AI-assisted synthesis reveals hidden cross-scale degradation in global mangrove ecosystems under human pressure
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Supplementary Note 1— Search strategy and query construction
(cf. Methods §4.1–4.2)
Search executed 5 April 2026. Coverage (Scope, Corpus, Sampling frame): original research articles published 1 January 2001 – 31 December 2025 (reviews, book chapters, conference proceedings, and editorial material excluded). Queries combine three dimensions by Boolean logic: ecosystem (Block A) × driver × biodiversity metric (Block B). Field tag: Topic (TS=). Counts in Table S3 below refer to Track B (the driver-specific extraction corpus); Table S2 compares Track B against the parallel bibliometric Track A.
Table S1. The 19 true-mangrove genera (ecosystem dimension, Block A).
mangrove is joined by OR with the following 19 genera, each truncated (e.g. Acanthus):
Acanthus · Acrostichum · Aegialitis · Aegiceras · Avicennia · Bruguiera · Camptostemon · Ceriops · Excoecaria · Kandelia · Laguncularia · Lumnitzera · Nypa · Osbornia · Pelliciera · Rhizophora · Scyphiphora · Sonneratia · Xylocarpus
Biodiversity dimension (Block B — identical across all four drivers). A single 12-term block is applied under all four drivers, so search scope is strictly comparable across stressors:
"biodivers*" OR "alpha" OR "gamma" OR "beta" OR "diversit*" OR "communit*" OR
"Species richness" OR "Abundance" OR "Mortality" OR "Survival rate*" OR
"Shannon*" OR "Basal area"
The block targets within-stand biodiversity and demographic responses and deliberately excludes area, extent, and cover: because the study tests whether area-based proxies mask fine-scale change, admitting those proxies into the response block would conflate the response variable with the macro-scale metric under scrutiny.
Table S2. Two parallel search tracks.
	
	Track A — bibliometrics
	Track B — driver-specific corpus

	Purpose
	Publication-trend analysis; keyword co-occurrence network (Methods §4.1.3)
	Extraction of paired control–impact observations for meta-analysis

	Query structure
	Genus block AND the 12-term biodiversity block
	Genus block AND driver terms AND the 12-term biodiversity block

	Records retrieved
	9,097
	10,071 (raw)

	PRISMA coverage
	Not applicable — reported separately with the keyword-network methods
	Supplementary Note 2 and the PRISMA flow diagram


