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Figure 4. Spatial organization of post-Irma waste management in 2017: storage areas (Produced by: R.
Popescu; DéPOs Project—2019).

Figure 5. Spatial organization of post-Irma waste management after 2017: storage areas (Produced by:
R. Popescu; DéPOs Project—2019).
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Hence, the volume of waste produced by Irma, as well as the damage to collection and treatment
resources, modified the circulation of waste flows, linked to the organization set up by the actors in
waste and crisis management. Although, as we saw previously (Section 2.3), waste management was
under the responsibility of Saint Martin’s local authorities, which delegated waste collection to about
ten different companies, new actors began to play a role after the passage of Irma.

4.3. Temporary Reorganization of Actors after Irma

Although no post-disaster waste management planning existed before Irma, and nothing in the
post-disaster management plan (the ORSEC Plan) concerned disaster waste, it is interesting to note
that the spontaneous organization which was set up on the day after the island was hit by Irma was the
result of the know-how possessed by certain actors, inherited from Luis hurricane, which had hit the
island hard in 1995. Certain construction contractors who were interviewed explained that the rapid
intervention by companies in the building and public works sector and the creation of 11 temporary
storage sites could be explained by vivid memories of this previous event [41].

As seen in other similar situations, the quantity and quality of waste produced does not allow
normal waste collection actors to intervene in the collection of waste generated by a disaster, either
because not all of their vehicles are suitable, or because they are not sufficiently equipped. Therefore,
in the emergency period during the first week after Irma, it was first and foremost for technical
reasons that participants were reorganized. Although the waste collection companies whose contracts
were in force could have subcontracted to construction companies possessing appropriate equipment,
post-crisis organization criteria were different. Building and public works companies played a crucial
role in managing hurricane waste throughout the cleaning-up period. This can be explained for the
most part by the important role played by building and public works companies in the past history of
the island’s development. As a result, a complex system of actors was set up—complex because it
comprised public, private and civil society actors.

In the first days after Irma, building and public works companies worked alone in clearing up the
main lines of communication and creating temporary storage sites. Subsequently, the “actor system”
grew with the gradual spontaneous mobilization of additional resources (human, material and financial).
The first players arriving from outside the island were companies in Guadeloupe’s building and public
works sector, mobilized by the “Société d’Economie Mixte de Saint Martin” (SEMSAMAR). Their mission
was to take action on rented social housing on the island. The armed forces were also mobilized by
the State in the framework of the ORSEC (Civil Security Response Organization) plan. For example,
toward the end of September, the French Navy’s Projection and Command Ship “Tonnerre” significantly
increased the means of waste management thanks to its technical and human resources. They accelerated
the clean-up speed and opened a new access route to the Grandes Cayes landfill. Subsequently, several
small local companies were also created. They took part in the cleaning up process. As a result, the “actor
system” reached its peak in terms of numbers during October, before starting to decrease.

October was also the most intense time for cleaning and transporting waste from drop-off storage
sites to temporary storage sites. The new actors from the outside were perceived as a threat by local
building and public works companies which wanted to monopolize the market for financial reasons.
Once the access road to the landfill had been re-opened, temporary storage sites began to be destocked.
The local building and public works companies wanted to regain control at this stage. The head of
the risk management mission at the Saint Martin collectivity explained that around fifty companies
from the local building and public works sector negotiated over-the-counter contracts with authorities
for transporting waste stored on temporary storage sites to the Grandes Cayes landfill. The payment
system was based on the number of rotations and not on the number of tonnes, which worked in favor
of the building and public works companies. The overall cost of cleaning up the island was 15 million
euros [41].

This new reorganization of the actor system was reflected by a visible drop in the level of cleanliness
and the appearance of new drop-off sites on the island during the months of November and December
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(Figure 4). This phenomenon can be explained in various ways: the departure of the armed forces,
the end of funding for cleaning operations and the impossibility of continuing to pay the work forces,
the attention paid by building and public works companies to the destocking phase rather than to
cleaning the territory and the waste flows that continued to be generated by the population.

Therefore, at the end of the clean-up, after the last storage sites had been closed, the drop-off
storage areas became illegal dumps, sources of projectiles for the next hurricane season. The Saint
Martin collectivity had neither the technical nor the human resources for cleaning and collecting these
dumps. Specific procurement procedures had to be drawn up for each cleaning operation.

From the beginning of 2018, the official waste management system started to run normally
again, as before Irma. It was overwhelmed very quickly by the stream of waste that continued to be
produced. This situation led to an informal waste management system. The new system was set up by
a number of new actors: new citizen associations, actors who had to assume new responsibilities and
cleaning campaigns organized by the community with the population’s participation. They appeared
spontaneously in the face of the need to clean up areas that were difficult to access, such as the seabed,
mountains, natural areas, etc. Pre-existing informal actors and waste recycling and reuse streams also
increased their activities as a result of this opportunity. Among the local recycling actors, we note the
presence of three building and public works companies possessing crushers for grinding concrete.
However, this activity was marginal and not officially recognized on the island. According to local
actors’ estimates, only 10% of the material was recycled on embankment, earthmoving and road base
projects, 60% of the concrete was used to create surfaces between layers of household waste on the
landfill and 30% was illegally dumped in the countryside [41].

Reusable building materials (steel sheeting and timber) were recovered by informal networks
controlled by the Haitian and Dominican communities and sent back to their home countries. According
to interviews held with heads of building companies, before Irma they sent back containers with
building materials once or twice a year. After Irma, this export flow increased to several containers
per week. If, quantitatively, this informal sector did not represent a great deal, it still played a role on
materials that were exported, i.e., materials that left the island system [41]. In his works, [48] also calls
for the need to integrate the informal recycling sector into the formal waste management system in
order to make the social metabolism more circular. A first step is to improve our understanding of this
sector in order to recognize its importance and inform public policies around ecological sustainability.
Further research is needed not only in low-income countries, but also in high-income countries where
informal recycling is becoming a growing phenomenon, that finds local authorities unprepared.

The importance of informal networks in disaster waste management has already been observed
in several territories, such as Haiti after the 2010 earthquake, where 57.5% of the total volume of waste
produced was managed by the informal sector and civil society [49,50]. These informal networks
represent streams with interesting potential from the perspective of circularizing waste flows in Saint
Martin’s metabolism. They need to be accompanied by the authorities both financially and technically,
so that they can last over time on the territory.

5. Conclusions

In conclusion, the analysis of the evolution of Saint Martin’s metabolism following the impact of
hurricane Irma shows a strong variation in its three short-term dimensions. Faced with the intensity
of waste flows, a new spatial structure and a new system of actors reinforced by external resources
was set up in order to control the waste streams. This change led to a transformation in the system’s
operation when compared to the way it operated previously. Once the crisis period was over, the waste
management system did not return to its initial mode of operation. The intensity of the waste flows that
continued to be generated remained much higher than before Irma. The capacities of existing official
infrastructures proved to be insufficient for absorbing all the new waste flows, and this resulted in
their spatial dissipation to illegal dumps or via informal streams. As a result, the metabolism evolved
on the three dimensions under study: intensity, spatial dimension and actors and techniques.
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These evolutions led to a lasting transformation of waste stocks. Most of the waste generated
by Irma was buried, particularly furniture and electrical/electronic waste collected together during
the crisis period. The condition for having this waste recovered by an eco-organization is that it is
sorted and clean, an operation that is extremely difficult to set up during a crisis period if it has not
been planned beforehand. Under these conditions, according to the manager of Verde SXM company,
the Grandes Cayes landfill lost three years of its life as a result of Irma [41]. Three years after the
crisis, new post-Irma waste flows continue to be generated by operations for cleaning, demolishing or
reconstructing abandoned houses—operations that have only been 50% completed at present. These
operations were essentially focused on building and public works.

On the other hand, the permanent transformation of the waste flow’s circulation is less certain,
a phenomenon that can be partly attributed to informal streams. The waste flows from the ELV (End-of-Life
Vehicles) and BPHU (Out-of-Service Pleasure Boats) sector are the only ones whose structuring was
supported by the authorities, through the assistance of DEAL Guadeloupe. The management of hazardous
waste is the state’s responsibility. After Irma, a DEAL territorial unit was created in Saint Martin with a
risk and pollution officer, an evolution that has represented a lasting transformation in the management
of hazardous waste flows. Two extra garages were installed on the territory for handling ELVs and
accelerating their decontamination, crushing and compacting operations. Thanks to these measures,
the collection rate went up from 40 ELV per month to around 200 ELV per month during 2018, but it
did not reach the target imposed by the DEAL of 400 ELV per month. In 2019, one of these two garages
was closed following controls due to non-compliance with pollution regulations, but the garage at
Grandes Cayes is still in operation. Hence, by March 2019, 2900 ELV out of a total stock of 50,000 were
evacuated from the territory (2000 before Irma). In 2019, a number of ELVs were identified on public
land that had not yet been collected, and there were also a number of ELVs stored on private property
that the population had kept for selling their spare parts. Concerning out-of-service pleasure boats,
public tenders have been issued to find an operator capable of decontaminating and dismantling them.
By 2019, 170 wrecks have been mapped and located, but they were still awaiting processing due to
lengthy administrative procedures [41]. On the other hand, and despite the support of the Saint Martin
prefecture, which recognizes the importance of structuring this type of activity, building and public works
waste stream still operates under unofficial conditions. Even so, the system of actors in this sector has
undergone a transformation, caused by the appearance of new actors or by the consolidation of a certain
number of pre-existing actors. The management of the sector is under the responsibility of the collectivity.
As far as management of household waste is concerned, it has returned to its initial mode of operation.

The lack of structured streams in Saint Martin before Irma and the difficulty in incorporating
them into the structure of the official system after the crisis have given rise to difficulties in monitoring
and accounting for these waste flows and to a low recycling rate. Some exports of waste were reported
by the Verde SXM company. Up to 2019, two ships of 3700 tons each of crushed scrap metal and one
container of 300 tons were shipped to the north of France [41]. Two years later, the Grandes Cayes
ecosite had still not returned to normal operation, as it was still processing waste caused by Irma.

The Saint Martin case study highlights a metabolism that remains largely internalized. Despite its
transformation following the disaster and the appearance of a few new recycling or re-use streams,
waste flows remain relatively linear. This observation underlines the importance of working firstly on
the circularity of these flows internally, and secondly on the scale of the Caribbean region, thereby
tending toward outsourcing.
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Abstract: In the past decades, the Caribbean economy has transformed to rely primarily on tourism
with a vast amount of infrastructure dedicated to this sector. At the same time, the region is subject
to repeated crises in the form of extreme weather events that are becoming more frequent, deadly,
and costly. Damages to buildings and infrastructure (or the material stocks) from storms disrupt
the local economy by an immediate decline in tourists and loss of critical services. In Antigua and
Barbuda (A&B), tourism contributes 80% to the GDP and is a major driver for adding new material
stocks to support the industry. This research analyzes A&B’s material stocks (MSs) in buildings
(aggregates, timber, concrete, and steel) using geographic information systems (GIS) with physical
parameters such as building size and footprint, material intensity, and the number of floors. In 2004,
the total MSs of buildings was estimated at 4.7 million tonnes (mt), equivalent to 58.5 tonnes per
capita, with the share of non-metallic minerals to be highest (2.9 mt), followed by aggregates (1.2 mt),
steel (0.44 mt), and timber (0.18 mt). Under the National Oceanic and Atmospheric Administration’s
(NOAA's) 2 meter (m) sea level rise scenario, an estimated 4% of the island’s total MSs would be
exposed. The tourism sector would disproportionately experience the greatest exposure of 19% of its
MSs. By linking stocks to services, our research contributes to the understanding of the complexities
between the environmental and economic vulnerability of island systems, and the need for better
infrastructure planning as part of resilience building.

Keywords: Antigua and Barbuda; tourism; climate change; small island developing states (SIDS);
island sustainability; resource use and efficiency; material stock analysis; construction materials;
geographical information systems (GIS); industrial ecology

1. Introduction

As economies develop, they stimulate the demand for essential services that are provided by
the built environment (also referred to as “material stocks”) in the production and consumption
of goods and services, viewed as “the material basis of societal well-being” [1]. The growth and
maintenance of these material stocks occur by mobilizing material and energy flows, either from
domestic sources or through imports from other societies. The larger the stocks, the greater the flows
required to maintain and reproduce these stocks, creating a feedback loop that has been termed as
the “material-stock—flow—service nexus” (ibid.). This process of organizing and reproducing material
stocks and flows by society is referred to as “social metabolism” [2].

Focusing on a small island state in the Caribbean, this research provides evidence on the extent
to which the nation’s built environment is vulnerable to the impacts of climate change. Utilizing the
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state-of-the-art spatially explicit material stock accounting (MSA), we highlight the economic impacts
on Antigua and Barbuda’s (A&B) tourism industry under a 1 m and 2 m sea level rise (SLR) scenario.
Services including hotel accommodations, restaurants, real estate, yachting, and marina facilities are
linked to the expansion of the tourism industry and the built infrastructure. With tourism contributing
to approximately 80% to the GDP [3], the small island nation constantly experiences a heightened
level of economic uncertainty due to its exposure to external economic shocks and climate-related
events such as hurricanes. Based on our findings, we critique spatial planning and maladaptive
practices such as coastal squeeze that need to be urgently considered for building system resilience.
The Caribbean is the most tourism-reliant region in the world [4]. Tourism infrastructure and assets
are mostly concentrated along the coasts and are subject to high risk from tropical storms. As such,
tourism-dependent economies in the Caribbean face the highest risk worldwide [5]. Yet, growth and
continued reliance on this climate-sensitive economic sector requires a continuous (re)accumulation of
material stocks in buildings to meet growing demands. At the same time, the damages incurred from
climate-related events are substantial in size in comparison to their economies. Ten percent of the worst
impacted countries in terms of losses as a share of their GDP were Caribbean nations. For example,
during the 2017 hurricane season, Sint Maarten’s losses were estimated at 797% of the country’s annual
gross domestic product (GDP), the British Virgin Islands with 309% of their GDP, and Dominica with
259% of their GDP [6]. Sea level rise (SLR) is an imminent threat to small island developing states
(SIDSs) as 26% of their land area is 5 m or less above sea level, equating to roughly 20 million people
(or 30% of the SIDS population) living within these high-risk areas [7].

The high cost of loss and damage witnessed by these Caribbean islands is accompanied by
excessive national debt, and the reliance on imports to supply new materials for infrastructure
development and reconstruction [8,9]. Losses equate mostly to the damages caused to the built
environment that delivers critical goods and services such as transport, health, food, and energy.
By 2050, climate inaction is expected to cost Caribbean countries an estimated 10% of their GDP
annually from hurricane damages and loss of tourism revenue alone, rising to 22% by 2100 [10]. By
2150, conservative estimates of SLR suggest that only a fraction of the current 66 million inhabitants of
the small island developing states (SIDSs) will be spared from inundation [11]. In the face of these
challenges and threats, achieving island sustainability is critical for these SIDSs [12,13]. In this study,
island sustainability is defined as achieving a high quality of social and human wellbeing at the
lowest environmental costs. Island sustainability also implies adapting and increasing resiliency to
buffer against the adverse impacts of global environmental change and economic instabilities while
maintaining resource security and self-reliance.

