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Note. Reference numbers in this Supplementary Information correspond to the reference list in the main manuscript. This file provides interpretive and quality-assurance detail; the final quality-controlled output matrix and figure-source data are available from the corresponding author on reasonable request.
Supplementary Methods
Purpose and scope
This Supplementary Information supports the interpretation of the 2019 JUNIPER-Europe benchmark reported in the main manuscript. It does not introduce additional scenarios, re-estimate model parameters, or alter the numerical results. The analysis compares six national implementations—Greece, the United Kingdom, Finland, Czechia, Spain, and Romania—with a wider European reference covering the EU-27, Norway, Switzerland, and the United Kingdom. Because each national case is contained within the reference geography, national-to-reference deviations are descriptive and are not statistically independent contrasts.
The 2019 values arise from structurally consistent historical implementations covering 2000–2019. The historical runs are used as harmonised comparative replays rather than as out-of-sample predictive forecasts. Indicator definitions, directionality rules, arithmetic transformations, and the common baseline year were held constant across implementations. The model architecture and the evaluation logic for the original Greece implementation are described in the model-introduction study [31].
Human-system context and Quality of Life interpretation
The human-system comparison in the main manuscript reports two distinct quantities. First, the 2019 national life-expectancy reference-series values embedded in the six national implementations are presented only as external contextual data. They are not simulated JUNIPER outputs, are not independent validation targets, and are not used in the national-to-European-reference deviation analysis because no directly equivalent life-expectancy value was defined for the wider European reference geography. Second, the calibrated Quality of Life (QoL) proxy is retained as the comparative JUNIPER human-system output. Supplementary Table S1 reports the values presented in Fig. 6, while Supplementary Table S2 summarises their analytical role and interpretive boundaries.
Quality of Life proxy
The QoL output is a semi-endogenous composite of eight living-conditions components. The aggregation rule implemented in JUNIPER is given by Equation (S1):
	
	(S1)


where PP is Purchasing Power, PPI is Property Price-to-Income, COL is Cost of Living, SI is Safety, HCI is Health Care, TCTI is Traffic Commute Time, PI is Pollution, and CI is Climate. The aggregation coefficients follow the weighted additive structure of Numbeo’s published empirical Quality of Life Index rule [32]. Depending on jurisdiction and component availability, trajectories are either reconstructed from JUNIPER drivers through calibrated scaling relations or supplied as external series.
The 2013–2019 reference series is used for calibration and benchmarking, not for independent validation. Numbeo documents that different aggregation formulas were used before December 2017 [32], so the historical reference series is not assumed to be methodologically homogeneous across the full calibration window. QoL is therefore interpreted as a calibrated national living-conditions proxy, and the paper avoids treating its absolute values as directly observed welfare statistics. The components and their roles are summarised in Supplementary Table S3. The QoL proxy is the only Health-module output retained in the national-to-European-reference deviation dashboard. The national life-expectancy reference values are presented separately as contextual external data and are excluded from that transformation.
Biodiversity-risk screening proxies
The Biodiversity module produces model-normalised, pressure-derived species- and ecosystem-risk screening proxies, reported as simulated RLI and RLIe. These outputs are generated from mapped national pressure pathways and are not official national IUCN index time series, repeated empirical reassessments, or spatially explicit ecological forecasts. Lower values indicate higher simulated pressure-derived risk. RLI and RLIe are retained separately because they represent complementary species- and ecosystem-level constructs [31]. No separate observed country-level RLI or RLIe time series was supplied as an external model input. The reported 2019 values were calculated internally by the corresponding JUNIPER implementation from the harmonised pressure pathways and implemented pressure-to-risk mappings.
Water and greenhouse-gas benchmarking conventions
The water comparison reports WEI together with domestic, agricultural, and industrial withdrawal shares selected from the common comparative output template. The three shares are calculated independently relative to total water withdrawal and are not assumed to provide an exhaustive decomposition in every implementation. No residual category is inferred or assigned to a sector.
The GHG comparison expresses the Food-, Energy-, and Transport-module outputs as shares of the exported total simulated GHG output. The three contributions sum to within 0.4 percentage points of the total across implementations; the small discrepancies are attributable to rounding of the exported values. The shares describe JUNIPER’s internal module-level composition and are not equivalent to official national greenhouse-gas inventory categories.
Benchmark scaling, reference comparison, and quality assurance
For the overview heatmap, each indicator is min–max scaled separately across the six national implementations and the wider European reference. The colour direction is reversed for simulated RLI and RLIe because lower original values indicate higher risk. Scaled values are not compared across indicators, summed, or averaged. The main article therefore reports no composite hotspot score or overall country ranking.
National deviations from the European reference are expressed as percentage differences relative to the corresponding reference value. The sign is interpreted according to indicator type: positive WEI deviations indicate higher water pressure; positive QoL deviations indicate a numerically higher calibrated living-conditions proxy but do not necessarily represent better observed welfare; positive RLI/RLIe deviations indicate higher index values and therefore lower simulated risk; and positive module-level GHG deviations indicate a larger compositional share rather than better or worse performance. National life-expectancy reference values are excluded from this transformation because no directly equivalent value was defined for the wider European reference geography. Supplementary Table S4 summarises the evidence role and interpretive limits of each output class.
Quality assurance included jurisdiction-label checks, unit and range checks, missing-value screening, recalculation of derived shares from raw outputs, arithmetic comparison of module-level GHG contributions with the exported total, verification of indicator directionality, and confirmation that the heatmap and reference-deviation calculations used the locked 2019 values. The checks also confirmed that national life-expectancy reference values were treated as external contextual data and excluded from the European-reference deviation calculation, while the QoL proxy was retained as the only human-system output in that dashboard. These checks establish internal consistency and traceability but do not constitute fully independent external validation or probabilistic uncertainty propagation. Supplementary Table S5 records the checks and their interpretation.
Supplementary Table S1. National life-expectancy reference values and calibrated QoL proxy used in the 2019 human-system comparison.
	Implementation
	2019 life-expectancy reference value (years)
	Calibrated QoL proxy (index units)
	Analytical role