Track A (9,097) and Track B (6,744, after screening — see Supplementary Note 2) differ in scope; their record counts are neither additive nor interchangeable. Every count in the PRISMA flow diagram (Supplementary Note 2) refers to Track B only.
Table S3. Full search strings by driver. Each string = (Block A) AND (driver terms) AND (Block B). Strings are verbatim and copy-paste reproducible in Web of Science.
Climate change & extreme weather
TS = ("mangrove*" OR "Acanthus*" OR "Acrostichum*" OR "Aegialitis*" OR "Aegiceras*" OR "Avicennia*" OR "Bruguiera*" OR "Camptostemon*" OR "Ceriops*" OR "Excoecaria*" OR "Kandelia*" OR "Laguncularia*" OR "Lumnitzera*" OR "Nypa*" OR "Osbornia*" OR "Pelliciera*" OR "Rhizophora*" OR "Scyphiphora*" OR "Sonneratia*" OR "Xylocarpus*") AND ("Sea level rise" OR "SLR" OR "Surface elevation table*" OR "SET*" OR "Sediment* accretion" OR "Submerg*" OR "Salin* intrusion" OR "Extreme weather*" OR "Cyclone*" OR "Hurricane*" OR "Typhoon*" OR "Storm*" OR "Drought*" OR "Heatwave*" OR "Climate change*" OR "Global warming") AND ("biodivers*" OR "alpha" OR "gamma" OR "beta" OR "diversit*" OR "communit*" OR "Species richness" OR "Abundance" OR "Mortality" OR "Survival rate*" OR "Shannon*" OR "Basal area")
Pollution & contaminants
TS = ("mangrove*" OR "Acanthus*" OR "Acrostichum*" OR "Aegialitis*" OR "Aegiceras*" OR "Avicennia*" OR "Bruguiera*" OR "Camptostemon*" OR "Ceriops*" OR "Excoecaria*" OR "Kandelia*" OR "Laguncularia*" OR "Lumnitzera*" OR "Nypa*" OR "Osbornia*" OR "Pelliciera*" OR "Rhizophora*" OR "Scyphiphora*" OR "Sonneratia*" OR "Xylocarpus*") AND ("Pollut*" OR "Water quality" OR "Heavy metal*" OR "Trace element*" OR "Eutrophicat*" OR "Nitrogen load*" OR "Nutrient enrich*" OR "Microplastic*" OR "Oil spill*" OR "Pesticide*" OR "Sewage" OR "Contaminant*" OR "Effluent*") AND ("biodivers*" OR "alpha" OR "gamma" OR "beta" OR "diversit*" OR "communit*" OR "Species richness" OR "Abundance" OR "Mortality" OR "Survival rate*" OR "Shannon*" OR "Basal area")
Biological invasion
TS = ("mangrove*" OR "Acanthus*" OR "Acrostichum*" OR "Aegialitis*" OR "Aegiceras*" OR "Avicennia*" OR "Bruguiera*" OR "Camptostemon*" OR "Ceriops*" OR "Excoecaria*" OR "Kandelia*" OR "Laguncularia*" OR "Lumnitzera*" OR "Nypa*" OR "Osbornia*" OR "Pelliciera*" OR "Rhizophora*" OR "Scyphiphora*" OR "Sonneratia*" OR "Xylocarpus*") AND ("Invasive*" OR "Invasion*" OR "Alien species" OR "Exotic*" OR "Non-native*" OR "Spartina alterniflora" OR "Mytilopsis sallei" OR "Invaded" OR "Biological exchange*") AND ("biodivers*" OR "alpha" OR "gamma" OR "beta" OR "diversit*" OR "communit*" OR "Species richness" OR "Abundance" OR "Mortality" OR "Survival rate*" OR "Shannon*" OR "Basal area")
Land use — Aquaculture
TS = (Block A) AND ("Aquacultur*" OR "Shrimp farm*" OR "Prawn pond*" OR "Maricultur*" OR "Fish pond*" OR "Silvofisher*" OR "Fishery conversion" OR "Pond construct*") AND (Block B)
Land use — Agriculture
TS = (Block A) AND ("Agricultur*" OR "Cropland*" OR "Paddy*" OR "Rice field*" OR "Oil palm*" OR "Coconut*" OR "Grazing" OR "Cultivat*" OR "Arable land") AND (Block B)
Land use — Mining & salt pans
TS = (Block A) AND ("Mining" OR "Extract" OR "Sand mining" OR "Salt pan" OR "Salt pond*" OR "Saltwork*" OR "Exploitat*") AND (Block B)
Land use — Urbanization
TS = (Block A) AND ("Urban*" OR "Coastal development*" OR "Infrastructure*" OR "Port*" OR "Harbor*" OR "Jetty" OR "Tourism" OR "Resort*" OR "Reclaim* land") AND (Block B)
(For the four land-use sub-sectors, "Block A" and "Block B" are the full genus block and 12-term biodiversity block given above; they are written out in full in the climate, pollution, and invasion strings.)
[bookmark: X54fb73f9f84e37b094d8d910be0d4f16fadbfa8]

Supplementary Note 2 — PRISMA 2020 screening flow
(cf. Methods §4.2)
Record counts at the four PRISMA stages (identification → screening → eligibility → inclusion) correspond one-to-one with the PRISMA flow diagram (Fig. S1, below).
Table S4. PRISMA 2020 flow, Track B.
	Stage
	Description
	Records
	Note

	Identification
	Records identified in Web of Science
	10,071
	Four driver queries (climate / pollution / invasion / land use) combined

	Screening ①
	Remove document type ≠ original article, or year outside 2001–2025
	−1,856 → 8,215
	Automated database filter

	Screening ②
	Remove cross-driver duplicates and retracted / unavailable records
	−1,471 → 6,744
	139 cross-driver duplicates + 1,332 retracted or full-text-unavailable

