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Abstract

Recent research suggests that over 75%of resources extracted globally nowgo toward

creating,maintaining, or operatingmaterial stocks (MS) toprovide societal services like

housing, transport, education, and health. However, the integrity of current and future

built environments, and the capacity of the system to continue providing services, are

threatened by extreme events and sea-level rise (SLR). This is especially significant

for the most disaster-prone countries in the world: Small Island Developing States. In

the aftermath of disasters, complex rebuilding efforts require substantial material and

economic resources, oftentimes incurring massive debt. Understanding the composi-

tion and dynamics of MS and environmental threats is essential for current and future

sustainable development. Drawing on open-source OpenStreetMap (OSM) data, we

conducted a spatially explicit material stock analysis (MSA) for The Bahamas for 2021,

where we included buildings and transport MS, and SLR exposure scenarios. Total MS

was estimated at 76million tonnes (Mt) or 191 tonnes per capita (t/cap) ofwhich trans-

port comprises 43%. TheseMSare likely to increase by36Mt in the future. Simulations

show that under 1-, 2-, or 3-m SLR scenarios, around 4, 6, and 9 Mt of current MS will

be exposed, with transport MS at greatest risk, with over 80% of total exposure in

each scenario. Our findings highlight the critical role that key MS play in sustainabil-

ity and resilience, contributing to the emphasis on effective development planning and

climate change adaptation strategies, and to the exploration of the use ofOSMdata for

studying these objectives.

KEYWORDS

industrial ecology, island sustainability, material stock analysis, OpenStreetMap, sea-level rise,
socio-metabolic risks

1 INTRODUCTION

Between 1970 and 2010, global material extraction of construction materials has shown a five-fold increase, far exceeding population growth,

leading to a considerable increase in material-use per capita (UNEP, 2016). In 2015, 75% of all materials extracted globally (62 Gt/year) were

either used to build-up stocks or to operate them to provide societal services (Krausmann et al., 2020). Stocks are drivers for resource flows

required for their construction, use, or maintenance, finally resulting in waste outflows and emissions. These elevated and still growing rates of
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1166 MARTINDEL CAMPO ET AL.

material-use come at the cost of exploitation of unevenly distributed and limited construction material resources, posing major threats to global

and local sustainability.

In the Caribbean Small Island Developing States (SIDS), growth in infrastructure is of special significance, considering the impacts of sea-level

rise (SLR) and extreme events, which are increasing both in frequency and intensity (CRED & UNISDR, 2018; Mycoo et al., 2022). These result in

material losses and in the immediate loss of critical services, and restoring these services requires significant resources for reconstruction, which

oftentimes need to be secured by incurring huge debts (Alleyne et al., 2022). Caribbean SIDS population has increased by 15% since 2000, from

6.5 to 7.4 million in 2020 (TheWorld Bank, 2022a), while average urban development reached 50% in 2020 (TheWorld Bank, 2022b). Caribbean

SIDS continually rank among the top 30 countries regarding exposure and vulnerability to risks (Aleksandrova et al., 2021). The region has been

affected bymore than 40 storms (including 11Category 4 and 5 hurricanes) between 2000 and 2021, affectingmore than 25million inhabitants. In

2017, HurricaneMaria andHurricane Irma caused live losses andmassive widespread infrastructure damages amounting to almost USD 90 billion,

surpassing the cumulative USD 71.7 billion GDP of the Caribbean SIDS in that same year (EM-DAT & CRED, 2022; OCHA, 2020; TheWorld Bank,

2020).

Buildings and infrastructure stock analysis have been performed through the application of material stock and flow analysis approaches at dif-

ferent spatio-temporal scales (see critical reviews from Fu et al., 2022; Lanau et al., 2019; Nasir et al. 2021). Most recently, the combination of

geospatial data and socioeconomic data with statistics on material stocks (MS) (Heeren & Hellweg, 2019; Tanikawa et al., 2015) has advanced our

understanding of MS dynamics. A small number of MS studies have applied freely and openly available geospatial data (OpenStreetMap, OSM) on

their approaches (Deetmanet al., 2021;Haberl et al., 2021;Heet al., 2020; Inostroza et al., 2019;Kloostra, 2021;Miatto et al., 2021; Rousseau et al.,

2022; Thunshirn, 2020). Few others have investigatedMS at risk from natural disasters (Gallardo et al., 2014; Kahhat et al., 2017; Tanikawa & Sug-

imoto, 2016; Tanikawa et al., 2014), while fewer have had small islands as the study area (Bradshaw et al., 2020; Merschroth et al., 2020; Symmes

et al., 2019; Ye, 2022). SLR threatens vital infrastructure, settlements, and facilities that support the livelihood of island communities, especially

those of low-lying territories (The World Bank, 2017). Information on MS patterns and drivers of risks in these highly dynamic coastal zones is

essential for current and future development.

In this study, we conducted an economy-wide Geographical Information System (GIS) bottom-up material stock accounting (MSA) analysis for

The Bahamas for 2021. We focus on estimating current and future MS and their exposure to SLR. Specifically, we focus on theMS of: (a) buildings,

and (b) transport infrastructure. We expand on the MSA analysis and bring new interesting insights by identifying MS patterns that influence the

system’s exposure to risks and that could impact over near-future and long-term development. This study will inform about potential directions

of future resilience-development strategies in the country. We address these research questions: What is the current composition of MS in The

Bahamas and where are they located? What are the expected evolution of MS and future material requirements? How do SLR scenarios impact

current MS and future development? We draw on OSM data to compensate for the lack of fundamental information from formal sources about

buildings and infrastructure stock.We also discuss the challenges and potentials of this approach.