	Greece
	81.70
	114.24
	National contextual longevity value and calibrated living-conditions proxy

	United Kingdom
	81.30
	195.73
	National contextual longevity value and calibrated living-conditions proxy

	Finland
	82.10
	201.20
	National contextual longevity value and calibrated living-conditions proxy

	Czechia
	79.30
	189.01
	National contextual longevity value and calibrated living-conditions proxy

	Spain
	84.00
	174.24
	National contextual longevity value and calibrated living-conditions proxy

	Romania
	75.60
	131.62
	National contextual longevity value and calibrated living-conditions proxy

	European reference
	Not defined
	184.97
	European-reference QoL proxy; no directly equivalent life-expectancy reference value was defined


Note. The life-expectancy values are external contextual reference data embedded in the six national implementations; they are not simulated JUNIPER outputs or independent validation statistics. No directly equivalent life-expectancy reference value was defined for the wider European reference geography. The QoL values are calibrated comparative living-conditions proxies and should not be interpreted as directly observed or methodologically homogeneous national welfare statistics.

Supplementary Table S2. Human-system quantities and interpretive boundaries.
	Quantity/output
	Role in the analysis
	Reported scale
	Interpretation and limitation

	National life-expectancy reference value
	External reference-series value embedded in each of the six national implementations
	Years
	Contextual longevity information only; not a simulated JUNIPER output, causal health effect or independent validation target. No directly equivalent value was defined for the wider European reference, and these values are excluded from the national-to-reference deviation dashboard.

	Calibrated QoL proxy
	Semi-endogenous composite of eight living-conditions components
	Index units
	Comparative living-conditions proxy within the common JUNIPER framework; not HRQoL, an observed welfare statistic or an independently validated absolute measure of national well-being.





Supplementary Table S3. QoL components and their roles in the JUNIPER aggregation rule.
	Component
	Symbol
	Implemented contribution
	Interpretation

	Purchasing Power
	PP
	+ PP/2.5
	Higher values increase the QoL proxy.

	Property Price-to-Income
	PPI
	− PPI
	Higher housing-cost burden decreases the QoL proxy.

	Cost of Living
	COL
	− COL/10
	Higher cost of living decreases the QoL proxy.

	Safety
	SI
	+ SI/2
	Higher safety increases the QoL proxy.

	Health Care
	HCI
	+ HCI/2.5
	Higher health-care index increases the QoL proxy.

	Traffic Commute Time
	TCTI
	− TCTI/2
	Longer commuting burden decreases the QoL proxy.

	Pollution
	PI
	− 2PI/3
	Higher pollution decreases the QoL proxy.

	Climate
	CI
	+ CI/3
	More favourable climate conditions increase the QoL proxy.



Note. Specific data treatment varies by jurisdiction and component availability. Component trajectories may be imported as external series or reconstructed from JUNIPER drivers using calibrated scaling relations. The 2013–2019 reference series is used for calibration and benchmarking only; absolute cross-country welfare interpretation is avoided.

