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Transportation networks threaten global forests, but prior assessments have
been regional or limited to single metrics (e.g., forest cover). Here, we present
a global analysis of multidimensional road effects on forests, using high-
resolution remote sensing data and a Grid-wise Environmental Matching for
Background Reference (GEM-BR) strategy. We detect 18.6% lower forest cover,
2.7 m shorter canopy height, 52.2 gC m? yr* reduced net primary productivity,
and 23.0 patches per km? higher fragmentation within 1 km of roads compared
to reference areas. Impacts extend up to 5km with a clear distance decay
effect, totaling 4.26 million km? of forest loss—equivalent to 10.7% of the 2020
global forest extent. The Global South (tropics accounting for 54.8%) faces
severe, worsening degradation (2000-2020), while the Global North shows
milder impacts, with partial recovery. Critically, 89% of grid cells exhibit con-
flicting long-term trends across metrics, highlighting the inadequacy of cover-

only assessments. We further find that road-linked degradation is tightly
coupled with local human activity, and that global protected areas have
insufficient capacity to curb ongoing degradation. Differences in impacts
among regions suggest that road-linked forest degradation is tied to govern-
ance choices—urging integrated transport-forest planning to balance devel-
opment and conservation.

Transportation infrastructure is a cornerstone of economic vitality,
facilitating the movement of people and goods while enabling access
to natural resources and arable land". Nevertheless, roads and railways
often degrade ecosystems—particularly in pristine, conservation-
critical areas—by opening wilderness to logging, colonization, hunt-
ing, and mining, which drive habitat loss and species decline’°. With
rising demand for resources and development initiatives, transporta-
tion networks are expanding unprecedentedly: they are projected to
grow by over 60% globally between 2010 and 2050, with most
expansion in developing nations'. This trend has intensified concerns
among scientists and planners about infrastructure-driven threats to
natural ecosystems.

Forests are central to addressing anthropogenic disturbances, as
they harbor 80% of terrestrial biodiversity and act as the largest ter-
restrial carbon sink®"'>, Whereas transportation expansion poses a
severe risk, especially in the tropics®>™: ~17% of tropical moist forests
have been lost since 1990, a trend likely to persist given that road
construction is promoted as a strategy for employment and regional
development’. Meeting the Paris Agreement’s temperature targets—
via the COP28 pledge to “halt and reverse deforestation by 2030”"—
depends on comprehensive assessments of transportation’s impacts
to guide effective forest conservation and restoration. While prior
studies have investigated forest degradation and loss across
scales®1*16182¢ - faw have isolated transportation infrastructure’s
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specific effects at the global level. Existing work focuses largely on
tropical road-driven forest loss>**7*, neglecting impacts on landscape
fragmentation, forest height, and associated ecosystem functions®*%.
Moreover, temperate and boreal forests—extensive in coverage and
subject to high human activity”—remain understudied. This leaves a
critical gap: how transportation infrastructure impacts forests multi-
dimensionally, and how these effects vary spatially and temporally.

Here, we present a global, multifaceted evaluation of road-linked
forest degradation, integrating high-resolution satellite data with
transportation infrastructure records. We quantify forest structure and
function at a 1km spatial resolution using four robust metrics: three
structural indicators—forest cover (percentage of grid cell occupied by
forest), patch density (PD; number of forest patches per km?), and
mean height (average canopy height)—and one functional indicator,
mean net primary productivity (NPP; a proxy for carbon sequestra-
tion). These metrics collectively capture forest integrity, with estab-
lished links to biodiversity conservation and climate mitigation
potential'®3°-32,

To systematically quantify road impacts, we develop a three-step
analytical framework (Supplementary Fig. 1; Methods). First, we focus
on “forested grid cells” (1-km cells with >0% forest cover in 2000 or
2020; Supplementary Fig. 2a, b) to target areas with existing or his-
torical forest. Second, we stratify these grid cells into three proximity
zones—road zones (0-1km, strong impact), road-reference interface
(RRI; 1-5km, partial impact), and “other” zones (>5km, minimal
impact, potential references)—aligned with prior work on distance-
dependent road effects***>*, These zones are delineated using two
global road datasets: OpenStreetMap (OSM)*, as the primary source,
supplemented with the Global Roads Inventory Project version 4
(GRIP4)"°, This integration of these two datasets enhances road cov-
erage by capturing roads exclusively documented in GRIP4, resulting
in an 11% increase in the estimated road zone area (see Methods for
details). Third, we calculate road impacts (8l) as absolute (/;oaq — /ref)
and normalized relative [(/,oad = lref)/(road | + lrer | )X100%] disparities,
where /,,aq denotes metric values in road/RRI zones, and /.. denotes
background reference values. To derive /s, we develop a “Grid-wise
Environmental Matching for Background Reference (GEM-BR)” strat-
egy, which selects reference cells by environmental similarity to
minimize confounding inherent differences-such as lower rates of road
building and forest degradation in sloping terrain. Negative values for
6Cover (where § denotes the difference in road/RRI zones relative to
reference areas; hereafter for all & metrics), 8Height, and SNPP, and
positive values for 6PD indicate forest degradation; inverse patterns
indicate improvement. We evaluate these road impacts across two key
dimensions—2020 current state and 2000-2020 long-term changes—
and also assess distance decay effects up to 5 km to quantify total road
impact areas. We further contextualize these road impacts by exam-
ining their relationships with human activity—using the Human Foot-
print Index (HFI)® and nighttime lights (NTL)*—and protected area
coverage.

We find widespread multidimensional forest degradation in road-
adjacent areas globally, with far more severe and worsening impacts in
the Global South than the Global North. These effects are tightly
coupled with human activity intensity yet poorly mitigated by pro-
tected areas, filling a critical gap in understanding road-forest-human
interactions at global scales. This integrated analysis advances quan-
tification of road impacts across nested spatial levels, with findings
informing evidence-based transport-forest planning —key to balancing
infrastructure development and conservation goals.

Results

Impacts of transportation infrastructure on current forest state
Compared to reference zones, road-adjacent areas show widespread
forest degradation globally (Fig. 1), characterized by reduced forest
cover, height, and NPP, alongside increased PD. In 2020, this

degradation is observed across 53-69% of all forested grid cells. The
global average road-reference disparities (5) are: &Cover=-18.6%
(relative change: — 22.4%), 6Height = — 2.7 m (- 10.5%), 6NPP = - 52.2 gC
m~2yr! (-2.7%), and 6PD = +23.0 patches km™ (+9.3%) (Fig. 2).

