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Despite its ecological significance and UNESCO Biosphere Reserve status,
the Gerês-Xurés Transboundary Biosphere Reserve (GX), spanning the border
region between northern Portugal and southern Galicia (Spain), faces increasing
socio-environmental challenges. However, existing research rarely addresses
the interdependences of the social and physical spaces in peripheral regions
of protected natural areas. Drawing on Pierre Bourdieu’s concept of social
space, this study analyses the spatial distribution and classification of objectified
capital footprints in the GX region. The analysis is based on the most recent
available data on road networks, nocturnal luminosity, building density, and
carbon monoxide emissions (2022–2024), including a longitudinal series for
nocturnal radiance (2014–2024). By spatially mapping these variables and
integrating spatial quantitative methodologies with ethnographic fieldwork,
the study identifies distinct spatial clusters characterized by varying degrees
of connectivity, industrialization, and urbanization. The results underscore
significant socio-environmental asymmetries and highlight the value of
integrating sociological and spatial analyses to link air pollution emissions in
physical spaces with competitive dynamics in social spaces. Although currently
situated on the periphery of major capital-intensive zones, the GX region is
increasingly impacted by tourism-related pressures in some areas, emphasizing
the need to reinforce established policy responses.
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1 Introduction

The spatial distribution and influence of objectified capital, understood as tangible

expressions of social and economic activities, have increasingly become critical areas

of enquiry due to their role in shaping environmental, social, and developmental

outcomes. Understanding these dynamics is essential for addressing contemporary

environmental challenges and promoting sustainable development, particularly in

regions characterized by complex socio-environmental interactions. Despite the extensive

sociological literature addressing environmental inequalities, spatial infrastructures, and

socio-economic dynamics (Bourdieu, 1988, 2018; Lebaron, 2015; Wacquant, 2023; Pereira,

2024), several gaps remain unaddressed. First, these studies have predominantly focused

on urban environments and national contexts rather than on protected areas such as
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biosphere reserves, which are subject to unique regulatory,

ecological, and socio-economic conditions. Second, previous

analyses have largely employed qualitative approaches or non-

spatial quantitative methods without systematically integrating

spatial analysis. In summary, Bourdieu (1988, 2018) foundational

works conceptualize capital objectifications but do not apply

geospatial or environmental data to operationalise these concepts

within specific territories (Lebaron, 2015). Similarly, Wacquant

(2023) offers robust analyses of social inequalities yet refrains from

incorporating geostatistical methods to map these dynamics in

physical spaces. Thus, this article’s significance lies in integrating

a relational approach with quantitative spatial analyses of air

pollution and infrastructure—using principal component analysis

(PCA) and mixed classification (MC) methods—and traditional

ethnographic fieldwork in a biosphere reserve. This article explores

extensive spatialized footprints of capital in the Gerês-Xurés

Transboundary Biosphere Reserve (GX) and the intersecting

provinces/districts of the northern region of Portugal (Vila Real,

Braga, and Viana do Castelo) and southern Galicia in Spain

(Ourense and Pontevedra). The objective of the analysis is to

answer the following question: How are road lengths, building

areas, nightlight luminosity, and carbon monoxide emissions

collectively distributed within the thousands of microzones of the

GX and its surroundings? By answering this question, the study

reveals how objectified capital footprints are spatially structured,

exposing socio-environmental asymmetries that inform more

effective territorial policies and deepen the understanding of the

links between social and physical spaces. The GX was selected

due to its distinctive status as a transboundary protected area

encompassing notable ecological and cultural diversity, its varied

economic and infrastructural development, and is governed by

UNESCO’s global regulatory framework, which is applicable to

all biosphere reserves around the world. This makes the GX an

exemplary case for studying the interactions between physical

and social spaces from the perspective of Bourdieu’s sociological

theory, especially regarding the hierarchical distribution of capital

footprints. From Bourdieu’s (1988, 2018) perspective, the social

space is seen as a multidimensional distribution of socially efficient

properties, including capitals, agents, strategies, and positions.

