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INTRODUCTION

The Planetary Boundaries (PB) framework identifies nine critical Earth system processes (climate change, stratospheric
ozone depletion, ocean acidification, atmospheric aerosol loading, biogeochemical flows, biosphere integrity,
freshwater change, land-system change, and novel entities). Land-System Change (LSC) captures the transformation of
natural landscapes primarily driven by deforestation and land conversion for agriculture, infrastructure, and urban
development, and it can be measured by the remaining natural forest extent relative to the estimated forest cover
during the Holocene-like period. Transgressing LSC boundary can trigger severe environmental consequences, and it is
associated with the loss of key ecological functions, including carbon storage, moisture recycling, and habitat availability
for wildlife.

METHODS, RESULTS & ANALYSIS
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Fig. 1. Steps taken for PB assessment at the country level. The workflow includes: (1) establishing the boundary and key indicator, (2) gathering
multi-source datasets, (3) deriving current forest cover and canopy structure, (4) modelling the natural baseline under minimal human impact, (5)
assessing risk levels relative to the safe operating space, and (6) providing evidence to support sustainable policy and land-management decisions.
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Fig. 2. Methodology and outputs of the LSC assessment for mainland Portugal. It integrates RS, ML, and PB modelling using Sentinel-2 predictors,
vegetation indices, DEM and slope variables, Random Forest classification and regression, and LPJmL dynamic vegetation model outputs processed
through the “boundaries” package. The resulting outputs include forest cover maps, Tree Cover Density (TCD) patterns, potential natural forest extent
under Holocene-like conditions, and the national LSC indicator, quantifying the remaining natural forest extent relative to the safe operating space.

mms the value of integrating Earth observation and PB modelling to support spatially explicit
environmental monitoring and sustainable land-use governance. The findings demonstrate the potential of combining
RS, ML, and PB approaches for national-scale LSC assessments, while addressing forest transformation, canopy
structure, modelling uncertainty, and the policy relevance of sustainability indicators.
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