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Abstract

This paper investigates the “nature-growth tradeoff” associated with transport infrastruc-
ture investments, focusing on land use change across four major highway corridors: the Golden
Quadrilateral (GQ) Highway and North-South East-West (NS-EW) Corridors in India, and the
Trans-Java Toll Road and Trans-Sumatra Toll Road in Indonesia. Leveraging the staggered
roll out of highway construction, we find consistent urban expansion across all corridors, with
forest cover loss predominantly occurring along the GQ and Trans-Java. These findings are
robust across multiple estimation strategies, including two-way fixed effects, counterfactual
imputation for dynamic treatment effects, and instrumental variables. Heterogeneous effects
suggest the environmental consequences of growth depend on initial conditions: ecologically
rich segments exhibit sharper tradeoffs, while heavily agricultural or already-degraded seg-
ments urbanize with more limited forest loss. Our analysis of spatial proximity further shows
that impacts are localized and protected areas mitigate forest loss. We also study life-cycle ef-
fects, distinguishing impacts from construction and operation phases. Finally, we value the
nature-growth tradeoff across respective projects in monetary terms.
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My first term focused on infrastructure. In the second term, we
focused on human resource development. Maybe after that, the
environment . . . but not everything can be done at once.

– Joko Widodo, President of Indonesia (2014-2024)1

1 Introduction

Transport infrastructure is central to economic development. Projects such as highways, railways,
and ports lower trade and mobility costs, connect markets, and redistribute economic activity
across vast distances, generating substantial aggregate welfare improvements (Donaldson, 2018;
Jedwab and Storeygard, 2021; Redding and Turner, 2015; Storeygard, 2016). Yet, large-scale trans-
port projects can also generate ecological externalities. Habitat clearing, fragmentation and en-
hanced market access may accelerate deforestation, biodiversity loss, and land-conversion due
to logging, agriculture, industry, and human settlements (Angelsen and Kaimowitz, 1999; Asher
et al., 2020; Chomitz and Gray, 1996). Despite intense interest, the literature largely treats the
economic benefits and environmental costs in separate strands of transport or environmental eco-
nomics studies, with more limited evidence on the joint “nature–growth tradeoff.”2;3 Even less is
known about whether rapid economic development necessarily comes at the expense of nature, or
under what conditions the two can be mutually compatible (Foster and Rosenzweig, 2003).

This paper provides a comprehensive, unified assessment of the nature–growth tradeoff associ-
ated with major highway corridors. We estimate the impacts of highway development on land
use, focusing on forest cover as a core measure of environmental quality and urban settlements
as a proxy for local economic growth. To illuminate heterogeneity in the tradeoff, we conduct a
comparative analysis of two large emerging economies: India and Indonesia. Both have transi-
tioned from primary- to tertiary-sector dominance over the past three decades and have pursued
ambitious transport expansions (Fan et al., 2023). Their development trajectories are similar, yet
their ecological contexts differ markedly. India’s contiguous landmass spans nearly every ma-
jor terrestrial biome; forest loss has stabilized and recent gains are observable. Indonesia, the
world’s largest equatorial archipelago, harbors the third-largest tropical rainforest, now highly
fragmented, and has experienced some of the steepest global forest declines.4 This contrast makes
the two countries well suited for a comparative analysis.

We examine four flagship corridors: India’s Golden Quadrilateral (GQ) Highway and North-
South East-West (NS-EW) Corridors, and Indonesia’s Trans-Java Toll Road and Trans-Sumatra

1Exclusive interview with the BBC (2020).
2See Balboni et al. (2023) and Donaldson (2025) for reviews.
3See Appendix Figure A.1 for a historical visualization of the nature-growth tradeoff, plotting the cumulative num-

ber of extinct species alongside GDP per capita in six former colonial powers since 1500.
4According to the FAOSTAT of Food and Agriculture Organization of the United Nations, the share of forest in land

area increased from 21.5% in 1990 to 24.5% in 2023 in India. By contrast, the share of forest in total land area declined
sharply from 65.4% in 1990 to 47.7% in 2023 in Indonesia. fao.org/faostat/en/#data/RL .
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Toll Road. Each constitutes a national backbone. The GQ stretches over 5,800 kilometers, while

the NS-EW is planned to reach 7,300 kilometers upon completion. The two projects link Indian

metropolitan areas along the coastline whilst traversing the country's inland areas. The Trans-

Java exceeds 1,000 kilometers and the Trans-Sumatra is planned at 2,800 kilometers, with about

500 kilometers currently operational, both of which aim to connect the end points of the two most

populous and economically signi�cant Indonesian islands.