This study is part of a larger effort to study the metabolism of islands, an emerging research
field within industrial ecology, that aims to seek solutions to sustainability challenges faced by small
islands (see the initiative “Metabolism of Islands” (https://metabolismofislands.org) and the special
issue Metabolism of Islands, Sustainability: https://www.mdpi.com/journal/sustainability/special
issues/metabolism_islands). The objectives of the research are two-fold. One is to contribute to the
scant literature on the relationship of stocks and services, in particular tourism within an island
context, and their exposure to climate vulnerability. We analyze these findings in the context of island
sustainability by asking how can islands leverage spatial infrastructure planning as a way to build
resilience and adapt to climate change, including sea level rise scenarios. Second, as a methodological
contribution, this study introduces novelties to the geographical information systems (GIS)-based stock
accounting method by presenting a building footprint-based identification of buildings and the use
of Monte Carlo simulation in assigning material intensity typologies (MITs). In this study, the focus
is directed towards classifying and estimating the material stock of construction materials including
wood, non-metallic minerals, steel, and iron that are utilized for the growth and expansion of the
building stocks.
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2. Advances in Material Stock Accounting (MSA) Research

The 20th century has seen a massive increase in material flows that go into creating material
stocks, from just over 20% in 1900 to over 50% in 2010 [14]. This has inspired several studies to focus
on the dynamics and growth of anthropogenic stocks that require ever-increasing virgin materials [15].
Studies quantifying and characterizing the material composition of in-use material stocks as a potential
pool of secondary resources for future material recovery are becoming important [16-19]. With the
growing relevance of material stock accounting/analysis (MSA), researchers are constantly proposing
additional approaches for improved material stock accounting. For example, Muller et al. [20] identified
two main methodological approaches for material stock measurements, including a top-down and a
bottom-up approach. Top-down approaches integrate historical data based on data availabilities on
material inflows and material outflows determined by lifespan characteristics to quantify material
stock [20,21]. In contrast, bottom-up approaches are data intensive and combine input parameters such
as gross floor area, number of stories, and the average size of the dwelling area [22]. The bottom-up
approaches require material end uses to be separated into categories sharing material intensities used
to calculate material stock. This approach is mostly favored for the efficient use of GIS data [23] to
explore spatial material stock accounts for local-scale studies worldwide [15,18,24-26]. Augiseau and
Barles [27] analyzed thirty-one studies on material stocks and flows, along with distinguishing between
six methodological approaches that were commonly used in such research.

Observing the surge of research related to the built environment within the past two decades,
MSA is increasingly incorporating the use of GIS [16]. GIS comprises technology tailored to
collecting, analyzing, and managing georeferenced data to produce location-specific information [23].
The application of GIS is not limited to calculating the size of the material stocks within a region but,
from a spatial perspective, it can identify where material stocks have accumulated and how they
are distributed within socio-economic systems. The applications of 4D-GIS and spatial data applied
in previous studies focused on understanding the accumulation of material stocks on a temporal
and spatial scale, in two different urban areas [24]. After a catastrophic earthquake and tsunami
struck Japan, a material stock analysis (MSA) estimated the quantity of construction materials lost
from the physical infrastructure (including buildings and roads) using GIS [25]. Wallsten et al. [28]
combined a bottom-up material flow analysis (MFA) approach with GIS as an assessment tool
to spatially characterize and examine hibernating metal stocks in urban infrastructure. Similarly,
Kleemann et al. [15] utilized GIS data to quantify material stocks in buildings and map their spatial
distribution within the city of Vienna through combining information about demolition activities to
yield waste flow data. Mesta et al. [18] adopted a bottom-up approach to quantify the material stocks
for residential buildings in Chiclayo (Peru) utilizing GIS data and data pertaining to the physical size
of buildings. In Sweden, Heeren et al. [29] presented a bottom-up approach stock model with the use
of geo-referenced building data to determine the building material stocks of Swiss residential buildings
based on volumetric properties [29]. Symmes et al. [30] presented a bottom up GIS methodological
approach to explore the vulnerability of material stock in buildings in Grenada [30]. Pott et al. [31]
(paper submitted) adopt a spatial (bottom-up) GIS approach to study the relationship of in-use stocks
and their services using a city and an island as cases.

3. Socio-Metabolic Research on Islands

Analyzing material stocks (MSs) plays an important and multifaceted role within socio-metabolic
research, including functioning as service suppliers, wealth indicators, capital and resource repositories,
and indicators for the spatial development of the built environment [32]. Small islands are ideal units
of study for socio-metabolic research, with clear and distinct systems boundaries to track flows. At the
same time, islands suffer from resource constraints due to their narrow resource base and limited
waste absorption capabilities, causing sustainability problems both on the input side (scarcity and
import dependency) and the output side (land and sea pollution) [17,33-37]. The lack of resources and
relatively small populations limit the size of island economies and the ability to achieve economies of
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scale, thus pushing the overdependence of small island states on external markets to meet the majority
of their resource needs. The openness of small island economies to external markets and their high
dependency on trade to meet basic needs heighten their level of vulnerability.

Socio-metabolic research offers islands a unique perspective on sustainability, leveraging resource
use patterns to build system resilience. Understanding the physical basis of island economies
highlights areas of opportunities and constraints impacting sustainable development [38-40]. However,
few socio-metabolic studies have been conducted on small islands. The first known material stock and
flow account for an island was for Trinket (Nicobars, India) that portrayed the changing characteristic
metabolic profile of an indigenous society subject to development programs from the Indian state [41],
that was later compared with the rise in material and energy consumption due to the excessive aid
following the 2004 Asian tsunami [42]. Krausmann et al. [43] focused on the application of a material
flow analysis (MFA) for two high-income island states, Iceland and Trinidad and Tobago. The resource
use patterns revealed that both islands heavily rely on domestic extractions, including fisheries,
natural gas, and oil. Shah et al. [44] focused on institutional factors in Trinidad and Tobago and the
challenges of implementing potential solutions tackling the island’s waste metabolism of plastics and
packaging material. Okoli [45] quantified biomass flows for Jamaica from 1961 to 2013 in the context
of national food security from an island perspective. Marcos-Valls et al. [46] applied an integrated
multi-scale socio-metabolic analysis for Menorca (Spain) to analyze the environmental and economic
performance of major economic activities such as tourism in an island context.

Material stocks and flows were studied on the Greek island of Samothraki using a socio-metabolic
approach [40,47]. More recently, Fischer-Kowalski et al. [48] focused on Samothraki’s regime shift
as the island transitions from an agriculture-based economy to a service (tourism) economy. In the
Philippines, a material flow analysis was conducted to understand trends within a high-density country
experiencing a shift from renewable to non-renewable materials as a result of ongoing development [49].
Symmes et al. [30] conducted the first material stock—flow analysis in the Caribbean, with a focus on
Grenada’s metabolism of construction materials, how they are distributed across the different sectors
of the economy, and the potential impacts as a consequence of sea level rise [30]. Pott et al. [31] (paper
submitted) explore the material stock-service relationship in Grenada and examines future material
stock scenarios with consequences for island sustainability. The lack of proper waste management
systems on islands is a growing concern as they undergo rapid development, with waste produced
as a by-product of economic activities. Recently, a case study on the Faroe Islands focused on the
practice of sustainable land management through the lens of social metabolism within a growing local
economy [50].

4. Study Area: Antigua and Barbuda

A&B is one of the Leeward Islands situated in the eastern Caribbean Sea [51]. The country’s
political boundary consists of three islands: Antigua, Barbuda, and Redonda. Antigua functions as
the mainland territory and is the largest of the three with an area of 280 sq. km. The sister isle of
Barbuda is the second largest with an area of 161 sq. km. The smallest of the three, Redonda, is the
only uninhabited island with an area of 1.6 sq. km [51]. Antigua’s landscape is divided into seven
parishes, with St. John’s being Antigua’s capital city and Codrington being the capital of Barbuda.

The coupled relationship between the ecosystem and the economy has proven to be beneficial
in sustaining economic growth in A&B. The country’s limited natural resources, distinct ecosystems,
and its rich cultural heritage are all contributing factors in sustaining the island’s economy. Historically,
economic growth was driven by agricultural products such as rum and sugar, but within the
past decades, both agricultural and manufacturing activities have been on a drastic decline [52].
Economic driving forces have transitioned towards a more service-based economy, with the provision
of services on the island contributing to 90% of the country’s GDP over the past forty years, as a result
of the expanding tourism industry [9,52].
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The World Bank Group reports that tourism accounts for approximately 80% of GDP, 85% of
the foreign exchange, and contributes to 70% of direct and indirect employment in A&B [53].
A&B experiences high temperatures all year round ranging from (23 °C to 27 °C), as the climate is
influenced by northeasterly trade winds distinguished by a dry and wet season [52]. The island’s
tropical climate and diverse ecosystems support its dominant and flourishing sand, sun, and sea
tourism industry. A&B has the highest share of tourism in GDP amongst the other tourism-dependent
islands within the SIDSs [54]. Historically from the 1960s to 2018, A&B has witnessed frequent periods
of tourism booms and, as such, has experienced significant growth in tourism-related services including,
but not limited to, construction, sand mining, transport, and communication [55,56].

However, this small island nation is highly vulnerable to climate change. Among the Caribbean
island nations, A&B is ranked 1st in the composite vulnerability index (CVI), followed by the Bahamas
(2nd), Dominica (3rd), Grenada (4th), and Jamaica (5th) [57]. By 2050, climate inaction will cost A&B
25.8% of its GDP [10]. The impacts of sea level rise and storm surges amongst the Caribbean and the
Caribbean Community (CARICOM) states introduce both short-term and long-term major threats.
Global sea level rise is projected to range between 1-2 m above present levels at the end of the 21st
century. The impact of the projected sea level rise within the Caribbean will be uniform, however,
for smaller islands, the magnitude of economic loss in comparison to the size of the economy will be
more greatly felt in St. Kitts and Nevis, Grenada, and A&B [58].

5. Methods

The methodology was conducted in two phases. For this study, the first phase included the
state-of-the-art bottom-up approach we selected as the most appropriate with respect to the study’s
objective. The alternative approach of quantifying material stocks that has been widely used in
previous studies is a top-down method, that accounts for total quantities of stocked materials in a
given system. This approach lacks information on the location of these stocks and their uses [59-61].
As our purpose is to highlight the vulnerabilities inherent in material stock patterns across the island,
we opted for the bottom-up approach as the only other alternative. Alternative GIS datasets allowed
us to quantify and map the spatial distribution and uses of the building material stock in A&B. In the
second phase, a vulnerability assessment estimates the quantity of MSs threatened by various sea level
rise scenarios.

5.1. Material Stock Analysis (MSA) of Buildings

The building shapefile for A&B provided by the Department of Environment (DOE) consisted
of 60,000 building footprints (BFs). The first step involved the creation of a classification system to
categorize the BFs for the entire island into their respective building use type classes. It consisted
of two main components: the interpretation and analysis of remote sensing satellite imagery and
local knowledge of the physical infrastructure in A&B. Image interpretation included the analysis of
basic elements, such as the shape, size, pattern (spatial distribution), and association of the BFs on
external mapping platforms, such as OpenStreetMap (OSM) and Google Maps, as shown in Figure 1.
The distinctive shapes of specific building typologies such as cathedrals and stadiums enabled for
clear identification of buildings from the OSM data layers to the DOE data layer. Buildings within
residential and commercial areas usually follow distinctive spatial patterns that can be identified
by their size and layout. Understanding the contrast in sizes amongst different classes of buildings
introduces a scale factor that allows for the recognition of buildings that are less easily identified than
others. Association involved the observation that the presence of specific building use type classes
influences the presence of others. Each village or parish in A&B has present their group of churches,
healthcare clinics, and small shops.
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Figure 1. Schematic of the building footprint classification process adopted for Antigua and Barbuda.
Image interpretation required the use of a base map provided by the Department of Environment
(DOE) which was compared and contrasted to a reference map from OpenStreetMap. The four main
characteristics guiding the classification process included: shape, pattern, size, and association.

The 2004 BF layer was sourced from the DOE in A&B [62] and used as a base map during
the building classification process. The original BFs dataset only provided information on the area,
perimeter, and feature attributes of each building footprint, resulting in all BFs to be considered as
“unclassified” in the absence of assigned categories describing their specific use type role. To accurately
compare and analyze the base map, a reference map was provided by OSM that provided greater
details (e.g., supplementary geographic data at more defined scales, road networks, location tags of
basic areas and other points of interest) during the classification process. Physical data were collected
during empirical evaluations of a sample size of 303 building footprints, which were randomly selected
within each of the seven parishes in A&B. These data included height measurements and the study
of local construction styles for the material intensity typologies (MITs). The generation of material
intensity typologies (MITs) is based on the local construction styles practiced within the country under
the varying building use type classes. The MIT separates the material intensities (MIs) into four main
categories of construction materials (aggregates, wood, concrete, steel). The adoption of GIS tools
facilitated the calculation of the total estimated material stock within the island and generated maps of
its spatial distribution.

In the absence of actual height measurements of the BFs, the number of stories or floors within
each building was used as a proxy. A sensitivity analysis of the original floor estimates of +/— floor
change in each building use type shows the fluctuations in the material stock (MS) estimates in Table
54 of the Supporting Information.

To calculate the gross floor area (GFA) for each building footprint (represented by b), the equation
is as follows:

GFA () = Building Footprint Area , X The number of floor stories () 1)
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MS, measured per material category m (aggregate, timber, concrete, or steel), for a building
footprint b is calculated as follows:

MS (bm) = GFA (b) X MI (m) (2)

Total MS (MSgy) for the GFA of a building footprint b is calculated by the sum of the material
stock measured per material category m (aggregate, timber, concrete, and steel):

MSsum = L MS )= MS Aggregate (y, ;) +MS Timber () +MS Concrete (;, .y +MS Steel () (3)
To calculate the total MSs for all the BFs from the 2004 BF layer, the MSg,, is summed for each BE.

5.2. Residential Material Intensity Distribution

The residential sector accounts for the majority of the material stock estimate, as after classifying
the BFs of the entire island, residential dwellings constitute 90% of the BFs in A&B. As a result, the MITs
distributed within the residential sector were determined using housing statistics in the 2001 National
Census [63]. The ratio of the outer wall materials of household dwellings stated in the census was
the determining factor in distributing the corresponding MITs. In the absence of on-site empirical
evaluations, material intensities were assigned by a Monte Carlo simulation coded in R. To evaluate
the level of uncertainty, the margin of error was assessed through running multiple iterations of the
code. This step illustrates how the material stock estimates are affected by the random assignment of
MITs that may result in the potential overestimation or underestimation of material stock estimates.

5.3. Estimating Vulnerable Building Stocks

Sea level rise (SLR) assessments in the study were based on 1 m and 2 m scenarios. These values
were derived from four scenarios presented by Parris et al. [64], including an intermediate-low scenario
measured at 0.5 m, and the highest scenario measured at 2 m. A triangulated irregular network
(TIN) file containing elevation data for Antigua was sourced from the DOE [62] and converted into a
1 m resolution raster file. The 0-2 m elevation levels were extracted, while the resulting raster layer
contained areas measured at 1 m or less in elevation. An overlay analysis of the elevation polygon file
and the BF data layer identified buildings falling within the 1 m and 2 m boundary. These steps were
repeated for the 2 m level rise analysis. This methodology was adopted in the absence of shoreline
data and accounting for hydrological connectivity to the sea, as utilized in previous research [65-67].

6. Results

6.1. Material Intensity Typologies, Height Assumption, and Residential MITs

Table 1 shows the material intensities of the six different material intensity typologies (MITs)
examined in this study, which reflect A&B’s local construction styles verified through on-site empirical
evaluation observations. The table summarizes the different building use type classes that are
categorized under each material typology class.
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6.2. Material Stock (MS) of Buildings

In 2004, the total material stock for buildings in A&B was calculated at 4.7 million tonnes (mt),
which is equivalent to 58.5 t/cap. Concrete accounts for more than half the total MS in buildings, at 62%.
Aggregates consume the second-largest amount of materials at 25%, followed by steel and timber with
9% and 4%, respectively.

