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Scope, evidential status and terminology
This Supporting Information documents the full indicator-by-radius comparison, the original single-response scale sequence, response contrasts, study heterogeneity and validation analyses. The 25-model comparison uses 1,641 sites complete for every response and radius. The original five-radius redistribution analysis uses 1,656 sites. Tables and figures identify the population used for each estimate.
The analysis protocol followed earlier inspection of the response and predictor families; the analyses are exploratory rather than preregistered confirmation. Source observations were left unchanged. All five declared responses and radii are reported without filtering on effect direction, fit or P value.
Displayed values are rounded. No raw abundance records or site coordinates are reproduced here.
The canonical terms used throughout are:
Infrastructure accessibility: the archived, outcome-independent full-component accessibility descriptor (hci_ab_full_all), standardized for analysis as access_wc.
Natural-cover context: the exact area-weighted mean of seven EarthEnv natural-cover classes within a circular buffer, standardized for analysis as natural_wc.
Human Footprint benchmark: the reduced model containing a flexible Human Footprint term and the ecological controls.
Landscape decomposition model: the benchmark plus infrastructure accessibility and natural-cover context.
Abundance redistribution: the standardized change in winner-minus-loser relative-abundance balance from the strict-reference mean.
Delta RMSE: RMSE_reduced - RMSE_full; positive values favour the landscape decomposition model and negative values favour the Human Footprint benchmark.
Supporting text S1: Data population and sample flow
The starting table contained 1,848 sites from 37 studies. The 10-km abundance-redistribution anchor retained 1,656 complete sites from 31 studies. The indicator comparison used 1,641 sites complete for all five responses. The fully crossed analysis retained these same 1,641 sites at every radius because natural-cover data were complete at all five radii (Tables S1 and S16). Strict-reference and response-construction rules are given in S3.
The complete anchor analysis covered 18 countries in four UN regions. Birds contributed 1,012 of 1,656 sites (61.1%), so the geographic breadth should not be interpreted as balanced global taxonomic coverage (Table S2).
Supporting text S2: Landscape predictors and exact multiscale extraction
Infrastructure accessibility and Human Footprint
Infrastructure accessibility combined weighted GRIP4 road density with proximity to railways, airports, cities, urban areas and ports. Road classes were weighted from five for highways to one for local roads, summed, log transformed and standardised. Euclidean distance to each non-road feature was calculated after projection to Equal Earth; proximity was the standardised negative log of one plus distance. The six standardised components were averaged with equal weights and standardised again. Component weights were fixed before biodiversity modelling. Human Footprint 2015 was retained as the cumulative-pressure benchmark. Both focal components entered the models after within-study standardisation, conditional on a flexible Human Footprint term; neither was selected or residualised by the biodiversity outcome (Table S3).
Exact natural-cover buffers
Natural-cover context was recomputed from EarthEnv consensus classes 1, 2, 3, 4, 5, 6 and 8: needleleaf trees, evergreen broadleaf trees, deciduous broadleaf trees, mixed or other trees, shrubs, herbaceous vegetation and regularly flooded vegetation. Extraction used five fixed circular radii (1, 5, 10, 25 and 50 km). Repeated coordinates were extracted once and mapped back to sites. Buffers were constructed from longitude-latitude points with 360-segment circles. Raster-cell contributions were weighted by the exact fraction intersecting each buffer. The seven class means were summed and divided by 100; small excursions caused by independent raster rounding were bounded to [0, 1]. No biodiversity response was read by the extraction script.
The extraction returned complete values for all 1,848 sites and 1,445 unique coordinates at every scale. The 10-km exact estimate was closely aligned with the archived 12-point 5-10-km approximation, but the exact-buffer value replaces that approximation in the present analysis. Comparisons at other radii are descriptive because their spatial support differs from the archived 10-km approximation (Table S4).
Supporting text S3: Biodiversity responses
Within each study, positive effort-corrected abundances were converted to relative abundance. Five response variables were retained:
Taxon richness: observed taxon richness, standardized within study.
Total abundance: total effort-corrected abundance, standardized within study.
Dominance shift: maximum relative abundance at a site minus the mean maximum relative abundance among strict-reference sites, standardized within study.
Effective-taxa loss: the mean Shannon diversity among strict-reference sites minus site-level Shannon diversity, standardized within study. The archived variable name is retained; on the exponential scale Shannon diversity is the logarithm of effective taxon number.
Abundance redistribution: for taxon k, affinity was log[(mean non-reference relative abundance + 10^-6)/(mean strict-reference relative abundance + 10^-6)]. Taxa at or above the study-specific 75th percentile were operational non-reference winners; taxa at or below the 25th percentile were operational reference losers. Site balance was the summed relative abundance of winners minus that of losers. Abundance redistribution was site balance minus the strict-reference mean balance, standardized within study.
The winner and loser labels are operational abundance-affinity groups, not demographic classifications. The main response uses the archived same-site construction for comparability; Section S10 reports a leakage-resistant cross-fitted reconstruction.