2 THE COMMONWEALTH OF THE BAHAMAS

The Bahamas is the largest small-island archipelago in the tropical Atlantic Ocean by area. Comprising over 700 low-lying islands and cays, it has a

total internal land area of around 14,000 km2 (The Bahamas Protected Area Fund, 2020) of which 80% is less than 10 m above sea level (Reguero

et al., 2015). The population was around 400,000 as of 2021 (Worldometer, 2022), with 70% of it living on two islands: New Providence and Grand

Bahama (Government of The Bahamas, 2012). Tourism and tourism-driven activities represent 60% of GDP and, directly or indirectly, employ half

of the archipelago’s labor force (IBRD, 2021).

The Bahamas has been identified as one of the Caribbean countries most exposed to climate change and storm surges (EM-DAT & CRED,

2022; Silver et al., 2019; Simpson et al., 2010). These climate change-related threats put at risk significant portions of the built and natural

environment, and economy of The Bahamas (IDB, 2022b; Silver et al., 2019; The Bahamas Environment, Science and Technology (BEST) Commis-

sion, 2005). These events have resulted in the loss of lives, severe flooding, and disastrous damage to transport, housing, power infrastructure,

and complex post-disaster rebuilding efforts, which in some instances has not yet recovered (Deopersad et al., 2020; Bello, Hendrickson et al.,

2020).

The Government of The Bahamas has identified key vulnerabilities that threaten the overall sustainability of the country. These include a highly

vulnerable natural and built environment, and a highly vulnerable, undiversified, and underperforming economy,with inadequate housing, and com-

munity infrastructure, deficient long-term infrastructure planning, and a lack of preparedness for inevitable climate change (Government of The

Bahamas, 2016b). The analysis of a new island case study with these characteristics represents an opportunity to better understand the dynamics

between in-useMS, resource requirements, and risks arising from SLR.
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MARTINDEL CAMPO ET AL. 1167

3 METHODS

To analyze current buildings and transport stocks, future material requirements, and potential impacts of SLR, we conducted a GIS-basedMSA for

2021. The study area was the political boundary of The Bahamas. Estimations were derived using the ArcGIS Pro 2.8.3 software.

3.1 Stocks of buildings

The general approach in calculating these is to categorize the building inventory into distinctive use-types or typologies, calculate the gross floor

area (GFA), apply material intensities (MI) for each typology, and calculate total MS for four main construction materials: aggregate, concrete, tim-

ber, and steel. During the building classification process, the November 2021 building footprint shapefile layer (sourced from OSM) and extracted

through the Humanitarian Data Exchange project (HOTOSM) (Humanitarian OpenStreetMap Team, 2021a), was used as a base data.

We classified the existing building footprints into five main typologies: residential, commercial, industrial, government, and other (seaports and

airports buildings were included under transport). A small fraction (around 20%) of the 117,000 building footprints from the OSM shapefile layer

already had a clear classification into different typologies. We interpreted satellite imagery and associated the remaining uncertain building foot-

prints with nearby known buildings based on size and layout, and extra information within the OSM shapefile layer (see Supporting Information

S1). This allowed us to allocate distinct MI values (in kg/m2) for these main typologies. GFA (in m2) for each individual building “b” was calculated

through estimating the individual building footprint area(b) andmultiplying it with its corresponding number of stories(b).

GFA(b) = Building footprint area(b) ×Number of floor stories(b) (1)

Material stock “MS”was calculated for each of themainmaterial categories “m” and for each individual building “b” bymultiplying “GFA(b)” by its

corresponding “MI(m).”

MS(b,m) = GFA(b) ×MI(m) (2)

Deficiencies in data availability for MI (e.g., no previous studies, no access to building footprints or bill of materials) did not allow for the estima-

tions ofMI specifically for The Bahamas. To cover that gap we explored the census of population and housing (Government of The Bahamas, 2012),

and the household expenditure survey (Government of The Bahamas, 2016a).We consulted previous publications with information on the building

typologies of other Caribbean SIDS, namely Grenada (Symmes et al., 2019) and Antigua and Barbuda (Bradshaw et al., 2020).

In Grenada, few older traditional buildings are composed of brick and stone, with tile roofs. Recently, there has been a change in typical building

structures. As new construction materials became more available and cheaper (like cement and glass), there was a dramatic increase in their use,

replacing wood with concrete (Saunders, 2016). Based on Grenada’s census data, around 52% of the outer wall material for housing is concrete

dominant (Alam, 2015), while wood represents close to 47% (IDB, 2022a).

In Antigua and Barbuda, most of the historic buildings in the capital city of St. John have a lower floor structure of masonry construction and the

upper floor of timber wood. Further, timber-framed buildings are still relatively common, but to a lesser degree. Many of the oldest small buildings

and homes are fully timber framed and timber clad. Masonry andmortared rock wall construction is the most common building type and the domi-

nant construction type for residential and other small buildings, including most of the public sector building portfolio (GovAB, 2019; UN-HABITAT,

2011). For Antigua and Barbuda, the overall composition of the outer wall materials is 40% concrete and 59%wood (IDB, 2022a).

In comparison, the latest census in The Bahamas shows that most dwellings are built on concrete blocks structures (80% of all outer walls), with

poured concrete slabs and concrete foundations (90% of all floors). The most common roofing materials are asphalt shingles (90%) and corrugated

metal sheets (4%) (Government of TheBahamas, 2016a). This construction style canbe largely seen acrossNewProvidence andGrandBahama, and

to a slightly lesser extent, in the Family Islands.Wood and timber constructions as main structural components are also in use, but with lower num-

bers (ECLAC, 2020). As The Bahamas’ building typologies share more similarities with Grenada’s buildings (concrete dominant) than with Antigua

and Barbuda (timber dominant), we opted to utilize the MIs described in Symmes et al. (2019). See Table 1 with MIs for buildings and transport

stocks.