	Eligibility
	Unique full-text articles screened
	6,744
	Enter full-text eligibility assessment

	Eligibility excluded
	No extractable paired control–impact data
	−6,351 → 393
	

	Inclusion ①
	Reports digitized as paired observations
	393
	Full-text extraction output (Supplementary Note 4)

	Inclusion ② (effect-size QC)
	Remove non-positive mean (42) + context-dependent direction (3) + unverifiable contrast (1)
	−46 → 347
	Log ratio undefined for non-positive means

	Inclusion ③
	Valid effect sizes, QC-passed (all habitats)
	347
	

	Inclusion ④a
	Remove 1 non-mangrove-habitat observation
	−1 → 346
	Mangrove effect-size pool

	Inclusion ④b
	Remove 2 mesocosm without field coordinates + 1 ecosystem-level receptor
	−3 → 343
	Not eligible for the organ-level spatial model

	Inclusion ⑤
	Effect sizes entering the spatial multilevel model
	343
	k = 343; rigorous sensitivity subset k = 151


Because a single article can match more than one driver query, the eligibility corpus of 6,744 unique articles corresponds to 6,883 article × driver records (6,744 + 139 cross-driver duplicates). "Inclusion ③" (347) and "Inclusion ⑤" (343) are two different denominators: analyses that do not use the biogeographic-node level (effect-size distributions, bibliometrics) remain based on 347, whereas the four multilevel models in Methods §4.5.3 (Supplementary Note 5) are reported on 343 / 151 throughout. The full effect-size hierarchy behind this funnel — from 393 paired observations down to the 343/151 analysis sets — is broken out step by step in Supplementary Note 4.
[image: media/image1.png]
Fig. S1. Screening funnel for the meta-analysis corpus. A transparent, unit-consistent screening funnel converts 10,071 Web of Science records into 343 georeferenced effect sizes for quantitative synthesis. Flow of records through the meta-analysis (Track B) under the PRISMA 2020 framework. The left rail marks the four stages (identification, screening, eligibility, inclusion); the central spine gives the record count retained at each step, and the red boxes give the count and reason for each exclusion. Records were identified from seven Web of Science queries spanning four driver domains (climate, pollution, invasion, and land-use, the last resolved into agriculture, aquaculture, mining & salt-pan, and urbanization). Automated filtering on document type and publication year (2001–2025) removed 1,856 records; removing 139 cross-driver duplicates and 1,332 retracted or full-text-unavailable records then reduced the corpus to 6,744 unique articles. The unit of analysis changes at full-text extraction (orange box): articles reporting extractable paired control–impact data were digitized via the retrieval-augmented-generation pipeline (Methods §4.3) into 393 paired observations, of which 347 passed effect-size quality control and 343 met the spatial-model eligibility criteria. The final synthesis set comprises k = 343 effect sizes from 196 unique articles across 34 biogeographic nodes, with a rigorous sensitivity subset of k = 151 (28 nodes) restricted to observations with fully measured variance. The parallel bibliometric search (Track A) retrieved 9,097 records used solely for the publication-trend and keyword-network analyses and is not part of this extraction pipeline. Search executed 5 April 2026, Web of Science Core Collection.
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Supplementary Note 3— NotebookLM extraction-prompt template
(cf. Methods §4.3.)
The following is the unified prompt skeleton used inside NotebookLM for all seven driver-domain extractions, followed by the fully worked example for one driver domain (Urbanization). It is reproduced verbatim, in the original Chinese in which it was operationalized, for reproducibility; the complete set of seven domain-specific instructions (climate, pollution, invasion, agriculture, aquaculture, mining and salt pans, urbanization) is held in the project repository.
Unified skeleton:
[SYSTEM ROLE] You are a data analyst for a top-tier SCI journal, focusing on
"the effects of {driver focus} on native organisms in mangrove
ecosystems."
[ABSOLUTE EXCLUSION CRITERIA — Biological-exclusivity gate]
· Extract only data points whose measured object is a living / native organism.
· Strictly do NOT extract purely physical, chemical, or engineering indicators
({driver-specific exclusion list}).
· Exception: such an indicator may be extracted only when the original authors
explicitly link it to a measured response of a living organism.
· If the biological-response condition is not met, skip the record directly.
[EXTRACTION DIMENSIONS]
1. Space and metadata: first author · year · DOI; latitude and longitude
(if absent, the exact place name); biogeographic realm
(IWP / WCR / EA / TEP / ETA).
2. Driver profile (open-ended): record the sub-category verbatim as it appears
in the source text; classify the disturbance regime as Pulse or Press.
3. Four-level metric classification: Taxa (mandatory — otherwise discard the
row); major class Taxonomic / Functional; minor class
(Richness / Abundance / Survival / …); metric name; unit; one sentence of
supporting evidence.
4. Basis for LnRR computation: [Mean, n, SD/SE] for the Control and Impact
groups separately; provenance (Table / Page + the original sentence);
values embedded in figures must never be estimated — output a placeholder
marker instead.
5. Cross-scale mechanism: scale level (Micro / Population / Community /
Landscape); macro-scale socio-economic teleconnection (open-ended);
list of degradation mechanisms + two sentences of verbatim English evidence
from the source.
[OUTPUT FORMAT] A Markdown table, where each row = one independent biological
data point; enumerate all data points exhaustively.
Driver-domain example: Urbanization (LandUse — Urbanization)
[SYSTEM ROLE] You are a data analyst for a top-tier SCI journal, focusing on
"the biological effects of urbanization on mangrove ecosystems."
[ABSOLUTE EXCLUSION CRITERIA]
· Extract only data on living organisms.
· Strictly do NOT extract: seawall length, proportion of hardened/impervious
area, building density, distance to the city, water salinity, or other purely
physical indicators.
· Permitted for extraction: biological responses to urbanization
(e.g. benthic faunal richness, tree survival rate, bird abundance under
habitat fragmentation).
· If no biological response is involved, skip the record directly.
[DRIVER VOCABULARY (open-ended; record verbatim from the source)]
port expansion, breakwaters, road construction, human trampling,
upstream flow interception, …
[DISTURBANCE REGIME] Pulse (short-term disturbance during the construction
phase) / Press (long-term pressure from permanent
hardened surfaces)
(Extraction dimensions 1–5, provenance requirements, and output format are
identical to the unified skeleton.)
[bookmark: X21e28ef59c5c8042c6a9ffdedf1689f5e317cfd]Supplementary Note 4 — Composition of the effect-size hierarchy
(cf. Methods §4.3.4; previously)
347 is not "347 articles" but the terminal count of the effect-size funnel produced by the extraction pipeline (Supplementary Note 3). The full chain is:
Table S5. Effect-size hierarchy.
	Value
	Meaning

