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Roads are expanding at the fastest pace in human history. This is the case especially
inbiodiversity-rich tropical nations, where roads can result in forest loss and
fragmentation, wildfires, illicit land invasions and negative societal effects' . Many
roads are being constructed illegally or informally and do not appear on any existing

road map®%; the toll of such ‘ghost roads’ on ecosystems is poorly understood. Here
we use around 7,000 h of effort by trained volunteers to map ghost roads across the
tropical Asia-Pacific region, sampling 1.42 million plots, each1 km?in area. Our intensive
sampling revealed a total of 1.37 million km of roads in our plots—from 3.0 to 6.6 times
more roads than were found in leading datasets of roads globally. Across our study
area, road building almost always preceded local forest loss, and road density was

by far the strongest correlate™ of deforestation out of 38 potential biophysical

and socioeconomic covariates. The relationship between road density and forest loss
was nonlinear, with deforestation peaking soon after roads penetrate alandscape
and then declining as roads multiply and remaining accessible forests largely
disappear. Notably, after controlling for lower road density inside protected areas,
we found that protected areas had only modest additional effects on preventing
forest loss, implying that their most vital conservation function s limiting roads

and road-related environmental disruption. Collectively, our findings suggest that
burgeoning, poorly studied ghost roads are among the gravest of all direct threats to

tropical forests.

By the middle of this century, Earth is expected to have some 25 mil-
lion km of new paved roads relative to 2010—enough to encircle the
planet more than 600 times'. Roads serve a number of important
societal functions, such as promoting trade and increasing access to
natural resources and arable land”®*2, Without effective planning and
law enforcement, however, roads can also unleash a Pandora’s box of
environmental ills and societal challenges®™™¢. Unfortunately, many
new roads are being constructed informally or illegally, especially in
lower-income nations where governance is often hindered by corrup-
tion andineffective law enforcement””. These ‘ghost roads’, invisible on
official road maps, are one of the most vexing direct threats to tropical
forests and their wild and human inhabitants®’.

We define ghost roads operationally as those missing from the two
leading global-road datasets: the Global Roads Inventory Project”
(GRIP) and OpenStreetMap™ (OSM). Ghost roads include informally
orillicitly constructed roads, bulldozed tracks inlogged forests, roads
in palm-oil plantations and other roads that are missing from exist-
ing road datasets for various reasons. Such roads can be either paved
or unpaved, although most are unpaved. Ghost roads are being con-
structed by arange of people, including legal or illegal agriculturalists,
miners, loggers, land grabbers, land speculators and drug traffickers,
among others®™,

The accuracy and completeness of existing road maps vary greatly
among nations and regions, and are typically poorest in developing
nations with large forest estates®°. To assess the extent of ghost roads,
we carried out an intensive sampling effort (1.42 million plots of 1 km?
each) across arange of human-altered and native-forested regions of
Borneo, Sumatra and New Guinea—three of the world’s largest conti-
nentalislands. We manually mapped and digitized roads on eachisland
using recent (circa 2019) high-resolution satellite imagery in Google
Earth. Mapping was conducted by 210 trained volunteers or research-
ers whose individual mapping accuracy was quality-checked by one
or more co-authors of this study, using test datasets (Supplementary
Information and Supplementary Fig.1). Each mapper was required to
attain an accuracy of more than 90% on test datasets (including road
omissions and commissions) before commencing road-mapping.