Supporting text S4: Standardization, model sequence and estimands
Continuous predictors were centred within study and divided by the pooled standard deviation of all within-study deviations. Thus a coefficient represents the change in a within-study standardized response per pooled within-study standard-deviation increase in the predictor. The site-weighted analysis gave every site unit weight. The equal-study analysis assigned each site weight 1/n_s, where n_s is the number of observations in study s.
The reduced fixed-effect model was:
response ~ ns(Human Footprint, df = 3) + ns(BIO1, df = 3) + ns(BIO12, df = 3) + predominant land use + use intensity + biome + study.
The landscape decomposition model added linear infrastructure-accessibility and natural-cover terms to the reduced Human Footprint model. The 10-km radius is the reporting anchor. The five radii were compared as a fixed set, with no choice based on model fit. For the new fully crossed comparison, the same 1,641 complete sites, response definitions, covariates and within-study standardisation were used in all 25 models (Table S16). The earlier redistribution-only series on 1,656 sites remains in Tables S5 and S6.
For nested fixed-effect comparisons:
semi-partial R² = (RSS_reduced - RSS_full)/TSS;
partial R² = (RSS_reduced - RSS_full)/RSS_reduced;
Delta adjusted R² = adjusted R²_full - adjusted R²_reduced;
Delta AIC = AIC_full - AIC_reduced, so negative values favour the full model.
Model-based coefficient intervals are Wald 95% intervals. They are supplemented by study-cluster resampling, random-slope heterogeneity, a spatially conditioned null and held-out validation.
Supporting text S5: Full indicator-by-radius comparison and original single-response scale results
The fully crossed analysis yielded 25 models on 1,641 shared sites (Table S16). Natural-cover coefficients stayed positive for abundance redistribution and negative for richness at every radius, while total abundance stayed near zero. The ordering of responses changed little across radii. Infrastructure coefficients likewise retained broadly stable direction across radii. Within-model 95% intervals do not test differences between correlated radius estimates. The original redistribution-only analysis used 1,656 sites and gave positive site-weighted natural-cover slopes at all five radii (Tables S5 and S6). Equal-study estimates were smaller; spatial validation is reported in S8.
Supporting text S6: Anchor-scale uncertainty and among-study heterogeneity
Study-cluster bootstrap
At 10 km, 499 bootstrap samples resampled the 31 studies with replacement. Repeated selections of a study received separate bootstrap study identifiers. The intervals are percentile intervals over successful draws. The joint fit increment remained positive, but the separate infrastructure and natural-cover intervals both crossed zero (Table S7A).
Mixed models
Gaussian mixed models were fitted by maximum likelihood. The random-intercept model replaced fixed study coefficients with (1 | study). The random-slope model used an independent study random intercept and natural-cover slope, (1 + natural_wc || study); infrastructure accessibility retained a fixed slope. All three reported fits were non-singular under the analysis tolerance.
The random-intercept model recovered a positive average natural-cover slope. Allowing the natural-cover slope to vary changed the population-average estimate to -0.064 (95% Wald CI -0.222 to 0.093). This reversal, together with a random-slope SD of 0.269, is evidence that a single common slope is not an adequate summary of the studies (Tables S7B, S7C and S7D).
Study conditional modes
Only 8 of 31 natural-cover conditional modes were positive (25.8%). The modes ranged from -0.680 to 0.277; their quartiles were -0.123, -0.064 and 0.005. Conditional modes are partially pooled model summaries, not independent study-specific estimates, and the current output does not provide study-specific confidence intervals (Table S8).
Supporting text S7: Spatially conditioned null and residual spatial dependence
Freedman-Lane conditional permutation
The joint addition of infrastructure accessibility and natural-cover context was tested against a Freedman-Lane residual-permutation null. The reduced Human Footprint model was fitted first. Its residuals were permuted within 147 study-by-spatial-fold exchangeability blocks, and the reduced-model fitted values were added back before both models were refitted. The two focal predictors retained their joint spatial structure. The empirical P value used a one-count correction over 999 permutations.
The observed partial R² (0.01365) was below the null mean (0.01744) and lay within the null 95% interval (0.01179-0.02460); empirical P = 0.864. Thus the in-sample increment was not unusual under a null that preserved study membership and conditioned exchangeability on spatial blocks (Table S9A).
Residual Moran's I
Duplicate coordinates were aggregated within study before residual spatial dependence was assessed. Studies with fewer than eight unique coordinates or zero residual variance were not estimable. For each estimable study, a row-standardized five-nearest-neighbour graph (or fewer neighbours when required) was constructed in geographic coordinates. One-sided Moran tests were adjusted within each model using the Benjamini-Hochberg procedure (Table S9B).
Supporting text S8: Spatially blocked and leave-one-study-out validation
Fold construction and preprocessing
Spatial folds were built separately within study while keeping duplicate coordinates together. Up to five geographic clusters were produced from standardized longitude (adjusted by mean latitude) and latitude, using seeded k-means with deterministic fallback ordering. Validation preprocessing was fitted independently in each training split. Study-specific training means and the pooled training within-study SD were used to transform training and test predictors. In LOSO, the held-out study has no training observations, so its raw predictors were centred on the corresponding global means from the training studies and divided by the training pooled within-study SD. No held-out response was used to fit predictor transformations.
