. Evaluation system for inter-country connectivity in Latin America.

Connectivity Type Score Indicator Score Meaning
sea 55 LBCI 55 LBCI
railroad 5 Infrastructure connectivity 5 Number of infrastructures
road 20 Infrastructure connectivity 20 number of arterial road connections
. direct route 16 number of routes
art 20 frequency of flights 4 frequency of flights

Based on the four cross-border transport normalized adjacency matrices, combined
with the connectivity evaluation system, the weight-adjusted connectivity adjacency matrix
among Latin American countries was calculated, and the results are shown in Table 9.

Table 9. Connectivity adjacency matrix among Latin American countries (2020).

ARG ATG BHS e URY VCT VEN

ARG 0 21.39 35.27 ce 51.99 22.10 22.81

ATG 21.39 0 21.39 e 21.39 23.00 23.14

BHS 35.27 21.39 0 e 35.01 22.03 23.04
: : : : 0 : : :

URY 51.99 21.39 35.01 e 0 22.09 22.78

VCT 22.10 23.00 22.03 e 22.09 0 31.72
VEN 22.81 23.14 23.04 e 22.78 31.72 0

The correlation coefficients between the above connectivity adjacency matrix and the
trade adjacency matrix were calculated using QAP correlation analysis, and the results are
shown in Table 10.

Table 10. Results of QAP correlation analysis between connectivity adjacency matrix and trade
adjacency matrix among Latin American countries.

Indicator Pearson Correlation  Significance Average Std Dev N Obs
Value 0.678 <0.001 0.001 0.106 5000

Comparing Table 6 with Table 10, it could be seen that after weight adjustment, the
correlation between the connectivity adjacency matrix and trade adjacency matrix was
improved from 0.469 to 0.678, and a strong positive correlation level was reached between
the two, and the significance was not decreased. Therefore, it could be argued that the
adjustment of the indicator weights in the evaluation system of Latin American inter-
country connectivity was reasonable and correct, and that the results calculated using
this evaluation system were more in line with the reality of inter-country connectivity in
Latin America.

The calculated inter-country connectivity results (adjacency matrix) for Latin America
were visualized in conjunction with a map to obtain Figure 5, as shown below. The nodes
in the figure are the 33 sovereign countries in Latin America, the center of the node is



ISPRS Int. |. Geo-Inf. 2025, 14,22

10 of 22

the geometric center of the country vector surface data, and the size of the node is the
sum of the connectivity between the different countries and the rest of the countries in the
study area; the edges indicate the inter-country connectivity, and the larger the value of the
connectivity, the wider the edge.

Map Legend

@ Total National Connectivity

——— Connectivity between Countries

——————— National Boundaries

Countries

0 5001000 2000 Kilometers kT
s

Figure 5. Visualization of the results of the connectivity evaluation for Latin American countries.

3.3. Comparisons with Existing Studies

At present, there are many studies on transport connectivity based on a single mode of
transport (e.g., sea transport, air transport, etc.), and the studies’ perspectives are relatively
simple. For example, Warnock-Smith et al. analyzed air transport connectivity between the
EU and Latin America [45], but the study focused only on air transport connectivity and the
development level of transcontinental air transport, which lacked comprehensiveness, and
the scale of the study was based on continents and lacked detailed research. In addition,
Wilmsmeier, Roach and Seabra et al. studied transport in Latin America focusing only on
sea or land transport [46-48]. Meanwhile, Alejandra Saus and Velasco et al. evaluated
and analyzed the internal transport of major Latin American cities, with the scale of the
study limited to the city level [49,50]. In contrast, this study focused on cross-border
transport among countries within the region, which was more complete as it covered
the country-region levels at the spatial scale. In addition, this study was based on four
modes of cross-border transport, sea, road, air and rail, which made the evaluation system
more comprehensive.