Road impacts exhibit marked spatial variability, with stronger
effects concentrated in mid-to-low latitudes (Fig. 1). By climate zone,
tropical regions show the largest absolute declines in 8Cover (- 23.2%)
and &Height (- 4.4 m), arid zones the steepest 8PD increase (+35.2
patches km™), and polar zones the greatest absolute SNPP reduction
(-147 g€ m2 yr) (Fig. 2a-d). When normalized to background refer-
ence values (Supplementary Fig. 3), relative changes (Fig. 2e-h) reveal
that tropical zones are most vulnerable to height loss, while arid zones
face the severest cover loss and polar zones the largest NPP decline.
Notably, arid, cold, and polar zones show statistically significant rela-
tive 8PD decreases—contrasting with relative increases in tropical and
temperate zones.

At continental and national scales, degradation is most severe in
South America, Asia, and Africa, whereas Europe exhibits positive
SNPP (+26.3 gC m™ yr'). Country-level patterns (Supplementary
Fig. 4) highlight acute degradation in South Asian (e.g., Cambodia,
Thailand), African (e.g., Burundi, Rwanda), and South American (e.g.,
Colombia, Ecuador) nations, versus improvement in northwestern
European countries (e.g., Norway, Sweden). This forms a clear global
divide (Fig. 2e-h): impacts are far more severe in the Global South than
the Global North, with larger relative declines in §Cover (-25.7% vs.
-15.9%) and 8Height (- 13.9% vs. — 3.5%), opposing 8PD trends (+ 15.6%
vs. —2.9%), and contrasting SNPP (—4.3% vs. + 0.4%).

Road impacts extend into the 1-5km RRI zones, with a strong
distance decay effect: mean impacts in RRI zones are ~ 50% of those
in road zones (Supplementary Fig. 5), though this intensity is far
more pronounced in tropical zones, South America, Africa, and the
Global South. Accounting for total forest extent in road/RRI zones
(Supplementary Fig. 2), we estimate global forest area loss in these
zones at 4.26 million km? relative to background references
(equivalent to 10.7% of 2020 global forest extent or 2.17 times
Mexico’s area) (Supplementary Fig. 6a, b), with 71% occurring in road
zones alone (Supplementary Fig. 6c). Tropical regions contribute
54.8% of this loss, and Asia, Africa, and South America collectively
account for 81.9% (Supplementary Fig. 6b). The top five contributing
nations—Brazil (13.6%), Russia (11.4%), China (7.7%), Republic of the
Congo (4.2%), and Australia (3.4%)—reflect their large forest extents
and high road impact intensities (Supplementary Fig. 6a). The Global
South is responsible for 78.2% of total road/RRI-linked forest loss
(Supplementary Fig. 6b).

Long-term changes in road-linked forest degradation and loss
From 2000 to 2020, global road-linked forest impacts (temporal
change denoted as Ad], i.e., shifts in road-vs-reference disparities)
show mixed trends across the four metrics (Fig. 3). On average, road
zones exhibit: A6Cover =-2.5% (relative change: - 5.1%), A6PD=-1.7
patches km™ (+1.8%), ASHeight=—0.2m (-1.1%), and ASNPP=-4.8
gC m2yr? (-0.5%) (Fig. 4).

These long-term changes diverge sharply between the Global
South and Global North. The Global South experiences worsening
degradation in road zones—particularly in tropical regions (e.g.,
AbCover: —10.9% relative change; ASHeight: —5.7% relative change)
and across South America and Africa. South America shows relative
declines in ASCover and ASHeight of —11.8% and —4.3%, respectively,
while Africa records declines of —9.4% and - 7.1% (Fig. 4). In contrast,
the Global North exhibits smaller overall shifts and even a mean
increase in forest height. Europe stands out with consistent improve-
ment over 20 years: relative gains of 4.6% in cover, 4.1% in height, and
2.4% in NPP, plus a 9.4% reduction in PD.

The worsening degradation observed in road zones extends to
RRI zones, especially in South America and Africa, where mean
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Fig. 1| Effects of transportation infrastructure on current forest structure
and function in road areas (1-km buffer zones) at 1 km resolution (2020).

a-d Absolute changes and e-h normalized relative changes in forest metrics.
&Cover, 6PD, 6Height, and SNPP denote differences in forest cover, patch density,
height, and net primary productivity (NPP) between road areas and background
references, respectively. Inset pie charts show the frequency of grid cells with
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positive (1) or negative (|) differences. Insets 1-4 (numbered in a) are zoomed-in
examples illustrating road impacts: 1, South America; 2, Africa; 3, Asia; 4, Europe.
Bar charts depict latitudinal variations across 3° latitude bins. Continental bound-
aries were obtained from Natural Earth (https://www.naturalearthdata.com/).
Source data are provided as a Source Data file.

absolute ASI values in 1-2 km RRI zones are comparable to those in
road zones (Supplementary Fig. 7). North America shows a distinct
pattern: negligible AGNPP changes, similar AGPD and ASCover shifts,
and even larger ASHeight changes as compared to road zones (Sup-
plementary Fig. 7e-h). Meanwhile, Asia, Europe, and Oceania exhibit
minimal fluctuations in RRI zones overall. Accounting for total forest
extent in road/RRI zones, the Global South contributes 90.2% of global
increased forest loss between 2000 and 2020 (Supplementary Fig. 6).
The top contributors are Brazil (18.2% at the national scale), the tro-
pical zone (76.5% at the climatic scale), and South America (48.4% at
the continental scale).

Notably, minimal net A8I values do not indicate static road
impacts. Instead, we observe large concurrent forest gains and losses
(Supplementary Fig. 8)—most pronounced in the Global North. Here,
the area of forest gain (325.7 thousand km?) is close to that of loss
(383.7 thousand km?). This suggests that road-linked degradation—

from construction or operation—may be partially offset by regional
forest regrowth or restoration, explaining the Global North’s small net
changes.

Road impact linked to human pressure

Across global forested lands, we find a strong quantitative association
between road-linked forest changes and the HFI, with higher values
indicating greater pressure (Fig. 5a-d). Specifically, the magnitude of
road-vs-reference disparities (|61]) for all four metrics increases sig-
nificantly with rising HFI, showing robust positive linear correlations
for both absolute and relative changes in forest degradation
(R*=0.82-0.98, p <0.001, N =100). This trend is most pronounced for
relative changes in 8PD and §Cover. Notably, for §Cover, Height, and
6NPP, the rate of increase in |8| is substantially steeper when HFI < 0.4.
This suggests road-linked degradation may intensify more rapidly in
the early stages of increasing human pressure—potentially reflecting a
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Fig. 2 | Spatial variations in road impacts on current forest structure and
function across climate zones, continents, and Global North versus South.
a-d Absolute changes and e-h normalized relative changes in forest metrics. Data
are presented as mean values + standard deviation (SD). Mean estimates for all
groups differ significantly from zero (two-sided t-test, P < 0.05). Uppercase italic

gray letters indicate significant differences between categories (one-way ANOVA
followed by Tukey’s HSD test; distinct letters denote significant differences at

P <0.05). 6§ denotes differences between road areas and background references.
Source data are provided as a Source Data file.

threshold effect where initial anthropogenic disturbance amplifies the
vulnerability of road-adjacent forests.