The response itself was the archived within-study standardized response. Validation therefore evaluates transport of an association on the study-standardized response scale, not de novo prediction of biodiversity without local biodiversity observations.
Spatially blocked validation
The same fold assignments were used at all scales. Complete predictions were available for 1,317 sites from 29 studies. Positive Delta RMSE favours the landscape decomposition model. The 25- and 50-km models improved pooled RMSE, whereas the 10-km anchor did not. Study-average gains were positive only at 25 and 50 km and were small; 5,000-resample study-bootstrap intervals included zero at every radius (Table S10A).
Exact-specification LOSO validation
For each held-out study, the reduced and full 10-km random-intercept models were fitted to all other studies by maximum likelihood. Predictions used population-level fixed effects (re.form = NA) and allowed a new study level. Twenty-seven studies produced finite predictions. Four studies could not be scored because the held-out study contained a biome level absent from the remaining training studies; these failures were determined by fixed-effect estimability, not by the held-out effect direction or error. Confidence limits for mean study Delta RMSE used 5,000 bootstrap resamples of the 27 study-level differences. A two-sided sign test assessed whether the number of improved studies differed from one half (Tables S10B and S10C).
Supporting text S9: Response specificity on a common site set
Each of the five standardised responses was fitted on the same 1,641 sites from 31 studies at 10 km (Tables S11 and S12). The 25-model extension kept this population fixed at every natural-cover radius (Table S16). At 10 km, its coefficients and 95% intervals reproduce Table S11 exactly. Natural-cover association was positive for redistribution but not richness. Accessibility was negative for richness and positive for dominance shift and effective-taxa loss. Direct response contrasts were assessed separately in the stacked model (Table S13).
Formal repeated-response contrasts
The 1,641-site table was stacked into five repeated response rows per site. The model interacted response type with Human Footprint, both climate splines, land use, use intensity, biome and both focal components, and included random intercepts for study and site. Richness was the reference response. The interaction terms therefore estimate the difference between each response's standardized landscape slope and the richness slope (Table S13A). In the stacked model, the richness baseline slopes were -0.0584 (95% CI -0.1160 to -0.0008) for infrastructure and -0.0573 (-0.1158 to 0.0011) for natural cover.
To test whether the focal abundance-redistribution contrasts survived study-level resampling, studies were sampled with replacement and their study and site identifiers were relabelled within each draw before the stacked model was refitted. The bootstrap was fixed at 499 draws. Only the two prespecified abundance-redistribution-versus-richness component contrasts were retained (Table S13B).
The infrastructure contrast remained positive under study-cluster resampling. The natural-cover contrast had a positive stacked-model point estimate, but its bootstrap interval crossed zero. Indicator choice therefore changed the observed association, with different levels of support for a contrast shared across studies.
Supporting text S10: Leakage-resistant cross-fitted response sensitivity
Construction and exclusion rules
The original abundance-redistribution response uses all non-reference sites in a study when estimating taxon affinity. The cross-fitted sensitivity removes this same-site information path. Within each study, non-reference sites were divided into five folds while repeated coordinates were kept together. For each held-out fold, taxon roles were learned from all strict-reference sites and only the non-reference sites in the other four folds. A held-out non-reference row was never used to classify the taxa used to score that row.
The training-fold affinity was log[(training non-reference mean relative abundance + 10^-6)/(strict-reference mean relative abundance + 10^-6)]. Lower- and upper-quartile taxa defined losers and winners. The held-out response was held-out winner-minus-loser balance minus the training fold's strict-reference mean balance, followed by within-study standardization. A study entered the primary cross-fitted response only if all five folds were valid. Eligibility and fold failures depended on abundance availability, sample size, coordinate grouping and estimability, never on an effect estimate or significance test (Table S14A).
Classification stability
All 140 fitted folds were valid. Across the 28 included studies, the median study-level mean role agreement among taxa active in paired folds was 0.880. Median winner-set and loser-set Jaccard similarities were 0.732 and 0.769, respectively. Of 2,720 taxon-study cases with stability estimates, 77.8% had the same modal role in every active fold. The cross-fitted and original standardized responses correlated at Pearson r = 0.800 across the 1,087 included sites. These summaries were calculated directly from the machine-readable outputs (Table S14B).
Cross-fitted model sensitivity
The cross-fitted and original responses were compared on exactly the same 1,087 non-reference sites from 28 studies. The cross-fitted coefficients remained positive for both focal components, and the joint in-sample increment was slightly larger than for the original construction on that subset (Table S15). This shows that the subset association was not created solely by using a site in its own affinity classification. It does not remove the between-study heterogeneity, spatially conditioned null result or anchor-scale transferability limits observed in the full analysis.
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Table S1. Analysis populations
	Population or analysis
	Sites
	Studies
	Interpretation