Our empirical strategy exploits a staggered adoption treatment design, leveraging variation in the

timing of highway roll-out across distinct segments. We compile comprehensive spatial informa-

tion on the routes, as well as the construction and operation schedules of all completed sections

of the projects. We compare land-use changes within 50 kilometers of affected sections to more

distant areas pre-post construction onset, using satellite data since 1992 from the European Space

Agency's (ESA) Climate Change Initiative. As opposed to using administrative units, which are

endogenous to economic and geographic factors shaping land use, we measure outcomes on con-

sistent hexagonal grids of 250 km2 (approximately 10 km edge length), which yields panels of

15,966 hexagons for India and 813 and 2,434 hexagons for Java and Sumatra, respectively.

Our core analysis uses two methods: two-way �xed-effects (TWFE) difference-in-differences and a

counterfactual imputation method that estimates dynamic treatment effects, evaluates pre-trends,

and is robust to heterogeneous treatment effects (Athey et al., 2021; Liu et al., 2024). To further

address concerns of endogenous placement, we implement an instrumental variables method that

uses straight-line paths as instruments for actual road alignments, following established practice

in transport economics (e.g. Redding and Turner, 2015).

Our comparative analysis reveals that highway corridor development can entail a substantial na-

ture–growth tradeoff across distinct ecological contexts. Fifteen years after the GQ's construction,

areas proximate to the corridor exhibit approximately a 12% reduction in forest cover relative to

areas farther from the road, alongside an increase in urban settlements exceeding 37%. A com-

parable pattern emerges for Indonesia's Trans-Java Toll Road: ten years post-construction onset,

average forest cover loss reaches approximately 12%, while urban settlements expanded by about

29% in affected areas compared with more distant locations. For these two corridors, pronounced

forest cover losses are thus coupled with persistent urban settlement expansion.

The tradeoff, however, is not universal across highways. Along India's NS–EW Corridors, while

evidence of deforestation is weak, urbanization is substantial: ten years after construction be-

gan, urban settlements in impacted areas expanded by almost 20% relative to areas farther away.

Regarding Indonesia's Trans-Sumatra Toll Road, forest loss is limited, but urban settlements in-

creased by approximately 20% six years after construction. Thus, even within a single national

context, the balance between economic gain and ecologic cost can differ considerably.

The estimated effects are also economically meaningful. For the GQ, road-impacted areas experi-

enced, on average, 1.6 hectares of deforestation and 0.2 hectares of urban expansion per hexagon

a decade after construction, implying the conversion of thousands of hectares from natural land
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uses on aggregate. For the Trans-Java, the average conversion reached 3.7 hectares of forest and

3.8 hectares of urban settlement per hexagon ten years post-construction, re�ecting substantial

land-use conversion in an already highly urbanized region.

Our heterogeneity analysis identi�es three sources of cross- and within-project variation in the

nature-growth tradeoff. First, initial land conditions shape the balance between scale effects

(greater economic activity) and structural transformation (reallocation away from agriculture to-

ward less land-intensive sectors). By improving market access, highways alter returns to compet-

ing land uses: they may encourage land-intensive agricultural expansion, but they can also raise

returns to urban and industrial activity. Deforestation therefore depends on the margin along

which growth is absorbed: where degraded or previously converted land is abundant, urban ex-

pansion can occur with relatively limited pressure on intact forests.

Consistent with this mechanism, we �nd declining agricultural land after highway development

and, for the GQ and Trans-Java, larger urban settlement gains in hexagons with higher predeter-

mined agricultural shares, while deforestation remains comparatively muted along the same mar-

gin. Nonetheless, GQ segments crossing forest-rich, ecologically sensitive terrain exhibit sharper

tradeoffs, while the larger forest losses in the more urbanized West Java are consistent with de-

congestion pressures associated with Jakarta's expansion. These results therefore suggest that

highways generate growth, but whether that growth produces deforestation depends on the land-

scape it encounters. Forest-rich, ecologically exposed segments show stronger tradeoffs, while

heavily agricultural or already-modi�ed areas can urbanize with more limited forest loss.

As a second source of heterogeneity, focusing on variation within projects, we �nd that spatial

proximity to respective transport corridors condition the magnitude of the nature-growth tradeoff.

By decomposing the treatment bandwidth into 10 km distance bins and estimating bin-speci�c

effects, we �nd that forest loss was concentrated within 40 km of the GQ and within 10 km of

the Trans-Java, while the strongest urban expansion occurred within 10–20 km of all four projects.

These patterns indicate a rapid spatial decay in the in�uence of road development on land use.