	6,744 / 6,883
	Unique articles / article × driver records (Track B final corpus)

	393
	Full-text-digitized paired control–impact observations

	347
	Valid effect sizes, QC-passed (all habitats; −46)

	346
	Mangrove effect-size pool (−1 non-mangrove habitat)

	343 / 151
	Effect sizes in the spatial multilevel model (full track / rigorous subset)

	240
	Study–site records behind the full track (one per independent sampling site)

	196
	Unique articles behind the full track

	34
	Biogeographic nodes occupied (full track; rigorous subset: 28)


Within the full track, the 343 effect sizes derive from 240 study–site records within 196 unique articles across 34 nodes. The counts stand in fixed ratios: 240 / 196 = 1.22 site-records per article; 42 of 196 articles (21.4%) report more than one site; and 343 / 240 = 1.43 effect sizes per site-record — the same article × site record commonly reports several taxa, metrics, or ecological scales, each counted as one effect size. Three of the 347 QC-passed effect sizes cannot enter the organ-level spatial models described in Methods §4.4 — two controlled-mesocosm observations without field coordinates, and one ecosystem-level (blue-carbon) receptor retained in the pool but incompatible with the four-receptor organ model — giving the spatial analysis set of k = 343 carried forward into the multilevel model (Supplementary Note 5).
[bookmark: X3bc14737e993ba89ba150b0cc285f910520a2ea]