Accordingly, the physical spaces of the provinces/districts of

northern Portugal and southern Galicia intersecting the GX are

treated as a multidimensional spatial distribution of objectified

capital footprints. The analysis concentrates specifically on the

particular objectified products of global capitals that traverse

extensive areas usually considered urban or rural, excluding

elements confined to specific areas.1 In particular, it considers the

distribution of elements commonly accessible to and experienced

by everyone—such as roads, buildings, nocturnal luminosity,

and carbon monoxide (CO) emissions—as manifestations of the

naturalization effects of social dynamics (Bourdieu, 1988). These

elements emerge alongside the daily activities of individuals

residing, working, and moving through diverse geographical areas.

1 For some comprehensive research on broader social space dynamics and

socioecological transformations of rural regions, see Reboul (1977), Laferté

(2014, 2021), Poupeau (2021), Lacuisse and Poupeau (2023), and O’Neill et al.

(2024).

2 Methods

2.1 Area of interest

The GX is in northern Portugal and southwestern Galicia

(Spain), encompassing two parks: a national park in Portugal

(Peneda-Gerês National Park) and a natural park in Galicia (Baixa

Limia-Serra do Xurés Natural Park). The reserve covers ∼330,874

hectares across different municipalities, such as Bande, Calvos de

Randín, Entrimo, Lobeira, Lobios, and Muíños (in Pontevedra

and Ourense, Spain) and Arcos de Valdevez, Melgaço, Montalegre,

Ponte da Barca, and Terras de Bouro (in Braga, Vila Real, and Viana

do Castelo districts in Portugal; Trillo-Santamaría and Pauel, 2016;

Gomez and Miño, 2024b).

2.2 Analysis

The analysis includes correlation, a PCA, and MC techniques

(including ascending hierarchical and k-means clustering).2 The

correlation analysis identifies the main associations between

variables as a preliminary step for dimensionality reduction.

The PCA’s objective is to geometrically summarize the rows

and columns of the database, where the rows represent each

grid cell (microzones of 1,000m by 1,000m) and the columns

represent the variables of interest. The MC’s contribution is

to differentiate the broad classes of microzones around and

within the GX, retaining the maximum internal homogeneity

for each class and the maximum differentiation from other

classes. These analytical techniques are associated with Bourdieu’s

work and geometric data analysis. The main methodological

strengths of these analyses include (1) enabling a multidimensional

classification that captures the complex associations between

variables in physical space, rather than treating them separately

as causal or dependent factors (Laferté, 2021; Pereira, 2024), and

(2) revealing structural homologies that explain the positional

stances and struggles between classes (Le Roux and Rouanet, 2010;

Le Roux and Lebaron, 2015), particularly when complemented

by in-depth qualitative analyses. These strengths are evident in

the analysis’s ability to identify distinct spatial configurations and

social dynamics that would otherwise remain unintegrated in

unidimensional approaches.

2.3 Grids

A vector file consisting of grids, each measuring 1,000m by

1,000m, was created to combine the data on roads, buildings,

electric nightlights, and CO emissions. Due to differences in

data availability and update cycles across sources, each variable

corresponds to its latest accessible year between 2021 and 2024,

with the sole exception of the nocturnal radiance variable, which

includes data for the 2014–2024 period. This grid file covers

all provinces/districts that touch or cross the GX, namely, Vila

2 Detailed procedures for replication and revision are posted online

(Gomez and Miño, 2024a,b,c,d).
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TABLE 1 Descriptive statistics for the variables of interest in the whole area.

Variable Mean St. deviation (N – 1) Min. Max.

rlength_co (road segments count) 11 16.723 1 372

rlength_su (road length in meters) 7,165.037 5,246.994 6.203 49,790.751

b_area_cou (building count) 62 87.175 1.000 1,272.000

b_area_sum (building area in square meters) 9,615.967 16,838.470 1.732 324,258.134

.rad_2022 (annual average of nightlight radiance volume in 2022) 2.005 4.142 0.297 92.799

.em2022 (annual average of carbon monoxide emissions volume in 2022) 0.027 0.002 0.000 0.030

Bold names match abbreviations used in tables and figures.