After generating high-accuracy road data, we (1) compared the extent
ofroads from our datadirectly with those from the two leading global-
road datasets (GRIPY and OSM®); (2) assessed how roads and other
key socioeconomic and environmental variables influence forest loss;
(3) gauged how protected areas affect the proliferation of roads and
associated environmental disruption; and (4) used a temporal analy-
sis to assess whether roads tend to precede, or follow, deforestation
across our study area.
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Fig.1|Road density in the tropical Asia-Pacificregionis much higher than
indicated by available global datasets. a, The study region, comprising part
orall ofIndonesia, Malaysia and Papua New Guinea (the yellow triangle shows
thelocation of inset panels c-e). b, Cumulative plots comparing the total length
ofroads and proportion of land potentially affected by roads (road extent,

Road extent and density

We compared our road data with those from the two global-road
databases, GRIP and OSM, using the same 1.42 million plots for all
datasets. Road extent (the percentage of mapped 1-km?cells contain-
ingatleast one road) was13.2% using GRIP and 18.3% using OSM, but a
much higher 32.9% when using our road data (Fig. 1b). In addition, the
total length of mapped roads was 3.0-6.6 times greater when using
our dataset (1.37 million km) than when using the GRIP (0.21 million
km) and OSM (0.45 million km) datasets. Compared with GRIP and
OSM, our data revealed that 35-45% of unmapped roads were in oil-
palm or other plantations (23-33% in large plantations; 11-12% in
small plantations), 31-39% were in intact forests and 17-28% were in
non-plantation agriculture (see Supplementary Fig. 2 and Supplemen-
tary Information for land-use definitions). Unmapped roads were less
prevalent in urban areas, degraded forest and other land-use types
(Supplementary Fig. 2).

Our findings show that the extent and length of roads, at least in
ourstudy area, are severely underestimated in leading road databases
and official government statistics (Fig.1and Supplementary Table 2).
Moreover, these badly deficient road data partly underlie popular con-
servation metrics, such as the ‘human footprint’ index**and ‘roadless’
or ‘wilderness’ areas>?, that are widely used in conservation research
and management (see below).
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percentage of 1-km? cells containing roads) in this study versus data from OSM
and GRIP. Sites are ordered from highest to lowest road length. c-e, Mapped
roadsinalandscapeinSabah, Malaysian Borneo, as shown by GRIP (c; blue
lines, imagery circa2018), OSM (d; red lines, circa 2020) and this study (e; black
lines, circa 2019), respectively.

Modelling forest loss

Next, we tested the relative importance of roads and other potential
spatial predictorsin driving forest loss in our 1.42 million plots. To do
this we first created a comprehensive land-cover map for our study
region and then quantified the percentage of land cleared per plot
(hereafter termed ‘forest loss’) as our response variable. Our map was
explicitly designed to accurately detect forest loss while not misclas-
sifying current land covers, such as oil-palm or wood-pulp plantations,
as forested land, or open vegetation, such as wetlands, as deforested
land (Supplementary Information). We thenidentified 38 key environ-
mental, demographic or socioeconomic variables potentially related
to deforestation (Supplementary Table 4). Included among these
were neighbourhood road density (total length of roads within a 5-km
radius of each plot) and road proximity (linear distance of the plot to
the nearest road). Much road building in the tropics is linked to agri-
culture—thelargest ultimate driver of deforestation in the Asia-Pacific
region®***—whichitselfisinfluenced by underlying socioeconomicand
demographic factors?”*, Roads also promote deforestation by mark-
edly reducing the costs of transporting timber, bulk minerals, fossil
fuels and poached wildlife to domestic or international markets**.
To model forest loss on the basis of our 38 potential predictor vari-
ables, we developed a generalized linear model with LASSO regular-
ization™ (a technique that encourages simple, sparse models, with
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Fig.2|Environmental and socioeconomic features thatinfluence forest
loss across the tropical Asia-Pacificregion. a-j, Partial differential plots
showingrelationships between the 10 most influential features and forest
cover (road density (a), annual rainfall (b), distance to city (c), slope (d), soil
coarse fraction (e), distance toroad (f), soil carbon (g), population density (h),

fewer parameters and less model variance and bias). Out of these 38
potential predictors, 14 had adiscernible relationship with forest loss
(Supplementary Information), and their effects were then contrasted
using road datasets from this study, GRIP and OSM (Fig. 2). Notably,
the marginal relationship between road density and forest loss was
distinctly nonlinear (Fig. 2a). This sigmoidal curve suggests a gen-
eral threshold effect of roads, with deforestation rates being highest
whennew roadsarefirst constructed inalandscape, and then gradually
decreasing as road density increases. Forests are expected to decline
most sharply when roads initially encroach, up to a road density of
around 4 km km™, with accessible forests becoming largely depleted
ifroad density exceeds around 7.5 km km™. Broadly similar dynamics
have been observed in rural communities experiencing ‘boom-and-
bust’ development in the Brazilian Amazon®, where initial road building
triggers rapid forest loss followed by declines in environmental and
human welfare as forest resources are increasingly exhausted.