Supplementary Note 5 — Multilevel model specification, variance partitioning, and moderator effects
(cf. Methods §4.5.)
[bookmark: Xd843b3626fd63dd5768d7375fbf24a9aa48b23c]§5.1 Model overview, dual-track design, and variance partitioning
The multilevel model gives unbiased pooled estimates and moderator tests under a dependence structure in which effect sizes are nested within studies and studies within biogeographic nodes. To quantify the influence of variance imputation, each moderator was fitted on two parallel tracks — the full track (k = 343, variance imputed where missing) and the rigorous track (k = 151, using only effect sizes with both-sided measured SD and n) — and compared coefficient by coefficient. All models were fitted with rma.mv in the metafor package (Viechtbauer 2010) by REML, with the random structure ~ 1 | Node_ID / Spatial_Meta_Raw / Obs_ID, partitioning residual variance across three hierarchical strata: the geographic macro-node (Node_ID), the individual study nested within node (Spatial_Meta_Raw), and the individual observation (Obs_ID). All moderator tests used the Knapp–Hartung adjustment (test = "t"). Driver, receptor, and scale were coded without an intercept, so each coefficient is the pooled LnRR for that level; the interaction model used Flora as the reference receptor, and inference in the bias diagnostics (Supplementary Note 6) used cluster-robust variance (CR1) with the study (paper level) as the cluster.
Table S6. Omnibus moderator tests and variance components, all four models.
	Model · Track
	k
	Q_M (df), p
	Q_E (df), p
	σ² (node / study / obs)

	Driver · Full
	343
	Q_M(4) = 54.72, p < .0001
	Q_E(339) = 112,407, p < .0001
	0.013 / 0.676 / 0.528

	Driver · Rigorous
	151
	Q_M(4) = 30.34, p < .0001
	Q_E(147) = 25,455, p < .0001
	0.000 / 0.684 / 0.537

	Receptor · Full
	343
	Q_M(4) = 49.43, p < .0001
	Q_E(339) = 114,979, p < .0001
	0.024 / 0.670 / 0.530

	Receptor · Rigorous
	151
	Q_M(4) = 39.49, p < .0001
	Q_E(147) = 24,072, p < .0001
	0.020 / 0.613 / 0.512

	Scale · Full
	343
	Q_M(5) = 55.14, p < .0001
	Q_E(338) = 113,718, p < .0001
	0.030 / 0.652 / 0.522

	Scale · Rigorous
	151
	Q_M(5) = 23.85, p = .0002
	Q_E(146) = 26,137, p < .0001
	0.021 / 0.726 / 0.536

	Interaction · Full
	343
	Q_M(15) = 61.24, p < .0001
	Q_E(328) = 104,567, p < .0001
	0.018 / 0.663 / 0.543

	Interaction · Rigorous
	151
	Q_M(15) = 51.68, p < .0001
	Q_E(136) = 21,276, p < .0001
	0.099 / 0.548 / 0.492


Residual heterogeneity was extreme in every model (Q_E ≫ df; e.g. Q_E(339) = 112,407 for the driver model), as expected for a global ecological synthesis in which the sampling variance of LnRR is small. This magnitude is not itself diagnostic of model failure; rather, it signals that marginal means, although estimated precisely owing to the large number of observations, summarise distributions with substantial within-stratum spread — all marginal means reported in this document should be interpreted as central tendencies of broad distributions, not as narrow point predictions. Omnibus moderator tests were significant across both tracks in every model, confirming that the moderator structure explains a meaningful portion of variance even against this heterogeneous background.
Across all four moderator models and both tracks, the same variance partition held: the node level carried only about 1–3% of the total variance, whereas the study level (about 54–56%) and observation level (about 43–44%) together carried almost all of it — the real variation in this synthesis lay within and among studies, not among regions, which is precisely why a multilevel rather than fixed-effect synthesis is required. Table S7 below gives the finer-grained version of this same partition for one representative model (the scale model, full track), including standard deviations and the number of levels contributing to each stratum.
Table S7. Variance components, scale model (full track) — detailed breakdown.
	Stratum
	Component
	Variance (σ²)
	SD (√σ²)
	Levels