Drawing on Protected Planet and data from the Wildlife Institute of India, we further �nd that

protected areas mitigated the tradeoff both when highways passed through forest-rich landscapes

(the GQ in India, the Trans-Java in Indonesia) and when project siting better respected ecological

sensitivity (the Trans-Sumatra in Indonesia).

Third, the timing of road development also matters. By separating the staggered treatment into

construction and operation phases, we observe distinct project phase-speci�c dynamics. In India,

both phases contributed to deforestation for the GQ, with larger effects during operation; urban

expansion accelerated only during operation for the NS–EW corridors. In Indonesia, forest cover

was signi�cantly affected during construction for the Trans-Java, while urbanization unfolded

over both phases for the two toll roads. The coincidence of forest loss and urban expansion un-

derscores the central role of urban land demand in driving deforestation. These phase-speci�c

patterns suggest that project design, including whether roads upgrade existing routes or create
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new alignments, and the duration of construction shape the timing of both ecological and eco-

nomic responses.

As a summary exercise, we use our core estimates in the paper to directly valuate the nature-

growth tradeoff in monetary terms. For economic gains, we perform a back-of-the-envelope valu-

ation that applies an urban settlement-to-GDP elasticity, of which the results suggest sizable aggre-

gate gains across all four transport projects (Damania et al., 2018). Conversely, applying the social

cost of carbon emissions (Nordhaus, 2017; Ricke et al., 2018) from estimated deforestation indi-

cates ecological costs are non-trivial – particularly for the GQ and Trans-Java highways, although

they remain smaller in magnitude than the projected economic bene�ts. When we incorporate

our estimates from protected areas, we also �nd that, for the GQ and Trans-Java, protected areas

contract the nature-growth tradeoff by increasing estimated GDP returns while decreasing car-

bon costs from deforestation. This provides suggestive evidence that protected areas can shift the

nature-growth frontier outward, increasing economic gains while reducing ecological costs.

As �nal extensions, reported in the appendix, we complement forest cover measures with the

Natural History Museum's Biodiversity Intactness Index, particulate matter concentrations, and

carbon emissions, all of which reinforce the principal �ndings and add further nuance to how

roads affect habitat health and broader environmental conditions. As alternative proxies for eco-

nomic dynamics, we also use data on electricity consumption and gross output, thus con�rming

the coexistence of scale effects and structural transformation.

This study offers several contributions to the literature. First, the paper advances research on the

ecological impacts of transport infrastructure by focusing on urban expansion. While recent em-

pirical work has framed deforestation within a land-use choice model, most studies emphasize

how reductions in transport costs reallocate land between agriculture and forests (Balboni et al.,

2023; Costa et al., 2025). For example, in a partial equilibrium setting, Damania et al. (2018) iden-

tify agricultural production as the primary economic driver when estimating the effects of roads

on growth and forest clearing in the Democratic Republic of the Congo. Using spatial general

equilibrium approaches, Araujo et al. (2023) and Gollin and Wolfersberger (2024) model land-use

choices between forest and agriculture to derive general equilibrium effects of roads in Brazil.

While building on this framework, our paper documents the tradeoff between urban expansion

and forest preservation that arises from large-scale highway projects. In doing so, we highlight the

increasing role of urbanization in the nature-growth nexus as developing economies shift away

from agriculture, thus extending prior work on the ecological consequences of transport infras-

tructure by highlighting an understudied mechanism (Asher et al., 2020).

The second contribution speaks to the literature on the relationship between economic develop-

ment and forest conservation. The forest-transition literature argues that economic growth can

eventually lead to forest recovery through both scarcity-driven and development-driven mech-

anisms (Grossman and Krueger, 1995; Copeland and Taylor, 1994; Rudel et al., 2005). Existing

evidence suggests that transport infrastructure can shape this relationship by in�uencing patterns
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of land use and forest cover (Foster and Rosenzweig, 2003; Kaczan, 2020). Through exploratory

analysis of heterogeneous effects resulting from the four highway projects, we show that road

construction need not entail a �xed nature–growth tradeoff. Instead, the environmental con-

sequences of growth generated from highway development depend on the landscapes through

which they encounter: ecologically exposed segments face sharper nature-growth tradeoffs, while

heavily agricultural or already-modi�ed areas can accommodate urban expansion with more lim-

ited forest loss. These �ndings highlight the importance of project siting and land-use regulation

in shaping the environmental consequences of transport investments.