Real, Braga, and Viana do Castelo in Portugal and Ourense

and Pontevedra in Spain. Official administrative divisions can

significantly shape both data analysis and resource management

and do not necessarily optimally adapt to local conditions, as

demonstrated by boundary-efficiency research (Iddawela et al.,

2021). Using grids is an established way to deal with the

symbolic divisions of physical space by international, national,

and provincial or district boundaries (only the contours of

the provinces/districts involved are considered: Pontevedra and

Ourense in Spain; Braga, Vila Real, and Viana do Castelo

in Portugal).

2.4 Roads

To explore road distribution in and around the GX

area, data from Open Street Map (OSM, 2024) pertaining

to road infrastructure were utilized (Gomez and Miño,

2024b). This data set offers a detailed classification schema,

enhancing its ease of use and interpretability. While

there are alternative methods for identifying roads in GX

(such as satellite imagery analysis, which allows for a

more detailed and updated approach), OSM’s foundation

in open and collaborative efforts, ongoing updates, ease

of consultation, and extensive global reach makes it a

valuable resource.

2.5 Buildings

The Overture Maps Foundation (OMF, 2024) database

was utilized to quantify buildings within 1,000-m grid cells.

This repository amalgamates data produced by industry

companies such as Microsoft (Bing Maps, 2024) and TomTom

(2024), among others, leveraging advanced machine learning

algorithms to analyse high-resolution satellite imagery and

geolocation technologies. Currently, it is recognized as one of

the most comprehensive open-access building footprint data

sets available.

2.6 Electrical nightlight

To analyse the annual average electrical nightlights, the

Visible Infrared Imaging Radiometer Suite (VIIRS) Nighttime

Lights data set, from the Colorado School of Mines, for 2022

was employed. This data set is sourced from the National

Aeronautics and Space Administration/National Oceanic and

Atmospheric Association’s VIIRS, which is collected monthly

since 2013 and is available through the Google Earth Engine

platform. The VIIRS Nighttime Lights data set provides a

unique vantage point for observing human activity from space,

as it captures the artificial lighting emanating from Earth’s

surface during the hours of darkness (with a resolution of 15

arc-seconds, which is ∼450m at the equator; Elvidge et al.,

2017).

2.7 CO emissions

To measure the annual average CO column densities

around the area in 2023, satellite imagery from the Copernicus

Sentinel-5 Precursor was used. This satellite was launched

on 13 October 2017 by the European Space Agency to

monitor air pollution (EU/ESA/Copernicus, 2024). CO is

a gas of significant importance in atmospheric chemistry.

In urban areas, CO can become a substantial atmospheric

pollutant. This gas is primarily produced when fossil fuels

or biomass are burned or when specific hydrocarbons in

the atmosphere undergo oxidation (it is considered a short-

lived gas, unlike other greenhouse gases such as carbon

dioxide; Calvin et al., 2023; Kouyate et al., 2024; NOAA GML,

2024).

3 Results

In all, 44,093 grids/microzones were created within the global

boundary of the districts/provinces of Braga, Vila Real, Viana do

Castelo, Pontevedra, and Ourense. Despite the different scales

and values of all variables, they shared important characteristics

(Table 1). In the whole area, within the provinces/districts

associated with the GX, there is a statistically significant correlation

between the extent of road networks (rlength) and the total

building area (b_area.sum), as well as a strong association of

the latter with nightlight radiance (rad_2022) and CO emissions

(em2022). The strongest correlation observed is between total

building area and night-time light radiance (r =0.77); moreover,

the correlation increases in the fourth quartiles of each variable,

as detailed in the Supplementary material (Gomez and Miño,

2024d).
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TABLE 2 Global characterization of clusters.