	Macro-node
	σ²₁ (Node_ID)
	0.030
	0.172
	34

	Study
	σ²₂ (Spatial_Meta_Raw)
	0.652
	0.807
	196

	Observation
	σ²₃ (Obs_ID)
	0.522
	0.722
	343


Once study-level dependence was controlled, between-node variance was small and, in the rigorous driver model, collapsed to zero (σ² = 0.000) — itself ecologically meaningful, since it indicates that the negative driver–receptor responses were consistent across biogeographic nodes, with no detectable regional shift. The node level is nonetheless retained in the random structure so that it matches the nested sampling design and standard errors are not underestimated; where the component shrinks toward zero it contributes nothing to the marginal variance–covariance matrix, and the fixed-effect estimates coincide with the two-level structure.
[bookmark: driver-analysis]§5.2 Driver analysis
Table S8. Driver main effects. Effect-size counts (full track): Climate 156, Land use 88, Pollution 86, Invasion 13.
	Driver
	Full: est. (SE)
	Full p
	Rigorous: est. (SE)
	Rigorous p
	Concordance

	Climate
	−0.500 (0.115)
	< .0001 ***
	−0.404 (0.188)
	0.031 *
	Concordant

	Land use
	−0.604 (0.157)
	0.0001 ***
	−0.532 (0.269)
	0.048 *
	Concordant

	Pollution
	−0.717 (0.139)
	< .0001 ***
	−0.785 (0.168)
	< .0001 ***
	Concordant

	Invasion
	−0.167 (0.341)
	0.623
	−0.039 (0.366)
	0.915
	NS in both


All four drivers were concordant in direction and significance across tracks. Climate, land use, and pollution were significantly negative — biodiversity and functional metrics declined as driver pressure rose — while invasion was non-significant in both tracks. Invasion carried only 13 effect sizes and the largest standard error; its non-significance reflected insufficient power and should not be read as "no effect of invasion."
[bookmark: receptor-analysis]§5.3 Receptor analysis
Table S9. Receptor main effects. Effect-size counts (full track): Flora 155, Invertebrates 104, Microbiome 47, Vertebrates 37.
	Receptor
	Full: est. (SE)
	Full p
	Rigorous: est. (SE)
	Rigorous p
	Concordance

	Flora
	−0.552 (0.113)
	< .0001 ***
	−0.430 (0.165)
	0.0089 **
	Concordant

	Invertebrates
	−0.563 (0.138)
	< .0001 ***
	−0.666 (0.178)
	0.0002 ***
	Concordant

	Vertebrates
	−0.798 (0.201)
	< .0001 ***
	−1.439 (0.308)
	< .0001 ***
	Concordant

	Microbiome
	−0.505 (0.195)
	0.0097 **
	−0.065 (0.251)
	0.796
	Significant → NS (rigorous)


Flora, invertebrates, and vertebrates were significantly negative in both tracks, with concordant direction. The single sensitive point was the microbiome: significantly negative in the full track (−0.505, p = 0.0097) but non-significant in the rigorous track (−0.065, p = 0.796). Restricting the sample to effect sizes with measured variance removed statistical support for the microbiome effect, consistent with its smaller sample and greater reliance on imputed variance; this receptor is accordingly interpreted with caution, and the core conclusions do not depend on it.
[bookmark: ecological-scale-analysis]§5.4 Ecological-scale analysis
Table S10. Ecological-scale main effects. Effect-size counts (full track): Community 104, Population 82, Micro 74, Landscape & Ecosystem 71, Unclassified 12.
	Scale
	Full: est. (SE)
	Full p
	Rigorous: est. (SE)
	Rigorous p
	Concordance

	Micro
	−0.562 (0.147)
	0.0001 ***
	−0.492 (0.184)
	0.0075 **
	Concordant

	Population
	−0.488 (0.131)
	0.0002 ***
	−0.573 (0.195)
	0.0033 **
	Concordant

	Community
	−0.518 (0.126)
	< .0001 ***
	−0.561 (0.195)
	0.0040 **
	Concordant

	Landscape & Ecosystem
	−0.652 (0.139)
	< .0001 ***
	−0.613 (0.288)
	0.033 *
	Concordant