In terms of the building use type classes, Figure 2 shows that the residential building class
dominated with 53% of the total material stock, accounting for 2.5 mt. Tourism and commercial
buildings represented the next largest class, accounting for approximately 18% and 17% of the total
material stocks, respectively.

Figure 3 shows the density (represented by the standard deviation) of the total material stocks by
dividing the island into 100 m? cells. The densest cells of material stocks are represented by blue and
red, while the gray cells correspond to the low accumulation of material stocks.

The hotspots of building material stocks are located mainly around the coastal areas in high
developmental areas and main tourism districts. There are a few dense cells located inland on the
northern side of the island which are mostly associated with commercial and transport services.

St. John's city is the main commercial district and the primary port of entry for both the trading of
goods and cruise ship arrivals in A&B. The area demonstrated the highest accumulation of building
material stocks concentrated within the city core. Other areas, such as Jolly Harbour and English
Harbour, indicated high amounts of material stocks and are considered to be intensive tourism areas.
The two locations are major tourist hubs with surrounding small-scale and large-scale hotels and
restaurants located around the areas’ perimeter.

Percentage Share (%) of Material Stock

Industrial | 0.3 (0.01mt)

Residential IIZESMEIsa
Historical Sites & Protected Areas | 0.6 (0.03mt)
Sports & Recreation | 0.2 (0.01mt)

Commercial TTAZAN (0.80 mt)
Hotels/Tourism  [d8i21(0.86 mt)
Transport 0.9 (0.04 mt)
Institutional 301 (0.47 mt)
0.0 100 20.0 30.0 40.0 50.0 60.0
PERCENTAGE (%) SHARE OF MATERIAL STOCK

BUILDING-USE TYPE CATEGORY

Figure 2. The percentage share of material stock illustrated by the building use type categories in
Antigua and Barbuda for 2004.
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Figure 3. A standard deviation map of the spatial distribution of the total material stock (MS) of
construction materials within buildings in Antigua and Barbuda (2004).
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6.3. Sea Level Rise (SLR) Scenario

The vulnerability of the building material stocks in A&B was assessed in terms of a SLR analysis.
This analysis identified the number of buildings, material stock, and the respective building use type
categories that are exposed under a 1 m and 2 m sea level rise scenario based on global predictions for
2100 [64]. Tourism was the most impacted building use type under the 2 m sea level rise projections, as
shown in Table 2 and Figure 4. The tourism industry accounted for approximately 81% of the total
material stock exposed in A&B under a 2 m SLR scenario. This is equivalent to approximately 19% of
the tourism industry’s material stock exposed and 16% of the country’s GDP.

Table 2. The percentage of exposed material stock within the affected building use type categories
identified in the sea level rise analysis and flood risk assessment.

1 m Sea Level Rise Scenario 2 m Sea Level Rise Scenario
Building Use Type MS Exposed % of Use Type ~ MS Exposed % of Use Type

(kt) MS Exposed (kt) MS Exposed
Institutional 3.0 0.6% 5.1 1.1%
Transport 74 17.0% 6.2 14.3%
Tourism 143.3 16.7% 1614 18.8%
Commercial 7.7 1.0% 13.3 1.7%
Sports and Recreation 0.1 0.7% 0.1 0.7%
Historical Sites and Protected Areas 2.4 14.7% 23 14.5%
Residential 7.7 0.3% 9.4 0.4%
Industrial 0.1 0.4% 0.1 0.4%

Marina & Dickenson Bay Long Bay
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Figure 4. Four impacted areas on the island that would be exposed under a 2 m sea level rise scenario
including Marina and Dickenson Bay, St. James’s Club, Jolly Harbour, and Long Bay. Exposed areas
are highlighted in orange.
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The majority of the tourism facilities in A&B are situated on the coast and are directly exposed to
the threat of SLR. Residential buildings located near the coast are also threatened and consist of 15% of
the exposed buildings. In Table 2, tourism, historical sites, and transport-based buildings were most
vulnerable as they accounted for the largest proportion of buildings exposed, assessed at 18.8%, 14.5%,
and 14.3%, respectively.

7. Discussion

7.1. Resource Efficiency in the Tourism Sector: Maintenance and Replacement Requirements

The role of tourism for A&B is significant, accounting for approximately 80% of the country’s
GDP [3], and remains the most productive sector in the constant reconstruction of the economy after
a crisis. Before the economic recession in 2008, the island’s economic activity experienced positive
growth rates of GDP, with 12% recorded in 2006 and 9% in 2007 [9]. This growth was in direct response
to both the tourism and construction sectors that function as drivers of income and employment
generation [68]. Apergis and Payne [69] studied the causal relationship between tourism and economic
growth for nine Caribbean islands from 1995-2007 and found a bidirectional causality relationship
between tourism and economic growth from both a long-term and short-term perspective.

Construction material production is a major driver of environmental and economic burdens,
exacerbated in a SIDS like A&B which imports much of its construction materials, and so it is imperative
to utilize the existing stock and plan future stock accumulation in a way that reduces demands for
further inflows. Material extraction and imports are required to an extent for improving wellbeing
and supporting the economy, and the inflows required for stock expansion to meet growing societal
and economic demands is considered a characteristic of development [14,70]. Inflows for these ends
may plateau and eventually perhaps even decline once material stocks reach a level of sufficiency or
“saturation” [60,71,72]. Policy towards lowering this ultimate level using resource efficiency measures
to “get more service from less material” [73], i.e., to minimize the need to further accumulate stocks,
would be of high priority, especially in the context of a SIDS which, as an importer rather than a
producer of materials, has little control over supply-side technical resource efficiency measures [73].

In this regard, our results show that the importance of tourism to A&B’s economy is physically
reflected in its high share of nearly 20% of the country’s material stocks and brings to the forefront
several otherwise obscured resource efficiency challenges. With visitors comprising 8-11 times the
population of A&B, huge volumes of material stocks are needed to support the industry but are
only in use for a few months of the year during the tourism season. This under-usage of buildings,
infrastructure, and materials is perhaps not a serious issue for the bottom line of the tourism industry
and developers. However, it stands as a resource utilization inefficiency and therefore perhaps
represents a market failure from the sustainability perspective, similar to the case of idle vehicles
recognized elsewhere [74].

Beyond the expansion of the stock, a second demand for inflows is for the maintenance, replacement,
and operation of the already existing stock. As material stocks accumulate and eventually reach their
end of life, this second type of demand increases [75], and even in economies with relatively steady
levels of stock, substantial inflows are still required for these ends [76]. The extension of the useful life
of buildings and infrastructure can lower the scales of these maintenance and replacement demands
and concurrently also demolition outflows. However, in A&B’s recent history and perhaps its future,
a substantial portion of the stock requires constant replacement not because of reaching its end of
life but because of disasters, which means constant reliance on imports just to maintain current stock
levels. This is extremely environmentally and economically unsustainable and requires measures
involving integrated policy, planning, and construction of more resilient buildings and infrastructure
to avoid these throughputs of materials. For any remaining unavoidable outflows, local technical and
institutional capacities to reuse materials are required. Our results can directly inform the formulation
of such policy.
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7.2. The Influence of Tourism Material Stocks on the Growth of Island Services

At the same time, a spatial analysis of the distribution of material stocks in A&B highlights the
hotspots of the location of the built environment and their associated services. The concentration is in
areas of increased commercial centers and tourism-based services, where most physical infrastructure
development also takes place. The main hotspots are close to the island’s coastal areas. The capital,
St. John's, shows a high material stock accumulation within its core, and this location also hosts one of
the island’s central business hubs, in addition to accommodating the passage of all the cruise ships
docking on the island and the main seaport. The high accumulation of material stocks with St. John's
city (Figure 4) can be connected to the many services that are provided by the built environment within
the city core, thus building upon the material stock—flow—service nexus, a feedback loop recently
explored by Pott et al. [31] (paper submitted) in Grenada.

The outskirts of the city core are surrounded by a growing urban residential area where a smaller
quantity of MSs can be found. Residential development has favored the northern side of the island
where pockets of medium-high material stocks are distributed, as well as where the airport is situated.
MS is present with low-medium levels in the middle of the island where primary and secondary roads
are used to travel to the southern end of the island. This type of development is referred to as ribbon
development and, according to Davies (as cited in Cohen, [77]), (p. 226), ribbon developments are
“beaded clusters of activities strung out alongside major roads ... that may contain a high incidence of
services and sometimes a mixture of small wholesale and manufacturing establishments”. Figure 4 also
illustrates secondary hotspots on the island which coincide with major tourist hubs including Jolly
Harbour and English Harbour. Both tourism hotspots are identified as “intensive tourism activity
areas” and the developmental pattern is reinforced for areas that are already economically successful
in A&B [52]. Such a model of development stimulates additional services (outside the focus of hotels
and restaurants) which can be easily accessible to visitors such as non-resident villas, marinas, car
rentals, shopping centers, and banking facilities.

7.3. The Importance of Building Resilience

The spatial distribution of material stocks and services raises concerns about the levels of
vulnerability the tourism industry faces with climate change. As illustrated by Figure 4, the concentration
of material stocks for tourism is primarily located along coastal areas. Beachfront properties are
ideal locations for access to beaches, resorts, and other tourist accommodations. As a result of this
concentration of development on the coast, SLR and extreme climatic events can result in abruptions
and disturbances within the tourism sector [78]. Tourism is identified as the most vulnerable building
use type exposed under a 2 m sea rise scenario. The study takes a conservative approach on the SLR
vulnerability assessment, based on estimates of the global SLR by 2100, with the highest scenarios
measured at 2 m. Emerging studies show estimates of global SLR ranging below 2 m [79] and after
a revision of the NOAA SLR scenarios in 2017, the worst-case scenario increased by 0.5 m, with the
current estimates measured at 2.5 m by 2100 [80]. While estimates continue to change with ongoing
research and evidence, the key message in this paper does not change: SIDSs are faced with major
threats to their infrastructure with a 2 m SLR [26,30,81]. In fact, under a 1 m sea level rise scenario,
29% of the major resorts in the Caribbean would be partially or fully inundated [82]. Moreover,
the economic evaluation conducted by Moore et al. [83] of various climate change scenarios for
Caribbean destinations estimated a projected loss of USD 118-156 million in tourist expenditure by
2100 as a result of projected climatic shifts.

In addition to SLR, hurricanes and the higher frequency of strong weather systems is another area
of concern [84]. A&B has experienced severe category 5 hurricanes in the past, causing widespread
damage. The 2017 category 5 hurricane Irma resulted in significant destruction of Barbuda, both by
being in the direct path of the storm, as well as by virtue of its low elevation of 3 m above sea
level [85]. The aftermath left behind high volumes of debris from the dysfunctional infrastructure,
which accounted for 90% of the total buildings in Barbuda, resulting in the loss of essential services
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such as transport, health, and education. Between 1851 and 2017, A&B has experienced 128 storms and
hurricanes, and the financial cost due to this has been USD 950 million in the past 12 years alone [85,86].

Tourism is both weather dependent and reliant on natural ecosystem services (beaches, coral reefs,
waterfalls, etc.), and impacted by climate change [78,87,88]. In fact, tourism is one of the most
climate-sensitive sectors globally, impacted by all 10 types of climate change impacts (such as floods,
droughts, warming, heatwaves, precipitation, and sea level rise) [89]. Moreover, the development of
tourism itself threatens the fragile ecosystem on which it depends. In A&B, for example, the YIDA
International development project gained the public’s immediate attention when over 2000 acres of
coastal land, one of the largest marine protected areas (MPAs), were sold to establish an “economic
zone”. This area included mangroves and nesting grounds for endangered and threatened species.
The loss of 75% of mangroves resulted in a loss of local livelihoods depending on these resources,
but also increased exposure to the impact of hurricanes and flooding [88,90], creating a negative
feedback loop for the economy. At the same time, tourism relies on the international transport industry
and the high level of interconnectivity by air or sea to global markets. In A&B, the majority of the
visiting tourist population originates from the US, Canada, and Europe [91]. In 2017, tourists from
the USA accounted for 39% of total air arrivals, Europe 37%, and Canada 9%. Therefore, for the
island’s tourism sector to be operational, the country depends on international airlines and the cruise
industry. However, in situations where the country is in shutdown and transport is suspended due
to a natural disaster or a worldwide pandemic (such as COVID-19), the sector comes to a standstill.
Besides the loss of jobs, large portions of the built infrastructure for tourism will remain further
underutilized. Transport infrastructure located on the coast is highly threatened by the effects of
climate vulnerability and change [81], as observed in A&B. Table 2 illustrates that in an under 2 m SLR
scenario, approximately 14% of transportation material stocks would be exposed, including airports
and seaports.

Thus, small island states like A&B, where tourism is a high contributor to the GDP, are among the
most vulnerable nations, with climate change posing significant barriers to tourism'’s contribution to the
Sustainable Development Goals (SDGs) [5]. In 2014, the UN World Tourism Organization [92] outlined
core challenges facing the survival of the tourism industry, from climate change to the need to conserve
the stressed and fragile local ecosystems, to the drain on foreign exchange of recurring imports of
construction material. The Caribbean Group for Cooperation in Economic Development [93] explains
that natural disasters are inherently a developmental issue, as there is evidence of unsustainable
planning and investment decisions in the aftermath that contributes to vulnerability. Although tourism
is the main economic driver in A&B, it is also the most vulnerable and volatile industry. All of this
questions the sustainability of material stock accumulation within A&B’s tourism sector, and the urgent
need for economic diversification.

8. Conclusions and Outlook

Socio-metabolic research on small islands in the context of sustainability is still an emerging field,
and the body of literature surrounding this field is only now beginning to show. As reviewed in
Section 3, most socio-metabolic studies so far have been “flow” focused, and very few on “material
stocks”. This paper is a novel contribution to our understanding of societal services (tourism in this
case) from the perspective of material stocks and flows (referred to as the “material stock—flow-service
nexus”). A socio-metabolic perspective on tourism can offer relevant information to policymakers to
identify opportunities to decouple the tourism sector from resource requirements and build system
resilience [1].

In a single-driven service based-economy like A&B and other Caribbean countries, the material
stock—flow—service nexus is an instrumental approach in understanding local-scale resource flows,
material stock growth, and determining resource requirements for achieving the Sustainable
Development Goals (SDGs), in particular SDG 12 (responsible consumption and production) and 13
(climate action). The material stock—flow—service nexus approach has the potential to offer insights to
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better understand island economies and their overall sustainability. By focusing on the interrelationship
between stocks, flows, and service, policymakers can identify those services that are driving biophysical
growth, who benefits from them, and to accordingly foster inclusive sustainable development. It is
argued that tourism can also create spatial disparities in terms of social and economic development,
where an island’s spatial distribution impacts the island’s societal development which can differ
amongst islands [94-96]. For example, decisions that restrict access of local residents to beaches located
within tourism hotspots or the amount of land made available for tourism expansion versus the
amount of land catered towards societal development. In addition to the volume of infrastructure
attributed to tourists compared to local residents, tourist-centered areas can become “islands within
islands” that restrict the use and access to services by residents from the surrounding communities.
Local development projects must take into consideration these concerns before future tourism-related
construction takes place on the island. The government and policymakers will need to create greater
inclusivity and sustainable growth within the sector [97], asking whether the costs and benefits of
building stocks and related services are equally distributed across society. In other words, sustainable
infrastructure development and the allocation of material stocks should consider the resident population
and their social and economic wellbeing (SDG 13—sustainable communities) [98].