Total material stock “MStotal” per mainmaterial category and for a building “GFA(b)” was calculated as follows:

MStotal =
∑

MS(b,m) = MS_Aggregate(b,m) +MS_Timber(b,m) +MS_Concrete(b,m) +MS_Steel(b,m) (3)

To calculate total MS per building typology, Equation (3) is applied for each of the five typologies (see Table 2).
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1168 MARTINDEL CAMPO ET AL.

TABLE 1 Material intensities allocation for buildings and transport stocks. Units as indicated. Sources: Government of The Bahamas (2004),
Symmes et al. (2019), U.S. Department of Transportation (2016). Note that concrete is a composite material. A differentiation of mainmaterials
wasmade based on structural components. The assumption of taking Grenada’sMIs as valid for the buildings in The Bahamas, as well as the
Airport Pavement Design and Evaluation guidelines for seaport platforms and airport runwaysmaterial intensities, affects the ability to reduce
uncertainties onmaterial stocks estimations. As such, it is advised that these should be consideredwith a degree of caution due to inconsistencies
in data collectionmethodologies and completeness

Buildings Aggregate Timber Concrete Steel Typology

Concrete structure (kg/m2)

Foundation—Strip footings 135 0 225 5

Foundation—Ground slab 24 0 450 10

Floors 0 0 450 10 Residential (85%)

Walls 0 0 520 1 Commercial

Roof—Frame 0 40 0 0 Government

Roof—Covering 0 0 0 10

Total 159 40 1645 36

Timber structure (kg/m2)

Foundation—Pad footings 45 0 45 1

Foundation—Posts 0 0 300 5 Residential (10%)

Floors 0 0 0 20 Other

Walls 0 50 0 0

Roof—Frame 0 40 0 0

Roof—Covering 0 0 0 10

Total 45 90 345 36

Concrete/timbermix structure (kg/m2)

Foundation—Strip footings 135 0 225 5

Foundation—Ground slab 24 0 450 10

Floors 0 0 450 10 Residential (5%)

Walls 0 50 0 0

Roof—Frame 0 40 0 0

Roof—Covering 0 0 0 10

Total 159 90 1125 35

Steel structure (kg/m2)

Foundation—Strip footings 135 0 225 5

Foundation—Ground slab 24 0 450 10

Floors 0 0 450 10 Industrial

Walls 0 0 520 145 Airport buildings

Roof—Frame 0 0 0 145 Seaport buildings

Roof—Covering 0 0 0 10

Total 159 0 1645 325

Transport Concrete Asphalt Basematerial

Roadways (kg/m)

Major subdivision
roadway

598 667 2453

Minor subdivision roadway 0 552 2050

Local street 0 552 2050

Airport runways (kg/m2) 305 234 427

Seaports platforms (kg/m2) 366 0 640
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MARTINDEL CAMPO ET AL. 1169

3.2 Stocks of transport

For transport-related stocks, we considered the share of paved roads in the road network, airports (buildings and runways), and main seaports

(buildings and cargo platforms of larger seaports). During the transport stocks classification process, we consulted three GIS shapefile layers in

parallel. The first shapefile was the same containing most of the building footprints of The Bahamas. From this, we filtered the ones corresponding

to seaports and airports. The second shapefile layer is a November 2021 roads network file extracted fromOSM through HOTOSM (Humanitarian

OpenStreetMap Team, 2021b). The third OSM shapefile was a second November 2021 road network file extracted through Geofabrik GmbH

(Geofabrik GmbH, 2021). The existing road network comprises twomain types of roads: paved and unpaved.We further classified the paved roads

into five main typologies based on the Design and Construction Guidelines for roads in The Bahamas: main road A, main road B, major subdivision,

minor subdivision, and local street (Government of The Bahamas, 2004) (see S1).

TheMIs for roads were obtained from the Design and Construction Guidelines for roads in The Bahamas, with specific designs for paved roads.

Themainmaterials for the paved carriagewaywere considered as asphalt of 4 cm thickness, with base layer of 20 cm thickness of basematerial, and

concrete sidewalks (Government of The Bahamas, 2004, pp. 19, 21).

As the Building Code of The Bahamas is based generally on the South Florida (United States) Building Code (Ministry ofWorks &Utilities, 2003),

we assumed that the Airport Pavement Design and Evaluation guidelines from theU.S. Department of Transportation were applicable for theMI of

The Bahamas’ airport runways. These guidelines contain information on the design and evaluation of pavements used by aircraft at civilian airports.

The main materials for the runway pavement structure consist of a 10 cm thickness asphalt layer, a second 12 cm thickness concrete layer, and a

25 cm thickness basematerial layer (U.S. Department of Transportation, 2016, pp. 3−17).

The Building Code of The Bahamas does not contain distinct design specifications for seaports cargo platforms. As these would be under heavy

loads like those in airport runways, we assumed that theAirport PavementDesign and Evaluation guidelineswould also apply to the seaport’s cargo

platforms. The main materials for the platforms consisted of a 15 cm thickness concrete surface layer, and a 40 cm thickness base material layer

(U.S. Department of Transportation, 2016, pp. 3−18).MIs in weight for roads, runways, and cargo platformswere estimated by calculating volumes

of materials per unit of length or area, andmultiplying them by the densities of concrete, hot-mix asphalt, and basematerials. SeeMIs in Table 1.

Material stocks “MS”were calculated for each transport typology “t” and for eachmainmaterial categories “m” bymultiplying the transport type

total GFA or total length “TX(t)” by its corresponding “MI(m) .”