	Reference-based source table
	1,848
	37
	Starting population for exact extraction and response construction

	Strict-reference subset
	591
	37
	Reference sites in the source table

	Non-reference subset
	1,257
	37
	Candidate sites for cross-fitted response construction

	Complete 10-km anchor analysis
	1,656
	31
	Main fixed-effect, bootstrap, mixed-model and conditional-null population

	Common five-response population
	1,641
	31
	Same sites used for all response-specific models

	Complete spatial-block predictions
	1,317
	29
	Held-out predictions retained across every declared scale

	Estimable exact-specification LOSO predictions
	1,456
	27
	Population-level predictions for held-out studies

	Primary cross-fitted non-reference population
	1,087
	28
	Five valid folds and a finite held-out response


The rows are overlapping analysis populations, not a single sequential exclusion chain.
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Table S2. Country and broad taxonomic coverage in the 10-km anchor population
	Country
	UN region
	Sites

	India
	Asia
	408

	Canada
	Americas
	356

	Argentina
	Americas
	118

	United States
	Americas
	97

	South Africa
	Africa
	92

	Portugal
	Europe
	78

	United Republic of Tanzania
	Africa
	75

	Kenya
	Africa
	72

	Poland
	Europe
	50

	Slovakia
	Europe
	50

	Brazil
	Americas
	48

	Bolivia
	Americas
	48

	Ireland
	Europe
	47

	Mexico
	Americas
	40

	Ethiopia
	Africa
	38

	Cote d'Ivoire
	Africa
	15

	Ecuador
	Americas
	12

	United Kingdom
	Europe
	12



	Recorded common taxon
	Sites

	Aves
	1,012

	Tracheophyta
	360

	Chordata
	100

	Hymenoptera
	99

	Animalia
	48

	Mammalia
	22

	Formicidae
	15
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Table S3. Predictor roles and inferential boundaries.
	Predictor
	Construction
	Role in the analysis
	Boundary of interpretation

	Human Footprint
	2015 cumulative anthropogenic-pressure surface
	Nonlinear benchmark for broad human modification
	Potential pressure surface; realised response and unrepresented threats remain separate

	Infrastructure accessibility
	Weighted road density plus proximity to rail, airport, city, urban-area and port features
	Structural human-network dimension added beyond the benchmark
	Structural access excluding traffic, travel time, movement, resistance and network centrality

	Natural-cover context
	Exact coverage-weighted natural-cover fraction in 1-, 5-, 10-, 25- and 50-km buffers
	Multiscale structural habitat setting added beyond the benchmark
	Habitat amount excluding quality, configuration, species-specific suitability and permeability

	Landscape decomposition
	Joint linear addition of within-study infrastructure accessibility and natural-cover context
	Test of response-specific information beyond nonlinear Human Footprint and controls
	Associational partition conditional on the benchmark and controls



Table S4. Exact-extraction quality assurance across all five scales
	Radius (km)
	Mean exact cover
	Missing exact
	Pearson r vs archived 12-point value
	Spearman rho
	Mean difference, exact - archived
	Mean absolute difference
	RMSE
	Like-for-like comparison?

	1
	0.6334
	0
	0.8669
	0.8447
	0.0318
	0.1106
	0.1580
	No

	5
	0.6195
	0
	0.9598
	0.9466
	0.0179
	0.0582
	0.0849
	No

	10
	0.6073
	0
	0.9859
	0.9773
	0.0057
	0.0360
	0.0488
	Yes

	25
	0.5755
	0
	0.9632
	0.9480
	-0.0261
	0.0597
	0.0827
	No

	50
	0.5479
	0
	0.9079
	0.8900
	-0.0537
	0.0978
	0.1331
	No


For the second like-for-like check, exact 1-km cover and the archived focal-cell value had Pearson r = 0.9530, Spearman rho = 0.9418, mean difference = -0.0082, mean absolute difference = 0.0658 and RMSE = 0.0982 (1,848 complete pairs).
Table S5. Focal fixed-effect coefficients across all scales
	Radius (km)
	Weighting
	Infrastructure estimate (95% CI)
	P
	Natural-cover estimate (95% CI)
	P