Inour final LASSO regression model, several other variables—annual
rainfall, distance to nearest city, topographic slope, soil coarse fraction,
distanceto nearest road, and country—had modest explanatory power,
with each having beta (slope) values significantly smaller than that of
road density (Fig. 2b-j). Marginal relationships of these variables with
forest loss largely followed expected trends (that is, forest loss was
highest near townships or cities, in flatter areas and in less-rainy locales
where forest burning is easier) (Fig. 2b-j). Notably, protected-area
coverage (withabeta value of just —0.01) had little influence on model
performance. We did not evaluate various other potential drivers of
deforestation, especially ultimate factors (for example, poverty, access
to global markets and social norms)? for which we lacked adequately
spatially resolved data. Thus, although road density was the strongest

Difference in beta (GRIP) Difference in beta (OSM)

soil sand fraction (i) and gross domestic product (GDP) (j)). The x-axis values
indicate the number of standard deviations from the mean; see Supplementary
Table 5. k-m, Spatial predictors of deforestation, showing slope (beta) values
formodel using our road data (k) and the difference in slope values when using
alternative road data from GRIP (I) and OSM (m). Abs, absolute values.

spatial predictor of forest loss in our study, we were unable to consider
every conceivable driver of deforestation in our model.

We alsoranseparate LASSO models for each country and then com-
pared their performance with that of our region-wide LASSO model,
whichindicated thatIndonesia had a higher marginal rate of forest loss
thandid either Malaysia or Papua New Guinea. Notably, the region-wide
model performed better (pseudo R*= 0.667) than the three country-
level models (pseudo R*= 0.540, generated by using area-weighted
averages for each nation) (SupplementaryFig. 3). Inaddition, we reran
our LASSO regression while excluding large-scale oil-palm and pulp-
wood plantations (Supplementary Fig. 4), which are associated with
considerable deforestationin the Asia-Pacific region®. This produced
only negligible changesin model slope parameters and overall outcome
(Supplementary Information), underscoring the robustness of our
region-wide model.

The LASSO model based on our road data, which included ghost
roads, differed in three important ways from those based on the GRIP
and OSM datasets (Fig. 2k-m). First, the model with our improved
road datawas considerably stronger, explaining more of the total devi-
ance in the response variable (66.7%) than did either the GRIP- or the
OSM-based models (49.8% and 51.0%, respectively). As a result, our
model was better at predicting spatial patterns of forest loss across
our study area (Fig. 2). Second, when using our road data, road den-
sity was a much stronger correlate of forest loss (with a beta value of
1.35, whichisaround 1.4-2.8 times greater than OSM- and GRIP-based
values, respectively). Third, the effect of country on forest-conversion
rates differed substantially (particularly for Indonesiaand Papua New
Guinea) when using GRIP or OSM data, compared with our comprehen-
sive road dataset. Hence, the widely used GRIP and OSM datasets are
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Fig.3|Effects of protected areasinlimitingroad construction and forest
loss. a, Differencesinroad density between protected and unprotected areas
after site-matching analysis. b, Marginal difference in forest loss between
protected and unprotected cells after site matching with the full dataset from
thisstudy. For both panels, error bars show 95% confidence limits (inb, the
erroristoosmall for the gap betweenbars to be visible).

not just seriously incomplete but also markedly inconsistent among
nations or geographicregions (Supplementary Table 2)—with develop-
ing nations generally having much poorer road data than do wealthier
nations>®,

Roads and protected areas

Next, we assessed the degree to which areas that are designated as
protected by the International Union for Conservation of Nature
(categories I-VI) limit road incursions and forest loss, relative to non-
protected areas, using the three road datasets. We first used propensity-
score matching® to account for non-random locations of protected
areas, such as biases toward steeper or less productive lands (Supp-
lementary Information). We then used separate propensity-score
analyses to assess the capacity of protected areas to reduce both road
incursions and forest loss.