MS(t,m) = TX(t) ×MI(m) (4)

Total material stock “MStotal” per mainmaterial category and for transport type “TX(t)” was calculated as follows:

MStotal =
∑

MS(t,m) = MS_Aggregate(t,m) +MS_Timber(t,m)
+ MS_Concrete(t,m) +MS_Steel(t,m) + MS_Asphalt(t,m)
+ MS_Base_Material(t,m)

(5)

To calculate totalMS for each transport type, Equation (5) is applied for roads, airport buildings and runways, and seaport buildings andplatforms

(see results in Table 2).

3.3 Near-future resource requirements using existing roads network as a proxy

We estimated potential near-future material requirements for buildings and roads grounded on two assumptions. First, we assume that areas that

currently have low building density will grow in the future. Broadly, this can be approached by comparing high and low building and roads density

areas. When looking at the evolution of building stocks, the presence of a road network is an early sign indication where development will likely

happen. The second assumption corresponds to future roads’ MS. We assume that currently unpaved roads will be upgraded to a paved roadway

type in the future, thus changing theirMIs and subsequently theirMS (the reader is referred to S1 to consult the details on this methodology).

3.3.1 Future buildings

As a first step, we examined the current density of both buildings and roads for the whole country. Areas that have a dense road network will likely

have higher density of buildings around them, while the opposite will be true for more isolated roads. For different locations “i,” we estimated the
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1170 MARTINDEL CAMPO ET AL.

= 138,000 m2

= 25,200 m

= 5.48 
2

= RA(i)

= 173,000 m2

= 29,700 m 

= 5.82 
2

= RA(i)

= 152,000 m2

= 31,800 m 

= 4.78 
2

= RA(i)

= 200,000 m2

= 17,500 m 

= 11.43 
2

= RA(i)

= 290,000 m2

= 26,700 m 

= 10.86 
2

= RA(i)

= 280,000 m2

= 29,300 m 

= 9.56 
2

= RA(i)

F IGURE 1 Ratios RA( i) of building gross floor area GFA( i) per road length RL( i) for different highlighted zones in New Providence in 2021.
Source: Humanitarian OpenStreetMap Team (2021a, 2021b).

ratio “RA( i)” of building GFA “GFA( i)” versus road length “RL( i)” as follows:

RA(i) =
GFA(i)

RL(i)
(6)

A test-run was conducted for the capital island of New Providence (Figure 1). Specific zones present varying levels of development for both

buildings and roads (i.e., east andwest sidesof the island),withRA( i) ranging from9.6 to11.4 forhighlydenseareas, and from4.8 to5.8 for less-dense

areas.

To account for country-wide variations, we estimated total GFA and total RL for each district division by creating a homogeneous country-wide

grid of 500 m × 500 m and summarizing total GFA and RL per grid cell. We assumed that the potential maximum building development will be

reachedwith a higherRA, thus, areaswith a lower ratiowill have thepotential to reach ahigher ratio in the future andhence, requiremorematerials.

Total future building materials “FM” was calculated by accounting for the maximum potential ratio “RA(g)” of current GFA and current RL per

each homogenized grid cell “g,” as well as accounting for current “GFA(d)” and “RL(d)” per district “d” and applying an average buildingMI.

FM(g,d) =
((
RA(g) × RL(d)

)
− GFA(d)

)
×MI (7)

Average MI was based on the overall MIs for each building typology and current shares of building MS typologies (see S1). Results (Table 3) are

based on a conservative estimate of only 5% of total future buildingMS.

3.3.2 Future roads

As a first step, we selected the roadways that will potentially become paved in the future. Within the OSM roads shapefile layer, we assumed that

these include the roads with “path” and “unclassified” tags. We accommodated these under the “minor subdivision road/local street” typology.

Additionally, through analyzing the roads network shapefile and directly observing satellite imagery (Google Earth Pro®, 2021), we included those

areas containing “track” roads that display a distinct spatial arrangement characteristic of the preliminaryworks for future urban development (see

S1). Futurematerial requirements for eachmain component of the roadwere obtained by applying their respectiveMIs.
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MARTINDEL CAMPO ET AL. 1171

Futurematerial stock “FMS”was calculated per each roadway type “r” and for eachmainmaterial categories “m” bymultiplying the roadway type

total length “RL(r)” by its corresponding “MI(m).”

FMS(r,m) = RL(r) ×MI(m) (8)

Total futurematerial stock “MStotal” per mainmaterial category “m” and for a given roadway type “RL(r)” was calculated as follows:

FMStotal =
∑

FMS(r,m) = MS_Concrete(r,m) + MS_Asphalt(r,m) +MS_Base_Material(r,m) (9)

3.4 Sea-level rise scenarios

Simulations were based on assessments of 1-m (intermediate–high projection) and 2-m (highest projection) estimates of global SLR by 2100 using

themean sea level in 1992 as the starting point, as presented by the National Oceanic and Atmospheric Administration (Parris et al., 2012). A third

simulation of 3m presents amore critical situation, where SLR continues to rise past the year 2100. The 1 arc-second global digital elevationmodel

(DEM) data was obtained from the U.S. Geological Survey (USGS, 2022). We created polygon shapefile layers by filtering elevations from the DEM

(see S1). The impacts of SLRwere estimated by overlaying the SLR polygons onMSdata and summarizing theMS thatwould be exposed under each

scenario (see Figure 2 and Table 4).

Different patterns of development in the country were highlighted through directly observing historical satellite imagery (Google Earth Pro®,

2021) and reviewing land-use plans (Government of The Bahamas, 2010, 2017; IDB, 2018). Together with the generated SLR polygons, and the

current spatial distribution ofMS, we expanded on some potential effects of SLR over current stock and future development.