There is no doubt that SIDSs are threatened by a heightened risk from climate change.
Increasing disaster preparedness and to protect the socio-economic services delivered by the tourism
sector, the combined use of geospatial analysis, material stock-flow—service accounting approaches,
and scenario exercises can assist island governments and businesses in improved planning and dealing
with uncertainties [99]. SIDSs will benefit from further research incorporating new data sets with the
study’s methodology to expand on the sea level rise and climate vulnerability analysis. Sustainable
tourism must include several core principles such as economic viability, physical integrity, community
wellbeing, and resource efficiency [78]. A holistic and inclusive approach is likely to enhance tourism’s
ability to contribute to the SDGs and, to some degree, shield it from the negative impacts of climate
change. However, factors such as geographic location and the country’s ability to build adaptive
capacities to cope with expected changes will also be key in increasing the sector’s resiliency.

Supplementary Materials: The Supplementary Information provides greater detail on the methodology section
of the research including the material stock analysis (MSA) of buildings, building footprint classification,
empirical evaluation and data collection, building use type classes and height assumption, material intensity
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Abstract: This study developed a methodology to estimate the amount of construction material in
coastal buildings which are lost due to climate change-induced sea level rise. The Republic of Fiji
was chosen as a case study; sea level rise is based on predictions by the Intergovernmental Panel
on Climate Change for the years 2050 and 2100. This study combines the concept of a geographic
information system based digital inundation analysis with the concept of a material stock analysis.
The findings show that about 4.5% of all existing buildings on Fiji will be inundated by 2050 because
of an expected global sea level rise of 0.22 m (scenario 1) and 6.2% by 2100 for a sea level rise of
0.63 m (scenario 2). The number of buildings inundated by 2050 is equivalent to 40% of the average
number of new constructed buildings in Fiji Islands in a single year. Overall, the amount of materials
present in buildings which will be inundated by 2050 is 900,000 metric tons (815,650 metric tons
of concrete, 52,100 metric tons of timber, and 31,680 metric tons of steel). By 2100, this amount is
expected to grow to 1,151,000 metric tons (1,130,160 metric tons of concrete, 69,760 metric tons of
timber, and 51,320 metric tons of steel). The results shall contribute in enhancing urban planning,
climate change adaptation strategies, and the estimation of future demolition flows in small island
developing states.

Keywords: island metabolism; material stock analysis; demolition of buildings; GIS; climate change;
global warming

1. Introduction

Anthropogenic activities have changed the Earth’s temperature by approximately 1 °C between
the period of 1850-1900 and the year of 2017 [1]. This has led to an average global sea level rise (SLR)
of 3.20 mm/year. It is expected with 67% confidence that by 2100, the global average sea level will rise
by 0.28 m to 0.98 m relative to the mean sea level of the years 19862005 [2].

The effects of SLR include the salinization of coastal agricultural areas and water storages,
the destruction of coastal eco-systems, the erosion of shorelines, and the destruction of buildings and
infrastructure [1]. SLR affects coastal countries all over the world, such as China, the Netherlands,
Nigeria and the United Kingdom [3]. Some of the most impacted regions are the islands located
in the Caribbean Sea and in the South Pacific, the so-called Small Island Developing States, as well
as southern and eastern parts of Asia [4]. The Intergovernmental Panel on Climate Change (IPCC)
developed four Representative Concentration Pathways (RCPs). They refer to four different pathways
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of Greenhouse Gas (GHG) emissions and atmospheric concentrations, air pollutant emissions and
land use. While RCP 4.5 and RCP 6.0 refer to intermediate scenarios, RCP 2.6 refers to very low GHG
emissions keeping global warming likely below 2 °C. RCP 8.5 refers to a very high GHG emissions
pathway [5]. Kulp and Strauss [6] estimated that a global warming of 2 °C in relation to RCP 4.5 results
in an increase of 40 million additional people to live permanently below the high tide line until 2050
and an increase of 90 million people until 2100.

In particular, Small Island Developing States are affected by this since their geomorphology
is often characterized by low-elevation islands with population concentrated along their coasts [7].
In addition, Small Island Developing States heavily depend on the functioning of coastal ecosystems,
and their economies are highly sensitive to slight changes [7,8]. Furthermore, they are more vulnerable
to the effects of SLR because most of them lack institutional, financial and technical structures to adapt
to it [7].

Vulnerability assessment studies for Small Island Developing States have been carried out within
various states, such as islands in the Caribbean Sea [9,10], in South-East Asia [11,12] and in the
Southern Pacific [13,14]. In 2008, Gravelle and Mimura [13] conducted a vulnerability assessment for
the Republic of Fiji aiming to point out areas that are threatened by the SLR for different SLR scenarios.
This study illustrated that most urban centers will face partial inundation within this century and
that a proportional increase between the SLR and the total inundated area can be observed. Other
vulnerability assessments estimated the total flooded area of specific regions [15], the number of
inundated households and buildings being inhabitable within a certain area [16], the length of affected
roads by the SLR [17] as well as the financial value of lost built structure [18].

Based on such vulnerability assessments, adaptation measurements incorporating SLR are being
developed on the city, region or country level [7,19-21]. These include direct protection actions, such as
the construction of barriers in the sea, and preventive actions, such as the relocation of houses or
entire villages [21]. Relocations are fairly drastic solutions and generally require large economic and
human resources. Moreover, they tend to destroy social structures, cultural traditions, as well as
causing emotional stress [22]. Forced demolitions of coastal buildings and infrastructure result in
large amounts of construction and demolition waste, which cause environmental stress. On top of
this environmental pressure, the new facilities being built to replace the demolished ones will require
new materials for the reconstruction. Nevertheless, information on the demolition waste streams
from inundated coastal buildings is crucial for Small Island Developing States in two aspects: first,
waste management is demanding due to limited land availability, remoteness, and high costs [23,24];
second, possibility of reuse of materials enables waste mitigation and contributes to the overcoming of
resource shortages on Small Island Developing States [25,26].

However, while the effects of the SLR on the number of buildings inundated have already been
studied by vulnerability assessment studies [16], these studies have not estimated demolition waste
streams and materials required for reconstructions caused by SLR. The information on demolition waste
streams and materials required for reconstructions can be extracted by the concept of material stock
analysis (MSA). MSA is a method developed in the field of Industrial Ecology that allows the estimation
of the amount of materials in use in the socio-economic sphere of our societies [27,28]. This tool has
been used for estimating the mass of materials lost during the Great East Japan Earthquake [28]; waste
flows coming from demolitions [29,30]; or the potential for urban mining [31]. To date, the concept of
MSA has yet to be combined with vulnerability assessments that focus on SLR.

This study develops a novel methodology for an estimation of construction material amounts
through a hybrid combination of geospatial analysis and material stock analysis, applying and
evaluating it to the case study of the Republic of Fiji. This novel methodology can be applied to small
islands/coastal regions for the estimation of lost material stock (MS) caused by the SLR. The Republic
of Fiji was chosen as a case study area because it represents a typical Small Island Developing State due
to a relatively high population density living along the coast, as well as the country’s limited climate
adaptation capacity. In the following section (Materials and Methods), data sources and an introduction
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to the case study area, as well as a detailed explanation of the methodology are provided. In Section 3
(Results), the results of the spatial analysis are provided, along with a quantification of the construction
materials (number of buildings and total mass) that will be permanently inundated. The results are
separated by province in rural and urban dwellings. Additionally, high risk areas were identified.
Section 4 (Discussion) provides insights and considerations on the findings. Section 5 (Conclusions)
draws conclusions, discusses the limits of this methodology and points out future research steps.

2. Materials and Methods

This study’s research approach consists of two parts: firstly, a Geographic Information
System-Digital Inundation Analysis Model (GIS-DIAMs) to calculate the number of flooded buildings
and secondly an MSA to estimate the construction material stocked in those. Figure 1 represents a
conceptualization of how the models were combined, while data sources are listed in Table 1.

Geographic information system —

Material stock analysi del
Digital inundation analysis model aterial stock andlysis mode

dministrative
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N f
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Figure 1. Schematic representation of the methodological approach of this study.

Table 1. Data sources used for the Geographic Information System-Digital Inundation Analysis Model
(GIS-DIAM) and the material stock analysis (MSA).

Area of Interest Specification Reference

Enumerations [32]
Administrative boundaries Provinces [32]
Towns and Cities [33]
Open Street Map data [34]
Building data Satellite imagery [35]

Buildings per province [36,37]
Elevation data Government data [38]

Permanent sea level rise based on
Inundation data Intergovernmental Panel of [2]
Climate Change (IPCC) prediction

Construction types commonly
used on Fiji

Area of a building [34]

Construction typologies [39]

Please refer to Supplementary
Information Table S1 for the references
on the determination of the number of

floors within urban areas

Material intensities in kg/m2 [28,31,39-44]

Material intensities Spatial distribution per province
and construction type

Gross floor area
Number of floors in urban areas

[32]
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The GIS-DIAM analysis enabled the identification of the number and location of buildings,
subdivided per province and into rural and urban areas, subjected to inundation due to SLR. Using
this result, the percentage of buildings inundated was estimated in comparison to the total number of
buildings per province, also subdivided into rural and urban areas. The MSA was then conducted
by assigning for each inundated building a construction typology, which carries information on the
typical material intensities per m?. This information was then crossed with data on building size to
estimate the amount of the materials concrete, steel and timber potentially lost due to SLR.

2.1. Case Study Area

The Republic of Fiji is a group of islands located in the South Pacific. Its population accounts for
881,000 people living on 18,000 km?, subdivided on 300 islands, of which 100 are inhabited [45]. Fiji's
coastline measures around 1130 km [45] where 90% of the population lives and where the biggest
urban regions, Lautoka, Nadi, Labasa and the capital Suva, are located [46]. This study focuses on the
two main islands of Fiji, Viti Levu and Vanua Levu, where 96% of the population lives [33].

In 2017 and 2018, on average, 626 buildings valued US$73.63 million were constructed each
year [36,37]. In 2014, the village of Vunidogoloa, located in the Republic of Fiji, had to be relocated due
to coastal erosion and storm surges caused by climate change induced SLR [22,47]. It cost approximately
US$500,000 to relocate the residents 2 km inwards from the coast [22]. It is predicted that until 2050,
with reference of a SLR of 0.26 m relative to the years 1986-2005, 30,000 Fijians occupy land vulnerable
to the SLR. Until 2100, with a predicted SLR of 0.59 m relative to the years 1986-2005, 80,000 Fijians
occupy land vulnerable to SLR [6].

In 2017, the government of Fiji began planning adaptation actions to counter the effects of
SLR. Highly affected areas were identified and the relocation of several settlements was forecast.
The government additionally plans to secure funds, to focus on better management of natural resources
and to increase their human capital by investing in the education of engineers and by training
existing technical stuff [21]. Moreover, it plans to increase resilience in communities by identifying
the most vulnerable villages [14] and by protecting urban coastlines from the effects of SLR [19].
According to The World Bank [14], the Fijian government foresees the relocation of settlements where
storms are happening in a frequency that makes the settlements unable to live in on a long-term
view. The government further plans on improving the current Digital Elevation Model of Fiji using
LiDAR (Light Detection And Ranging) data, which will enable more detailed and accurate inundation
analyses [14].

2.2. GIS-Based Digital Inundation Analysis Model (GIS-DIAM)

A digital elevation model of the two main islands of Fiji was taken as primary data. This model
carries orographic information of the islands. Further data include a detailed 2D representation of
the existing buildings. Moreover, metadata on the administrative boundaries of the region was used.
Using ArcGIS, a popular software for GIS analyses, a simulation of the inundation areas due to SLR
was conducted. Predictions on SLR are based on predictions by the IPCC [2]. Results are calculated
for the years 2050 (scenario 1) and 2100 (scenario 2). This simulation generated two GIS-DIAMs
which highlighted the number of inundated buildings per province, further discerned in rural and
urban areas.

2.2.1. Elevation Data

Height information to was directly provided by the Geospatial Division of the Ministry of Lands
& Mineral Resources Fiji [38]. The data’s spatial resolution is not reported in the document, and,
when inquired, the Ministry did not provide an answer. To overcome this limitation, we assumed that
this data is generally based on satellite data displaying surface elevation rather than terrain height.
This is due to a constantly displayed height difference when comparing densely forested areas with
open spaces located in close proximity. Additionally, the Fijian DEM was compared regarding its
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accuracy to elevation data by the United States Geological Survey, Shuttle Radar Topography Mission
(SRTM) data [48] and to data by the Japan Aerospace Exploration Agency, Advanced Land Observing
Satellite (ALOS) data [49].

2.2.2. Inundation Data

Inundation is predicted for the years 2050 (scenario 1) and 2100 (scenario 2). The dates were
chosen to provide an overview on two different epochs in future time, one happening relatively soon
and one relevant for long-term planning. Maximum tide inundation, including storm surges, were not
incorporated in this study, because it is unable to accurately predict for which inundation interval
a building is unusable. For the inundation data, only the permanent SLR is incorporated into the
GIS-DIAM, which means that it does not take into consideration tidal effects.

This permanent SLR is based on the global SLR predictions by the IPCC’s Fifth Assessment Report.
SLR was chosen on a global scale, relative to the period 1986-2005. It was chosen in reference to RCP
2.6 and RCP 8.5. The likelihood of the SLR refers to a ‘likely range’ as referred to by the IPCC, meaning
a probability of 66%—-100% [2].

The IPCC [2] predicts, for the period 2046-2065, a minimum SLR of 0.17 m (RCP 2.6) and a
maximum SLR of 0.38 m (RCP 8.5). As the report does not provide tabular data for the year 2050,
the authors assumed an SLR of 0.22 m for the year 2050 (scenario 1). The value for 2100 was determined
as the average of the lowest value predicted for RCP 2.6 (SLR of 0.28 m) and the highest value predicted
for RCP 8.5 (SLR of 0.98 m). Thus, an SLR of 0.63 m is expected on average [2].

2.2.3. Administrative Boundaries and the Spatial Localization of Buildings

The Fiji are divided into 15 provinces and 1602 enumeration areas. Data on administrative
boundaries were downloaded from the PopGIS 2.0 platform which is managed by the Fiji Bureau of
Statistics, based on the 2007 Census [32]. GIS data locating 89,628 Fijian buildings were taken from the
Geofabrik platform, which retrieves data from Open Street Maps [34]. The data were then tested for
their accuracy using satellite imagery by Esri et al. [35]. It was evident that Open Street Maps data do
not cover all the buildings on Fiji’s coastline. Therefore, an additional 6979 buildings were manually
drawn as points in ArcGIS based on the satellite imagery by Esri et al. [35].

2.2.4. Separation between Urban and Rural Areas

The number of inundated buildings was calculated according to the province a building is
constructed, subdivided in urban and rural areas. In this study, an area was classified as urban when it
is listed as 1st category urban area in the 2007 Census of Population and Housing [33]. The government
defines cities and towns by their urban attributes, their economic activity and their population size [50].
In the 2007 census, twelve areas are listed as 1st category urban area. The enumeration areas which are
located within urban zones were subsequently manually assigned using the satellite imagery by Esri et
al. [35].

2.3. MSA-Based Construction Material Stocked Model

To calculate the materials stocked in buildings subject to inundation, an MSA was conducted for
characterizing the structural materials typically used for buildings on Fiji: concrete, steel, and timber.
Using the ‘Select By Location’ tool by ArcGIS, a building was referred to as inundated if its polygon
or point was within the features of the inundation layer. To proceed, an equation first described by
Tanikawa et al. [28] was modified as in the following Equation (1):

4
MSk = Z[MIK,an: (GFA;))
i—=1

j=1 i=

)
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where MS; is the stocked amount of a specific construction material k, MIj ; is the material intensity
of the construction type j and material k, and GFA; , is the gross floor area of the i-th building per
construction type j. Note that the index j goes from 1 to 4 as there are 4 building typologies, while i
goes up to 7 as there is a variable number of buildings for each typology.