This association is further supported by long-term temporal
changes: 2000-2020 shifts in road impacts (A&I) for all metrics are
closely tied to concurrent HFI changes (R*=0.57-0.93, p<0.001,
N=100) (Fig. 5e-h). A clear directional pattern emerges: decreased
HFI is associated with increased forest cover and height, along with
reduced PD in road zones; increased HFI drives the opposite chan-
ges. However, when HFI changes exceed +0.3 (relative to baseline),
A&l values fluctuate sharply. This variability likely reflects complex
human activity interactions in highly disturbed regions, where

extensive deforestation (from infrastructure or agriculture) and tar-
geted afforestation/restoration coexist—driving opposing net forest
dynamics.

To cross-validate these patterns, we analyze correlations between
road-linked forest changes and NTL, another proxy for human activity
intensity. The results closely mirror those with HFI: NTL intensity
shows statistically strong positive correlations with the magnitude of
Sl values (i.e., |81|) for road-linked degradation (Supplementary Fig. 9),
especially at the lower NTL bins. Together, these findings confirm a
fundamental relationship: the severity of road-adjacent forest degra-
dation is tightly coupled to local human activity intensity.
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Fig. 3 | Temporal changes in road impacts on forest structure and function in
road areas (1 km buffer zones) from 2000 to 2020. a-d Absolute changes and

e-h normalized relative changes in forest metrics. 6 denotes differences between
road areas and background references, and A indicates temporal changes between
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negative (| ) temporal changes. Insets 1-4 are zoomed-in examples illustrating road
impacts: 1, South America; 2, Africa; 3, Asia; 4, Europe. Bar charts depict latitudinal
variations across 3° latitude bins. Continental boundaries were obtained from
Natural Earth (https://www.naturalearthdata.com/). Source data are provided as a
Source Data file.

Contrasting road impacts between protected and non-
protected areas

For the current forest state, our analysis indicates that global pro-
tected areas (PAs) effectively mitigate road-linked degradation. This is
evidenced by statistically smaller road impact magnitudes for all
metrics in PAs versus non-protected areas (non-PAs)—a pattern con-
sistent globally and across most subregions, with the polar zone as the
only exception (Fig. 6). The global contrast is striking: mean relative
changes in road-impacted metrics are far milder in PAs, with 6Co-
ver =-16.1% (vs. —20.8% in non-PAs), SHeight = - 7.7% (vs. — 10.2%), and
6NPP =-1.7% (vs. — 2.1%). Notably, PAs even show a slight negative 6PD
(marginal reduction in fragmentation relative to references), in sharp
contrast to the positive SPD (increased fragmentation) observed in
non-PAs. This protective effect, however, varies sharply by region:
among climate zones, temperate zones exhibit the largest reduction in

road-linked degradation in PAs relative to non-PAs, while at
the continental scale, Oceania has the strongest protective effect—with
PA road impacts far less severe than in adjacent non-protected lands.

Despite these benefits, road-linked degradation remains severe in
global PAs—particularly in tropical regions, where mean absolute 6Cover
and SHeight reach —16.2% and -3.2m, respectively. Similarly, South
American PAs face notable road pressure (6Cover =-15.1%, &Height =
-2.6 m). More concerningly, 2000-2020 changes show road impacts
intensify marginally faster in PAs than in non-PAs—a pattern most evi-
dent in Africa, North America, and arid zones (Supplementary Fig. 10).
This implies that since the turn of the century, PAs worldwide have
largely struggled to curb worsening road-linked degradation. For these
ecologically critical areas, this escalating vulnerability highlights a
growing disconnect between protection status and the effective miti-
gation of road-related anthropogenic disturbance.
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Fig. 4 | Spatial variations in temporal changes of road impacts on forest
structure and function across climate zones, continents, and Global North
versus South. a-d Absolute changes and e-h normalized relative changes in forest
metrics. Data are presented as mean values + standard deviation (SD). Mean esti-
mates for all groups differ significantly from zero (two-sided ¢-test, P< 0.05), except

two marked ‘ns’. Uppercase italic gray letters indicate significant differences
between categories (one-way ANOVA followed by Tukey’s HSD test; distinct letters
denote significant differences at P <0.05). § denotes differences between road
areas and background references, and A indicates temporal changes between 2000
and 2020. Source data are provided as a Source Data file.

Discussion

Beyond forest cover loss: multidimensional degradation and
ecological consequences

Road-linked forest degradation transcends visible cover loss, encom-
passing coordinated declines in structure (cover and height), con-
nectivity (PD), and function (NPP). This undermines the reliability of
area-only conservation metrics. The multidimensional decline poses
acute risks to biodiversity and climate mitigation: elevated patch
density (i.e., PD)—a metric reflecting more patches per unit area—
amplifies edge effects (e.g., microclimate warming, invasive species
colonization)", which disproportionately harm specialist species

dependent on interior forest conditions and raise their local extinction
risk®. Notably, PD itself does not equate to patch isolation (i.e., the
spatial distance between patches or their functional connectivity). An
increase in PD may arise from large patches fragmenting into small but
spatially clustered patches (low isolation) or into widely separated
patches (high isolation)”—with distinct ecological consequences, and
isolation, when coincident with high PD, exacerbates biodiversity loss
by limiting species dispersal and recolonization®®. While debates per-
sist in the literature about the independent effect of fragmentation per
se (after accounting for habitat loss or isolation)*, evidence suggests
that fragmentation—when combined with its associated consequences
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change trends, with annotated values representing trend slopes (Trend) and
coefficient of determination (R?). All trend slopes are statistically significant (two-
sided simple linear regression; P <0.001) (). 6 denotes differences between road
areas and background references, and A indicates temporal changes between 2000
and 2020. Source data are provided as a Source Data file.

(isolation and edge effects)—heightens the likelihood of local popula-
tion extinction. Global meta-analyses support this: when fragmenta-
tion involves both high PD and increased isolation, biodiversity
declines by 13-75% in isolated patches*.

Critically, our data reveals widespread metric discordance: 58% of
grid cells exhibit conflicting impacts (e.g., stable cover but falling
height) currently, rising to 89% if viewed from the temporal trend
(Supplementary Fig. 11, Note 1). This directly demonstrates that area-
based assessments miss non-area dimensions of forest degradation.
Forest height is also critical for maintaining balanced biodiversity and
ecological structure. While it is true that some specialists—such as
understory frugivores or early-successional insects—may benefit from
reduced canopy height and increased light penetration in young or
disturbed forests, these gains may be localized®. More broadly,

reduced height disrupts fine-scale canopy-understory niche
partitioning*": tall forests support unique assemblages (e.g., canopy-
dwelling birds, epiphytes, and arboreal mammals) that depend on
vertical stratification, while their loss cannot be offset by increases in
early-successional species. This imbalance is compounded by linked
declines in NPP, which impairs carbon sequestration®*?, and reduces
resource availability (e.g., floral nectar, leaf litter) that sustains both
canopy and understory communities.