4 RESULTS

4.1 Current material stocks

Total MS was estimated at 75.9 million tonnes (Mt) or 191.2 tonnes per capita (t/cap) based on the 2021 population. Of this, total MS in buildings

and transport represented 57% and 43% of the totals, with 43.1Mt (108.6 t/cap), and 32.8Mt (82.6 t/cap) respectively (see Table 2).

TABLE 2 Synthesis table showing the total existing material stocks (MS), by typology andmain constructionmaterial in The Bahamas in 2021.
Total MS: Units inMt. Total MS per capita: units in t/cap.Note: Numbers may not add-up due to rounding. N.A., not applicable

Building typology Aggregate Timber Concrete Steel Asphalt Basematerial TotalMS TotalMS per capita

Residential 2.5 0.8 24.8 0.6 N.A. N.A. 28.7 72.3

Commercial 1.0 0.2 10.0 0.2 N.A. N.A. 11.5 29

Industrial 0.1 0.0 0.7 0.1 N.A. N.A. 0.9 2.3

Government 0.1 0.0 1.2 0.0 N.A. N.A. 1.4 3.5

Other 0.1 0.1 0.5 0.0 N.A. N.A. 0.7 1.8

BuildingMS 3.7 1.2 37.2 1.0 N.A. N.A. 43.1 108.6

Transport typology

Paved road

network

N.A. N.A. 0.5 N.A. 3.3 12.4 16.2 40.8

Airport buildings 0.0 N.A. 0.5 0.1 N.A. N.A. 0.6 1.5

Airport runways N.A. N.A. 4.2 N.A. 3.3 5.9 13.4 33.8

Seaport buildings 0.0 N.A. 0.3 0.1 N.A. N.A. 0.4 1

Seaport platforms N.A. N.A. 0.8 N.A. N.A. 1.5 2.3 5.8

TransportMS 0.1 N.A. 5.8 0.2 6.6 19.8 32.8 82.6

TotalMS 3.8 1.2 43.0 1.2 6.6 19.8 75.9 191.2
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1172 MARTINDEL CAMPO ET AL.

Residential buildings account for67%of total buildingMS, at 28.7Mt (72.3 t/cap). Commercial typologyaccounts for around27%of total building

MS, at 11.5 Mt (29 t/cap). Government, industrial, and other uses represent around 3%, 2%, and 2% of building MS, respectively. Overall, concrete

accounted for the largest share of total buildingMS at 86%, with aggregate (9%), timber (3%), and steel (2%) accounting for smaller shares.

The largest category of total transportMSwas the paved road network (49% of total transportMS). The country has an extensive road network

in most of its territory, with a length of around 11,300 km consisting of 5900 km of paved roads divided betweenmajor roads subdivision (approxi-

mately 820 km) and minor roads subdivisions (around 5080 km). Total paved road networkMS was estimated at around 16.2Mt (40.3 t/cap). Base

material accounted for the greatest share of theseMS at 76%, followed by asphalt (21%) and concrete (3%).Minor subdivision roadway/local street

accounted for 80% of that total MS.

The second-largest category of total transport MS (43%) was airport buildings and runways. We identified more than 60 major, regional, and

small airports amounting to a total MS of about 14 Mt (35.3 t/cap). The MS of runways was calculated at 13.4 Mt, of which the Lynden Pindling

International Airport, the largest airport located in the capital city of Nassau, accounts for more than 30% of total airport MS. Buildings associated

with airports were estimated at 0.6Mt.

Seaports represent 8% of total transportMS. The country has about eight seaports of varying sizes, most of them being cruise ports, with a total

MS of about 2.6Mt (6.7 t/cap). The container yard platform of the Freeport Container Port, the largest port in the country, accounts for 50% of the

total seaportsMS.With a smaller share, seaport buildings were estimated at 0.4Mt.

The concentration and distribution of building and transport stocks are spatially uneven. These are in very close proximity to the coastline, and

MS hotspots are concentrated in a few districts like New Providence, the City of Freeport, andWest Grand Bahama (see Table 3). Further, mostMS

and commercial activities are in urban centers, especially in the capital city of Nassau in New Providence.

4.2 Building-to-road ratios and future material stocks

At the district level, Hope Town, the City of Freeport, Black Point, West Grand Bahama, and New Providence show relatively high building-to-

road ratios, at 69, 64, 60, 57, and 50 m2/m, respectively, while some other districts like Spanish Wells and Ragged Island show values of almost 0

and 1 m2/m, respectively (see Table 3). West Grand Bahama and New Providence both have similar road lengths, but there is a great difference in

their total building GFA (4 and 15 km2, respectively). The Ragged Island and SpanishWells districts each show total road lengths of around 10 km

compared to the almost 2000 km of West Grand Bahama and New Providence, which indicates the high variation in in-use stock and distribution

among the country’s districts.

Total future MS was estimated at 36Mt. Of this, future building MS corresponded to roughly 31.5 Mt. For future roads, results show that addi-

tions to stocks amount to around 4.5 Mt of new material and 2000 km of upgraded paved roads. Future stocks might be mostly distributed in the

districts of West Grand Bahama, New Providence, Central Abaco, and Exuma (see Table 3), which are currently some of the main urban centers in

the country. To the authors’ knowledge, only few land-use zoning or planning for many of the major islands and family islands has been developed.

Nonetheless, our results have managed to produce similar results on future development zoning (see Supporting Information S3, SD_Figure 13) as

the ones proposed under the Andros Master Plan and Sustainable Nassau Plan (Government of The Bahamas, 2017, pp. 15–17; IDB, 2018, pp. 42,

43).

4.3 Effects of sea-level rise scenarios

Results show that a total of 3.5Mt (4.5%), 5.9Mt (7.8%), and 8.9Mt (11.7%) of total building and transport stock would be exposed under the 1-, 2-,

and 3-m SLR scenarios, respectively. Overall, transport stocks would be the most affected under any scenario, both in volume and in percentages.