Finally, through our extensive data collection effort, we illuminate spatial and temporal hetero-

geneity underpinning highway development. Alongside identifying where effects of urbanization

and deforestation are concentrated in space, we also show how protected areas can be used to mit-

igate the tradeoffs between conserving nature and maximizing economic bene�ts. With respect to

dynamic effects, evidence has been limited on when impacts materialize over a transport project's

life cycle (Hu et al., 2025; Välil ä, 2025). By separating construction and operation phases, we

demonstrate important temporal variation. Ignoring these dynamics – omitting the construction

phase and under-accounting for longer-run effects after operation – can mischaracterize the trade-

off. Well-identi�ed reduced-form estimates from these exercises can also help inform elasticities

used in general equilibrium approaches (e.g. Araujo et al., 2023; Balboni and Shapiro, 2025).

The remainder of the paper is organized as follows. Section 2 provides background on the four

highway corridors and broader theoretical motivation. Section 3 presents the data and empirical

strategies. Section 4 details the primary �ndings with respect to the main treatment effects for each

project. Section 5 delves into heterogeneity regarding initial conditions, proximity to the roads,

presence of protected areas, as well as separating impacts from construction versus operation

periods. Section 6 performs our back-of-the-envelope valuation of the nature-growth tradeoff

across the four highway projects. Section 7 provides brief overviews of our extended analysis

with auxiliary outcome measures. Section 8 concludes.

2 Background

2.1 The Golden Quadrilateral Highway and the North-South East-West Corridors

The Government of India launched its ambitious National Highways Development Project (NHDP)

in 1998 under the premiership of Atal Bihari Vajpayee. Two major initial projects were announced:

the GQ Highway, which connects the four major cities of Mumbai, Delhi, Chennai, and Kolkata,

and the NS-EW Corridors, which link the four endpoints of India. The NHDP principally sought

to rehabilitate and upgrade preexisting highways, such as extending road lanes and improving

pavement, rather than developing green�eld infrastructure.

All projects in the NHDP program were designed to be completed in phases, with the majority of

work commencing in the early 2000s for the GQ as Phase I and most of the road sections being
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�nished by 2006. The NS-EW then began as part of Phase II, upgrading the highways from the

northern city of Srinagar down to Kanyakumari and Kochi, alongside Porbandar in the west across

to Sichar in the northeastern region. The total length of the GQ Highway is 5,846 km and most of

the road segments are four to six lanes. The designed length of the NS Corridor is approximately

4,000 km, and that of the EW Corridor is about 3,300 km. Although a majority of both corridors of

the NS-EW had been completed, some sections still remained to become operational by the time

of this study. Panel (a) of Figure 1 outlines the two road networks, connecting the major nodal

cities and endpoints in a quadrant-like fashion.

2.2 The Trans-Java Toll Road and the Trans-Sumatra Toll Road

The Government of Indonesia announced ambitious plans to develop its transportation infras-

tructure in the 1970s, with an accelerated implementation speed since the mid-2010s, including

the Trans-Java and Trans-Sumatra Toll Roads as two of the largest road projects. Java is the most

populous island of Indonesia and the nation's economic powerhouse. The government began toll

road development on Java in the 1970s under President Soeharto. However, the vision for a fully

integrated Trans-Java Toll Road stretching across the island was only formally articulated in 1995

to decongest and allow for more ef�cient vehicle �ows. The tolled highway project was designed

to pass through �ve of the six provinces of the island, and to connect its northwest and southeast

endpoints. Progress was delayed by the 1997 �nancial crisis, and large-scale construction only

resumed in earnest in the 2010s under the administration of President Widodo. Thus far, the toll

road has reached 1,056 km, with a majority of segments operational.

The Trans-Sumatra Toll Road was inaugurated in 2013. Sumatra is the largest island of Indonesia

and also the country's second-largest in population and economic output. Designed to interlink

Banda Aceh in the north of the island with Bakauheni in the south and effectively bridge the east-

ern and western shores, the tolled highway was projected to improve road connectivity ef�ciency,

safety, and resilience. The alignment of the road was also been selected to avoid wildlife sanctuary

areas (AIIB, 2022). Some segments were designed to parallel the existing national roads connect-

ing these areas and pass through primarily plantations and less environmentally sensitive lands

(Hutama Karya, nd). The toll road has a planned total length of 2,818 km. Its development was

divided into four phases, with construction of the �rst phase commencing in 2015. Over 500 kilo-

meters of road were fully operational by 2023 (Antara, 2023; Hutama Karya, nd; KPPIP, nd). Panel

(b) of Figure 1 maps the two Indonesian toll roads.