	1
	Site weighted
	0.006 (-0.037, 0.049)
	0.789
	0.097 (0.054, 0.140)
	1.00 x 10^-5

	1
	Equal study
	0.043 (-0.011, 0.097)
	0.119
	0.071 (0.022, 0.120)
	0.0044

	5
	Site weighted
	0.012 (-0.033, 0.056)
	0.607
	0.099 (0.053, 0.144)
	2.07 x 10^-5

	5
	Equal study
	0.041 (-0.015, 0.096)
	0.152
	0.054 (-0.0002, 0.108)
	0.0512

	10
	Site weighted
	0.016 (-0.029, 0.061)
	0.482
	0.106 (0.060, 0.152)
	7.19 x 10^-6

	10
	Equal study
	0.041 (-0.015, 0.097)
	0.149
	0.055 (-0.003, 0.112)
	0.0617

	25
	Site weighted
	0.026 (-0.020, 0.071)
	0.268
	0.127 (0.079, 0.175)
	1.93 x 10^-7

	25
	Equal study
	0.052 (-0.005, 0.108)
	0.0715
	0.086 (0.023, 0.149)
	0.0073

	50
	Site weighted
	0.027 (-0.018, 0.072)
	0.239
	0.130 (0.084, 0.175)
	3.31 x 10^-8

	50
	Equal study
	0.050 (-0.006, 0.106)
	0.0821
	0.081 (0.020, 0.143)
	0.0098


Each row used 1,656 sites from 31 studies.
Table S6. Joint landscape-component model increments across all scales
	Radius (km)
	Weighting
	Partial R²
	Semi-partial R²
	Delta adjusted R²
	Delta AIC

	1
	Site weighted
	0.01326
	0.00627
	0.00588
	-18.10

	1
	Equal study
	0.00548
	0.00242
	0.00193
	-5.10

	5
	Site weighted
	0.01240
	0.00587
	0.00546
	-16.67

	5
	Equal study
	0.00280
	0.00124
	0.00071
	-0.65

	10
	Site weighted
	0.01365
	0.00646
	0.00607
	-18.76

	10
	Equal study
	0.00261
	0.00115
	0.00062
	-0.33

	25
	Site weighted
	0.01794
	0.00848
	0.00817
	-25.97

	25
	Equal study
	0.00492
	0.00217
	0.00168
	-4.18

	50
	Site weighted
	0.02004
	0.00948
	0.00920
	-29.52

	50
	Equal study
	0.00459
	0.00203
	0.00153
	-3.62



1
Table S7A. Study-cluster bootstrap at 10 km
	Estimand
	Mean across bootstrap draws
	95% percentile interval
	Successful draws

	Infrastructure coefficient
	0.0194
	-0.0342 to 0.0958
	499

	Natural-cover coefficient
	0.0981
	-0.0406 to 0.1788
	499

	Joint partial R²
	0.01681
	0.00142 to 0.04329
	499

	Joint Delta adjusted R²
	0.00771
	0.000001 to 0.02203
	499



Table S7B. Focal mixed-model coefficients
	Model
	Component
	Estimate
	SE
	95% Wald CI

	Random intercept
	Infrastructure
	0.020
	0.023
	-0.024 to 0.065

	Random intercept
	Natural cover
	0.110
	0.023
	0.065 to 0.155

	Random natural-cover slope
	Infrastructure
	0.028
	0.023
	-0.017 to 0.073

	Random natural-cover slope
	Natural cover
	-0.064
	0.080
	-0.222 to 0.093



Table S7C. Mixed-model fit metrics
	Model
	AIC
	Marginal R²
	Conditional R²
	Singular

	Human Footprint random intercept
	3603.42
	0.5067
	0.5893
	No

	Components random intercept
	3583.58
	0.5131
	0.5937
	No

	Components random natural-cover slope
	3556.70
	0.5053
	0.5697
	No


1,656 sites and 31 studies in every model.
Table S7D. Random-effect variance in the random-slope model
	Random term
	Variance
	SD

	Study intercept
	0.06794
	0.26066

	Study natural-cover slope
	0.07258
	0.26940

	Residual
	0.45393
	0.67375


The || specification estimated no intercept-slope correlation.
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Table S8. Study-level natural-cover conditional modes at 10 km
	Study ID
	Sites
	Taxon
	Country
	Natural-cover conditional mode