Stratifying height dynamics by forest state—explicitly focusing on
cells that retained forest cover throughout the study period (stable)
and separately analyzing fully deforested cells (lost) and newly estab-
lished forest (gained)—reinforces this complexity. Relative to refer-
ences, forests gained in road zones are shorter than lost ones
(Supplementary Fig. 12), reflecting the replacement of tall mature trees
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from zero (two-sided one-sample t-test, P < 0.05), except one marked ‘ns’.
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with young regrowth or plantations. More importantly, stable road-
zone forests still show globally lower heights than reference areas. This
provides evidence of “cover-neutral degradation”—such as selective
logging of mature trees (removing tall individuals while retaining
overall cover) or edge-related growth suppression'****—that area-only
metrics overlook. This structural change also varies temporally and
regionally: stable tropical road-zone forests show declining heights
(consistent with ongoing selective extraction), particularly in South
America and Africa, while temperate and boreal ones exhibit increases
(linked to restoration or managed growth). This divergence aligns with
broader discordance patterns, driven by unregulated extraction in the
tropics versus restoration policies in temperate regions. It emphasizes
that road impacts require context-specific, multidimensional
assessment.

Socioeconomic governance shapes regional variability in road
impacts

Road-linked forest impacts exhibit striking global variability, with
socioeconomic governance mediating biophysical vulnerabilities.
Biophysical baselines set inherent risk: tropical forests show the largest
absolute cover and height declines due to high baselines (Supple-
mentary Fig. 3), while arid zones have the steepest PD increases driven
by naturally fragmented forest landscapes® (reflected in higher arid
reference PD) (Supplementary Fig. 3). Yet governance—via policy,
enforcement, and development priorities—ultimately shapes these
impacts.

Governance drives road impacts through two linked pathways:
direct construction disturbance, and indirect clearing or forestation
enabled by improved access to remote forests. This access facilitates
agriculture, logging, and urbanization®**'%, captured in the non-linear
relationship between the Human Footprint Index (i.e., HFI) and
degradation. Below an HFI of -0.4, rising pressure exacerbates degra-
dation—consistent with unregulated logging in low-governance tropi-
cal regions™?*¢, Above this threshold, impacts on height and NPP
weaken (Fig. 5), reflecting a “development transition” toward protec-
tion and restoration”’, as exemplified by urban greenspace
expansion*®,

This transition is most evident in the Global North, where struc-
tural improvement in low-HFI high-latitude regions stems from two
governance-enabled drivers: (1) policy-led restoration of historically
logged areas***%; and (2) reduced agricultural and fuelwood demand®".
The latter reflects domestic shifts (e.g., reduced land-intensive farm-
ing, mechanization) and globalization of resource consumption—
nations in the Global North source soy, palm oil, and timber from the
Global South via international trade***>**, This “offshoring” of agri-
cultural land use reduces pressure on domestic forests, creating space
for reforestation in the Global North while shifting road-driven
deforestation to the Global South with weaker land-use regulations.
By contrast, unplanned road expansion proceeds largely uncon-
strained in low-governance areas (e.g., tropical Africa, Southeast Asia),
explaining their steepest declines in height and NPP. Regionally,
improvements to forests in the Global North are further linked to
intensive timber plantations (e.g., Scandinavian conifers), where
managed growth (thinning, replanting) boosts structural metrics near
roads®, whereas Global South plantations—nearly four times more
extensive (Supplementary Fig. 13)—show steeper declines in height
and NPP (Supplementary Fig. 14) due to lower governance standards
and/or the use of inherently shorter plantation species (e.g., oil palm,
Acacia mangium) compared to the natural forests in these regions.

Beyond governance, two factors may modify the observed
road impacts. First, reference bias may inflate perceived gains: this bias
stems from complex terrain (causing edge density differences) and
uneven distribution of reference pixels used to estimate road impacts
(Supplementary Fig. 15). Alongside unaccounted microclimatic
improvements (e.g., increased light/temperature at road edges), these

factors favor fast-growing pioneers in high latitudes, potentially
overstating restoration success™*°. Second, climate change interacts
with governance to create a “dual buffer” in boreal regions: rising
temperatures extend growing season length and alleviate thermal
constraints on photosynthesis, boosting growth rates of conifers*’. For
example, future projections for Canadian boreal forests suggest
20.5-22.7% warming-induced growth increases®®. The warming-
induced growth enhancement partly offset the impacts of road dis-
turbance. This interaction is unique to high latitudes, where boreal
forests, having evolved under cold stress and natural disturbances
(wildfires, permafrost thaw), are adapted to recover via accelerated
growth after disturbance. In contrast, tropical forests operate near
their thermal optima; further warming reduces photosynthetic effi-
ciency and exacerbates drought stress'**’, thereby amplifying road-
driven degradation (e.g., Amazon edge mortality).

However, structural recovery in high-latitude regions masks cri-
tical non-structural ecological risks. Roads fragment movement cor-
ridors for large mammals—such as caribou and brown bears—that
depend on contiguous boreal habitats®®, reducing population con-
nectivity despite increased tree height, with long-term implications for
genetic diversity and species viability. Disturbed road edges also
facilitate invasion of non-native species (e.g., Rhamnus cathartica)®,
which outcompete native vegetation, alter soil nutrient cycling, and
disrupt trophic networks. These impacts, invisible to structural metrics
like cover and height, erode ecological integrity—reinforcing the need
for multidimensional assessments that integrate climate dynamics,
vegetation structure, and faunal/community processes to fully capture
the breadth of road-associated effects.

These findings suggest that road-linked degradation is a product
of governance choices, not inevitability. Mitigation requires context-
specific action: protecting intact forests in low-HFI regions to avoid
crossing degradation thresholds; upgrading plantation standards in
the Global South to move beyond “cover-first” policies; and scaling
evidence-based restoration globally. Strengthening governance capa-
city in the Global South, alongside addressing offshored deforestation,
will be critical to reconciling infrastructure development with forest
conservation.

Tropical rainforests: Escalating threats from undercounted
roads and the urgency of conservation action

Tropical rainforests are disproportionately vulnerable to road-linked
degradation, despite not always showing the largest absolute metric
changes. This vulnerability stems from their ecological importance,
socioeconomic drivers, and ongoing infrastructure expansion. First,
global biodiversity and carbon hotspots™?, even localized road dis-
turbance has outsized impacts: tropics exhibit the highest per-unit
degradation (Fig. 2) and contribute most to global road-linked loss
(Supplementary Fig. 6). Second, tropical economies rely heavily on
agricultural and forestry exports™. Demand fuels deforestation along
roads, particularly in hotspots like the Brazilian Amazon'619-24053
Critically, roads are often constructed explicitly to access timber and
arable land*®, creating a feedback loop where infrastructure enables
further exploitation. This contrasts with restoration-driven recovery in
Europe and southern China>'®?°, Third, tropics are the epicenter of
recent road expansion*'°, signaling worsening fragmentation and loss
of ecosystem services.