Moreover, airport and seaport stocks are demonstrated tohave significant exposureunder the simulations (∼12%and∼39%exposure, respectively,

under 1-m SLR scenario), while road stocks show the least transport exposure (see Figure 2 and Table 4).

Among buildings, residential and commercialMS show greater exposure in all scenarios, with results varying from0.2 to 0.8Mt. For roads, minor

subdivision roadways/local streets aremost exposed, amounting up to 1Mt. Buildings associatedwith both airports and seaports show significantly

less exposure than runways and cargo platforms.

Most of the exposedMS is in the northern section of the country, specifically in Grand Bahama and Abaco islands. The central and southern sec-

tions of the country showrelatively lower levels of exposure,which is also reflected in thehigher elevation terrains and lower levels of infrastructure

development.
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MARTINDEL CAMPO ET AL. 1175

F IGURE 2 Potential material stocks at risk from sea-level rise in The Bahamas. The image shows Grand Bahama and the Abaco islands.
Sources: own simulations based on data fromHumanitarian OpenStreetMap Team (2021a, 2021b) and USGS (2022).
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1176 MARTINDEL CAMPO ET AL.

TABLE 4 Total existing material stocks (MS) and exposure (absolute value and percentage) for eachMS typology under the different sea-level
rise (SLR) scenarios in The Bahamas. These were based on estimates of global SLR by 2100 (Parris et al., 2012); 1 m: intermediate–high projection;
2m: highest projection; 3m: extra simulation presenting amore critical situation where SLR continues to rise past the year 2100

SLR scenario 1m 2m 3m

Material stock typology TotalMS (Mt) MS exposed (Mt) Typology (%) MS exposed (Mt) Typology (%) MS exposed (Mt) Typology (%)

Building

Residential 28.7 0.2 0.7 0.4 1.4 0.8 2.7

Commercial 11.5 0.2 1.5 0.2 2.2 0.4 3.8

Industrial 0.9 0.0 1.8 0.0 3.3 0.1 16.2

Government 1.4 0.0 0.0 0.0 0.1 0.0 0.6

Other 0.7 0.0 1.1 0.0 2.2 0.4 56.0

TOTAL 43.1 0.4 0.9 0.7 1.6 1.8 4.1

Road

Major subdivisionroadway 3.2 0.1 3.1 0.2 7.0 0.5 14.3

Minor subdivision/local
street

13.0 0.3 2.1 0.5 3.9 1.0 7.5

TOTAL 16.2 0.4 2.3 0.7 4.5 1.4 8.8

Airport

Airport buildings 0.6 0.0 1.7 0.0 3.3 0.1 8.3

Airport runways 13.4 1.6 12.0 2.5 18.7 3.7 27.4

TOTAL 14.0 1.6 11.6 2.5 18.0 3.7 26.6

Seaport

Seaport buildings 0.4 0.0 0.3 0.0 0.5 0.0 1.1

Seaport platforms 2.3 1.1 45.7 1.9 83.9 2.0 86.5

TOTAL 2.7 1.1 38.9 1.9 71.6 2.0 73.9

TOTALMS 75.9 3.5 4.5 5.9 7.8 8.9 11.7

5 DISCUSSION

5.1 Open-source data and MSA

This study did not rely on the collection of first-hand fieldworkmeasurements ofMS characteristics, nor on official country spatial databases. OSM

was utilized as an alternative source of those official spatial databases, functioning as primary data for the analysis.

From our working OSM files, we observed that few building footprints were missing from small zones, while the road network was virtually

complete in the whole country. Following our approach, one would be unable to generate consistent MS estimates for places that do not have any

existing building footprints and/or road segments recorded inOSM files yet. Notwithstanding these limitations, ourmethodologymanaged to reach

similar estimates of MS when cross-checked with independent studies from across the world with more “traditional” or “official” data sources (see

Figure 3). The utilization of our methodology andOSMdata, thus, could be comparable tomore establishedMS accountingmethodologies.

The potentials advantages of OSM as main data source for MS assessments are profound. Similar to The Bahamas, spatially explicit data onMS

are not available inmany other countries, especially SIDS and developing countries of the Global South. OSMenables amuch-needed estimation of

such countries’MSwith relatively low time and resource investment. It aids inmapping urban forms andMSdevelopment, and informs about poten-

tial vulnerabilities and risks. Furthermore, OSM data is relatively rapidly updated by the crowdsourcing community, potentially enabling historical

MS coverage analyses.

Nevertheless, care must be taken to ensure OSM data quality and completeness to reduce uncertainties. In our study, historical OSM data were

incomplete and thus prohibited a time-series assessment. Contributing to open-access crowdsourced data calls for sufficient general resources

(e.g., internet, geospatial skills), extra scrutiny, highlighting the need for responsible use and clear reporting of results and uncertainties, and their

potential implications. For The Bahamas, the lack of other data sources limits the assessment of these uncertainties and their implications beyond a

simple qualitative assessment.
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F IGURE 3 Material stock for different territories. Horizontal axis presents Case study–Year analyzed–Estimation approach. Source: Austria
(Daxbeck et al., 2009; Haberl et al., 2021;Wiedenhofer et al., 2015); Germany (Knappe et al., 2015; Ortlepp et al., 2016; Schiller et al., 2017;
Wiedenhofer et al., 2015); Switzerland (Heeren &Hellweg, 2019); Japan, (Hashimoto et al., 2007; Tanikawa et al., 2015); China (Huang et al., 2013;
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5.2 The Bahamas’ material stocks and sustainability

In The Bahamas, the relatively high levels of transport MS may translate into better connectivity and more efficient means to mobilize people and

resources within the country and from/to external economies. However, this comes with a multitude of environmental issues like air/water/soil

pollution. In addition to being a contributor to climate change, transport MS is highly impacted by it (i.e., more floods due to SLR). For residential

and commercial buildingsMS, our results reflect the importance that tourism has in the economy. There is an impending need to allocate resources

to service this industry in the form ofMS. Nonetheless, the benefits produced by this sector (i.e., revenue, job generation) oftentimes compete with

the costs of tourism activities (i.e., a decline of coastal protection, environmental degradation).