Although the connectivity evaluation based on comprehensive indicators is not unique
to this study, most of the existing studies have certain shortcomings. For example, Wang
et al. constructed an infrastructure connectivity evaluation system by using a variety of
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cross-border transport data and the expert scoring method; they calculated the connectivity
between China and other Silk Road countries and conducted related analyses [30]. However,
this method was somewhat subjective and the reliability of the results obtained needed
to be strengthened. In contrast, although the original evaluation system of this study was
also obtained by the expert scoring method, the verification and correction links were
added to enhance the reliability of the method and the credibility of the results. Based
on the gravity model, Jiao and Li et al. used trade data to refer to connectivity among
countries, and explored the impact of cross-border transport factors on connectivity, but did
not really obtain a connectivity index among countries, and thus were unable to carry out
further analyses, such as on the spatio-temporal evolution of connectivity [21,51]. The Data
Envelopment Analysis (DEA) adopted by Netirith et al. had similar problems, i.e., it only
evaluated the mechanisms by which multiple factors, including transport, affect trade [52].
In comparison, this study not only constructed a reliable connectivity evaluation system
and explored the connectivity impact mechanism to some extent, but also constructed a
connectivity network of Latin American countries and conducted an analysis of the spatial
pattern of connectivity.

Above all, there was a lack of regional, cross-country and comprehensive transport
connectivity evaluation in Latin America, and this paper constructed a scientific, reliable,
comprehensive and expandable evaluation system to compensate for the lack of this aspect.

4. Spatial Pattern Analysis of Connectivity

In this article, network analysis was used to construct indicators measuring different
perspectives on connectivity and combined with visual representations to analyze the
spatial patterns of connectivity among Latin American countries, with the basic process
shown in Figure 6.

connectivity adjacency matrix between countries in Latin America
[
v ) ) v
overall stacking country country
connectivity analysis centrality meso-centrality
\ I | |
¥ )
overall spatial pattern analysis spatial pattern analysis of
of connectivity connectivity in typical countries
\ I
v
conclusions

Figure 6. Process for analyzing spatial patterns of connectivity among Latin American countries.

The constructed indicators mainly contained overall connectivity, country centrality,
and country meso-centrality:

(i) Overall connectivity

Overall connectivity reflects the overall level of connectivity between countries in the
region, and it is solved by multiplying the overall density of the network by the sum of the
weights of all edges in the network. Its calculation formula is as follows:

XM N
P=SiN=1) L Qi @

where D denotes overall connectivity, i is a country in the network, M; is the number of
countries connected to country i, N is the total number of countries in the network, and Q;;
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is the corresponding inter-country connectivity. The calculated overall connectivity results
range from 0 to 100, with higher values meaning a higher level of connectivity among Latin
American countries; conversely, the closer to 0, the lower the level of connectivity.

(if) Country centrality

Country centrality reflects the position of a country in the network, i.e., the higher the
country centrality, the more central position the country has in the network; on the contrary,
it is at the periphery [53]. Its calculation formula is as follows:

Cp(Ni) = Y_1', Qii/ (N —1) @)

where Cp(Nj) is country centrality,  is a country in the network, N is the number of countries
in the network, Qi]- denotes the connectivity between two countries, and N — 1 denotes the
number of edges where country i is connected to all other countries.

(iif) Country meso-centrality

The country meso- centrality is the number of shortest paths passing through node
(country) v; divided by the number of all possible shortest paths in the shortest path from
node (country) v; to node (country) vy [54,55]. Country meso-centrality reflects the ability of
a country to act as the “hub” of a connectivity network. Its calculation formula is as follows:

gik(i)
Cy(N) =Y. L~ ©)
(N; Zj,kev ik

where Cp(N;) is the country meso-centrality, gjx denotes the number of shortest paths from
node v; to node v, and gjx(i) denotes the number of shortest paths passing through node v;
in the shortest path from node v; to node vy.

4.1. Overall Spatial Patterns Analysis

The overall connectivity among Latin American countries has been calculated to
be 26.022. As shown by the box plot of connectivity among Latin American countries
(Figure 7), the average value of connectivity between a Latin American country and other
countries in the region was generally in the range of 20-30, with only a small number
of countries having an average value of connectivity with other countries in the region
exceeding 30, and individual countries having a connectivity greater than 50. Therefore, it
could be argued that the overall connectivity among Latin American countries was low
and the level of regional cross-border transport was underdeveloped.