Supplementary Table S4. Evidence role and intended interpretation of the JUNIPER-Europe benchmark outputs.
	Output class
	Evidence role
	Independence
	Intended interpretation
	Not claimed

	WEI
	Historical accounting / behaviour-reproduction indicator
	Limited
	Relative water-pressure comparison under common annual accounting
	Independent prediction of water scarcity or seasonal WEI+ assessment

	Selected withdrawal shares
	Output composition / accounting check
	Limited to none
	Relative prominence of selected domestic, agricultural, and industrial components
	Complete decomposition of total withdrawals in every implementation

	Food-, Energy-, and Transport-module GHG contributions
	Internal cross-module accounting consistency
	No external validation
	Composition of the exported JUNIPER total simulated GHG output
	Official national inventory-sector shares or mitigation effectiveness

	Simulated RLI and RLIe screening proxies
	Pressure-derived risk-screening outputs
	No external validation
	Comparative species- and ecosystem-risk screening under common mappings
	Official national IUCN indices, empirical reassessments, or causal biodiversity attribution

	National life-expectancy reference values
	External contextual reference series
	Not model outputs
	Descriptive longevity context for the six national implementations
	Simulated health effects, causal effects, independent model validation or European-reference comparison

	Calibrated QoL proxy
	In-sample calibration / reconstruction benchmark
	No independent validation
	Relative living-conditions comparison within the common framework, including descriptive comparison with the European reference
	Observed welfare statistic, HRQoL, causal health effect or independent validation

	National deviation from European reference
	Descriptive benchmarking transformation
	Not independent
	Magnitude and direction of national departure from the wider reference
	Statistically independent country-versus-reference test or causal contrast






Supplementary Table S5. Cross-implementation quality-control checks applied to the 2019 benchmark.
	Check
	Procedure
	Acceptance / reporting rule
	Outcome and interpretation

	Jurisdiction and geography labels
	Confirmed six national implementations and wider European reference geography
	Exactly one record per implementation and retained indicator; the European-reference life-expectancy field is explicitly recorded as not defined
	Completed; national-to-reference comparisons are descriptive because national cases are included in the reference geography.

	Missing-value screening
	Checked all retained 2019 model outputs and contextual reference fields
	No missing values in the retained model-output matrix; the European-reference life-expectancy field is structurally not defined
	Completed. The single structurally undefined European-reference life-expectancy field is documented explicitly and excluded from reference-deviation calculations.

	Units and numerical ranges
	Reviewed declared units; checked non-negativity and bounded indices and contextual reference values
	WEI and shares non-negative; RLI/RLIe within 0–1; national life-expectancy reference values positive; QoL proxy non-negative
	Completed. Life-expectancy values are treated as external contextual data rather than simulated outputs.

	Water shares
	Recalculated selected domestic, agricultural, and industrial shares from raw outputs
	Exact arithmetic match to reported selected shares
	Completed; the three displayed components are not required to sum to 100%.

	GHG component coverage
	Compared Food + Energy + Transport outputs with exported total GHG
	Absolute discrepancy ≤ 1 percentage point
	Completed; maximum discrepancy in reported values was 0.4 percentage points.

	Spain GHG correction
	Locked final Food, Energy, Transport, and total GHG values
	271, 377, 103, and 751 billion kg CO₂e, respectively
	Completed and retained in the study’s quality-control audit record, which is available from the corresponding author on reasonable request.

	Biodiversity directionality
	Verified inverse risk interpretation for RLI and RLIe
	Lower original value mapped to higher heatmap risk position
	Completed.

	Life-expectancy contextual series
	Confirmed one 2019 national reference-series value for each of the six national implementations and no directly equivalent value for the wider European reference
	Six positive national values; European-reference field explicitly recorded as not applicable
	Completed. Values are presented only in Fig. 6a and Supplementary Table S1 as contextual data and are excluded from the European-reference deviation dashboard.

	Heatmap scaling
	Recalculated min–max scores separately for each indicator
	Scores bounded 0–1 and not aggregated across indicators
	Completed; no composite score produced.

	Reference deviations
	Recalculated national percentage deviations for WEI, Food-, Energy- and Transport-module GHG contributions, calibrated QoL, RLI and RLIe
	European reference equals zero by construction; signs checked against raw values; national life-expectancy reference values excluded
	Completed. Deviations are descriptive rather than inferential, and life-expectancy reference values are not included because no equivalent European-reference value was defined.

	Uncertainty propagation
	Reviewed scope of sensitivity/uncertainty evidence
	No claim of whole-model probabilistic uncertainty
	Not performed in this study; explicitly retained as a limitation.



Note. The quality-control checks establish arithmetic consistency, traceability, and common interpretation. They do not demonstrate fully independent external validation or whole-model uncertainty quantification.
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