When comparing matched sites, we found that average road density
was more than twice as high (256.7%) outside protected areas than
inside them (Fig.3a). However, after accounting for lower road densities
inside protected areas, the marginal effects of protected-area coverage
onforest loss were surprisingly modest: less than1%in magnitude when
based ontheroad datasets from this study, and less than1.5% in magni-
tude whenbased on datafrom OSM or GRIP (Fig. 3b). This suggests that,
onaper-kilometrebasis, roads inside protected areas lead to nearly as
much forest loss as do roads outside protected areas. We assert that
the most crucial conservation function of terrestrial protected areas,
atleastin the Asia-Pacific region, is limiting road incursions and their
many associated impacts on forests.

Roads precede forest loss

Finally, to test whether roads tend to precede deforestation, or rather,
follow it, we evaluated the temporal sequence of land-use change in
12 large land parcels (each around 400 km?in area) arrayed across
Sumatra, Borneo and New Guinea (Fig. 4a). We created 35 annual road
maps using annual Landsatimagery from 1985t0 2020 and then identi-
fied the spatio-temporal relationship between road construction and
deforestation using published annual deforestation data** (Supple-
mentary Information). We summarized this relationship by classifying
areas in each parcel that were deforested before, during or after road
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Fig.4|Roads usually precede deforestation.a-c, Temporal relationships
betweenroad construction and deforestation for12 study sites arrayed across
the continentalislands of Sumatra, Borneo and New Guinea. a, Locations of the
12 studysites. b, Partial plots for random forest models testing the temporal
relationship between nearby road construction and deforestation (negative
values for ‘Years since road construction’ indicate the number of years before
road building, whereas the horizontal dotted line shows where true positive and
true negative rates are maximized—where cells are more likely to be deforested
thannot). Eachindividualline shows the partial plot from asingle model
iteration. ¢, Median deforestation rates associated with different road-proximity
categories. Error bars show the 5-95% interpercentile range for each category.

construction, as well as areas that were deforested independently of
roads (more than 2 km from the nearest road).

In our 12 study locations, the probability of deforestation was low
before road construction, but spiked immediately after nearby roads
were created (Fig.4b). Our assessment showed that the large majority
of deforestation—92.2%, on average—occurred after, or concurrently
with, the construction of nearby roads (Fig. 4c). Forest loss preceded
road construction in just 5.1% of the total area sampled. These trends
indicate that forest loss in our study region is overwhelmingly trig-
gered by ongoing road expansion, rather than vice versa. The 12
study locations include some large-scale oil-palm and pulpwood
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Fig. 5| Two versions of the human footprint for eastern and central Borneo, using datafrom2020. a,b, These maps are based onincomplete road data from

OpenStreetMap?? (a) and more-complete road data from this study (b).

plantations, in which forest loss also typically followed road construc-
tion (Supplementary Fig. 3).

Summary and conclusions

Using road datagenerated by trained volunteers, we recorded 3.0-6.6
times more roads in the Asia-Pacific region than were found in leading
global-road datasets, while revealing vast numbers of unmapped ‘ghost
roads’. These findings have key implications for forest conservation.
As a consequence of rapidly proliferating ghost roads, government
datasets on roads often have large blind spots and inconsistencies,
inhibiting spatial planning, law enforcement and the collection
of government rents and royalties on exploited natural resources
(Supplementary Table 2).