2.3 Highways, Urban Expansion and Deforestation

Transport infrastructure reshapes the spatial distribution of economic activity (Redding and Turner,

2015). A large literature shows that highways encourage urban expansion, alter the location of

�rms and workers, and promote structural transformation by reducing transport costs. Evidence

from both developed and developing countries �nds that road investments increase economic ac-
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tivity, facilitate urban growth, and shift labor and production away from agriculture and toward

manufacturing and services (Baum-Snow, 2007; Faber, 2014; Ghani et al., 2016; Bird and Straub,

2020; Gertler et al., 2024).

A second literature studies how transport investments affect land use and deforestation. By lower-

ing transport costs, roads increase the value of alternative land uses and can induce forest conver-

sion. Most existing work emphasizes agricultural expansion as the primary mechanism linking

roads to deforestation, focusing on the tradeoff between forests and agricultural production (Da-

mania et al., 2018; Asher et al., 2020; Araujo et al., 2023; Costa et al., 2025). Yet highways also

stimulate urbanization, increasing demand for residential, commercial, and industrial land. Be-

cause urban growth often occurs through spatial expansion rather than densi�cation, transport

investments may contribute to deforestation through urban land demand as well.

Our study brings these perspectives together. We conceptualize the environmental consequences

of highways as the outcome of two opposing forces. Improved accessibility raises demand for

urban land, encouraging forest conversion through urban expansion. At the same time, structural

transformation shifts activity away from land-intensive agriculture, potentially reducing pressure

on frontier forests. The resulting nature-growth tradeoff therefore depends on whether urban

expansion occurs primarily through forest clearance or through the redevelopment of already

degraded land. We examine these dynamics by estimating the effects of highway development on

both forest cover and urban expansion across space and over time.

3 Data and Methodology

3.1 Data

The Road Networks To map out the routes of the GQ Highway and the NS-EW Corridors, we

rely on digitized road information from Ghani et al. (2016). 5 Regarding the timing of construction

and operation for different sections of the respective projects, we use data from Chatterjee et al.

(2020). Based on of�cial documents from the National Highways Authority of India, the data

provides the approximate start years of construction and operation at the administrative district

level.

For the Trans-Java Toll Road, both HERE Technologies and OpenStreetMaps were used to distin-

guish the networks from other roads and trace the routes (HERE Technologies, ndb). 6 For the

Trans-Sumatra Toll Road, we digitized the of�cial planning maps available from Hutama Karya,

the principal construction �rm, to generate the road paths (Hutama Karya, nd; KPPIP, nd).

For the construction and operation schedules of the Trans-Java, we primarily rely on secondary

sources, ranging from websites of involved companies, such as Jasa Marga, the toll road opera-

5We reaf�rm the routes using the road network built from the commercial data of HERE Technologies (HERE

Technologies, nda; National Highways Authority of India, nd).
6The available of�cial documents were also referenced to check the accuracy of the resulting routes.
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tor, to online news articles. 7 While the start year of operation is consistently available, we could

only identify de�nitive construction start times for half of the toll segments. To approximate the

construction start year of these segments, we take the average construction time for each section

where information could be sourced (approximately 4 years), and subtract this from the operation

year of the sections with missing construction start dates. For the Trans-Sumatra, we obtained

details on the construction and operation years of all completed sections from Hutama Karya

alongside secondary sources (Hutama Karya, nd).

Land Use To measure land use patterns, we use satellite imagery from the European Space

Agency (ESA) Climate Change Initiative (CCI) Land Cover project, which provides annual global

land cover classi�cations at 300m � 300m pixel resolution, which can be converted to hectares by

multiplying each pixel by 0.09. Our two core outcome variables of forest cover and urban settle-

ments are constructed directly from the CCI land cover classi�cations. 8 We also collect data on

agricultural land use by aggregating pixels classi�ed as cropland to assess structural shifts away

from agriculture in highway-affected areas. A key advantage of the ESA CCI data is its temporal

depth: coverage extends to 1992, enabling pre-treatment analysis for the GQ Highway and the

majority of Trans-Java Toll Road segments. Summary statistics for core variables by treatment and

control groups across all highway projects are reported in Appendix A.2.

Other Outcomes To examine knock-on environmental consequences of road construction, we

supplement forest cover with three additional environmental outcomes. We use the Biodiver-

sity Intactness Index (BII) from the Natural History Museum, which ranges from zero to one and

estimates the proportion of endemic species remaining intact within a given area relative to pre-

industrial baselines, serving as a measure of local ecosystem health. We measure air quality using

particulate matter concentrations of 2.5 micrometers or smaller (PM2.5) from NASA's Socioeco-

nomic Data and Applications Center (SEDAC). We also capture emissions using gridded CO2 data

at 0.1° × 0.1° resolution from the European Union's Emissions Database for Global Atmospheric

Research (EDGAR), focusing speci�cally on emissions attributable to road transportation.