Figure 5 can also represent a visualization of the connectivity network among Latin
American countries. As can be seen from the performance of the nodes in Figure 5, the
countries with high connectivity in Latin America were mainly those with medium volume
(middle level of GDP) and above in the coastal region, such as COL, MEX, PAN, BRA,
and DOM, followed by the Pacific Coastal countries. Among the above countries, BRA
and MEX were the two largest countries in Latin America, and their level of economic
development was also located in the top two; COL and PAN were important transport
hubs in the region; other countries such as ARG, CHL, PER and DOM were medium-sized
countries in the region, and had a certain degree of influence in the regional economy and
politics. And from the side (inter-country connectivity) point of view, there were high levels
of connectivity between BRA-ARG (URY), COL-PAN (MEX, DOM), ARG-CHL, CHL-PER,
and MEX-PAN.
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Figure 7. Box plot of connectivity among Latin American countries.

From the above results, it could be seen that the overall connectivity of Latin America
was poor and the overall development was unbalanced, which was closely related to the
overall physical and geographic characteristics and the level of economic development of
the Latin American countries. The complex and varied terrain is the fundamental factor
that leads to the low level of connectivity among Latin American countries. The region is
bordered by the Atlantic Ocean in the east and the Pacific Ocean in the west; MEX is mainly
a highland region, and the Central American peaks are predominantly uneven, which to
a certain extent hampers the ease of regional connectivity; the countries of the Caribbean
region are mainly island countries, which are convenient for sea transport, but the size
of the countries is relatively small; the western part of South America is characterized by
the Andes Mountains, and the eastern part of South America is dotted with a number
of highland plateaus and plains, of which the best-known one is the Amazonian Plain;
the Amazon rainforest and the Brazilian steppe have been shaped by climatic influences,
and both mountainous isolation and climatic influences have somewhat hindered the
improvement in regional connectivity.

The overall level of economic development in Latin America was low, and the eco-
nomic growth rate has slowed down in recent years [56], which hindered the improvement
in connectivity to a certain extent. The vast majority of Latin American countries are
developing countries with a low level of economic development and a fragile economic
structure; from 2014 to 2023, the annual growth rate of the Latin American economy was
only 0.8%, which was less than half of the annual growth rate of the region in the “Lost
Decade” of the 1980s; from 2015 to 2019, GDP per capita growth in Latin America was
nearly stagnant. It was especially affected by the COVID-19 pandemic, declining sharply in
2020 [57], and by the end of 2023 had not recovered to the level of 2013-2014. Low, stagnant
or even regressive economic growth and increased pressure on government debt were also
key factors contributing to the low level of connectivity in Latin America. For example,
the Colombian economy, which recovered rapidly after the shock of the epidemic and is
growing slowly, has the highest level of connectivity in the region, but still suffers from
poor rural roads and the absence of road connections in some cities. Brazil has a fluctuating
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level of economy, with a high level of connectivity in the region but slow growth. Argentina,
whose economy has been on a downward trend in recent years, has a medium to high level
of connectivity in the region, but does not have the capacity to invest significant financial
support in transport infrastructure development.

The volatility and weak continuity of political systems were important reasons for
the low level of connectivity among Latin American countries. Since 2015, many Latin
American countries have held general elections, and party rotation and government change
have continued to occur, with many of them ending in the ousting of the ruling party.
This has led to a lack of continuity in the policies of many countries in Latin America and
instability in their relations with neighboring countries, which makes it more difficult to
realize long-term strategic investments, such as improvements in the level of transport
connectivity. For example, as early as the 20th century, the United States and Latin American
countries planned projects such as the Pan-American Highway to promote the construction
of regional transport infrastructure. The construction of the Pan-American Highway has
improved the road infrastructure of Latin American countries to a considerable extent and
accelerated the realization of regional transport integration. However, the progress of the
project has been stalled for decades at the Darien Gap (between COL and PAN) due to
conflicts of interest, resulting in an imperfect Pan-American Highway [58,59].