Striking gapsinroad mapsare not atallunusual, especially for devel-
oping nations®™, For instance, studies in the Brazilian Amazon®**3*,
Cameroon®and the Solomon Islands'®* also detected many unmapped
orillegal roads, ranging from 2.8 t0 9.9 times those recorded in OSM or
government sources—values that broadly overlap withand even exceed
those observed in our Asia-Pacific study area. Protected areas in this
region provided considerable protectionagainst road incursions, con-
tainingjustathird as many roads as did comparable unprotected areas
(Fig. 3a). On a per-kilometre basis, however, roads inside protected
areas caused nearly as much forest loss as did those in unprotected
areas (Fig. 3b). This underscores, in our view, an urgent need to limit
unregulated road expansion in protected areas as a general conser-
vation strategy> .,

Although global-road databases are gradually improving in quality*,
their many gaps and inconsistencies greatly limit their value for com-
paring different nations, regions and ecosystem types. Furthermore,
popular conservation metrics, such as the human footprint®?* and
roadless or wilderness areas?, are being based in part on seriously
incomplete road data. For example, the estimated human footprint
in the environmentally critical region of east-central Borneo differs
markedly when itis based on arecent OSM road map (Fig. 5a), com-
pared with when it is based on our road data (Fig. 5b). Among these
differences, the mapped regionin Borneo had twiceasmuchland area
with ‘very high’ disturbance (28.4% versus 14.5%), and only halfas much
land with ‘low’ disturbance (6.6% versus 13.6%), when based on our
updated road map and forest-disturbance classifications from the
human-footprint study?.

The road-mapping element of this study required around 7,000 h
of effort by more than 200 trained volunteers or study authors. Such
an intensive undertaking is justified only because human eyes still
outperform articial intelligence (Al)-based methods for identifying
and mapping roads (especially when more-accurate, higher-resolution
images are used, asin this study). At larger spatial scales, the required

effort is even more daunting. For example, a global-scale analysis
using our methods would require around 640,000 h of effort simply
to map all of Earth’s current roads just once. For this reason, a viable
Al-based road-mapping system is urgently needed*’. Such schemes
are under development®** and could potentially be trained using
major datasets such as ours, aiming to provide accurate, global-scale
road coverage innear real time. In practical terms, such an automated
systemis one of the most urgent conservation needs for tropical forests
today. Nothing else will keep pace with the contemporary avalanche
of proliferating roads.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

X X

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X

A description of all covariates tested

X X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX [0 O 0000053
X

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection | Roads were digitized in Google Earth (version dependent on user). Model variables and other geo-spatial data were processed using Arcmap
10.8. Landcover patch sizes were calculated using the Region Group tool. Model variables measured at different focal window sizes (e.g.
population density) were created using the Focal Statistics tool. Distance to road and distances to populated area variables were created using
the Euclidean Distance tool. Values for model variables were extracted at sample locations using the Extract Multi Values to Points tool.

Data analysis All analyses were conducted in the R open source statistical platform v4.1.2. LASSO regressions were conducted using package ‘glmnet’ and
assessed using package ‘plotmo’. Spatial autoregressive terms were created using package ‘raster’ and Moran'’s | calculated using package
‘moranfast’. Site-matching analysis and balance checks were conducted using package ‘Matchlit’ and marginal effects of protected areas on
road density were calculated using packaged ‘Imtest’. Random forest classification analysis was conducted using package ‘ranger’. Partial plots
were created using package ‘pdp’ and AUC values were calculated using package ‘dismo’.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Correspondence and requests for materials should be addressed to J.E.E (jayden.engert@my.jcu.edu.au) and W.F.L. (bill.laurance@jcu.edu.au). The datasets used
for this study (including comprehensive roadmaps as a raster of road density at 1-km2 resolution) are available in the Supplementary Information, on request to
J.E.Eand W.F.L., or as follows. OpenStreetMap data are available from https://download.geofabrik.de/, and GRIP road data from https://www.globio.info/
download-grip-dataset. National and subnational administrative-region data were obtained from GADM (https://gadm.org/). Population-density data were from
WorldPop (https://www.worldpop.org/). Gross Domestic Product data were accessed at https://datadryad.org/stash/dataset/doi:10.5061/dryad.dk1j0. Protected
area data were from Protected Planet (https://www.protectedplanet.net/en). Waterways locations were obtained from the Global River Widths from Landsat
Database (https://zenodo.org/records/1297434). Elevation data was accessed at http://srtm.csi.cgiar.org. Rainfall data was accessed at https://doi.org/10.16904/
envidat.211. Data for all soil variables were obtained from Soil Grids (https://soilgrids.org/).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender NA