	Unclassified
	−1.579 (0.390)
	< .0001 ***
	−0.895 (0.531)
	0.092 .
	Not interpreted (NaN level)


The four ecological scales were concordant across tracks — all significantly negative, with only a modest drop in significance level in the rigorous track and no reversal of direction — showing that the pattern is not an artifact of variance imputation. The "Unclassified" level (12 effect sizes whose sources give no scale-determining information) is retained solely to keep the analysis set intact at k = 343; it corresponds to no ecological scale and is not interpreted. §5.6 below reports the formal pairwise contrasts among the four substantive scales.
[bookmark: driver-receptor-interaction]§5.5 Driver × receptor interaction
Table S11. Driver × receptor interaction coefficients (reference receptor: Flora).
	Coefficient
	Full: est. (SE)
	Full p
	Rigorous: est. (SE)
	Rigorous p
	Concordance

	Climate
	−0.470 (0.131)
	0.0003 ***
	−0.289 (0.219)
	0.188
	Significant → NS

	Invasion
	−0.227 (0.652)
	0.728
	0.392 (0.921)
	0.670
	NS in both

	Land use
	−0.958 (0.343)
	0.0053 **
	−0.355 (0.665)
	0.593
	Significant → NS

	Pollution
	−0.705 (0.269)
	0.0088 **
	−0.804 (0.296)
	0.0066 **
	Concordant

	Invertebrates
	−0.109 (0.303)
	0.719
	−0.321 (0.454)
	0.480
	NS in both

	Microbiome
	−0.775 (0.499)
	0.120
	0.137 (0.725)
	0.851
	NS in both

	Vertebrates
	0.102 (0.343)
	0.766
	−0.751 (0.595)
	0.207
	NS in both

	Invasion × Invertebrates
	0.118 (0.926)
	0.898
	−0.351 (1.177)
	0.766
	NS in both

	Land use × Invertebrates
	0.686 (0.508)
	0.177
	0.358 (0.907)
	0.693
	NS in both

	Pollution × Invertebrates
	0.050 (0.445)
	0.911
	0.166 (0.570)
	0.771
	NS in both

	Invasion × Microbiome
	0.923 (0.973)
	0.343
	−0.532 (1.250)
	0.671
	NS in both

	Land use × Microbiome
	1.254 (0.669)
	0.061 .
	0.003 (1.049)
	0.997
	NS in both

	Pollution × Microbiome
	1.102 (0.645)
	0.088 .
	0.973 (0.900)
	0.280
	NS in both

	Land use × Vertebrates
	−0.180 (0.630)
	0.775
	−3.667 (1.421)
	0.0099 **
	Low-power cell (see note)

	Pollution × Vertebrates
	−0.392 (0.535)
	0.463
	0.350 (0.764)
	0.647
	NS in both


Note. Invasion × Vertebrates has no observations in the corpus and therefore has no coefficient. Land use × Vertebrates rests on 12 effect sizes in the full track and 1 in the rigorous subset.
The rigorous track spreads k = 151 across 15 fixed effects, so degrees of freedom are tight; it is exploratory and low-powered, and its estimates warrant more caution than §5.2–§5.4. Fourteen of the fifteen coefficients were non-significant or marginal in at least one track, and the interaction terms were jointly weak. The one term that turned significant is Land use × Vertebrates: non-significant in the full track (−0.180, p = 0.775) but significant in the rigorous track (−3.667, SE = 1.421, p = 0.0099); this combination rested on only 12 effect sizes in the full track and 1 in the rigorous subset, with a standard error far larger than any other term, so the estimate is treated as an unstable small-cell result rather than a robust finding. The Climate and Land-use main effects lost significance in the rigorous interaction model (p rising to 0.188 and 0.593); this follows from the dilution of degrees of freedom once interactions are included and does not contradict §5.2, since the two answer different questions — §5.2 gives the marginal effect of each driver, this section the conditional effect given receptor and interaction.
[bookmark: X6d0df019858f79910db9dffc66aeae1761a1a02]§5.6 Pairwise scale contrasts and scale-invariance
To test whether the magnitude of ecological response differed among ecological scales, we computed all pairwise linear contrasts among the four substantive scales (Micro, Population, Community, and Landscape & Ecosystem), with Holm correction for multiple comparisons.
Table S12. Pairwise scale contrasts (full track), Holm-adjusted.
	Contrast
	Estimate
	SE
	p (raw)
	p (Holm)