	CM2_2009__HaroCarrion 1
	12
	Tracheophyta
	Ecuador
	-0.136

	CM2_2009__SilvaMoco 1
	24
	Animalia
	Brazil
	-0.064

	CM2_2009__SilvaMoco 2
	24
	Animalia
	Brazil
	-0.064

	CM2_2012__Kone 1
	15
	Formicidae
	Cote d'Ivoire
	-0.053

	GN1_2010__Hvenegaard 1
	178
	Aves
	Canada
	0.138

	GN1_2010__Hvenegaard 2
	178
	Aves
	Canada
	0.277

	GN1_2011__SuarezRubio 1
	6
	Aves
	United States
	-0.109

	GN1_2015__Barzan 1
	59
	Aves
	Argentina
	-0.057

	GN1_2015__Barzan 2
	59
	Aves
	Argentina
	-0.060

	GN1_2018__AlvarezAlvarez 1
	40
	Aves
	Mexico
	-0.041

	JB3_2013__Gove 1
	38
	Aves
	Ethiopia
	-0.210

	JB3_2013__Irwin 1
	59
	Aves
	Ireland
	0.170

	JB3_2016__Coetzee 1
	70
	Aves
	South Africa
	-0.356

	JB3_2019__Leso 1
	100
	Aves
	Poland
	-0.089

	JB3_2019__daSilva 1
	40
	Aves
	Portugal
	-0.064

	JB3_2019__daSilva 2
	38
	Aves
	Portugal
	-0.064

	LH2_2013__Kambach 1
	24
	Hymenoptera
	Bolivia
	-0.105

	LH2_2013__Kambach 2
	24
	Hymenoptera
	Bolivia
	-0.065

	LH2_2015__Forrest 1
	16
	Hymenoptera
	United States
	0.053

	LH2_2015__Leong 1
	35
	Hymenoptera
	United States
	-0.163

	MJ1_2016__Jung 1
	72
	Aves
	Kenya
	-0.680

	MJ1_2016__Jung 2
	75
	Aves
	United Republic of Tanzania
	-0.192

	RB1_2007__Flinn 1
	40
	Tracheophyta
	United States
	0.129

	SE2_2014__Boesing 1
	22
	Mammalia
	South Africa
	-0.009

	XH1_2016__Mandal 1
	100
	Chordata
	India
	-0.016

	YY1_2015__Mandle 1
	14
	Tracheophyta
	India
	-0.190

	YY1_2015__Mandle 3
	14
	Tracheophyta
	India
	-0.170

	YY1_2016__Sunil 1
	80
	Tracheophyta
	India
	-0.041

	YY1_2017__Mir 1
	73
	Tracheophyta
	India
	0.019

	YY1_2018__Gogoi 1
	60
	Tracheophyta
	India
	0.162

	YY1_2018__Guillemot 1
	67
	Tracheophyta
	India
	0.054
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Table S9A. Conditional permutation result at 10 km
	Observed partial R²
	Null mean
	Null 95% interval
	Empirical P
	Permutations
	Exchangeability blocks

	0.01365
	0.01744
	0.01179 to 0.02460
	0.864
	999
	147



Table S9B. Within-study residual spatial autocorrelation
	Model
	Estimable studies
	Mean Moran's I
	Median Moran's I
	FDR-positive studies

	Human Footprint benchmark
	28
	0.0837
	0.0942
	11

	Landscape decomposition
	28
	0.0833
	0.0770
	12


Adding the focal components did not remove the residual spatial dependence.
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Table S10A. Spatially blocked validation across all five scales
	Radius (km)
	Sites
	Studies
	RMSE reduced
	RMSE full
	Delta RMSE, pooled
	Mean study Delta RMSE (95% bootstrap CI)
	Median study Delta RMSE
	Studies improved (%)

	1
	1,317
	29
	0.7797
	0.7769
	0.0028
	-0.0034 (-0.0136, 0.0069)
	-0.0031
	41.4

	5
	1,317
	29
	0.7797
	0.7814
	-0.0017
	-0.0063 (-0.0173, 0.0045)
	0.0011
	51.7

	10
	1,317
	29
	0.7797
	0.7822
	-0.0025
	-0.0065 (-0.0184, 0.0044)
	0.0013
	51.7

	25
	1,317
	29
	0.7797
	0.7701
	0.0096
	0.0017 (-0.0068, 0.0106)
	0.0015
	55.2

	50
	1,317
	29
	0.7797
	0.7582
	0.0216
	0.0087 (-0.0056, 0.0265)
	0.0025
	51.7



Table S10B. Leave-one-study-out transferability at 10 km
	Studies
	Sites
	Mean Delta RMSE
	Median Delta RMSE
	Bootstrap 95% CI
	Mean Delta MAE
	Studies improved (%)
	Sign-test P

	27
	1,456
	-0.0443
	-0.0220
	-0.1149 to 0.0158
	-0.0431
	44.4
	0.701


The interval crossed zero, and its centre was negative; the focal components therefore did not show reliable transfer to an unseen study at the anchor scale.
Table S10C. Studies not estimable in the exact-specification LOSO analysis
	Held-out study
	Sites
	Unsupported biome level in the training data

	GN1_2018__AlvarezAlvarez 1
	40
	Tropical & Subtropical Coniferous Forests

	JB3_2013__Gove 1
	38
	Montane Grasslands & Shrublands

	JB3_2019__Leso 1
	100
	Temperate Conifer Forests

	SE2_2014__Boesing 1
	22
	Deserts & Xeric Shrublands


These four studies account for the 200 anchor sites not represented in the 1,456-site LOSO summary. Retaining the declared biome adjustment makes this lack of overlap visible; collapsing biome levels after viewing the validation outcome was not used to increase the estimable sample.
Table S11. Response-specific landscape coefficients at the 10-km anchor on a common set of 1,641 sites from 31 studies.
Coefficients are standardised within-study estimates with 95% Wald intervals from separate fixed-effect models. Partial R2 and Delta adjusted R2 refer to the joint addition of infrastructure accessibility and natural-cover context beyond the Human Footprint benchmark and controls.
	Response
	Infrastructure accessibility
	Natural-cover context
	Joint partial R2
	Delta adjusted R2