Besides the initial resource investment for their use in construction, MS require extra resources for expansion, maintenance, or operation. The

Bahamas is especially dependent on foreign economies for the supply of these constructionmaterials, likemetals and cement. The Bahamian econ-

omy exhibits extractive resource patterns that are focused on only few natural resources, including sand and gravel, which accumulate as stocks.

The quantity of materials removed from the stocks after their service lifetime is also considerable, while these outflows usually remain unrecov-

ered (Martin del Campo et al., 2023). Stabilizing the infrastructure stock and expanding its service lifetime are some means to reduce material use

and outflows. Additionally, MS may serve as a latent opportunity to bring materials at their end-of-life back to the economy through urban min-

ing, thus reducing waste and preventing further exploitation of virgin resources. Through this study, the extent of recovery and reuse of materials

is highlighted by the elevated shares of concrete and base materials in MS. However, the country’s ability to harness and implement strategies of

recovery and reuse of these latentmaterials are further jeopardized by climate change vulnerability and extremeevents that severely damage these

stocks (Bello, Hendrickson et al., 2020; ECLAC, 2020).With a low resource-base, the issue of import dependency over non-replaceable construction

materials may be aggravated by price volatility and disruptions in global supply chains, as seenwith the conflict in Ukraine (IMF, 2022).

Notwithstanding the key role that resilient and functioningMSplays in achieving sustainable development, there are still complex trade-offs and

synergies betweenMSand sustainability requiring further assessment. A built environment that provides high-quality serviceswith lower resource

needs, for longer periods, and which efficiently closes material cycles, could be a potential solution in the development agenda. Strategies should

encompass a holistic long-term sustainability vision, adapted to the case study, with efficient and resilient infrastructure development planning and

climate change adaptation strategies.
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1178 MARTINDEL CAMPO ET AL.

TABLE 5 Potential current and future risks associated with the state of The Bahamas as seen in our analysis

Status of the country Current risks Future risks

High levels of development

concentrated in a few urban

centers

Damages to existing ecologically sensitive areas. This

may translate into overall ecosystem health

degradation

Additional developmentmay threaten the balance of

the natural system, further impacting hydrological

cycles and causing loss of habitat for species, among

others

Relatively large volumes of waste generation Health issues and environmental pollution

Material stocks close to the

coastline

Potential stock damage/loss to extreme events, such as

flooding or hurricanes

Furthermaterial stocks damage/loss to SLR

Interruption of critical services that the country

depends on, such as basic needs provisioning,

tourism activities, etc.

Reconstruction/relocation of assets impacted by SLR

due to loss of land

SLR of 1-, 2-, and 3-m couldmean the disappearance of

6%, 12%, and 22% of the total national territory,

respectively

Competition with other land uses as development is

pushed to inland zones

Coastal squeeze likely to occur, pushing development

into already scarce higher elevation grounds

Displacement of population

Salt water intrusion due to SLR could reduce the

already limited resource base and cause health

issues due to salt water intrusion in poorly built

waste disposal facilities

Underdeveloped areas across

the country

Untapped potential for job creation, for exploitation of

resources, and for revenue income generation from

economic activities such as tourism, give rise to

increased poverty, dependency on external aid, social

inequality, and health risks, especially in some of the

Family Islands

Development calls for more resources for expansion

(usually imported), which could lead to overuse of

resources, increasedwaste generation that often

remains within the limits of the island, among others,

and that could negatively impact over social,

economic, and environmental systems

Limited infrastructure opportunities and/or poorly

constructed facilities affect the population’s

livelihood and heighten the risks of displaying

undereducation, malnutrition, and health issues,

among others

Population and infrastructure at risk if unregulated

development occurs in hazard-prone/ecologically

sensitive areas

5.3 Current and future risks in The Bahamas

Material stocks and development in a country are linked directly to an improved standard of life and advance sustainability; however, specific con-

figurations and combinations of resource flows and stocks contribute to the system’s exposure to risk. Singh et al. (2022, p. 2) define socio-metabolic

risks (SMR) as the “systemic risk associated with the availability of critical resources, the integrity of material circulation, and the (in)equitable dis-

tribution of derived products and societal services in a socio-ecological system.” In The Bahamas, we noticed high MS density in specific urban

centers, with uneven distribution across the country, oftentimes concentrated close to the coastline. The availability, integrity, and circulation of

critical resource flows are largely reliant on a combination of key MS. Moreover, disturbances like climate change and SLR pose major threats to

existing and futureMS, contributing to the proliferation of SMR (see Table 5).

Transport infrastructure in The Bahamas is one of the highest among the Caribbean SIDS (see Supporting Information S4). This can be partially

attributed to the country’s archipelagic nature and its vast territory. As The Bahamas has a limited resource base and imports up to 80%−90%of its

basic requirements (Bradshaw et al., 2020; Dorodnykh, 2017; FAO, 2021; NREL, 2015; Symmes et al., 2019; Yu, 2017), a disruption in the operation

of any of the transport infrastructure (i.e., due to climate change and SLR)would havewidespread repercussions. Strengthening structural, financial,

and social resilience is key to reducing risks and vulnerabilities in the system and to hasten recovery responses in case of disasters.

Nonetheless, risks should not be only understood through the impacts of SLR onMS.