Our tropical degradation estimates are likely conservative due to
“ghost roads”—informal or illegal routes absent from official datasets.
In tropical Asia-Pacific, actual road lengths are 3.0-6.6 times greater
than recorded® Nearly 100% of roads in parts of Indo-Malaysia were
previously unmapped®. Even with improved OpenStreetMap data,
“ghost roads” persist. This is evidenced by substantial forest loss >5 km
from documented roads (Supplementary Fig. 16), a distance typically
considered insulated from road impacts'**. Natural disturbances like
wildfires and insects contribute minimally to this loss relative to road-
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enabled human activity’®, confirming that unaccounted infrastructure
drives underestimation. These findings together highlight an urgent,
underrecognized threat: escalating, undercounted road expansion in
tropics risks irreversible losses to climate stability and biodiversity.
Addressing this requires mapping informal roads, restricting unne-
cessary infrastructure in intact forests, and aligning development with
conservation.

Beyond protected areas: The need for integrated transport-
forest planning

Protected areas (i.e., PAs) are a cornerstone of global conservation®?,
and their value is clear in current forest conditions: globally, road-
linked degradation (e.g., cover loss, fragmentation) is significantly
milder within PAs than in adjacent non-protected areas. This protec-
tive effect—driven by regulatory safeguards and restricted access—
confirms that PAs still mitigate road impacts more effectively than
unprotected lands overall. Yet their ability to curb worsening degra-
dation since 2000 varies drastically by region, revealing critical lim-
itations in boundary-only protection. In temperate and cold biomes,
PAs have successfully slowed escalating road-driven decline: their
remote locations (reducing development pressure) and stricter
enforcement of access restrictions have stabilized forest structure®’.
By contrast, tropical PAs have largely failed to halt worsening degra-
dation—South American PAs, for example, saw sharp increases in road-
linked forest loss and fragmentation between 2000 and 2020>°°,
Tropical PAs failure stems from overlapping pressures: rising demand
for timber and agricultural land, weak law enforcement, scarce forest
outside PAs, and the allure of in-PA resources. These fuel illegal logging
and encroachment®. Even biodiversity-rich nations like Brazil—a sig-
natory to multilateral environmental agreements since the 1990s—
struggle to prevent deforestation®®. This highlights the need to move
beyond boundary-based protection to integrated transport-forest
planning.

Given inevitable future road expansion' and current conservation
gaps®, we advocate strategic road planning to concentrate human
activity and mitigate roadless area disturbance®’. Our data support
this: 2000-2020 increases in NTL and HFI, as well as the forest loss and
gain, are concentrated in road zones, especially in South America and
Asia (Supplementary Fig. 17). Effective planning balances stakeholder
interests by prioritizing roads in degraded, agriculture-dominated
landscapes. This improves market access, reduces waste, and diverts
migration from pristine forest fringes®® while avoiding intact forests.
By integrating current forest condition and road exposure risk (Sup-
plementary Fig. 18 and Note 2), we identify clear priorities: conserve
tropical forests in the Brazilian Amazon, Central Africa, and South Asia
(Supplementary Fig. 19); restore high-exposure, poor-condition
regions like parts of Europe, India, and eastern China. This approach
reconciles development needs with forest protection.

10

Addressing gaps in road-forest impact assessments

This study advances understanding of global road-linked forest
degradation, but key uncertainties and data gaps require future work.
First, data limitations prevented distinguishing natural forest conver-
sion to plantations. Despite their expansion from 4% to 7% of global
forest area (1990-2020)°°, current products do not differentiate pri-
mary, regenerating, and plantation forests. This likely underestimates
degradation”. Second, unaccounted disturbances—wildfires, insects,
and human activity—in road and roadless areas introduce bias. Wild-
fires drive high-latitude loss?, and while grid cells with >10% cover loss
were excluded from references (Methods), regenerating forests may
skew baselines. Road impacts extending > 5 km* and disproportionate
“Other” region loss (Supplementary Fig. 16b) further suggest under-
estimation. Third, lack of reference areas excluded a large fraction of
forests in Europe, eastern U.S., eastern China, and India (Supplemen-
tary Fig. 2¢, e). These regions have high human activity, so degradation

is likely substantial. Finally, absent time-series transportation datasets
hinder lifecycle assessments (construction, operation, decom-
missioning), conflating distinct impact phases. Addressing these gaps
will require integrating advanced remote sensing—such as hyper-
spectral mapping for forest type differentiation and development of
high-resolution disturbance maps—with improved transportation
datasets. Refining the GEM-BR method to account for confounding
disturbances will also help. This work will enhance assessment accu-
racy and support evidence-based conservation.

Concluding remarks

This study provides a global quantification of transportation infra-
structure impacts on forest structure and function, revealing road-
linked multidimensional degradation—reduced canopy cover, tree
height, and NPP, plus increased fragmentation—shaped by biophysical
vulnerability and socioeconomic governance. Tropical regions bear
the brunt: highest per-unit impact, 54.8% of global road-associated
forest loss, and steepest degradation since the 2000s—driven by
unregulated road expansion for agriculture/timber and weak pro-
tected area enforcement, with impacts likely underestimated by
uncounted “ghost roads.” In contrast, the Global North shows muted
effects and some signs of structural recovery, as legacy road networks
limit new disturbance, international trade reduces domestic land use
pressure, and restoration policies drive resilience. Metric discordance
(e.g., “cover-neutral degradation”) reveals that area-based assessments
alone miss road-associated changes. These results indicate that road-
linked forest degradation is a governance choice, not an inevitability.
We advocate integrated transport-forest planning: prioritize roads in
degraded landscapes, protect tropical hotspots (Amazon, Central
Africa, South Asia) via mapping/regulating informal roads, strengthen
tropical PA enforcement, and restore high-exposure regions. Center-
ing the multidimensional metrics and governance in infrastructure
decisions is key to balancing development with safeguarding forests as
carbon sinks and biodiversity strongholds—critical for global climate
and conservation goals.