Reporting on race, ethnicity, or NA
other socially relevant

groupings

Population characteristics NA
Recruitment NA
Ethics oversight NA

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|:| Life sciences |:| Behavioural & social sciences Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Describe how sample size was determined, detailing any statistical methods used to predetermine sample size OR if no sample-size calculation
was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data exclusions | Describe any data exclusions. If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

Replication Describe the measures taken to verify the reproducibility of the experimental findings. If all attempts at replication were successful, confirm this
OR if there are any findings that were not replicated or cannot be reproduced, note this and describe why.

Randomization | Describe how samples/organisms/participants were allocated into experimental groups. If allocation was not random, describe how covariates
were controlled OR if this is not relevant to your study, explain why.

Blinding Describe whether the investigators were blinded to group allocation during data collection and/or analysis. If blinding was not possible,
describe why OR explain why blinding was not relevant to your study.
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Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing

Data exclusions

Non-participation

Randomization

Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.

If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

We identified unmapped 'ghost roads' across the islands of Sumatra, Borneo, and New Guinea, and assessed their effect on forest
loss on the region and the ability of protected areas to mitigate the effects of mapped and unmapped roads. Specifically, we (1)
digitized unmapped roads across the region and calculated the length of unmapped road and the extent of the road networks; (2)
conducted LASSO regression to identify the drivers of deforestation and compare model performance when using existing road
datasets (OpenStreetMap and Global Roads Inventory Project) or when using our new road dataset; (3) used propensity-scoring
matching to assess the ability of protected areas to limit road-related deforestation; and (4) conducted spatio-temporal analysis to
assess if roads preceded or followed deforestation.

For LASSO regression, the research sample was mapped areas of Sumatra, Borneo, and New Guinea (1,418,755 1 km2 grid cells). This
study region was chosen as it contains a substantial area of high-biodiversity and high-carbon tropical forest that is under imminent
threat from the expansion of road networks, agriculture, and extractive industry. ‘Mapped areas’ refers to the portion of this study
region in which we digitised roads that were absent from existing road maps. For the spatio-temporal analysis, the research sample
was 12 plots of approximately 400 km2, arrayed across the aforementioned study region.

For LASSO regression, the sampling strategy was to include all mapped areas that also had available data for other model variables.
For the spatio-temporal analysis, the sampling strategy involved choosing plots that (1) were arrayed evenly (four plots each) across
the three large islands in this study; (2) occurred in sites that had little if any road construction or forest loss prior to 1990 (because
most deforestation in the region has occurred since that date); (3) broadly sampled prevailing landcover types (small- and large-scale
plantations and various agricultural lands) in the region; and (4) each parcel had >50% forest loss by 2020 to ensure it included
sizable areas of roads, forests, and deforested lands to evaluate in our analysis.

We mapped and digitized all visible roads that were not recorded in existing road datasets, using Google Earth (circa 2019). Roads
were added to new kml files using the New Path tool and by tracing the location of all visible roads in the satellite image, and then
exported to shapefiles in Arcmap 10.8. Road-mapping was conducted by 5 coauthors of this study and by 205 trained volunteers,
whose individual mapping accuracy was independently quality-checked by one or more study coauthors. Using a standardized
protocol that we developed, the newly created road files were required to achieve a minimum accuracy of 290%, including road
omissions and commissions, verified using standardized test datasets. For the spatio-temporal analysis we digitized all detectable
roads for each year between 1985 and 2020, and then used these roadmaps to calculate the linear distance to the nearest road for
each year, at 1-ha raster resolution.