	Taxon richness
	-0.067 (-0.128, -0.006)
	-0.054 (-0.116, 0.008)
	0.0034
	0.0020

	Total abundance
	-0.006 (-0.069, 0.057)
	0.026 (-0.039, 0.090)
	0.0006
	-0.0006

	Dominance shift
	0.086 (0.023, 0.148)
	0.030 (-0.034, 0.094)
	0.0046
	0.0031

	Effective-taxa loss
	0.088 (0.026, 0.149)
	0.061 (-0.002, 0.124)
	0.0053
	0.0036

	Abundance redistribution
	0.016 (-0.029, 0.061)
	0.107 (0.061, 0.153)
	0.0141
	0.0062



Table S12. Separate fixed-effect models for five biodiversity responses
	Response
	Infrastructure estimate (95% CI)
	P
	Natural-cover estimate (95% CI)
	P
	Joint partial R²
	Joint Delta adjusted R²

	Richness
	-0.067 (-0.128, -0.006)
	0.0303
	-0.054 (-0.116, 0.008)
	0.0862
	0.00344
	0.00197

	Total abundance
	-0.006 (-0.069, 0.057)
	0.853
	0.026 (-0.039, 0.090)
	0.436
	0.00059
	-0.00065

	Dominance shift
	0.086 (0.023, 0.148)
	0.0071
	0.030 (-0.034, 0.094)
	0.354
	0.00460
	0.00308

	Effective-taxa loss
	0.088 (0.026, 0.149)
	0.0053
	0.061 (-0.002, 0.124)
	0.0575
	0.00529
	0.00359

	Abundance redistribution
	0.016 (-0.029, 0.061)
	0.493
	0.107 (0.061, 0.153)
	5.68 x 10^-6
	0.01411
	0.00620



Table S13A. Formal slope differences relative to richness
	Response minus richness
	Infrastructure slope difference (95% CI)
	Natural-cover slope difference (95% CI)

	Total abundance
	0.071 (-0.011, 0.152)
	0.087 (0.005, 0.170)

	Dominance shift
	0.137 (0.055, 0.218)
	0.087 (0.005, 0.170)

	Effective-taxa loss
	0.136 (0.054, 0.217)
	0.117 (0.034, 0.200)

	Abundance redistribution
	0.088 (0.006, 0.169)
	0.166 (0.084, 0.249)


Intervals are model-based Wald 95% intervals.
Table S13B. Study-cluster bootstrap of abundance-redistribution-versus-richness contrasts
	Component
	Stacked point estimate
	Bootstrap mean
	95% percentile interval
	Successful draws

	Infrastructure
	0.0878
	0.0926
	0.0127 to 0.2253
	499

	Natural cover
	0.1662
	0.1512
	-0.0991 to 0.3402
	499
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Table S14A. Cross-fitting sample and leakage audit
	Audit item
	Count

	Source sites
	1,848

	Source studies
	37

	Strict-reference sites
	591

	Non-reference sites
	1,257

	Studies with five valid folds
	28

	Studies excluded from the primary cross-fitted response
	9

	Non-reference sites in the primary response
	1,087

	Non-reference sites excluded from the primary response
	170

	Valid folds
	140

	Invalid folds among included studies
	0

	Held-out non-reference rows used for affinity classification
	0


The 170 excluded non-reference sites comprised 40 sites in two studies with fewer than five non-reference coordinate groups, three sites in one study with fewer than five non-reference sites, 114 sites in six studies with fewer than two positive-abundance strict-reference sites, and 13 held-out sites with no positive abundance.
Table S14B. Cross-fitting stability summary
	Stability quantity
	Value

	Included studies
	28

	Median study mean role agreement
	0.8796

	Median study mean winner Jaccard similarity
	0.7324

	Median study mean loser Jaccard similarity
	0.7694

	Taxon-study stability cases
	2,720

	Cases with fully stable modal role
	77.83%

	Cross-fitted versus original response Pearson r
	0.7998
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Table S15. Original and cross-fitted response models on the same non-reference sites
	Response construction
	Component
	Estimate
	95% CI
	P
	Joint partial R²
	Joint Delta adjusted R²

	Original same-site
	Infrastructure
	0.077
	0.022 to 0.133
	0.0065
	0.02022
	0.01427

	Original same-site
	Natural cover
	0.129
	0.073 to 0.184
	5.90 x 10^-6
	0.02022
	0.01427