Methods

Datasets

The global transportation infrastructure is based on two primary
geospatial datasets: OpenStreetMap (OSM)** and Version 4 of the
Global Roads Inventory Project (GRIP4)'°. Established in 2004, OSM is
an open-access, crowd-sourced database of worldwide roads, regularly
updated by a vast network of individual volunteers worldwide. Over
the years, the accuracy of OSM has markedly improved, owing to
contributions from organized corporations and humanitarian map-
ping communities’. It is now regarded as the most reliable and com-
prehensive global road dataset’”’?, extensively utilized for various
purposes such as urban planning, sustainable development, environ-
mental monitoring, public health initiatives, web mapping, and navi-
gation services. For this study, we obtained the OSM database in
Shapefile format from the Geofabrik download server, with the latest
update timestamped June 25, 2024. We included all automobile-
suitable road types (e.g., primary roads, secondary roads, highway
links, and residential/service roads) and all railway corridors. Non-
automobile paths (e.g., bridleways, cycleways, footways) were exclu-
ded, as these features exhibit high spatial incompleteness in OSM and
have minimal influence on forest clearance. GRIP4, by contrast, was
developed through the harmonization and integration of nearly 60
geospatial road infrastructure datasets—sourced from publicly avail-
able national and supranational vector datasets provided by govern-
ments, research institutes, non-governmental organizations (NGOs),
and crowdsourcing initiatives—with OSM among its core input
sources'. This harmonization process standardized spatial attributes
(e.g., road class, connectivity) across heterogeneous datasets, yielding
a unified global road inventory.
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Forest structure metrics—such as forest cover, patch density (PD),
and height—were quantified using the 30-m GLAD Global Land Cover
and Land Use Change datasets for the years 2000 and 20207>7*, These
datasets, encompassing forest extent, forest height, cropland, built-up
areas, surface water, and perennial snow and ice extent, were derived
from GLAD Landsat Analysis Ready Data employing machine learning
techniques and validated against a statistical sample of reference data,
achieving user’s and producer’s accuracies above 85%, except for built-
up areas”. Forests were defined to include wildland, managed, and
planted tree cover, incorporating agroforestry and orchards. Forest
extent maps were generated by assigning grid cells with a forest height
of > 5 meters as the “forest” land cover class, aligning with the Food
and Agriculture Organization of the United Nations (FAO) definition.

We computed forest cover, PD, and height at a 1km grid scale
using ArcGIS 10.8.1 (Esri, Redlands, CA, USA) for spatial zonal statistics
and indicator extraction: this choice was driven by both the need to
calculate PD (which requires a spatial unit large enough to contain
multiple contiguous forest patches, aligning with landscape ecology
conventions where PD is typically quantified at scales ranging from
500m to 10km to balance patch detectability and ecological
relevance”>’®) and to maintain compatibility with complementary
datasets that are primarily available at kilometer-scale resolutions. For
forest cover, we used the percentage of a 1km grid cell occupied by
forest (rather than binary classification) to retain sensitivity to subtle
changes; PD was calculated by assigning unique identifiers to each
contiguous forest patch and counting these identifiers per 1km cell;
and mean height was derived by averaging height values across all
30 m forest pixels within each 1km grid cell.

The forest function indicator of NPP was derived from the Version
6.1 MODIS NPP dataset at a 500 m pixel resolution (MOD17A3HGF)”".
NPP, defined as the net carbon gain by plants, has been widely used to
measure ecosystem function’®. Mean NPP values from 2001 to 2003
and from 2019 to 2021 were used to assess forest productivity at the
beginning and end of the study period, respectively.

Environmental factors—encompassing soil, climate, and topo-
graphic properties—were used to screen the background reference for
forests adjacent to roads (see detailed Methods in subsequent sec-
tions). Soil parameters were acquired from SoilGrids Version 2 at a
spatial resolution of 250 m. SoilGrids is a global digital soil mapping
system that employs state-of-the-art machine learning methods to
map the spatial distribution of soil properties worldwide’. The out-
puts of SoilGrids consist of global soil property maps across six stan-
dard depth intervals. We calculated mean soil parameters loosely by
assigning weights reflective of vegetation root distributions (and thus
relevance to vegetation growth)®*: 0.15 for 0-5cm, 0.25 for 5-15 cm,
0.25 for 15-30 c¢cm, 0.15 for 30-60 cm, 0.10 for 60-100 cm, and 0.10 for
100-200 cm. Climate variables were derived from CHELSA (Climatol-
ogies at High Resolution for the Earth’s Land Surface Areas) Version 2.1
for the period 1981-2010%%. CHELSA is a very high-resolution (-1 km)
global downscaled climate dataset currently hosted by the Swiss
Federal Institute for Forest, Snow and Landscape Research WSL,
designed to provide free access to high-resolution climate data for
research and applications, with continuous updates and refinements®,
Topographic features were derived from Version 3 of the Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER)
Global Digital Elevation Model (GDEM), which has a native spatial
resolution of 30-m®. All environmental datasets were upscaled to a
1km spatial resolution using ArcGIS 10.8.1 for resampling to ensure
consistency with the spatial scale of forest metrics.

A global dataset of plantations—comprising tree crops and plan-
ted forests—with establishment years spanning 1982-2020% was
additionally used for two purposes: (1) refining the selection of back-
ground reference forests, and (2) supporting analyses of potential
differences in road impacts between natural forests and planted sys-
tems. This dataset was developed using the LandTrendr algorithm on

the Google Earth Engine (GEE) platform, with a native spatial resolu-
tion of 30 m.

To quantify human pressure linked to road-forest change, we
used the ~-1km resolution machine learning-based HFI (ml-HFI) for
2000 and 2019”—selected for its alignment with our global, dynamic
analysis needs. Trained via CNNs on Hansen Global Forest Change
(GFCv1.7) imagery®, the ml-HFI (0-1, low-to-high pressure) avoids the
original Williams-HFI’s reliance on harmonizing eight multi-source sub-
indices®, simplifying data inputs drastically. It achieves high accuracy
(mean absolute error =0.07 on unseen data) with only 3% terrestrial
training samples and enables near-real-time updates via GFCvl.7
compatibility—critical for capturing 2000-2019 human pressure
dynamics tied to road expansion. We further used nighttime light
(NTL) data—an effective proxy for human pressure, particularly
socioeconomic activity and urbanization—to cross-validate findings
based on mlI-HFI. NTL datasets (30 arc-seconds spatial resolution) for
2000 and 2020 were obtained from a harmonized time series inte-
grating Defense Meteorological Satellite Program (DMSP) and Visible
Infrared Imaging Radiometer Suite (VIIRS) data®.

The latest version of the World Database on Protected Areas
(WDPA), last updated on September 20, 2023, was used to compare
the effects of roads on protected versus non-protected regions®®.
Renowned for its comprehensiveness, the WDPA serves as the premier
global repository of marine and terrestrial protected area data,
undergoing monthly updates. Data for the WDPA is sourced from
international convention secretariats, governmental entities, and col-
laborative non-governmental organizations.