For the spatio-temporal analysis, the temporal scale was 1985-2020 inclusive, with roads digitized at yearly intervals. The LASSO
regression had no temporal dimension. The spatial scale for all analyses was the islands of Sumatra, Borneo, and New Guinea.
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Data exclusions Data samples were only excluded when one of the model variables did not have available information for that location, or when the
most common land-cover type was water.

Reproducibility The study was not an experiment and hence we did not replicate the findings. However we did conduct six different sensitivity
analyses to ensure results were not influenced by certain factors (such as high road densities in industrial plantations, or differences
in road densities and forest loss between countries). All data used in the study (apart from our new road dataset) are available from
open data sources and referenced in the manuscript.

Randomization Randomized controlled trials were not appropriate for the analyses conducted. Data were not randomized but represent a large area
of natural and anthropogenic landscapes across the islands of Sumatra, Borneo, and New Guinea. Rather than randomize the regions
in which we digitized unmapped roads, we (1) initially prioritised minimally modified landscapes to identify unmapped roads in
natural systems, and (2) subsequently prioritised areas representing the variety of different land-cover types present in the study
region. To create a parsimonious model of the drivers of forest loss, we used spatial-fold cross validation in our LASSO model, which
is more appropriate for spatially autocorrelated data than is random cross-fold validation. For the assessment of protected area
effectiveness, we used propensity-score matching to improve balance between samples inside and outside protected areas.

Blinding Blinding was not necessary and was not used as no experimental procedures that could be affected by observer bias were conducted.
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Did the study involve field work? |:| Yes No

Field work, collection and transport

Field conditions NA

Location NA
Access & import/export  NA

Disturbance NA

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern

Plants

XX NXXNXNXX s
OoOoooogd

Antibodies

Antibodies used Describe all antibodies used in the study, as applicable, provide supplier name, catalog number, clone name, and lot number.

Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) State the source of each cell line used and the sex of all primary cell lines and cells derived from human participants or
vertebrate models.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.




Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for
mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  pygme any commonly misidentified cell lines used in the study and provide a rationale for their use.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,

>
Q
S0l
c
=
0
©
(@)
=
o
=
—
)
©
(@)
=
>
Q
wv
c
=
3
o
=
<

export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field, report species and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released,
say where and when) OR state that the study did not involve wild animals.

Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex.
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall
numbers in this Reporting Summary. Please state if this information has not been collected. Report sex-based analyses where
performed, justify reasons for lack of sex-based analysis.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards




Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

No | Yes
[ ] public health

L]
|:| |:| National security
Ll
Ll

|:| Ecosystems

[

|:| Crops and/or livestock

|:| Any other significant area

Experiments of concern

Does the work involve any of these experiments of concern:

O00000oofds
Oooooddn

Plants

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

Seed stocks

Novel plant genotypes

Authentication

ChlP-seq

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied. ) )
Describe-any-atthentication-procedures foreach seed stock tised-ornovel-genotype-generated—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Data deposition

|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links

For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,

May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session
(e.g. UCSC)

Methodology

Replicates

Sequencing depth

Antibodies

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
enable peer review. Write "no longer applicable" for "Final submission" documents.

Describe the experimental replicates, specifying number, type and replicate agreement.

Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and
lot number.
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Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry

Plots

Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Software

Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Cell population abundance

Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

Gating strategy

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type

Design specifications

Behavioral performance measures

Acquisition
Imaging type(s)

Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI

D Used

Preprocessing

Preprocessing software

Indicate task or resting state; event-related or block design.

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Specify: functional, structural, diffusion, perfusion.
Specify in Tesla

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

D Not used

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,

segmentation, smoothing kernel size, etc.).
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Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.qg. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain [ | ROI-based || Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)
Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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