Cluster 1 (54.02%) Mean in the partition Grid count in the partition Test value

rlength_su 7,630.786 13,522 13.846

.em2022 0.028 23,818 9.092

b_area_sum 4,785.624 6,512 −27.815

.rad_2022 1.093 23,803 −50.149

Cluster 2 (29.84%) Mean in the partition Grid count in the partition Test value

.rad_2022 0.801 43,988 −39.642

.em2022 0.027 44,093 −51.213

b_area_sum 1,084.695 21,183 −59.763

rlength_su 3,532.414 30,434 −83.906

Cluster 3 (11.23%) Mean in the partition Grid count in the partition Test value

rlength_su 11,640.664 4,852 64.805

.em2022 0.029 4,953 36.497

.rad_2022 4.019 4,953 36.324

b_area_sum 14,976.530 4,129 22.798

Cluster 4 (1.05%) Mean in the partition Grid count in the partition Test value

.rad_2022 22.479 462 106.816

b_area_sum 67,756.882 460 74.871

rlength_su 11,971.905 460 19.798

.em2022 0.029 462 15.707

Cluster 5 (0.22%) Mean in the partition Grid count in the partition Test value

.rad_2022 51.928 98 119.459

b_area_sum 125,817.096 98 68.473

rlength_su 15,360.263 98 15.487

.em2022 0.029 98 7.537

Cluster 6 (3.64%) Mean in the partition Grid count in the partition Test value

.rad_2022 10.178 1,605 80.536

b_area_sum 36,623.866 1,586 66.409

.em2022 0.029 1,605 28.952

rlength_su 10,275.083 1,595 24.317

Mixed classification after standard principal component analysis. .rad_2022, annual average of nightlight radiance volume in 2022; b_area_sum, building area in square meters; rlength_su, road

length in meters;.em2022, annual average of carbon monoxide emissions volume in 2022.

3.1 Classes of objectified capital footprints
in the whole area

To achieve a classification that fits the different microzones

and the peculiar combinations of the considered variables as they

arise in the whole area of interest (Ourense, Pontevedra, Viana do

Castelo, Braga, and Vila Real), a PCA was performed, followed by

an MC, with the following variables: road length in meters in 2024,

building area in square meters in 2024, annual average of nightlight

radiance volume in 2022, and annual average of CO emissions

volume in 2022 (the workflows and the app considered a broader

range of last years).

Within this context, the test value of a variable in a class

represents the variable’s statistical significance to distinguish the

analyzed cluster from others (Table 2). Therefore, the test value

summarizes the identified clusters, offering an insightful overview

of their internal composition and structure. Based on this measure

and the full characterization of the six clusters, three major classes

were identified:

(1) + unlit and unconnected areas (Clusters 1 and 2; variations

of green in Figure 1). Cluster 1 stands out mainly due to the

low significance of nightlight radiance (−50% test value), and

Cluster 2 is distinguished by its near-complete absence of
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FIGURE 1

Six clusters of capital footprints in the whole area of interest (Pontevedra, Ourense, Vila Real, Braga, and Viana do Castelo). GX, Gerês-Xurés
Transboundary Biosphere Reserve.

road length, with an average of ∼3,532m (−84% test value).

Altogether, they surpass 83% of grids for the whole area, that

is, for the combined area of Braga, Vila Real, Viana do Castelo,

Pontevedra, and Ourense. Low objective capital footprints

dominate the area, and these grids reunite mainly the more

unlit and unconnected areas in the region.

(2) + connected and industrialized areas (Clusters 3 and 6;

variations of blue in Figure 1). Cluster 3 has an important

proportion of road length within it, exceeding the 10-km

average (65% test value), along with significant fractions

of CO emissions (36% test value) and nightlight radiance

(36% test value). Cluster 6 exhibits a composition similar

to Cluster 3, but nightlight radiance plays a crucial role

(81% test value) as does the building area (66% test value).

Additionally, it exposes more pronounced but elevated

values for CO emissions (29% test value), compared to

Cluster 3, as well as a significant road length (24%

test value).