∙ First, as The Bahamas is a low-lying country with relatively small islands, SLR makes it particularly vulnerable to land loss and impacts to MS.

This could further impact over the already limited territory and scarce arable land, potentially causing saltwater intrusion in surface and ground

water, compromising the quality of water supply and food security for local people. Moreover, development is already being pushed to very

 15309290, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jiec.13402 by U

niversity O
f L

eiden, W
iley O

nline L
ibrary on [30/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



MARTINDEL CAMPO ET AL. 1179

limited inland areas with higher elevation, prioritizing zones where future squeeze will likely occur, as in Grand Bahama and Abaco islands (see

timelapse satellite imagery fromGoogle Earth Pro® (2021)).

∙ Second, current development of urban centers is reaching its expansion limits, like in New Providence, giving rise to complex challenges in trans-

port, housing, waste management, and other social services, which carry their own set of risks (i.e., environmental pollution, and ecosystem

degradation). Along with environmental issues, complex logistics in dense urban centers make it difficult to mobilize people and resources in

a timely and efficientmanner. Housingmust account for accommodation for tourist arrivals, competingwith local residents for land space.Waste

flow generation could translate into overall ecosystem degradation, impacts on water quality andwater security, and health issues.

∙ Third, the full potential of TheBahamas remains untapped. Formany islands in the country, there is a lack of essential infrastructure to support its

people and its environment and harness the island’s wealth of natural assets, thusmissingmany opportunities for job creation, for exploitation of

resources, and for revenue incomegeneration fromeconomic activities like tourism. For the less populated islands, the lack in infrastructure limits

the development potential of the island and its inhabitants. Action is needed to assess potential socioeconomic impacts of a future expansion, to

manage the rate of accumulation of materials, territorial ordering, and futurematerial output.

Overall, the direct impacts on transport infrastructure are profound, particularly for SIDS. These often spend large part of their public budget

on transport infrastructure, either on regular maintenance or repairs from shocks (The World Bank, 2017). Transport disruptions are one of the

main obstacles to recovery when extreme events occur (United Nations, 2021). The cascading effects arising from supply chain disruptions and

critical infrastructure damage can spread through other components like other production or demand centers (i.e., power networks), thus further

increasing the vulnerability of the system (Renn et al., 2020; Verschuur et al., 2022).

6 CONCLUSION

This study comprehensively examined both buildings and transport stocks for a small island nation as part of theMSAmethodology based on freely

available data.We estimated current and futureMSby combining availableGIS data fromOSMand datawith stocksMIs, and examined current and

future MS patterns that influence the system’s exposure to risks. It offers both qualitative and quantitative insights into how stocks are spatially

distributed and built-up, and gives observations on how the built environment evolves and is impacted by SLR.

Material stocks, particularly transport, are at risk from climate change. A large share of MS of airports (∼12%), seaports, harbors, marinas, and

ferry terminals (∼39%) in The Bahamas are at risk of future flooding, which will likely cause disruptions in supply chain operations, including stocks

damage across the country. More efforts to better understand the composition and dynamics of MS and environmental threats is essential for

current and future sustainable development, especially in a SIDS context.

While the Planning and Subdivision Bill (2010) of The Bahamas establishes that there shall be a land-use plan and territorial ordering for each

island consistent with all national land-use development policies, substantial delays remain as only few have been prepared (e.g., Andros Master

Plan, or SustainableNassauPlan) (Government of TheBahamas, 2017; IDB, 2018). Flexible and robust policy frameworks should be implemented to

hasten long-term development planning and adaptation strategies that address the trade-offs of future infrastructure development in ecologically

sensitive areas. Land and sea pressures over these areas can impact on natural ecosystems, reducing their capacity to provide essential services.

This would have a doubly negative effect through the loss of tourism resource base and a decline in coastal protection, further increasing threats by

SLR and storm surges.

The infrastructure of the country urgently needs to be improved with a resilient and sustainable approach in mind. Future work in stock man-

agement must consider disaster risks. A combination of protection, accommodation, and managed retreat are potential strategies to manage

these. Identifying and mapping strategic areas for critical buildings, transport nodes, and networks to determine potential vulnerabilities and risks

in the system are also critical. Future work should include an analysis of the most vulnerable ecological areas in the case of a possible coastal

squeeze.

Potential development strategies may include the combined use of natural, vegetated, hard, and engineered coastal defense structures that

can reduce the need for additional MS and lower overall infrastructure expenditure (Silver et al., 2019; van Zelst et al., 2021). Coastal ecosystems

conservation is a financially beneficial option vis-à-vis for the restoration of these ecosystems. However, if this restoration is required or desired, a

comprehensive spatial analysis of restoration opportunities will be helpful for the identification of themost cost-efficient restoration sites with the

greatest benefit for coastal protection against SLR and storm surge impacts (Lester et al., 2020).

The precision of this analysis is dependent on data quality and completeness. Our study gives a general overview of the potential that experi-

menting with open-source data may offer in advancing MS studies and to what extent OSM is helpful for MS estimations. As OSM and DEM data

is freely available, our methodology could be relatively easy to replicate for other case studies; however, the particularities of data collection for

each case could be a challenge. Uncertainty could be reduced by combining different data sources (i.e., satellite imagery with OSMdata and official

statistics, primary data collection), giving amore robust representation of what is physically available on the ground. The DEMutilized for SLR sim-

ulations highlighted flood-susceptible areas that may benefit from further analysis based on higher resolution data. Further improvements on our
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1180 MARTINDEL CAMPO ET AL.

methodologymainly concern the accurate identification of infrastructure elements by typology, the addition of unrecorded building footprints and

road network segments, more detailedMI data, and the utilization of finer DEM resolutions.
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