2.3.1. Construction Types

Buildings in Fiji can be classified into 4 building typologies, depending on the material used for
their walls: cement block masonry, timber frame cladded by timber panels, timber frame cladded by
steel panels [39], and reinforced concrete [44]. Traditionally, Fijian buildings have one story, concrete
foundations and steel based sheets as roof [39]. While cement block masonry, timber cladded and
iron cladded buildings appear in both rural and urban areas, buildings based on reinforced concrete
are only constructed in cities where houses typically have more than one story. This includes the
city of Suva (three floors) as well as the cities Nadi, Labasa, Ba and Lautoka (all with two floors).
See Supplementary Materials §1 for a list of the data sources used to determine the number of floors
per city.

The Fiji Bureau of Statistics provides the average distribution of construction typologies used in
each one of the 1602 enumeration areas [32]. This served as a basis for allocating to each province the
share of each construction type, separated in rural and urban areas. As it is impossible to know exactly
the actual construction type for a specific building from an aerial photo, we assumed the typologies of
inundated buildings as proportional to the share of typologies in a certain enumerated area. Please
see Supplementary Materials §2 for more information on the distribution of construction typologies
per province.

2.3.2. Material Intensities

Table 2 shows the material intensities used for the MSA. To date, no typical material intensities for
the construction types defined have been published, for Fiji nor for any other region in the world. Thus,
material intensities were calculated by the authors manually. The material intensities of buildings
with walls based on cement block masonry, timber sheets and steel based corrugated iron sheets were
based on a housing construction manual provided by the Habitat for Humanity [40] in combination
with baseline data on local building structure and materials published by Caimi et al. [39]. Details on
calculations can be retrieved in Supplementary Materials §3.

Table 2. Material intensity per construction type (kg/m2 of gross floor area) [28,31,39-44].

Construction Type Layer Concrete Steel Timber

Foundation 1200 0 0

. Wall 624 0 0

Cement bricks Roof 0 5 1
Total 1824 5 1

Reinforced concrete Total 1416 104 0
Foundation 108 0 56

Wall 0 4 4

Steel cladded Roof 0 4 1
Total 108 8 61
Foundation 108 0 56
. Wall 0 0 36
Timber cladded Roof 0 5 1
Total 108 5 94

Information that helps with calculating the material intensity of multi-storied reinforced concrete
buildings is not reported in Habitat for Humanity [40], nor in Caimi et al. [39]. It was assumed that
multi-storied reinforced concrete buildings on Fiji are built in a similar way as they are in other regions
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of the world. Therefore, data was retrieved from research previously conducted by Cheng et al. [31]
for buildings in Taipei, Taiwan. Here, Cheng and colleagues cite research by Chang [41]. Subsequently,
all material intensities were compared to the values published by Tanikawa et al. [28], which lists
material intensities by Nagaoka et al. [42] and Tanikawa and Hashimoto [43].

2.3.3. Gross Floor Area (GFA)

The total gross floor area of inundated buildings was not directly retrievable from the GIS data, as
we identified over 7000 buildings that were not mapped. For this reason, a probabilistic approach had
to be implemented.

The estimation of the total footprint of inundated buildings is reported in Equations (2) and (3):

Fptntal,urbun,p = Fpavg,urbnn,p'nurban,p (2)

Fptotal,ruml,p = Fpavg,mml,p'nrural,p (3)

where FPyyt1, urban, p indicates the total building footprint (expressed as m?) of inundated buildings
located in urban areas of the province p; FPyyg urban,p Teports the average footprint (expressed in m?) of
an inundated building in urban areas of the province p; and 1,4y,  is the number of buildings that are
inundated in urban areas of the province p. Equation (3) is identical to Equation (2), the only difference
being that it refers to rural areas rather than urban ones.

The average area of a building was estimated based on the average area of those buildings that
were withdrawn as polygons from Geofabrik GmbH and OpenStreetMap Contributors [34]. Please see
Supplementary Materials §2 for a list of the average area of a building per province.

The calculation of the total gross floor area of inundated buildings in a certain province is shown
in Equation (4):

GPAfutuI,p = Fptotal,urban,p'Floorsurban + Fptotal,ruml,p @)

where GFA g is the total floor area which is going to be inundated in the province p; and Floors,pa,

indicates the average number of floors present in buildings in the urban area of the province p. Note that

there is not a term floors for the rural area, as buildings in rural areas are always limited to a single story.
The total gross area of a province is then discerned into typologies as per Equation (5):

GFAjp = GFAupuatp0ip (5)

where GFA;, is the gross floor area of the construction type j in province p; and v;,, is the ratio of
building having type j in province p, as calculated in Equation (6).
iy

Vi, = (6)
mw Miotal p

where v;, is calculated as the fraction between the number of buildings having type j in the province p
(1) over the total number of buildings in the province p (1;pta1,p)-
The overall gross floor area is the calculated as in Equation (7):

15
GFA; =) GFAj, @)
p=1

where GFA;| is the overall gross floor area for the construction type j. Note that p goes from 1 to 15,
as there are 15 provinces in this case study.
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3. Results

The following Section 3.1 illustrates the results of the spatial analysis of the sea level rise,
while Section 3.2 displays the results of the material stock analysis. A machine-readable Supplementary
Data File with the values used to plot Figure 2, Figure 3, and Figure 8 is provided.
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Figure 2. Number of inundated buildings in urban and rural areas of Fiji by province. Scenario 1 refers
to projections to 2050 (+ 0.22 m), scenario 2 refers to projections to 2100 (+ 0.63 m).
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The inner circle represents the percentage for 2050 (+ 0.22 m); the outer circle represents the percentage
for 2100 (+ 0.63 m).
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3.1. Results of the GIS-DIAM

Figure 2 displays the number of inundated buildings per province in both scenarios, separated in
rural and urban areas, while Figure 3 indicates the percentage of all existing buildings that will be lost
in scenarios 1 and 2. The results illustrate that buildings along coastlines will be affected and that every
province will suffer losses, albeit to different extents. In total, 7472 buildings will be inundated by 2050
and 10,304 by 2100. This is equivalent to 4.5% of the overall number of currently existing buildings in
scenario 1 and 6.2% in scenario 2. Until 2050, the average number of inundated buildings per year will
be 241. After that, the rate decreases 57 buildings per year on average.

The rural proportion accounts for about 80% in both scenarios. Nevertheless, Fiji’s major urban
areas Suva, Lautoka, Lami, Labasa, Nasinu and the suburban region in Nadi will be heavily affected.
Of all the inundated buildings in Serua, Cakaudrove, Nadroga Navosa, Namosi, Ra, and Tailevu,
over 90% is located in rural areas. Conversely, the provinces of Naitasiri and Macuata are expected to
experience the majority of their inundated buildings in urban areas.

The spatial distribution of the inundated buildings in 2050 is plotted in Figure 4 (Vanua Levu)
and Figure 5 (Viti Levu). The total number of inundated buildings is the highest in Ba (1737 buildings),
Rewa (1450 buildings), and Tailevu (1127 buildings). Yet, the percentage of buildings inundated
in comparison to the total number of buildings is the highest in Serua (20%), with one out of five
buildings flooded. It is remarkable that less than 2% of the buildings in Naitsairi and in Namosi will be
directly affected.

N

Vanua Levu ]

Legend

o City or town
« Inundated building

Inundated buildings [%]
1 049-5.00
/4 [ 5.01-10.00
. I 10.01-15.00
20 = 1501-20.00
ve I 20.01 - 25.00

Scale
e —— kM
0510 20 30 40

-

Figure 4. Distribution of permanently inundated buildings in Vanua Levu in 2050. Each province is
colored according to the percentage of inundated buildings compared to the total existing ones.
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Figure 5. Distribution of permanently inundated buildings in Viti Levu in 2050. Each province is
colored according to the percentage of inundated buildings compared to the total existing ones.

Areas with many buildings being inundated in a relatively small spatial frame can be identified in
the town centers of Lami and Labasa, as well as in the peri-urban areas of Nadi, Nasinu, and Lautoka,
including industrial and touristic locations. Additionally, the south eastern part of Viti Levu, which is
broadly and relatively densely settled, is expected to face large inundations.

The spatial distribution of the submerged buildings for 2100 is plotted in Figures 6 and 7. There is
a relatively low difference in regard to the amount of buildings predicted to be inundated in 2050 and
2100: compared to a SLR difference of 182% between the two, the number of inundated buildings
increases by only 38%. Nevertheless, the rise of inundated buildings in urban areas increases by 58%,
with Ba (146%) and Naitasiri (90%) being affected the most. Naitasiri, and furthermore, Bua and
Nadroga Navosa also show a relatively high rise regarding the additional inundation of rural buildings
in 2100.

The province with the highest number of inundated buildings is still Ba (2500 buildings), followed
by Rewa (2009 buildings) and Tailevu (1460 buildings). Serua remains the most affected province,
with 23% of its currently standing buildings expected to be permanently underwater by 2100.
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Figure 6. Distribution of permanently inundated buildings in Vanua Levu in 2100. Each province is
colored according to the percentage of inundated buildings compared to the total existing ones.

N

Viti Levu A

Legend

o City or town
« Inundated building

Inundated buildings [%]
[ 049-5.00

¥ 5.01-10.00

I 10.01 - 15.00

I 15.01 - 20.00

W 20.01 - 25.00

Naitasiri

Scale
e ——— kM
0510 20 30 40

¢

Figure 7. Distribution of permanently inundated buildings in Viti Levu in 2100. Each province is
colored according to the percentage of inundated buildings compared to the total existing ones.
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3.2. Results of the MSA

Figure 8 plots the lost material stock for the 2050 and 2100 scenarios (an equivalent table can be
retrieved in the Supplementary Materials §4, and in the supporting data file for a machine-readable
format). Our simulation predicts that, by 2050, 816 gigagrams (Gg) of concrete, 52 Gg of timber and
32 Gg of steel is stocked in buildings that are likely to be inundated. On average, every year will see
26 Gg of concrete, 1.7 Gg of timber, and 1 Gg of steel rendered unusable because of SLR.
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Figure 8. Amount of construction materials lost in gigagrams (Gg) due to sea level rise in Fiji. S1 refers
to the 2050 scenario (+ 0.22 m); S2 refers to the 2100 scenario (+ 0.63 m). The blue colors indicate
materials located in rural areas, while the red colors represent urban areas.

In both scenarios, concrete accounts for about 90% of the total material lost by mass, followed by
timber and steel, with 6% and 4% respectively. Steel will be mainly lost in urban areas while timber and
concrete mainly occur in rural areas, due to the prevalence of this construction type in more urbanized
areas. In total, most material will be lost in the provinces of Ba, Tailevu, Serua, Nadroga, Navosa,
and Rewa.

The differences between the 2050 scenario and the 2100 scenario are proportional to the number of
buildings that are additionally inundated in scenario 2. While steel rises by 62%, concrete rises by only
26% and timber by 34%. Those values are similar to the increases that can be seen when observing the
changes of buildings being inundated in rural areas (33%) and urban areas (58%). The amount of lost
material grows more than 100% in the urban areas of Naitasiri and Ba.

4. Discussion

It is unknown to which extent SLR induced by man-made climate change will influence future
resource demand and waste flows. However, this aspect needs to be considered in regard to adaptation
actions, especially in countries characterized by large coastal regions with limited economic possibilities
and resource availability. One first step in trying to fill this knowledge gap is to estimate the material
stock that will be lost due to the permanent inundation of buildings. This study is a first attempt at
quantifying the amount of materials rendered unusable by SLR. By explicitly quantifying the number
of buildings and amount of materials that will be under water, policymakers have a valid dataset
which can contribute to planning adaptation actions to climate change.
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The results show that the main material that will be lost is concrete, a structural material which
is notorious for its high carbon emissions and energy requirements [51,52]. This is bad news for
the environment but it is also an opportunity for transitioning towards more sustainable building
solutions. Fijian policy makers are in time for planning relocations, incentivize the use of alternative
structural materials, and consider appropriate actions for the large amount of concrete that will need to
be demolished. Concrete can be recycled into new concrete [53-55], or downcycled for the formation
of road beddings and railway ballasts [56-58]. Timber can be carefully disassembled and used in
new constructions [59-61], or it can be used for generating energy [62-64]. Steel should be brought
to smelting facilities and remanufactured into new steel products [65]. The fraction of materials that
cannot be kept within the economy should be opportunely disposed in landfills, whose number,
location, and size should be discussed with local communities and waste managers. The discussed
waste treatment would require the establishment of new recycling and incineration facilities. Therefore,
reusing and recycling demolition materials should be considered and will likely bring benefits to the
environment in the long term, but will add to the costs of relocation in the short term (e.g., operation
costs, facility costs, labor costs).

By 2050, the total expected demolition flows due to SLR are 900 Gg, averaging 30 Gg per year.
Considering that in 2017 and 2018, the amount of construction materials in new buildings was on
average 1170 Gg per year [36,37], SLR demolition flows equate to 2.6% of the total yearly material
requirements for new constructions. Such a small fraction has the potential for being absorbed into
new constructions without the need for dumping materials into landfills—albeit this does not consider
demolition flows coming from normal activities not related to SLR. Fijian policymakers should consider
facilitating the inclusion of construction and demolition waste into new buildings by legislating
opportune regulations.

While concrete and timber are mainly lost in rural areas, urban areas show a large amount of steel
loss. Nevertheless, adaptation policies might prevent urban areas from being flooded (e.g., constructing
dams), which would thus protect existing buildings and prevent their demolition.

In both scenarios, rural buildings account for more than 80% of the inundated buildings. This is
indicative of the fact that largest settlements are located inland, while coastlines are characterized
by scattered buildings. The retreat of coastlines will push people further inland, likely increasing
urbanization rates and shifting material demands toward reinforced concrete, as this is the preferred
structural material used in cities. Future research shall include the influence climate change has on
migration patterns in Fiji.

The relocation of Vunidogoloa cost US$15,625 per house [66]. If applied to the number of inundated
rural buildings in this study, this would tally to US$96.13 million for scenario 1 and US$128.42 million
for scenario 2. Yet, this simple estimation does not take into account the full impact of SLR, as aside of
relocating, people will lose agricultural land. Considering that over 80% of inundated buildings are in
rural areas, the people affected by SLR will have either to purchase or be assigned new land, or find
different occupations in cities. A thorough analysis of the economic implications of the impacts of SLR
on the Fijian economy should be addressed by future research.

The overall difference between scenario 1 and scenario 2 (+ 28%) is relatively low in comparison
to the difference of SLR between the two (+ 182%). These findings shed new light on the results
of Gravelle and Mimura [13]. While any increase in SLR will results in a proportional reduction
of land, the same does not hold for buildings, as losses are dependent on their spatial distribution.
This shows that there is not necessarily a relation between the total area inundated and the number
of buildings flooded, and that for an accurate assessment of the techno-economic impacts of SLR on
human settlements specific studies are needed.
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5. Conclusions

5.1. Conclusions

This study presents an estimation of the lost construction material stock due to the permanent rise
of sea levels caused by man-made climate change. The results are designed to provide governments,
research institutions, non-government organizations and residents a statistical foundation for
sustainable long-term planning. In particular, they can be used as baseline data for processes
of spatial planning, especially to identify highly affected areas and to plan potential resettlements.