	Cross-fitted
	Infrastructure
	0.084
	0.007 to 0.160
	0.0331
	0.02140
	0.01728

	Cross-fitted
	Natural cover
	0.186
	0.109 to 0.262
	2.32 x 10^-6
	0.02140
	0.01728



Table S16. Full biodiversity indicator-by-spatial-scale coefficients on the common site set
All 25 Gaussian fixed-effect models used the same 1,641 sites from 31 studies and the same benchmark and controls. Coefficients are within-study standardised; intervals are model-based Wald 95% intervals. Natural-cover radius was 1, 5, 10, 25 or 50 km. Infrastructure accessibility was unchanged across radii. These intervals describe each fit, not formal tests of cross-radius contrasts.
	Indicator
	Radius (km)
	Natural cover β (95% CI)
	Infrastructure β (95% CI)

	Taxon richness
	1
	-0.071 (-0.129, -0.013)
	-0.069 (-0.128, -0.011)

	Taxon richness
	5
	-0.071 (-0.132, -0.010)
	-0.073 (-0.133, -0.013)

	Taxon richness
	10
	-0.054 (-0.116, +0.008)
	-0.067 (-0.128, -0.006)

	Taxon richness
	25
	-0.089 (-0.153, -0.025)
	-0.082 (-0.143, -0.021)

	Taxon richness
	50
	-0.094 (-0.155, -0.032)
	-0.084 (-0.145, -0.024)

	Total abundance
	1
	+0.001 (-0.059, +0.061)
	-0.016 (-0.077, +0.044)

	Total abundance
	5
	+0.006 (-0.058, +0.069)
	-0.014 (-0.077, +0.048)

	Total abundance
	10
	+0.026 (-0.039, +0.090)
	-0.006 (-0.069, +0.057)

	Total abundance
	25
	+0.004 (-0.062, +0.071)
	-0.015 (-0.078, +0.049)

	Total abundance
	50
	-0.008 (-0.073, +0.056)
	-0.020 (-0.083, +0.043)

	Dominance shift
	1
	+0.014 (-0.046, +0.074)
	+0.078 (+0.018, +0.139)

	Dominance shift
	5
	+0.021 (-0.042, +0.084)
	+0.082 (+0.020, +0.144)

	Dominance shift
	10
	+0.030 (-0.034, +0.094)
	+0.086 (+0.023, +0.148)

	Dominance shift
	25
	+0.042 (-0.024, +0.108)
	+0.091 (+0.028, +0.154)

	Dominance shift
	50
	+0.034 (-0.030, +0.097)
	+0.088 (+0.025, +0.150)

	Effective-taxa loss
	1
	+0.059 (+0.001, +0.118)
	+0.083 (+0.024, +0.142)

	Effective-taxa loss
	5
	+0.065 (+0.003, +0.127)
	+0.088 (+0.027, +0.149)

	Effective-taxa loss
	10
	+0.061 (-0.002, +0.124)
	+0.088 (+0.026, +0.149)

	Effective-taxa loss
	25
	+0.093 (+0.028, +0.159)
	+0.102 (+0.040, +0.164)

	Effective-taxa loss
	50
	+0.088 (+0.025, +0.150)
	+0.099 (+0.038, +0.161)

	Abundance redistribution
	1
	+0.102 (+0.059, +0.145)
	+0.007 (-0.037, +0.050)

	Abundance redistribution
	5
	+0.102 (+0.056, +0.147)
	+0.012 (-0.033, +0.057)

	Abundance redistribution
	10
	+0.107 (+0.061, +0.153)
	+0.016 (-0.029, +0.061)

	Abundance redistribution
	25
	+0.128 (+0.080, +0.176)
	+0.025 (-0.020, +0.071)

	Abundance redistribution
	50
	+0.130 (+0.085, +0.176)
	+0.027 (-0.019, +0.072)


[image: ]
Figure S1. Supporting fit and spatial validation analyses. (a) Joint partial R² beyond the Human Footprint benchmark at 10 km for each response on 1,641 common sites. (b) Mean study-level change in spatially blocked RMSE for abundance redistribution at five natural-cover radii; points are study means and bars are 95% study-bootstrap intervals. Positive values favour the expanded landscape model. The validation used 1,317 held-out sites from 29 studies.
[image: ]
Figure S2. Cross-study transfer and spatially conditioned null for the 10-km abundance-redistribution analysis. (a) Leave-one-study-out change in RMSE for 27 estimable studies; positive values favour the expanded landscape model. The solid line marks the mean study change (−0.044); its 95% study-bootstrap interval is −0.115 to 0.016 (Table S10B). (b) Joint partial R² under 999 Freedman–Lane residual permutations within 147 study-by-spatial-fold blocks. The solid line is the observed value (0.01365); dotted lines delimit the central 95% null interval. Empirical P = 0.864 (Table S9A).
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