Regional transport improvement projects are also being actively implemented within
Latin American countries, such as the Iniciativa para la Integracion de la Infraestructura Re-
gional Suramericana (IIRSA) and the Proyecto de Integracién y Desarrollo de Centroamérica
(PM); the main part of these projects includes the construction of transport infrastructure.
IIRSA began in 2000 and is now at its peak of project completion, with the construction of
highway and railroad facilities being the most important part of the project [60]. PM began
in 2001 and focuses on the construction of a highway network in terms of transport, which
includes the Pacific Coast Highway and the Atlantic Coast Highway.

In addition, Brazil, Peru, Argentina and other countries have also proposed a number
of railroad projects, such as the FIOL railroad in Brazil, the Peruvian railroad, the ren-
ovation of the San Martin Freight Railroad in Argentina, and the Two Oceans Railway.
Although these projects are mainly domestic, small regional connectivity projects and
lack intercontinental-scale connectivity, they can still make positive contributions to the
enhancement of connectivity and regional integration in Latin America. At present, 22
countries in Latin America have signed cooperation documents with China to jointly build
the Silk Road Economic Belt and the 21st Century Maritime Silk Road; the two sides will
certainly continue to strengthen cooperation in infrastructure construction, which will help
to further make up for the shortcomings of intercontinental connectivity and promote the
integration of transport in Latin America, together with other agreements and projects [61].

4.2. Spatial Pattern Analysis of Typical Countries

Country centrality and country meso-centrality were calculated for Latin America,
and the results are shown in Table 11.

As shown in Table 11, integrated countries showed the strongest connectivity with
other countries, followed by island countries and finally landlocked countries. This was
closely linked to the status of sea transport in international trade.

Based on the above results, the countries in Latin America were classified into three
types: global hub type (country centrality > 35.000 and country meso-centrality = 1), local
hub type (35.000 > country centrality > 29.000 and country meso-centrality > 0.5) and
non-hub type (country centrality < 29.000 or country meso-centrality < 0.5); the results are
shown in Table 12.
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Table 11. Country centrality, meso-centrality and its types in Latin America.
Country Country Country Country
Country Type Centrality = Meso-Centrality Country Type Centrality = Meso-Centrality
COL Integrated 37.096 1.000 HND  Integrated 25.509 0.000
PAN Integrated 35.262 1.000 SUR Integrated 25.440 0.000
DOM Island 34.805 0.000 GUY Integrated 25.002 0.000
MEX Integrated 34.291 0.000 HTI Island 24.958 0.000
JAM Island 31.739 0.000 SLV Integrated 24.836 0.000
BRA Integrated 31.389 1.000 VCT Island 24.160 0.000
PER Integrated 30.885 1.000 BLZ Integrated 24.079 0.000
CHL Integrated 30.496 1.000 GRD Island 24.019 0.000
ARG Integrated 29.887 1.000 KNA Island 23.969 0.000
ECU Integrated 29.797 0.419 DMA Island 23.890 0.000
GTM Integrated 28.755 0.000 CUB Island 23.742 0.419
CRI Integrated 28.610 0.000 NIC Integrated 23.601 0.000
BHS Island 27.795 0.000 LCA Island 23.177 0.000
TTO Island 27.786 0.000 ATG Island 22.660 0.000
URY Integrated 27.539 0.581 BOL Landlocked 1.288 0.065
VEN Integrated 26.172 0.419 PRY Landlocked 0.511 0.017
BRB Island 25.569 0.000
Table 12. Latin American country types.
Type Countries
global hub type COL, PAN

local hub type BRA, PER, CHL, ARG

non-hub type

MEX, DOM, ECU, JAM, GTM, CRI, BHS, TTO, URY, VEN, BRB, HND, SUR, GUY, HTI, SLV, V(CT,

BLZ, GRD, KNA, DMA, CUB, NIC, LCA, ATG, BOL, PRY

Colombia (global hub type), Brazil (local hub type) and Mexico (non-hub type) were
the most representative of these three types of countries, as they had the largest land area
and the largest economic volume. The spatial patterns and basic characteristics of their
connectivity with other countries in the region will be analyzed below.