This methodology can be easily applied to other regions and can be fairly simply automated
through the use of ArcGIS ModelBuilder or similar applications. This would provide vital information
to local and national policymakers for deciding on the best course of actions to adapt to climate change
and prepare for the consequences of SLR.

The present study could be expanded in various directions. The GIS-DIAM showed that
infrastructure, especially the coastal highways on Viti Levu, are threatened by inundation. While this
will not generate demolition flows, as roads are rarely removed [67], new roads will need to be
constructed. To plan future material consumption even more sufficiently, future viability plans and
associated material requirements should be considered. Additionally, more precise material indicators
which include additional materials such as glass, aluminum, or copper, should be calculated to increase
the robustness of the results.

Relocations, waste flows, loss of agricultural land, and future resource demands could be placed
in a more encompassing economic model to quantify the overall costs associated to SLR. If possible,
integrating the current digital terrain model with a digital elevation model which includes buildings
could allow for the calculation of the exact height of constructions. Moreover, a highly detailed LIDAR
map should be used to analyze in more detail the inundation pattern. This would allow for the
possibility of simulating water barriers, allowing for the study of different solutions in relation to their
cost and effectiveness. For better predictions, future research should consider increasing the epochs in
future time where inundation maps are generated for. By doing so, trends can be better analyzed and
the study’s predictions could be compared to what has actually happened in the future. The present
study’s results could be additionally used on Fiji to create maps with secondary resources including an
approximate date on which they would become available.

5.2. Limitations and Assumptions

The main limitation of this study comes from the limited data available in relation to building
typologies and construction techniques, which is a common problem when conducting research in
developing regions [68]. Material intensities differ for each building, while construction typologies
are not provided in official maps. The spatial distribution of the typologies, as well as material
intensities, were thus assigned on a provincial level rather than being specifically assigned to each
building. Additionally, official maps do not report the number of floors for each building, and digital
elevation maps only report the terrain height instead of the actual ground elevation. Moreover, over
7000 buildings that were visible from aerial photos were not included in the vectorized digital maps,
and had to be manually added.

Additional limitations occur from the DEM and the predicted SLR in regard of a certain point of
time. The choice of the years the study was conducted for is to give an overview on two periods in
time, one relevant on short-term planning and one relevant on long-term planning. The results stay
relevant even if SLR predictions change and therefore provide a good orientation. The accuracy of the
DEM is unknown, which unfortunately limits the accuracy of the results. However, this DEM was the
best accessible DEM for Fiji during the time this research was conducted (June 2019). Further, this
study is meant to provide an overview on the situation and identify the most critical areas rather than
presenting highly detailed results on MS. Manual observation was used as a comparative method
to verify whether the federal data are more suitable than the SRTM data or the ALOS data. Using
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ArcMap, it was proven that the governmental data are more consistent and furthermore, less restricted
by the limitation of displaying surface elevation heights rather than ground elevation heights. This is
particularly due to the fact that the governmental data incorporate the limitation of showing surface
elevation more precisely than the SRTM data and the ALOS data. Research was performed to identify
whether lost material stock in buildings inundated due to climate change induced SLR is an issue that
should be considered in further climate change adaptation research and policies.

Further limitations can be found regarding the implications of actions to adapt to climate change.
The construction of water barriers can significantly change the predicted inundated areas, rendering
buildings that were predicted to be underwater still usable. As it is not possible to forecast if and when
a water barrier will be constructed, this study disregards this option and presents results as if no water
barriers will be erected.

In addition, results account only for buildings which will be actually inundated. Buildings which
are not inundated might be included in relocation processes, especially in those cases where the
majority of the buildings in a village will be flooded. This decision has to be considered from case to
case and is therefore not possible to be included in this study.

Storms, coastal erosion, and the salination of agricultural land and water storages might cause
additional relocations. Models on the permeation of seawater in agricultural land and aquifers are
required to include these aspects for a more accurate prediction.

This study neglects approximately 36,000 people (about 4% of the national population) that are
not living on the two main islands. These primarily rural residents could cause further challenges
because relocations can eventually not happen on smaller islands and therefore increase the density of
the larger islands.

In spite of its limitations, this study was conducted to provide an overview on the situation and
its significance for climate change adaptation. The limitations do not influence the goodness of results
in a way that would result in significant differences.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/3/834/s1,
Table S1: Typical number of floors in buildings by province, including references, Table S2: Distribution of
construction typologies per province for scenario 1 (2050), Table S3: Distribution of construction typologies per
province for scenario 2 (2100), Table S4: Material intensities of cement block masonry walls, construction typology
based on [13], measurements based on [14] densities according to [15] (concrete), [16] (steel), [14] (timber). Note
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Abstract: This paper investigates the interrelations between social metabolism and socio-ecological
sustainability in the Faroe Islands in a long-term perspective. It traces the trajectory and changes
in socio-metabolic configurations from the time of settlement until today and shows how social
metabolism has increased to very high per capita levels during the past century. The analysis departs
from the recognition that a decrease in social metabolism, i.e., a net reduction in throughput of natural
resources in human economies, is necessary in order to curb the impending ecological crisis. It is
argued that parallel to the growth oriented formal Faroese economy, economic food-provisioning
practices rooted in the traditional, and ecologically sustainable, land management system continue to
be practiced by Faroese people. These practices can be conceptualized as practices of so-called “quiet
sustainability” and their contribution is estimated in bio-physical metrics of weight. The analysis
shows that practices of “quiet sustainability” contribute significant quantities of certain food items to
the local population thereby enhancing food security and food sovereignty. Moreover, these practices
are an integral element in the biocultural diversity, which has constituted the Faroe Islands for close to
two millennia. Therefore, they should be considered real alternatives to import-based consumption
and taken into account in sustainability discourse and policy to a higher degree than is currently
the case.

Keywords: social metabolism; island metabolism; quiet sustainability; Faroe Islands; landesque capital;
historical political ecology

1. Introduction

On a global scale, and in a long-term perspective, current levels of resource use in human economies
are not sustainable. As natural capital is spent at a faster pace than it is replenished, the capabilities of
the earth system to provide vital ecosystem service are undermined, and critical planetary boundaries
for a safe human operating space are transgressed [1-4]. The scale of global environmental change
is unprecedented in human history [5] and the consequences on the climate and other crucial
ecosystem functions have long been reported. More recently, this research is synthesized by the
IPCC (Intergovernmental Panel on Climate Change) and the IPBES (Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services). Achieving a high quality of life for more than seven
billion people without destabilizing planetary processes and undermining fundamental ecosystem
services remains a formidable challenge, and it requires a reduction in absolute resource use and
thereby a reduction in social metabolism [6].

Islands are “good to think with” [7], and the paper addresses the above mentioned challenge
thinking with the case of the Faroe Islands, or the Faroes, a small island nation in the North Atlantic.
As boundaries are more easily discernible on islands, they offer great potential in the study of crucial
issues pertaining to sustainability such as biocultural diversity, and the social organization of material
and energy flows [8-11].
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This particular case study offers an opportunity to think about sustainability and human
well-being by looking at social metabolism in the Faroes in a long-term perspective. It traces
the emergence of an ecologically sustainable land management system from the time of settlement
around 300 AD and identifies economic practices carried out by Faroese people today rooted in
this system. It also briefly traces the emergence and development of industrial metabolism during
the twentieth century. As has been shown to be the case for other island societies [12], the Faroes
experienced substantial transformations after the 1950s, which entailed increased resource dependence
beyond the islands” geographical borders. The Faroese trajectory can be compared with the metabolic
profiles of other small island states such as Iceland and Trinidad and Tobago, which have been described
by Krausmann et al. [11] as examples of high-income island economies with very specific resource
use patterns. In the case of the Faroes, an export-oriented fishing industry (and in later decades also
aquaculture) is driving very high, and increasing, levels of material and energy use per capita [13].
The geographical isolation combined with a metabolic profile of high-level resource extraction, and high
dependence on imports, makes island societies vulnerable to economic and ecological flux. One extreme
case to illustrate this point is Nauru, where phosphate mining devastated local ecosystems to a very
large degree and where the social and cultural consequences of such devastation are evident [14].
To counter this development of increasing dependency, many island societies have consciously sought
to reconnect their island economies to their natural systems, but such recoupling presents several
challenges related to questions of resilience, vulnerability, and sustainability [12].

Social Metabolism, Biocultural Diversity, and Diverse Practices of Quiet Sustainability

Reversing the trend of growing social metabolism without compromising human well-being is
arguably the key challenge for sustainability science. While much focus remains on technological
solutions, the cultural dimensions of sustainability are often neglected, together with the realization
that the process of increasing social metabolism is also a process of increasing biodiversity and cultural
loss. In other words, increasing social metabolism is very often a process of decontextualization [15]
and of biocultural homogenization [16,17] often entailing environmental and social injustices and
tradeoffs [18]. As Rozzi [16] has argued, in the context of global socio-environmental change, the world
views, knowledge, and practices of sustainable cultures should be respected and eventually adapted
through intercultural exchange. This article explores how practices rooted not in other cultures,
but in an ecologically sustainable cultural past may be adapted, or reevaluated and enhanced in a
modern, high-resource use context. In a recent review of Pacific small island knowledge-practice-belief
systems, McMillen et al. [19] argue that such systems include valuable insights on ecological processes
and management of biocultural diversity relevant for resilience and adaptability, particularly regarding
the effects of climate change. The argument put forward here is that such knowledge systems
are not only crucial for adaptability to climate change, but also in mitigation. The recognition of
the importance of traditional and indigenous knowledge in land and resource management is not
new [20] and is visible, for instance, in article eight in the Convention of Biological Diversity and
the accompanying Akwé: Kon guidelines, but in most policy context it remains at the margin of
mainstream development discourse. However, as the consequences of mainstream “development”
become evident, the importance of nurturing and conserving local and culturally specific economic
practices and habits is increasingly recognized.

In the following analysis, economic practices in the Faroes, rooted in the traditional land
management system, are identified as practices of “quiet sustainability.” Smith and Jehlicka [21]
have defined quiet sustainability as long-standing forms of food self-provisioning, i.e., the growing
and sharing of food as common practices carrying environmental and social benefits, yet it receives
little consideration in academic literature and policy discourse on sustainability. Practices of quiet
sustainability are everyday practices with low environmental impacts. Such practices, in the Faroese
context, can also be conceptualized as a form of diverse or alternative economic practice, as defined
by Gibson-Graham [22]. From a physical perspective they are rooted in a traditional socio-economic
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system where nutrients and biomass were recycled, and which was primarily oriented towards
local consumption and self-provisioning. From an ideological perspective, they are rooted in
land management traditions, which were governed by a so-called limited-good world view [23].
These characteristics distinguish them from the economic practices and moral principles characterizing
and organizing the growth oriented industrial metabolism of the Faroes.

In order to illuminate the distinctions between industrial social metabolism and the
social metabolism of quiet sustainability, the analysis draws on theoretical discussions on
socio-metabolic constellations/configurations, and the implications for long-term sustainability.
Additionally, the analysis draws on theoretical insights from long-term socio-ecological research,
environmental history, and historical political ecology, such as the concept of landesque capital [24-31],
in order to investigate how different socio-metabolic configurations produce distinct forms of capital
stocks, and the role of these capital stocks in resource flow path dependencies [32-34]. One key
insight gained from this body of research and literature is that humans can organize society and social
metabolism in ways that contribute to both sustainability and equality. Accepting this proposition
avoids the analytical confinement to the idea that there is a fundamental contradiction between human
society and the natural environment [35]. Humans, however, can also organize social metabolism in
ways that undermine the very ecological and social foundation of their (or others’) society. Endeavors
to establish and maintain balanced relations between environmental sustainability and social and
economic equality are a central question in (historical) political ecology [36], and the urgency of
this question is becoming ever more apparent as both social metabolism and economic inequality
are increasing [37,38]. Such endeavors towards ecological sustainability and economic equity may
arguably be seen as processes of “islanding” [39]: of perceiving, discerning, and negotiating the
boundaries that define human-human and human-nature interrelations. One way of doing this,
in practice, is to organize economies into separate spheres of exchange. The principle of separate
spheres of exchange has been identified ethnographically in many cultures, and it has been suggested
as a way to “insulate local sustainability and resilience from the deleterious effects of globalization and
financial speculation” [40]. Departing from this point, the aim here is to identify and delineate distinct
spheres or modes of social metabolism co-occurring on the Faroes. The implication is a deliberate
emphasis on the fact that distinct modes of social metabolism do not only belong to certain historical
time periods defined as metabolic regimes [41,42], but that such modes co-occur, and that people,
in their daily practices, switch between socio-metabolic modalities [43,44]. The fact that they are coeval
is of relevance for sustainability science because it demonstrates that alternatives to unsustainable
resource use patterns and strategies are already (quietly) present in society.

One of the traits defining practices of quiet sustainability is that they contribute to sustainability
but without explicitly seeking to do so. These practices are thus already contributing to sustainability
but are not counted as such. The main contribution of this article is to count some of these practices,
and thereby make them count. In other words, to quantify the contribution of the people practicing
“quiet sustainability” in the Faroes to highlight the relevance of these activities as already existing and
potential forces of sustainability, and their importance to food security and food sovereignty in an
island context.

2. Materials and Methods

The Faroe Islands are an island nation in the North Atlantic Ocean comprising 18 islands,
17 of which are inhabited. The population is approximately 51,000, and the land area is 1399 square
kilometers. Ocean territory or EEZ (exclusive economic zone) is almost 274,000 square kilometers.
The Faroes were probably first settled around 300 AD and became part of the Norwegian Kingdom
in the 13th century. Together with Greenland and Iceland, the Faroes were under the Norwegian
and later the Danish crown but gained Home Rule in 1948 and are a self-governing nation with
extensive autonomous powers and responsibilities within the kingdom of Denmark. The Faroes are
often popularly described as a welfare society of the so-called Nordic model, and GDP per capita ranks
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among the highest in the world [45]. Fish has been the main export item for the past century, and fish
products make out 90-95% of the export value.

As the primary ambition with this paper is an investigation of social metabolism in the Faroe
Islands, it draws on methods and methodology in the field of social metabolism [46,47]. While the
official statistics agency of the Faroes produces much relevant statistical material, physical statistics are
not prioritized, and this makes more established methods of material and energy flows, such as MEFA
and MFA, less feasible. Regarding informal economic practices that would fall under the definition of
“quiet sustainability,” even those that contribute significant volumes of food, these are often classified
as “hobbies” within Faroese administration [48], and statistics are not available.

The methods used in this analysis have therefore been adapted to the specific context of the field
and the aim of the study. To provide a metabolic profile and a schematic assessment of Faroese industrial
metabolism, relevant statistical material has been collected from peer-reviewed literature and publicly
available statistical records. The method used to make quantitative estimates of quiet sustainability
practices has been to conduct searches in peer-reviewed literature, gray literature, and statistical
records. In some cases, official statistics are available, for instance statistical records on the Faroese pilot
whale catch go back to the year 1584 and are therefore among the best documented hunting practices
in the world. For other alternative and traditionally rooted economic practices, information is more
obscure and most of the data has been found in gray literature, mostly from government and agency
reports. Data on fowling has been obtained through personal communication with experts in the field.
The practices included in the analysis are therefore those where data were found to base estimates
on. These practices were sheep rearing, potato cultivation, fowling, and whaling. This selection and
methodological approach means that many other practices are excluded, such as the raising of geese,
ducks, and chicken, other forms of hunting and gathering, and more.

The methodology also implies a gendered approach to the economy, emphasizing the male sphere
and excluding food items that are mostly produced by women, such as various kinds of sausages made
from the parts of sheep that are not meat. Likewise, limiting practices of quiet sustainability to food
provisioning practices means excluding other traditional and essential provisioning strategies such
as the production of yarn and clothes through the practices of spinning, weaving, and particularly
knitting, which many Faroese women continue to engage in on a daily basis.