Finally, to check the robustness of our urban settlement results as a proxy for local economic

growth, we gather data on electricity consumption and real GDP from Chen et al. (2022), avail-

able at a 1km � 1km resolution. For electricity consumption, we use median values within each

hexagon to mitigate the in�uence of within-hexagon skew; for real GDP, we aggregate across all

grid cells falling within hexagonal boundaries.

7We maintain a record of all of these sources.
8Forest cover aggregates pixels classi�ed as evergreen broadleaved, evergreen needleleaved, deciduous

broadleaved, and deciduous needleleaved tree cover (Estoque et al. (2019) also use the ESA CCI data to study for-

est cover in Southeast Asia). Urban settlements include pixels classi�ed as built-up areas.
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(a) GQ Highway and NS-EW Corridors

(b) Trans-Java and Trans-Sumatra Toll Roads

Figure 1: Empirical Set-Up for the Road Projects

Note: forest cover refers to 2015 levels for India and 2022 levels for Indonesia (the last years of data for respective

projects). Data comes from the ESA CCI Land Cover database project. For the Trans-Sumatra, we further outline the

planned segments of the road as dashed lines. Only sections of the road with orange buffers (the 50km bandwidth that

de�nes treated hexagons) have been constructed. See Appendix A.3 for separate maps for Java and Sumatra.
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3.2 Empirical Strategy

3.2.1 Identi�cation Strategy

Spatial Unit and Treatment Bandwidth Previous studies have typically relied on administrative

units, although this approach can introduce measurement error because administrative bound-

aries vary substantially in size and shape (Balboni et al., 2023). To achieve consistent spatial reso-

lution and minimize boundary-driven heterogeneity, we construct a hexagonal grid covering In-

dia and that of the Indonesian islands of Java and Sumatra. Each cell spans 250 km2 with an edge

length of just under 10 km, yielding 15,966 cells in India, 813 in Java, and 2,434 in Sumatra.

We de�ne treatment by proximity to newly built highway segments. The literature adopts a wide

range of spatial bandwidths: transport economics studies typically use administrative units or

buffers of 50–300 km (Bird and Straub, 2020; Gertler et al., 2024; Melecky et al., 2018), while en-

vironmental economics studies range from narrow buffers of under 10 km for direct impacts to

much larger radii of 100–300 km for potential spillover effects (Asher et al., 2020; Ben�́tez-López

et al., 2010; Damania et al., 2018; Laurance et al., 2009). To balance internal validity and compara-

bility across projects, we conduct a project-speci�c grid search to select the treatment bandwidth

that best aligns with our outcome dynamics (Section 5.3; Appendix B.1). Based on the search, we

set 50 km as the baseline bandwidth to de�ne the treatment status of units for the core analysis

and examine distance-decay patterns as part of assessing heterogeneous treatment effects.

Hexagons that fall within 50 km of a highway segment are thus classi�ed as ever-treated units;

those that fall beyond 50 km serve as never-treated controls. Figure 1 displays the 50 km buffer

(orange) and overlays forest cover from the latest year of available data to illustrate the spatial

distribution of treated cells and forested areas.

Staggered Adoption We leverage the differential timing of highway construction across space

via a staggered adoption treatment design. Figure 2 plots the cumulative number of hexagons

entering treatment status through construction (grey) and becoming operational (light blue) over

time, illustrating the staggered structure of treatment assignment across all four corridors.

For the GQ and NS-EW, construction and operation dates vary at the district level. The two cor-

ridors traverse 93 and 115 districts, respectively, out of 656 nationwide. At junctions where the

corridors intersect, we assign the GQ construction year, as it was the earlier completed project. GQ

construction rolled out between approximately 1998 and 2003, generating six treatment cohorts;

NS-EW construction spanned 1999 to 2007 across eight cohorts. Across both corridors, segments

typically completed construction and transitioned to operation within three to six years.

For the the Trans-Java and Trans-Sumatra, construction and operation dates vary at the road

section level. The Trans-Java comprises 39 sections, with construction commencing as early as

1973 and the most recent section beginning in 2017, yielding eleven treatment cohorts. To avoid

negative weighting issues arising from always-treated units, we exclude segments already un-

der construction or fully built by 1992, the �rst year of land use data (Goodman-Bacon, 2021).
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The Trans-Sumatra currently has seven constructed sections, with twenty-one remaining in the

pipeline; construction began between 2013 and 2018 across �ve treatment cohorts. The average

construction period for both Indonesian toll roads is approximately 3.5 years.