4.2.1. Colombia

COL was an important global hub for cross-border transport in the region. COL
had the strongest country centrality in the region, which meant that it had the highest
level of connectivity with the countries; at the same time, it also had the largest country
meso-centrality and played an important role as a “bridge” in the region. COL connectivity
with countries in the region was high and relatively homogeneous overall, but there was
also some spatial heterogeneity (as shown in Figure 8): COL had the strongest connectivity
with its land neighbor PAN, followed by its sea neighbors DOM and MEX, with the overall
center of gravity of connectivity to the northwest. COL also had strong connectivity with
landlocked neighboring countries such as PER, ECU, and BRA, and the connectivity tended
to decline with increasing distance between countries. In addition, the size of the country
was an important factor that significantly influenced the strength of its connectivity, e.g., it
also maintained a high level of connectivity with countries that were geographically and
spatially distant, such as CHL and ARG.

COL is strategically located, bordering VEN and BRA in the east, ECU and PER in the
south, the Pacific Ocean in the west, PAN in the northwest and the Caribbean Sea in the
north; together with PAN, it constitutes a transport hub between MEX, Central America,
South America and the Caribbean Sea area. In addition, COL’s GDP had long been the
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fourth highest in Latin America, which was among the higher levels in the region. This
high economic level provided material support for high connectivity, and supported COL’s
well-established cross-border sea and air transport system. In terms of trade, PAN, MEX,
BRA, ECU and other countries were closely connected to COL and had a high level of
trade. In terms of exports, PAN was the largest source of COL’s trade surplus, and was
more dependent on COL for its domestic mineral resources; ECU, PER, BRA and MEX
imported large quantities of chemicals and plastic and rubber products from COL. In terms
of imports, MEX and BRA were the largest surplus countries for COL in the region, with
COL importing large quantities of electromechanical products, transportation equipment,
and base metals and products from both countries.

Map Legend
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Figure 8. Spatial patterns of connectivity between Colombia and regional countries.

4.2.2. Brazil

BRA was a local hub for regional cross-border transport; in addition to fulfilling
its own national cross-border transport needs, it also served as a “bridge” to a certain
extent. BRA’s country centrality was ranked sixth, representing a high level of regional
connectivity; it also had the highest country median centrality, showing that BRA also
served as a transit point to a certain extent. Overall, BRA’s connectivity with regional
countries had strong spatial heterogeneity (as shown in Figure 9): it was strongest with its
land neighbors ARG and URY, with the overall center of gravity of connectivity skewed
toward the south; the connectivity with other countries in the region decreased sharply
with increasing distance; and although country size also affected connectivity between
BRA and other countries to some extent, it was not as significant as COL.
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Figure 9. Spatial patterns of connectivity between Brazil and regional countries.

BRA is the largest country in Latin America, bordering ten countries in South America.
The relatively gentle terrain creates convenient geographic conditions for cross-border land
transport; it is east of the Atlantic Ocean, with a coastline of about 7400 km. Economically,
BRA had the highest GDP in Latin America. However, after experiencing the 2019-2020
COVID-19 pandemic shock, Brazil’s economy fell back to the level of 10 years ago [62,63].
In terms of cross-border transport, BRA had relatively complete sea, air, and road transport
systems, which were the basis for its high level of connectivity. After Lula was re-elected as
president, he proposed policies to revitalize the economy and planned to invest BRL 1.7 tril-
lion in infrastructure construction, which would help improve BRA’s cross-border transport
connectivity. In terms of trade, ARG was BRA's largest trading partner in Latin America,
and the two countries cooperated closely in transportation equipment and electromechani-
cal products; the port of Santos was BRA's largest port and also URY’s trans-shipment port,
which made an outstanding contribution to the connectivity of the two countries; CHL
relied more on BRA’s exports of minerals and electromechanical products; in addition to
this, MEX, PAN, BER and COL were also important regional partners of BRA.

4.2.3. Mexico

MEX was a non-hub country for cross-border transport in the region and played a
small role as a regional transit country. MEX ranked fourth in terms of country centrality
and had a high level of overall connectivity in the region; however, it did not have a national
meso-centrality, which indicated that it did not have a “hub” connectivity role in the region.
The connectivity between MEX and regional countries also showed spatial heterogeneity



ISPRS Int. |. Geo-Inf. 2025, 14,22

18 of 22

(as shown in Figure 10): it was most strongly connected to the neighboring hub countries
PAN and COL, followed by the Pacific Coast countries, PER, CHL, and ECU, and other
major countries in the South America, showing a strong tendency for the connectivity to
decline with increasing distance.