A recently published 1 km Képpen-Geiger climate zone map® was
utilized to discern road impacts under various climatic conditions. The
climate was classified into five main classes, including tropical, tem-
perate, arid, cold, and polar. The Koppen-Geiger climate zone map has
been widely used to delineate climate zones for global-scale studies.

Estimating road impacts on forest structure and function
A systematic framework was developed to quantify road impacts on
forest structure and function, implemented in three sequential steps
(Supplementary Fig. 1). First, the study domain was restricted to
“forested” grid cells, defined as 1km grid cells with forest cover >0 in
either 2000 or 2020. Regions with no forest cover during the study
period (2000-2020) were excluded, even though some of these areas
(e.g., eastern United States, Europe, and eastern China) may have
experienced extensive historical forest loss. The spatial distribution of
the selected forested grid cells is presented in Supplementary Fig. 2a.
Forests present in 2020 are primarily distributed across tropical and
cold biomes, accounting for nearly 80% of the total forested area
(Supplementary Fig. 2b). At the continental scale, Asia and South
America collectively contain more than half of the total 2020 forest
extent, with a notable concentration in Global South nations.
Second, the land surface was broadly categorized into three dis-
tinct zones based on proximity to transportation infrastructure: road,
road-reference interface (RRI), and “other” regions (Supplementary
Fig. 2c). Drawing on established methods**, the road zone was deli-
neated as the immediate buffer within 1km of roads—an area where
forest ecosystems are likely to experience substantial impacts from
road construction and/or operation. Given the documented incom-
pleteness of current global transportation datasets®>’®”’, we supple-
mented OSM-derived road buffers with GRIP4 data. Incorporating
GRIP4 increased the estimated road area by 11%, representing roads
captured exclusively by GRIP4 (Supplementary Fig. 20). The RRI was
defined as the 1-5 km buffer extending outward from the road zone—a
distance range where forests have been shown to experience partial or
minimal impacts from transportation infrastructure****, To char-
acterize how road impacts diminish with increasing distance from
roads, the RRI was further subdivided into contiguous 1km buffers
(i.e., 1-2 km, 2-3 km, 3-4 km, and 4-5 km from roads). Forested areas
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located > 5 km from roads were classified as “other”. These regions are
presumed to experience no or minimal road-related impacts due to
limited accessibility, making them suitable as potential reference
areas. This designation is supported, in part, by comparable mean
forest cover values between the “other” zone and the outer RRI zone
(5km buffer; Supplementary Fig. 2d). Approximately two-thirds of
global forest extent falls within the road or RRI zones (Supplementary
Fig. 2d). This pattern is particularly pronounced in Europe and North
America, where - 50-60% of forests are located within the road zone.

Third, we quantified the road impact (6/) on forest structure and
function using two complementary metrics—absolute disparities and
normalized relative disparities—between forest metrics in road-
influenced zones and their corresponding background reference
values, calculated at the 1km grid scale:

Absolute 61 =1,,4q — ¢ @

Relative 5= (l,,,ad - I,f_f> / (|/,oad| + u,ef|) +100% @)

where / denotes a given forest metric (i.e., cover, PD, height, or NPP),
I10aq is the value of the metric for a “forested” grid cell located in either
the road zone or RRI area, and /¢ is the background reference value for
that target cell. While /,,,q was directly extracted from the forest
metrics datasets, no established method exists to estimate the /.. TO
address this gap, we developed the Grid-wise Environmental Matching
for Background Reference (GEM-BR) method, a moving-window
approach tailored to derive /¢ for each target forested cell in road/
RRI zones (Supplementary Fig. 1).

The GEM-BR method is anchored in the ecological principle that
forests experiencing near-identical environmental conditions will
exhibit similar growth, structure, and function®®*° when unperturbed
by anthropogenic disturbances like road development. To oper-
ationalize this “environmental similarity” criterion, we first defined a
Comprehensive Environmental Index (CEI) that integrates three key
environmental domains: climate (including multiyear mean precipita-
tion, near-surface air temperature, surface downwelling shortwave
radiation, and vapor pressure deficit), soil (clay content, sand content,
soil depth, soil organic carbon content, pH, and cation exchange
capacity), and topography (elevation, aspect, and slope). All environ-
mental variables were normalized to a range of 0-1 to eliminate scale-
dependent biases, after which we applied principal component ana-
lysis (PCA) to the normalized dataset. We retained principal compo-
nents (PCs) with a cumulative variance contribution > 85%—a threshold
selected to capture the majority of environmental variability while
reducing dimensionality—and calculated CEI for each forested cell as
the weighted sum of these retained PCs, with weights equal to the
variance contribution of each PC.

To implement GEM-BR, we first partitioned global forested
regions into non-overlapping 100 km x 100 km primary windows and
expanded each window by a 50 km buffer zone (forming an “extended
window”) to ensure access to a sufficient pool of potential reference
cells outside road/RRI zones. For every forested cell in each extended
window, we computed CEI using the PCA-based method described
above. We then screened potential reference cells for each target
forested cell in road/RRI zones using a sequential set of constraints:
candidates were first limited to cells within 50 km of the target but
outside road/RRI zones (denoted as candidate pool N1); from this pool,
we retained the top 20% of cells with the smallest CEI difference from
the target if N1 > 15, or the top 3 cells with the smallest CEl difference if
N; <15 (ensuring robust similarity even in data-sparse regions). We
further excluded candidates with absolute forest cover change
(2000-2020) 210% (to remove cells with severe deforestation or
afforestation), fraction of plantation area (2000-2020)>10% (to
exclude intensively managed plantations), or detectable nighttime

lights (to exclude cells affected by unmeasured anthropogenic activ-
ity), and only retained target cells with >3 qualified candidates
remaining after these filters (ensuring /¢ is derived from a statistically
meaningful sample).

For target cells meeting all criteria, /,ef was computed as the
inverse distance-weighted (IDW) means of the reference values—
assigning higher weights to cells closer to the target to ensure robust
background matching. Approximately 40% of forested cells in road/
RRI zones were excluded from subsequent impact analyses due to
insufficient reference cells (failing the > 3 candidates filter), as detailed
in Supplementary Fig,. 2e.

In addition, we assessed the sensitivity of estimated road impacts
on forests by defining an expanded RRI zone of 1-10 km (hereafter
referred to as RRI;o). Results indicate that the estimated road impacts
on forest metrics (Supplementary Fig. 21) are highly consistent in
terms of direction, magnitude, and spatial pattern of changes in cur-
rent forest state when comparing RRI;o with the original 1-5km RRI
definition (hereafter RRIs; Supplementary Fig. 21e-I). Nonetheless, the
remaining forest area in the road zone under RRlyo is only 45% of that
under RRIs (Supplementary Fig. 21a), indicating that most forested
cells in the road zone would be excluded if adopting the RRI;o defi-
nition. Furthermore, using RRIl;o introduces substantial bias in the
magnitudes of long-term temporal changes—particularly for §PD and
SHeight (Supplementary Fig. 21Im-t). We therefore prioritize RRIs for
this study for two reasons: (1) it retains a far larger number of forested
grid cells for the final analysis, ensuring robust statistical power; and
(2) in most cases, road impacts exhibit a clear stable trend when buffer
distances extend beyond 5 km, justifying the 5 km upper bound for the
RRI zone (Supplementary Fig. 21). Notably, all statistical computations
were implemented in Python 3.12 with core libraries (pandas, numpy,
scipy, sklearn).