(a) GQ Highway (b) NS-EW Corridors

(c) Trans-Java Toll Road (d) Trans-Sumatra Toll Road

Figure 2: Staggered Roll Out of Construction for the Transport Projects

Note: each panel plots the number of hexagons that become treated (i.e. are within 50km of a road section that began

construction in year t) over time. Dashed horizontal line outlines the total cumulative number of hexagons that are

ever-treated by the �nal year of analysis. For Trans-Java Toll Road, segments that began construction on or before 1992

form the group of always-treated units. For Trans-Sumatra Toll Road, only hexagons of currently completed sections

by 2022 are plotted (21 further segments of the road remain in the pipeline).
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3.2.2 Two-Way Fixed Effects

We �rst use TWFE to estimate the impact of highway development on land use. India has ex-

pansive continuous land territory; the GQ Highway and NS-EW Corridors share overlapping

sections. Therefore, we introduce separate treatment variables for each project within a single

speci�cation to identify their individual impacts. This approach allows us to disentangle the ef-

fects of the two projects while accounting for their geographic overlap. 9 We estimate the following

speci�cation:

yhrst = � h + � t + � (GQ Construction hrst ) + 
 (NS-EW Construction hrst ) + � X 0
hrst + "hrst ; (1)

where GQ/NS-EW Construction hrst =

8
>>><

>>>:

1 if GQ/NS-EW construction has begun for

section r in year t and h < 50 km from the road

0 otherwise

where yhrst refers to the logarithm of forest cover or urban settlements in hexagon h of road

section r of state s in year t, measured as the total number of pixels classi�ed under each land

use category.10 � h and � t denote hexagon and year �xed effects, respectively, absorbing time-

invariant heterogeneity across spatial units and common temporal shocks. The treatment vari-

ables GQ Constructionhrst and NS-EW Construction hrst follow the staggered adoption set-up, tak-

ing a value of one if a hexagon h is within 50 km of road section r and construction has begun on

that section by year t, and zero otherwise. The coef�cients � and 
 capture the highway-speci�c

semi-elasticities of development on forest cover or urban settlements and should be interpreted as

average treatment effects on the treated (ATT), encompassing both the construction and operation

phases of respective highways. Although observable covariates at the hexagon-year level are un-

available, more demanding speci�cations incorporate state � year �xed effects in X 0
hrst to absorb

all time-varying unobservables at the state level. Since treatment assignment varies at the district

level, standard errors are clustered by district throughout.

For Indonesia, the Trans-Java and Trans-Sumatra toll roads are located on separate islands, sep-

arated by the Sunda Strait, and their construction cohorts barely overlap across years (Figure 2).

We therefore estimate the following speci�cation separately for each toll road:

yhrpt = � h + � t + � (Toll Road Construction hrpt ) + � X 0
hrpt + "hrpt ; (2)

where Toll Road Construction hrpt =

8
>>><

>>>:

1 if Toll Road construction has begun for section

r in year t and h < 50 km from the road

0 otherwise

9Robustness checks excluding districts that overlap both highway projects are reported in Appendix B.4.
10A small constant � (= 0 :01) is added to the outcome variable to preserve observations with zero forest cover or

urban settlements.
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The variables are de�ned analogously to the speci�cation for Indian highway projects, with the

treatment variable, Toll Road Construction hrpt , taking a value of one if a hexagon h is within 50

km of road section r and construction has begun on that section by year t, and zero otherwise.

The coef�cient � captures the semi-elasticity of highway development on land use. As with speci-

�cation for the Indian projects, more demanding versions include province � year �xed effects in

X 0
hrpt to absorb time-varying unobservables at the provincial level. Standard errors are clustered

at the road section level.

3.2.3 Counterfactual Imputation

The TWFE estimator assumes strict exogeneity – no anticipation effects, no pre-trends, and no

time-varying unobservables that jointly co-determine highway construction and outcomes (Goodman-

Bacon, 2021; Roth et al., 2023). This further implies the standard parallel trends assumption: absent

highway development, treated and control units would have followed the same trajectory in pat-

terns of land use. To address these concerns, we complement our TWFE estimates with the coun-

terfactual imputation method proposed by Liu et al. (2024), which offers three advantages. First,

it estimates dynamic treatment effects that allow us to explicitly examine pre-treatment trajecto-

ries of land use outcomes. Second, it uses factor-augmented methods to impute counterfactual

outcomes, �exibly controlling for correlated unobservables at the hexagon level. 11

The procedure follows four steps. First, we use all non-treated observations (i.e. never-treated

units and pre-treatment observations of ever-treated units) to estimate untreated potential out-

comes: yhrlt (0) = f (X hrlt ) + h(U hrlt ) + "hrlt . yhrlt denotes the logarithm of forest cover or urban

settlements in hexagon h of road section r , subnational location l , and year t; (0) indicates non-

treated observations; and f (X hrlt ) and h(U hrlt ) are �exible functions for observables and unob-

servables, respectively. Given the absence of time-varying covariates at the hexagon level, we rely

on Athey et al.'s (2021) matrix completion approach to �exibly impute counterfactual outcomes.