Map Legend

@ National Nodes

Connectivity between Countries

—-—-= National Boundaries

Countries
0 500 1000 2000 Kilometers
T Y

Figure 10. Spatial patterns of connectivity between Mexico and regional countries.

MEX is bordered by the USA in the north, GTM and BLZ in the south, the Gulf of
Mexico and the Caribbean Sea in the east, and the Pacific Ocean and the Gulf of California
in the west, which makes it an essential place for land transport between North and South
America. Economically, MEX was the second largest economy in Latin America, but the
COVID-19 pandemic hit MEX’s economy hard [64] and it only recovered to pre-pandemic
levels by 2022, and then kept a low growth rate. In terms of cross-border transport, MEX
had a relatively complete road system as well as more developed sea and air transport
systems, which provided the foundation for its cross-border transport connectivity and
trade. In terms of trade, BRA and COL were MEX’s most important trading partners in
the region. Of these, BRA was MEX’s largest importer within Latin America in terms of
transportation equipment and optical, horological, and medical equipment, while COL
was MEX’s largest exporter in Latin America in terms of trade in minerals.

5. Conclusions

This article constructed an inter-country connectivity evaluation system with consid-
erable reliability and generalization ability based on various cross-border transport modes
and trade data in a combination of methods. On this basis, an assessment of connectivity
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among the 33 countries of Latin America (2020) was carried out and the spatial patterns of
connectivity were analyzed, leading to the following conclusions:

1. Cross-border transport in Latin America was mainly by sea, supplemented by road
and air transport, while railroads rarely undertook cross-border transport.

2. Latin America’s overall connectivity was low and development was unbalanced,
with a strong law of spatial differentiation. The countries with higher connectivity were
concentrated in coastal integrated countries of medium size and above, while island and
landlocked countries generally had lower connectivity. This feature was closely related to
the physical and geographic characteristics, the level of economic development and the
stability of the political systems of the different countries.

3. Different countries in Latin America assumed different roles in regional connectivity,
which could be categorized into three types: global hub type, local hub type and non-hub
type. The countries represented by Colombia were the global hubs of regional cross-border
transport, and they served as transit points for regional passenger and goods transport by
virtue of their advantageous geographical location, high level of economic development
and well-developed cross-border transport systems. Countries represented by Brazil were
localized hubs for regional cross-border transport. They generally had a certain size
of land area, a high level of economic development in the region and a relatively well-
developed cross-border transport system, while undertaking transit tasks for some of the
neighboring countries. Countries represented by Mexico did not undertake transit tasks in
regional cross-border transport and mainly accomplished cross-border transport in their
own countries.

4. Inter-country connectivity in Latin America generally declined with distance, but
the rate of decline was closely related to the specific geographic location and the role
assumed in the connectivity network. The closer the geographic location was to the
regional center, the slower its connectivity declined with distance. And connectivity was
less influenced by distance in global hub type countries compared to local hub type and
non-hub type countries.

The connectivity evaluation method proposed in this paper has considerable univer-
sality and generalization ability, which is applicable in most regions of the world, and
can provide references and ideas for other scholars’ related research. Meanwhile, the
calculation and analysis of connectivity in Latin America in this paper make up for the
lack of connectivity studies in the region. But this study also has some limitations: the
paper mainly explores connectivity and its spatial pattern among Latin American countries
in 2020, and due to the limitation of data updating, it is not yet possible to assess and
analyze the performance of connectivity across a longer time frame; the generalization of
the connectivity evaluation method in this paper has certain constraints, which require
a relatively complete transport infrastructure between the countries in the region, and a
certain degree of accessibility of cross-border transport data that can support a reasonable
assessment of connectivity. In subsequent studies, further research will be conducted on
the performance of inter-Latin American connectivity and its evolutionary mechanisms on
broader time scales. We will also attempt to predict future trends in connectivity.
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