(3) + illuminated and concentrated areas (Clusters 4 and 5;

variations of red in Figure 1). Clusters 4 and 5 have a similar

concentrated composition, although Cluster 5 prevails in the

centers of cities. Above all, Clusters 4 and 5 stand out for the

high significance of nightlight radiance (107% and 119% test

values, respectively), building areas (75% and 68% test values,

respectively), and road length (10% and 15% test values,

respectively). Both clusters have minor levels of CO emissions,

unlike Clusters 3 and 6. These grids include mainly the centric

areas of cities.

The predominance of high values across the analyzed variables

is particularly evident along the coastal strip of northern Portugal

and southwestern Galicia (Figure 1). In addition, the most

illuminated, concentrated, connected, and industrialized areas are

predominantly located in the western sector of the region (Figure 2;

the Supplementary material provides further detail). Northern

Portugal and southwestern Galicia share a coastal configuration,

relegating the areas of nature conservation and lesser development

toward the eastern side of their limits. In contrast, the+ connected

and industrialized areas (Clusters 3 and 6) surround the city centers

and are characterized by high levels of road lengths, CO emissions,

and light radiance. However, these areas also link to each other

across the islands of more + illuminated and concentrated areas
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FIGURE 2

Annual average nightlight radiance per cluster within the Gerês-Xurés Transboundary Biosphere Reserve (GX; there is no Cluster 5/6 within the GX).

(Clusters 4 and 5), functioning, in many cases, as gateways for

industrial activity (Figure 1).

3.2. Classes of objectified capital footprints
in the GX

The GX is currently located outside the high-density areas of

capital footprints (Figure 1). A weak presence of CO emissions,

total building area, nightlight radiance, and the shortest road

length is observed in its cluster volume composition. Nevertheless,

the average nightlight radiance in the GX has continuously

increased, gaining more strength in 2022 (see Supplementary

Figure S7; Gomez and Miño, 2024c,d). That is, different classes

of areas in the GX have fragmented foci of electrical nightlights.

The ethnographic exploration of these foci indicates that these

fragmented peaks align with tourism points and concentrations

of bars, restaurants, and hotels, mainly in the more illuminated

and concentrated grids of Arcos de Valdevez, Ponte da Barca,

and Melgaço.

In the GX, as well as in the surrounding area, nightlight

radiance volumes decrease in one of the more illuminated and

concentrated areas (Cluster 4). However, between 2020 and 2022,

a clear upward trend of annual average nightlight radiance

was very noticeable in the GX, especially in Clusters 1 and 2.

Similarly, there was a slight uptick in the same period in the

more connected and industrialized classes (Clusters 3 and 6;

Figure 2).

4 Discussion

The analysis conducted identified three primary classes

of objectified capital footprints in the region: (1) unlit and

unconnected areas, (2) connected and industrialized areas,

and (3) highly illuminated and concentrated urban areas.

These classifications provide a nuanced characterization of the

spatial differentiation in northern Portugal and southern Galicia,

highlighting varying levels of infrastructural and industrial

development with their spatial interrelationships. Building on

Bourdieu (1979) notion of “objectified” as one of the states of

any capital, this study conceptualizes roads, buildings, night-time

luminosity, and CO emissions as tangible, spatially registered

manifestations of capital competencies in the region. Indeed, the

objectification state implies a physical realization of any capital—

whether cultural, economic, political, or otherwise—by production

and accumulation efforts. The general hypothesis of the broader

research points out that the physical space is strongly hierarchical

because the social space is too. Therefore, the possible homologies

(and heterologies) between both spaces can be explored spatially

by analyzing specific footprints directly or indirectly related to

the active main capitals in contemporary societies. Subsequent

phases of this research endeavor to integrate the socio-economic

composition of each microzone, the spatial distribution of a

broader list of recognized air pollutants, and the prevailing social

processes in different areas. Finally, the nature protection policies

in the GX region have effectively preserved the area with minimal

traces of industrial activity. Therefore, continuing these measures
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would be advisable, particularly in the GX’s transition zones,

where nocturnal tourist enterprises predominate and the resident

population is higher—specifically in the more illuminated and

densely populated areas.
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