We additionally apply Bai (2009) interactive �xed effects approach as a sensitivity check against

model misspeci�cation (see Appendix B.6).

Second, we predict counterfactual outcomes, byhrlt (0), for each treated observation h using the es-

timated functions bf and bh, such that byhrlt (0) = bf (X hrlt ) + bh(U hrlt ).12 Third, we calculate hexagon-

level treatment effects as the difference between observed and imputed outcomes for treated units,
b� hrlt = yhrlt � byhrlt (0). Finally, averages of b� hrlt are taken across pre- and post-treatment peri-

ods for treated hexagons to obtain the average treatment effect on the treated (ATT) per period,

estimated separately for each highway project.

11Our counterfactual imputation method based on matrix completion implicitly captures time-varying unobserv-

ables through a low-rank factor structure that �exibly models latent trends across space and time.
12For the GQ (or the NS-EW), for consistency with the TWFE speci�cation, we always include a dummy for the

counterpart project as an observable control in f (X hrlt ).
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3.2.4 Instrumental Variables

Instrumental variables are a standard remedy in transport economics to address non-random

placement of roads. As a complementary identi�cation strategy to the TWFE and counterfac-

tual imputation estimates, we construct instruments for the three corridors closest to full comple-

tion: the GQ, NS-EW, and Trans-Java. We follow the inconsequential units approach, constructing

straight-line networks between major endpoints and nodal cities for each corridor (panels (a) and

(b) of Figure 3).13 The identifying assumption is that road placement is predicted only for units

that quasi-randomly lie near the straight line connecting two nodal points, and is therefore or-

thogonal to unobserved determinants of land use outcomes (Duranton and Turner, 2011; Redding

and Turner, 2015).

For each project, we generate a dummy variable indicating whether a hexagon falls within 50 km

of the respective straight-line network. For the Indian corridors, we interact this distance-based

dummy with a linear time trend to induce temporal variation. The �rst-stage speci�cation for the

GQ and NS-EW takes the following form:

GQ Construction hrst = � h+ � t + � GQ (1[Distance to GQhrs < 50km] � t) (3)

+ � 1(NS-EW Construction hrst ) + � 2X 0
hrst + uhrst

NS-EW Construction hrst = � h+ � t + � NS -EW (1[Distance to NS-EWhrs < 50km] � t) (4)

+ � 1(GQ Construction hrst ) + � 2X 0
hrst + uhrst

where Distance to GQhrp and Distance to NS-EWhrs refer to the distance of hexagon h to the straight

line network for the GQ and the NS-EW, respectively. To maintain consistency with the second

stage, we retain NS-EW Constructionhrst in the �rst stage for the GQ instrument, and vice versa

for the NS-EW. All other variables retain the same meanings as in equation (1).

For the Trans-Java, we exploit the incumbency of President Joko Widodo following the 2014 pres-

idential election as a credible time shock. As described in the background section, Widodo sub-

stantially accelerated toll road development across Java during his presidency, with gross road

investments rising sharply after his incumbency in 2014 in both aggregate and per capita terms,

consistent with a transport infrastructure index constructed by the World Bank Global Infrastruc-

ture Hub (see Appendix C.2). The �rst-stage speci�cation for the Trans-Java is thus:

Toll Road Construction hrpt = � h+ � t + � (1[Distance to Toll Roadhrp < 50km] � 1[t � 2014]) (5)

+ � 2X 0
hrpt + uhrpt

13For the GQ, we link Delhi, Mumbai, Chennai, and Kolkata, using Ongole as a kink to keep the Chennai–Kolkata

segment on dry land (Ghani et al., 2016). For the NS-EW Corridor, we connect Srinagar, Kanyakumari, Kochi, Porban-

dar, and Silchar, anchoring the network with Delhi in the north and Bengaluru in the south. For the Trans-Java Toll

Road, we use Bangil to kink the Surabaya–Probolinggo line, ensuring it stays on dry land while also linking Malang.
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