3. Results

3.1. Industrial and Traditional Social Metabolism on the Faroes

Prior to around 1950, Faroese society was sustained to a large degree by material and energy
flows originating within its geographical borders. After 1950, as the Faroes have been increasingly
incorporated into the wider and emerging extractive global economy and global food system, the size
of material and energy flows crossing its geographical borders has increased dramatically. The Faroese
economy is a very clear example of how inclusion into the global market and the development of an
export-oriented industry, in this case fisheries, has led to growing per capita levels of material and
energy use. During the 20th century total catch figures grew from an estimated 1200 tons in 1903
to more than 700,000 tons in 2017 [49] (Figure 1). Per capita, fish catches went from 80 kg in 1903
to almost 14 tons in 2017, corresponding to a 175-fold increase. A large proportion of this catch is
exported, more than 500,000 tons in 2017, corresponding to more than 10 tons per capita. In the quarter
century between 1993 and 2017 total physical exports grew from 176,000 tons in 1993 to 589,093 tons in
2017 [50]. Physical export in 2017 corresponds to more than 11 tons per capita. In comparison, physical
export in the EU is approximately 1 ton per capita [51].
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Figure 1. Total Faroese fisheries catch in the century between 1903 and 2003. Adapted from
Jakupstovu [49].

The revenues from these high levels of export enable a high material standard of living in the
Faroes, but as has been the case for many other island societies, it has also created dependence on
imports to sustain basic human needs and modern economic functions [12]. Revenues likewise enable
large investments and build-up of industrial infrastructure. Much of this infrastructure requires high
levels of resource and energy use to be sustained and to maintain productivity, and the fossil fuel
requirements of Faroese industrial fisheries are very high. Generally speaking, the energy efficiency
performance of industrial fisheries has worsened over time [52], and as fish stocks are becoming
overexploited, greater effort and energy inputs are required. In 2018, the fishing fleet contributed 44%
of total Faroese CO; emissions from the burning of fossil fuels. Another 6% of emissions can also
be attributed to the fishing fleet through the use of greenhouse gases in cooling systems and other
industrial processes. Emissions from fisheries have increased from approximately 200,000 tons in 1990
to more than 500,000 tons in 2018 [53]. Export revenues similarly enable imports of all kinds of artefacts
and consumer goods. Statistics on physical imports are not available, but statistical information on
CO;, emissions and waste production may be seen as indicators of a high import level, since most
consumption goods and all fossil energy are imported. A portion of these goods accumulates in capital
stocks (people, livestock, and infrastructure), and the rest dissipates into various kinds of pollution
and waste. CO, emissions were as high as approximately 20 tons per capita in 2017 [54], and waste
production in the same year was more than 1 ton per capita [55]. In comparison, the production of
municipal waste in Europe was 486 kg per capita in 2017 [56] (See Figure 2 and Table 1).
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Figure 2. Growth in greenhouse gas (GHG) emission in CO; equivalents and total physical exports

since the early 1990s. Source: Statistics Faroe Islands and the Faroese Environment Agency.

The dramatic increase in CO, emissions and in fish biomass extracted from the sea (illustrated
in Figures 1 and 2) attest to the increasing flows of exhaustible resources required to sustain these
industrial processes and the resulting net increase in social metabolism.
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Table 1. Socio-metabolic characteristics of the Faroe Islands for European and global comparison for

the year 2017.
Indicator Faroe Isl. EU World
Population density (people/kmz) 36 118 51
CO, emission per capita (tons CO,/year) 20 7 5
Waste generation per capita (kg/day) 2.9 13 11

Sources: Environment Agency of the Faroe Islands, Eurostat, and the World Bank.

The argument pursued in this paper is that the informal or diverse economy, carried out by
people engaging in practices of “quiet sustainability,” should not be ignored or neglected as part of the
solution to the sustainability challenges of reducing greenhouse gas emissions, and more generally,
of reducing net social metabolism, as well as of conserving and enhancing biodiversity. Dominant
discourses on economy and sustainability in the Faroes are governed by an ideology of growth, an
ideology that is in turn materializing in growing social metabolism. However, alongside or parallel
to this “real” industrial economy is the alternative or diverse economy, which is arguably governed
by different logics and moral principles. The practices associated with the alternative economy are
not necessarily framed as sustainable, often quite the contrary, they are considered backward and
unnecessary. Informal and non-commercial food provisioning practices are not seen as alternatives to
industrially based production and consumption, and they are mostly either ignored or neglected in
policy and physical planning. Many of these practices of quiet sustainability in the Faroes are rooted in
the traditional land management system.

The system and cultural principles organizing traditional Faroese society and social metabolism
is often referred to as the infield/outfield system. The cultivated infields surrounding the villages
were cleared and marked from the outfields with stonewalls and were used to produce hay for winter
fodder for the cows. It has been estimated that around 85-90% of the infield was used for making
hay [57]. The remaining plots were cultivated with barley and swedes. Manure was collected and
used in the barley plots that were worked using the practice of reinavelting (Faroese words in this text
are in italics). This form of tilling, using only hand power, improved the productivity of the land and
increased grass yields in the following years. The practice of reinavelting, first mentioned in historical
sources from the 17th century, seems to have been a method exceptionally well adapted to the Faroese
geography and climate to grow barley under very limiting climatic circumstances, to avoid soil erosion,
and for improving the quality of the soil [58].

The outfields were used for grazing. Sheep grazed all year round, and the cattle grazed from
around May or June until October and were kept in the byre during winter. Based on the information in
farmers journals and other historical material, Guttesen [57,59-62] has suggested that dairy production
constituted more than 40% of caloric intake. Imported grain made up close to 25%, and locally
grown grain made up 8%. Although sheep rearing and sheep products had high cultural prestige,
it contributed less than 20% to the diet, and fish was only 8%. These staple food items were
supplemented with whale, seal, and seabird. The percentages presented above should of course be
taken with caution, and there will have been significant variety during different time periods and in
different geographic locations in the islands, but it underlines the importance of dairy production for
food security in traditional Faroese society. Trade with the outside world was, however, always an
element of the Faroese economy. In return for fish and/or wool products, the Faroese imported grain,
which was a staple in the Faroese diet, timber, which was always in shortage on the treeless islands,
soapstone, and a number of luxury goods [63].

In many respects, Faroese society, from settlement and up until around 1800 can be seen as an
example of a steady state economy. After settlement, the population is believed to have steadily
increased up until around 3000-4000 people and to have remained stable for the next five centuries.
The land, and what it produced, was divided and organized in units of value, which ultimately
measured the material stocks and flows comprising Faroese society in mork, gyllin and skinn. Mork,
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gyllin and skinn were traditional measures of land area, weight, and value, and they continue to govern
traditionally rooted food provisioning practices. One mork is 16 gyllin, and one gyllin is 20 skinn.
One skinn was the value of a sheepskin, and one mork of land could sustain between 40 and 48 sheep.
Half a mork was the minimum requirement to sustain a family. As all land and resources were measured
according to this system, the total number of mork was the calculated and culturally negotiated carrying
capacity of traditional Faroese society [64].

3.2. The Sustainable Roots of Current Faroese Land Use Management Practices

From a long-term socio-ecological perspective, it makes sense to divide Faroese history into three
periods. The first period runs from the initial settlement of the islands around 300 AD and up until
around 1300 AD, when the so-called Sheep Letter Seydabraevid, a royal decree dating to 1298 AD, codified
land management practices that came to dominate and regulate Faroese society during the following
centuries and largely into the modern period. The third period is the period of modernization setting
off around 1800 and during which Faroese society and economy underwent fundamental changes,
going from an agrarian regime to an industrial regime.

It is uncertain when the Faroes were first settled and by whom, but archaeological evidence dates
settlement back to around 300 AD. During the 8th and 9th centuries, historical records document the
arrival of Norse migrants who brought with them their agricultural and cultural traditions. The first
settlement period indicates a larger reliance on the hunting of seals, whales, seabirds, while the
grazing lands were used as a common-pool resource to manage herds of sheep, cattle, and pigs [65,66].
Around 1300, there is evidence of a restructuring of land management and the establishment of the
so-called infield/outfield system. Analyses of the historical ecology of the Faroes have shown that
the Faroese adopted a distinct approach to economy and land management early on, investing in
landesque capital that improved agricultural yields and largely avoided deterioration of grazing
lands [67]. The infield/outfield model also governed sustainable catches of wild seabirds and fish,
whale, and seal, thus creating a sustainable cultural landscape.

The Sheep Letter probably reinforced and formalized the control of resources by the landowner
elite, allowing regulation of resource exploitation and enforcing certain restrictions on the access to
common resources. These management practices were remarkably efficient in avoiding so-called
“tragedies of the commons,” and the management system must be defined as a successful commons
governance regime [68,69]. To acknowledge this achievement should not be understood as any kind
of glorification of traditional Faroese society as these management practices entailed economic and
social inequalities. Social power, hierarchy, and access to resources was intimately associated with
land ownership. However, although the system manifested inherent social differences between people,
there is evidence that people are likely to have had adequate access to food regardless of their social
status [69]. Everyone also had the right to cut peat, which was the only fuel source in the Faroes [63].
Nevertheless, there were also periods of starvation. The reliance on a variety of food sources and
production systems (herding, hunting, gathering and cultivation) made Faroese society relatively
resilient, but when one or more of these sources failed, and it co-occurred with insufficient imports
of grain, people starved. One such period was reported for the years 1808 and 1809 when the grain
harvest was poor, fish catches were limited, and there were no pilot whale catches for a period of
many years.

3.3. From an Agrarian to an Industrial Socio-Metabolic Regime

In 1801 the population had reached 5000 people and systematic efforts to change the traditional
production system were pushed by the colonial authorities in order to intensify and increase production.
The introduction of potato cultivation (which eventually replaced barley cultivation and the practice of
reinavelting), the appropriation of tracts of the outfields for cultivation, and the systematic attempts to
establish an export-oriented fishing industry were colonial projects, which were met with considerable
local protest and resistance [70,71]. With the changes occurring during the 19th century, with a
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considerable portion of the outfields taken into cultivation, the traditional balance between the infield
and the outfield was disrupted. The new cultivated plots were the so called tradir and the people
who cultivated them emerged as a new social category of people, tradarmenn (men of the cultivated
plot), formerly landless people, who were now able to feed themselves. This social category did not
have access to the outfield grazing areas and other land-based resources, but fishing was open-access
and everyone also had rights to whale meat. The cow was still the crucial element in food security,
and one cow per family or one cow between two families, supplemented with fishing and potato
cultivation, provided the required caloric base for poor families. The tradir may be seen as a form of
urban gardening developing during the 19th century and as a source of resilience for long-term urban
food security [72,73].

Although, as has already been stressed, this traditional land and resource management system
is not considered part of the “real” formal economy;, it continues to operate alongside the industrial
system, and it continues to provide people with food and other services. Only two food provisioning
practices in the Faroes have become fully industrialized and mechanized; fisheries and dairy production.
The traditional form of fishing in the Faroes was 1itrddur, which was carried out in wooden oar boats.
Cod fishing, for instance, was typically carried out in wooden boats fitting eight rowers dttamannafar,
and resources from the sea were common and open access [63]. Fisheries became the main industry
in the Faroes during the 20th century, but the practice of 1itrédur, that is, small-scale coastal fisheries,
has continued, both as a commercial practice and as a household and community food provisioning
practice. In a census of the Faroese population carried out in 2011, 28% of Faroese households were
reported to have access to a boat [74]. There is little doubt that titrédur and other non-commercial
and informal modes of food provisioning and distribution contribute significantly to the Faroese
diet, but making estimates is difficult, so it is not included in this analysis. However, with the
commercialization and marketization of fisheries, direct access to fish has declined for some groups or
sections of people in the Faroes. Paradoxically, although catch figures have increased dramatically
during the past century, direct access to fish has been reduced.

While the industrial exploitation of the marine environment is largely oriented towards export,
industrial agriculture is oriented towards supplying the local Faroese market. Dairy production is
the only part of Faroese agriculture that has become fully commercialized and incorporated into the
formal market economy. Dairy production in the Faroes was 148 L per capita in 2017 or 0.4 L per
day per capita, corresponding well with daily recommended intake. The Faroes are therefore more
or less self-sufficient in this respect, but production has become centralized with fewer and fewer
producers and more mechanization, and increasingly dependent upon imported feed and fossil energy.
From a biodiversity perspective, industrialization has entailed a replacement of endemic livestock
breeds with imported breeds suited for industrial milk production. Endemic breeds were smaller and
better adapted to the Faroese landscape [75], and contributed to the improvement of grazing pastures.

3.4. Quantifying Practices of Quiet Sustainability

The resource management practices and principles that have co-evolved from the human-nature
interaction on the Faroes throughout the centuries have proven remarkably resilient. Allowing flexibility
and building on intimate local knowledge, these community level management systems continue to
benefit Faroese people today [69]. The practices, or habits, descending from this system are visible
in the daily practices of quiet sustainability in the Faroes; the cultivation of potatoes and rhubarb in
gardens or fradir, sheep rearing, fowling, and hunting. These are all practices that a large proportion
of Faroese people engage in, some on a daily basis, others less frequently. More than 70% of the
population have been reported to have “supplemented food source available” [74], indicating that a
very large percentage of the population engage in self-provisioning food practices or at least benefit
from them. It is outside the scope of this paper to estimate the total production of “quiet sustainability”
practices in the Faroes. In the following, estimates are made for selected informal economic practices
and results are summarized in Table 2.
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Table 2. Estimated contribution of informal food provisioning practices. Figures refer to estimated
average annual production during the past decades and do not refer to any specific year. Per capita
calculations are based on a total population figure of 50,000 people.

Food Category ~ Total Amount!  Per Capita

Sheep 900 tons 18 kg
Potatoes 700 tons 14 kg
Sea bird 70 tons 14 kg

Whale meat 186 tons 3.6kg
Whale blubber 167 tons 3.3kg
Total 2023 tons 40.3 kg

! Sources to the figures are provided in the text.

3.4.1. Sheep Rearing

Sheep rearing in the Faroes is to a large extent still based on the principles codified in the Sheep
Letter more than seven centuries ago. Sheep rearing is largely non-commercial and organized by
community or kinship, and sheep meat is not exported but consumed locally. The most commonly
quoted figures on sheep numbers in the Faroes is that there are 70,000 mother sheep, and that
50,000 sheep are slaughtered every year. There are historical sources indicating higher numbers of
mother sheep in earlier periods. 18th and 19th century sources mention figures of 75,000, 96,000
and 100,000 mother sheep [48], but changes in the volume of production have not been dramatic.
Traditionally, sheep were vulnerable to drastic climatic conditions, severe winters, or particularly
devastating storms. While climatic conditions still affect the mortality rate of sheep in the outfield,
other factors affecting mortality have been minimized. Use of medication and winter feeding has
lowered mortality. The lowered mortality means that more sheep graze in the outfield, especially
during the winter period, which in turn increases pressure on the grazing areas resulting in soil erosion
and deteriorating quality of the pastures [76]. In summary, while production is perhaps the same or
higher than in previous periods, it is increasingly dependent upon imported animal feed. In addition,
as a result of the increasing pressure placed on the pastures, the bio-productive capacity of the land is
eroded, undermining the potential for future sustainable pastoral food production. As has been shown
in other cases of agricultural industrial intensification, the increase in production can entail negative
sustainability consequences, both locally and in other territories [77]. The estimated yearly production
of sheep meat is around 900 tons, corresponding roughly to around 18 kg per capita [78].