Analysis

To evaluate road impacts on forest ecosystems, we analyzed two
dimensions of four key road impact metrics—&Cover, 6PD, §Height,
and SNPP (where & denotes the difference between road-influenced
zones and matched background reference areas identified via the
GEM-BR strategy): current state (2020) and long-term temporal
changes (2000-2020). Road-influenced zones were defined as 1km
buffers adjacent to roads, consistent with the core study extent; we
further assessed distance decay effects up to 5 km to quantify the total
impact area.

The current state of road impacts was quantified using 2020-
specific impact estimates for each metric. For long-term temporal
changes, we first derived the absolute values of these four metrics for
both 2000 and 2020, and then used these two time points as baselines
to compute two types of change indicators: absolute temporal change
(A8l = 8l2020 — 6l2000), Which reflects the raw magnitude of shifts in
road impact intensity, and normalized relative temporal change
([6]2020 - 6'2000]/( | 6]2020| + |6lzooo | )*100%), which standardizes
change magnitudes to a [-100, 100]% range to enable cross-metric
comparison.

For 6Cover specifically, we extended the analysis to include the
net gain and net loss of forest within road-influenced zones over
2000-2020, to disentangle whether road impacts manifest more
strongly in forest loss or suppressed gain. For SHeight, we further
stratified the analysis by forest change type: we compared height
disparities (relative to background reference forests) across three
forest subsets—stable forests (retaining cover throughout
2000-2020), gained forests (newly established post-2000), and lost
forests (converted to non-forest by 2020)—to isolate road impacts on
retained vegetation (distinct from newly regenerated or deforested
areas) as highlighted in our analysis of structural degradation.

Spatial variations in road impacts were examined across five
nested organizational scales: latitudinal gradients, continents, climate
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zones (sensu Koppen-Geiger classification), Global North (i.e., devel-
oped) vs. Global South (i.e., developing) regions, and individual
countries. The division between Global North and Global South is
based on socioeconomic and political characteristics, following the
classification framework of the United Nations Conference on Trade
and Development (UNCTAD). For statistical validation of these spatial
patterns, we employed two complementary tests: (1) one-sample ¢
tests to assess whether the mean road impact (6I) for each forest
metric in each region differed statistically significantly from zero; (2)
one-way analysis of variance (ANOVA) to evaluate whether there were
significant differences in mean &l values across subregions within each
scale. All statistical tests were conducted at a significance level of
« =0.05, with post-hoc Tukey’s HSD tests to pinpoint pairwise differ-
ences between subregions.

We further investigated the relationship between road impacts
and human activity intensity, where human activity was quantified
using two metrics: the 2019 HFI and 2020 NTL data (Supplementary
Fig. 22). For this analysis, HFI values were binned into 100 intervals with
an approximate width of 0.01, and NTL values into 63 intervals with a
width of 1, to standardize the range of human activity intensity for
correlation testing. In addition, we compared road impacts between
protected and non-protected forest areas. To establish a comparable
reference for non-protected forests, we defined forested cells within
5 km buffer zones around protected areas as “non-protected reference
cells” (Supplementary Fig. 23). Protected areas smaller than 5 km? were
excluded from this comparison to ensure an adequate sample size for
robust statistical analysis. All statistical tests (e.g., t tests, ANOVA,
correlation analyses) and result aggregation were conducted in Python
3.12, with visualization supported by matplotlib and seaborn.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All the processed source data generated in this study (supporting bar,
column, line charts, and statistical analyses) are available as a Source
Data file. The raw public datasets used in this study are available in
their respective official or recommended public repositories under the
following persistent access links/DOls: OpenStreetMap (OSM) vector
road data in Geofabrik (https://download.geofabrik.de/); Global Roads
Inventory Project 4 (GRIP4) dataset in the GLOBIO information portal
(https://www.globio.info/download-grip-dataset); GLAD Global Land
Cover and Land Use Change (GLCLUC2020) datasets in the University
of Maryland’s GLAD Laboratory (https://glad.umd.edu/dataset/
GLCLUC2020/); MOD17A3HGF V061 product in NASA’s EOSDIS Land
Processes Distributed Active Archive Center (LP DAAC) (https://
Ipdaac.usgs.gov/products/modi7a3hgfv061/)’’; SoilGrids Version 2 in
the International Soil Reference and Information Center (ISRIC)
(https://files.isric.org/soilgrids/latest/); CHELSA Version 2.1 in the
CHELSA Climate Portal (https://www.chelsa-climate.org/)’’; ASTER
Global Digital Elevation Model (GDEM) Version 3 in NASA Earthdata
Search (https://search.earthdata.nasa.gov/); 2019 Human Footprint
Index (ml-HFI) data in the Mountain Scholar repository (https://hdl.
handle.net/10217/216207)%"; 2020 nighttime light datasets in Figshare
(https://doi.org/10.6084/m9.figshare.9828827.v2)°*; World Database
on Protected Areas (WDPA) in Protected Planet (https:/www.
protectedplanet.net/en); Koppen-Geiger climate zone map in the
GLOH20 portal (https://www.gloh2o0.org/koppen/); and Version 2
global map of plantation establishment years (1982-2020) in Figshare
(https://doi.org/10.6084/m9.figshare.19070084.v2)*>. Large spatial
distribution raster datasets are not provided in the Supplementary
Information or Source Data file due to their substantial file sizes, but
are openly accessible via the original public repositories listed above.
All DOIs for datasets have been included in the Reference list. No

access restrictions apply to any of the minimum dataset necessary for
interpreting, verifying, or extending the research—all data are freely
available without undue qualifications. Source data are provided in
this paper.

Code availability

The Python code used to calculate the Comprehensive Environmental
Index (CEI) and quantify road impacts in road/RRI zones, along with
example data to support reproducibility of the analyses in this study, is
publicly available via GitHub (https://github.com/DechengZHOU/
RoadlmpactsForests.git). The exact version (v1.0.0) used in the
manuscript has been assigned a permanent, citable DOI and is inclu-
ded in the reference list**. The code is provided for non-commercial,
academic research purposes only, with permission for use, modifica-
tion, and redistribution provided appropriate attribution to the origi-
nal authors and this study is included. Unauthorized re-publication or
commercial exploitation of the code is prohibited.
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