3.4.2. Cultivation (Potatoes)

Traditionally, the main crops cultivated in the Faroes were barley and swedes (brassica), but from
the 19th century potatoes became the staple and more or less replaced other crops. It is difficult to
assess how large formal and informal cultivation of potatoes is, but commercial potato production is
limited. Many people keep their own potato fields in their gardens, for example, or in infield plots.
A few farmers cultivate and sell potatoes, but locally produced potatoes cannot be produced at a lower
cost than imported potatoes. It is estimated that around 700 tons of potatoes are cultivated every year,
corresponding to around 20% of total potato consumption, while the rest is imported [78].

3.4.3. Fowling

Seabirds and seabird eggs were a significant supplement to the traditional Faroese diet, particularly
on islands that had bird cliffs and were so-called birdplaces known as fuglapliss in Faroese. The species
that were harvested were most commonly Atlantic puffin (Fratercula arctica grabae) and common
guillemot (Uria aalge). However, numbers have declined drastically. It is believed that the numbers of
guillemot on the island of Skivoy were as many as two million in the 1950s. Today, it is estimated that
only around 180,000 guillemot nest in all of the Faroe Islands. The reasons for the decline are debated,
but local communities have, in some cases, significantly reduced or totally banned harvesting of some
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seabird species. The most commonly harvested seabird today in the Faroes is the northern fulmar
(Fulmarus glacialis). Fulmar eggs are harvested on the bird cliffs on some islands, and this harvest is
regulated through the traditional land management system. As the young fulmars leave the bird cliffs
in autumn for the first time and are not yet able to fly, they can be more or less picked out of the sea
from a boat. Since the young fulmars are at sea, they have entered the commons and the catch is not
regulated. No reliable statistics are available, but an estimate of total seabird catch in 2007 (including
fulmar, puffin, guillemot, northern gannet, and more) was approximately 140,000 birds [79]. If every
bird provided on average half a kg of food, the total contribution would be 70 tons or 1.4 kg per capita.

3.4.4. Whaling

Whale meat has most likely been consumed in the Faroes since the time of settlement,
and community organized hunting of pilot whales has continued on the Faroes till this day. The fact
that whale drives and distribution of whale catch is mentioned in the Sheep Letter indicates that
the practice of pilot whale hunting or grindadrip goes back to at least the 14th century. Historical
documentation and statistics of grindadrip catches go back to 1584, making it one of the best documented
hunting practices in the world. The whale species hunted by the Faroese is the long-finned pilot whale
(Globicephala melas). When a pod is spotted close enough to the coast, the whales are driven ashore and
killed on the beaches. Pilot whales are not considered a threatened species by the IUCN (International
Union for Conservation of Nature), but because of environmental and animal rights concerns, the
practice of grindadrdp has been highly controversial since the mid-1980s. In spite of this, the Faroese
have so far continued the food provisioning practice of grindadrdp. The size and distribution of a whale
catch is measured in the traditional unit of skinn, and during the past two decades, the yearly average
size of the whale catch has been approximately 4900 skinn. Using the skinn value of 38 kg for meat
and 34 kg for blubber proposed by Bloch and Zahariassen [80], this can be calculated into an average
annual contribution of 186 tons of whale meat and 167 tons of blubber.

4. Discussion

Even if the figures listed in Table 2 represent only a part of alternative local food provisioning
practices, their contribution is significant. Adding together the sources of meat (sheep, pilot whale
meat, and sea bird), the estimated annual amount of meat per person is 23 kg, corresponding to the
world average annual meat consumption per person in 1961 [81]. Globally, meat consumption has
surged, particularly in the more affluent regions of the world, and reached 43 kg per person in 2014.
Current levels of meat consumption in the Faroes are very high, but returning to a local and more
marine-based diet would bring both health and environmental benefits [82]. At the same time, local
consumption of fish has probably declined and has to a large degree been replaced with imported
meat. Considering the nutritional value of fish and the declining access to this local resource, it is mind
provoking to reflect on that fact that if every Faroese inhabitant was provided with half a kilo of fish per
day every day of the year, this amount would still only make out little more than 1% of what the total
Faroese industrial fisheries catch. From a human health perspective as well as from a sustainability
perspective, the consumption of locally caught fish should be encouraged. Here the framework of
quiet sustainability can guide policy initiatives to re-evaluate and support traditional and alternative
principles of resource distribution, such as informal and traditional food networks and forms of sharing,
rather than continuing the process of increased marketization of local (marine) resources.

While the contribution of meat and fat is significant, the food items listed in Table 2 provide only a
few percent of the necessary caloric requirements of the Faroese population, to say nothing of modern
dietary preferences for food items exotic to the Faroes such as fruits and vegetables. The results in
Table 2 also show that although potato production is relatively large (around 20% of total consumption),
the Faroese agricultural landscape is almost exclusively used for meat and dairy production and very
little space is dedicated to cultivation of food crops for direct human consumption. This pattern
reflects the traditional land use described in the previous sections, where imported grain was an
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integral element in the traditional Faroese economy and diet, supplemented with local grain and
brassica production. While local meat and dairy production has remained relatively stable into modern
times, cultivation of food crops for human consumption has probably decreased. Many people still
keep a potato plot, but recently there have also been attempts, both commercial and non-commercial,
to introduce new crops and cultivation practices and to reintroduce traditional practices in order to
increase local production of vegetables and grains. New initiatives more in line with mainstream
global sustainability discourses are also emerging. For instance, urban gardens of a more metropolitan
appearance than the common potato and rhubarb gardens are popping up, and locally produced
food is increasingly promoted as sustainable, healthy, and of a higher quality than imported food.
Here, the Faroese case can be seen in comparison to another island study of dietary change and quiet
sustainability practices. In their study on the Greek island of Samothraki, Petridis and Huber [83]
(p. 263) propose to reinforce the sustainable elements of traditional practices by “associating them with
values that find resonance within the community, such as health, localness, and quality.” In the Faroese
case this strategy has been successful, at least to some extent. One particularly interesting example
is the member group called Veltan, an initiative on the Faroese island of Sandoy, where a group of
community members have organized themselves around the ambition to cultivate and grow vegetables,
and also to preserve and build new knowledge. Veltan members produce food for their own household,
and production is also commercial aiming to provide the Faroese market with local produce. Some of
the recent initiatives can be seen as elements of purposive transitioning and of enhancing resilience and
local production, but not necessarily with ecological sustainability as a primary goal. As in Samothraki,
the desire for healthy, local, “organic” food may be a promising avenue for sustainability transitions of
the food and land management system.

Another aspect of traditional food production, or quiet sustainability practices, which becomes
evident in the analysis, is the fact that production has remained relatively stable during the past
century even if population grew more than three-fold. The number of sheep has remained relatively
stable, as have whale catches. Catches of sea bird have probably decreased, but this is mostly a
result of the dramatic global decline in seabird. This characteristic of agricultural food provisioning
practices in the Faroes may be contrasted with the changes occurring in the exploitation of the marine
environment in the export-oriented industrial fisheries (and aquaculture), where production has
increased dramatically, both in absolute numbers and per capita. In the Faroese case, two distinct
spheres of social metabolism are arguably discernible in the differences between industrial and
export-oriented production, and food provisioning practices that are oriented towards local production
and distribution. Moreover, these distinct modes of social metabolism are producing very different
cultural landscapes. The industrial metabolism of the Faroes consists of large material and energy flows,
and further investments in industrial capital stocks, i.e., infrastructure, serve to reinforce a process of
increasing metabolism that cannot be considered viable, at least not in a long-term perspective, and
neither does it comply with the official sustainability goals of the Faroese Government. (The Faroese
government has signed the Paris agreement and the Faroese parliament also in 2009 unanimously
voted for passing a resolution to reduce greenhouse gas emissions by at least 20% relative to the
2005 emissions level in the decade between 2010 and 2020. In spite of these intentions, greenhouse
gas emissions have increased by almost 10% relative to the 2005 emissions level.) In other words,
maintaining this industrial landscape requires an ongoing and unsustainable flow of resources.

In contrast, traditional social metabolism in the Faroes produced a sustainable, diverse,
and bio-productive landscape. The traditional Faroese land and resource management system
presented in the previous section enhanced the bio-productive potential and capacity of the land to
continually provide vital ecosystem services. This success was partly based on the ongoing investment
in appropriate capital stocks including so-called landesque capital. The concept of landesque capital has
been developed within the field of historical political ecology and may be understood as a specific form
of capital stock, i.e., “enduring, non-alienable anthropogenic modifications of landscapes that increase
physical productivity per unit of space” [84]. It enables an analytical discussion and separation between
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two forms and strategies of growth, namely growth as a result of net increase of in-situ bio-physical
growth, photosynthesis for instance, and growth as a result of resource appropriation from other systems.
As the term of landesque capital enables analysis of this dimension of human-nature interaction, it is
useful for investigating the long-term sustainability and productivity of land management systems,
both in the past and in the future.

Various forms of landesque capital associated with the traditional land management system are
still visible in the Faroese landscape. The stone walls, which marked the border between the infield and
the outfield, are one example. Another typical form of landesque capital are the agricultural terraces,
brikar in Faroese, on the steep slopes of the infield. Reducing the steepness of the land made them
easier to work and prevented soil erosion. A less visible form of landesque capital is the improved
quality of soil and pastures through cultivation and grazing practices. All these forms of landesque
capital required considerable and continuous investments of labor, as well as intimate knowledge of
the environment. The Faroese landscape has been intensively exploited for close to two millennia,
even the least accessible cliffs being used for grazing. And yet, most of the ecosystem services available
to the first settlers were sustained or enhanced through the centuries and well into the twentieth
century [67,69]. Even the biodiversity of the Faroese landscape may be considered a form of landesque
capital, the ecosystem co-evolving with people to produce the Faroese cultural landscape. In this sense,
the high levels of biodiversity and productivity of the traditional Faroese landscape should be seen as
a result of human activity, not as something remaining in spite of it. Policy attempts at increasing food
production or enhancing biodiversity that are not attentive to this crucial role of culture in processes of
homogenization and diversification of ecosystems are bound to fail their goal.

The concept of landesque capital helps to illuminate the distinctions between different forms
of capital stocks, and the implications of these for (island) sustainability and resilience. Material
stocks, or capital, can materialize as commercial artefacts, such as disposable consumer goods, or as
improved soil, depending on the cultural organization of social metabolism. The implications for
sustainability and the bio-productive capacity of the natural system are compelling. While certain
forms of industrial stocks, such as the industrial fishing fleet in this case, obviously serves to increase
production, it also relies on very large volumes of external resource flows. When it comes to the
fossil energy required to sustain Faroese industrial fisheries, the access to this energy is ultimately
dependent upon global market relations or monetary relations. Changes in these relations are largely
out of local control and may cause capital stock in the form of an industrial fishing vessel to become
immediately unproductive. In comparison, investments in landesque capital, for instance in improved
pastures and soil, is less vulnerable to external factors. As Widgren [85] (p. 61) puts it, landesque
capital has a tendency to survive in different social contexts because “unlike monetary capital, which is
fluid in space but fixed in time, landesque capital is fixed in space, but ‘fluid” in time.” This makes
landesque capital hard to appropriate in comparison to capital and resources that can be transported
away. The formation of capital stocks as landesque capital or as some other form of stock has a
lot to do then with how the social metabolism of a society is related to the outside world [9,86].
Interestingly, Petridis and Huber [83] (p. 282) in their discussion of quiet sustainability on the island of
Samothraki direct attention to this potential association between landesque capital, dietary changes,
and sustainability transformations. They propose that a reevaluation of older farming systems, such
as agricultural terraces, and its association with changing dietary demands for local produce can
work to increase both ecological and human health. A reevaluation of these older farming systems
would, however, have to entail a reevaluation of the time required to maintain such forms of landesque
capital, and more generally of maintaining biocultural landscapes. The issue of time and sustainability
is also mentioned by Smith and Jelicka [21] in their discussion on policy changes to promote quiet
sustainability. They suggest that more radical steps towards enhancing quiet sustainability would
require consideration of economies of time within households and communities, for example, the
length of the working week. The fundamental question of how people spend their time, how monetary
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value is attributed to different modes of time use, and how that relates to both ecological and human
well-being is generally overlooked in mainstream sustainability discourse.

5. Conclusions

The practices here defined as practices of quiet sustainability are rooted in a traditional land
management system that was ecologically sustainable out of necessity. As they have coevolved in
a society that has been increasingly connected to the global market economy and dominated and
colonized by industrial social metabolism, they are also changing. Food provisioning practices such as
sheep, livestock, and poultry rearing increasingly rely on imported animal feed, and the production of
local feed, mostly straw fodder, is increasingly mechanized. The question of how a sustainable local
food system can be organized in an open economy context requires a deepened and transdisciplinary
understanding of how production is coupled to local ecosystems as well as to foreign ecosystems,
and how this pertains to issues of resiliency, vulnerability, and sustainability. Chertow et al. [12] have
explored these relevant themes in a discussion of four island societies that have consciously attempted to
reconnect vital aspects of their economies to their natural systems. It is, however, crucially important
that such processes are guided by adequate analytical insight into the complexity of sustainable
coevolution as both a bio-physical process and a cultural process. While a recoupling of the natural
system is always intended to enhance self-sufficiency and resilience, such efforts are not necessarily
sustainable in the long term. As an example, efforts at reconnecting Faroese dairy production to the local
natural system rather than to rely on imported feed could potentially entail a radical transformation
of the Faroese cultural landscape into an agro-industrial landscape. Such transformation towards
greater intensification and industrialization of agriculture would increase local production of feed,
but considering the very limited land area suitable for mechanized cultivation, it would also contribute
to the erosion and abandonment of what Tello et al. [87] (p. 52) have called “true biocultural landscapes,”
entailing a loss of crops, breeds, knowledge, practices, and people.

In conclusion, distinct modes of social metabolism are discernible in the Faroes. An unsustainable
industrial metabolism, governed by ideologies of growth, is colonizing and homogenizing the Faroese
landscape. Another mode, which is rooted in the traditional land management system involves a
direct metabolic connection between people and their landscape through food provisioning practices
such as hunting and gathering, cultivation, and animal husbandry. It has been asserted here that
these practices can be conceptualized as practices of quiet sustainability and that they should be
acknowledged, guided, protected, and promoted, and in a concrete sense be given space in physical
and land use planning, both in rural and urban settings. Rather than focusing too narrowly on
sustainability transitions that are difficult to overcome and require large restructuring of society
and technological infrastructure, as well as behavioral change, practices of quiet sustainability are
already in place and deeply meaningful for people to engage in [88]. In Faroese policy discourse,
traditional and alternative food-provisioning practices are perceived at best as supplementary to
the “real economy,” but their dietary contribution has been shown to be significant in quantitative
terms, and a considerable expansion of local food production could arguably be achieved within
a quiet sustainability framework, particularly regarding fisheries and cultivation for direct human
consumption. Such a trajectory would contribute to both human and ecological health, and would
enhance biocultural diversity, resilience, food security, and food sovereignty. It would simultaneously
expand the alternatives to the growth-oriented industrial production strategies currently dominating
the islands. Further research into diverse and alternative food provisioning practices in the Faroes
could provide important insight into how alternative modes and spheres of social metabolism are
organized, maintained, and culturally negotiated, and how they can be expanded in order to reduce
the social metabolism of human society without undermining human well-being. Thinking with this
specific Faroese case and other cases of island metabolism(s), and through the metaphor of islanding,
might also provide more general insight into how sustainable socio-metabolic spheres can be protected
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and enhanced in a context of globalization and financial speculation in the struggle of forging less
resource-intensive paths into the future.
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