	Community − Landscape & Ecosystem
	0.134
	0.158
	0.398
	1.000

	Community − Micro
	0.043
	0.178
	0.809
	1.000

	Community − Population
	−0.031
	0.158
	0.845
	1.000

	Landscape & Ecosystem − Micro
	−0.091
	0.187
	0.628
	1.000

	Landscape & Ecosystem − Population
	−0.165
	0.170
	0.332
	1.000

	Micro − Population
	−0.074
	0.181
	0.682
	1.000


Across all six comparisons among the four substantive scales, no contrast approached significance, and every Holm-adjusted p-value equalled 1.000. (Contrasts involving the residual "Unclassified" category, which is not an ecological scale but a bin for observations that could not be assigned to one of the four tiers, are omitted here; even these reached only nominal, non-corrected significance and did not survive Holm adjustment.) The marginal mean responses of the four scales occupied a narrow band, and the formal contrasts established that no scale can be distinguished from another. Critically, the Landscape & Ecosystem scale — the tier most accessible to remote-sensing-based monitoring — did not exhibit a weaker (less negative) response than the finer scales, directly countering the hypothesis that coarse-grained, macro-scale monitoring systematically understates or lags behind ecological decline. Because non-significance alone does not establish that the four scales respond alike, §5.8 below tests scale-invariance formally with equivalence testing (TOST).
[bookmark: X294f4fb49fef271394213d373288aa096765935]§5.7 Metric-type analysis: taxonomic versus functional indicators
We estimated marginal means for each combination of metric type (Functional, Taxonomic) and ecological scale. Seven of the eight combinations returned significantly negative responses; the sole exception (Taxonomic @ Micro) is discussed below.
Table S13. Marginal means for Metric-Type × Scale combinations (full track).
	Combination
	Estimate (LnRR)
	95% CI
	p

	Functional @ Micro
	−0.583
	[−0.886, −0.281]
	0.00017

	Functional @ Population
	−0.460
	[−0.737, −0.183]
	0.00121

	Functional @ Community
	−0.587
	[−0.937, −0.237]
	0.00106

	Functional @ Landscape & Ecosystem
	−0.719
	[−1.036, −0.403]
	0.0000107

	Taxonomic @ Micro
	−0.432
	[−1.120, +0.257]
	0.219

	Taxonomic @ Population
	−0.729
	[−1.344, −0.114]
	0.0203

	Taxonomic @ Community
	−0.477
	[−0.777, −0.176]
	0.00194

	Taxonomic @ Landscape & Ecosystem
	−0.517
	[−0.972, −0.062]
	0.0261


Within each scale, the confidence intervals for the functional and taxonomic marginal means overlap substantially. Formal within-scale contrasts (Functional − Taxonomic) were non-significant at every scale (all Holm-adjusted p = 1.0), and a Metric-Type × Scale interaction model returned a non-significant omnibus interaction (Q_M interaction term F₉,₃₃₆ = 1.32, p = 0.22). Accordingly, no claim is made that functional metrics record statistically more negative mean responses than taxonomic metrics; the two metric classes are statistically indistinguishable in their central tendency, both overall and within every scale.
The Taxonomic @ Micro blind spot. The single non-significant cell above (LnRR = −0.432; 95% CI −1.120 to +0.257; p = 0.219) must not be read as evidence of ecological stability at the micro scale; it is instead a signature of evidentiary weakness, for three concrete reasons. First, sample size: the estimate rested on only 11 observations, the smallest of any combination in the matrix, whereas the Functional @ Micro cell — the same ecological scale, a different metric class — drew on 63 observations and returned a clearly significant negative response (LnRR = −0.583; p = 0.00017). Second, internal replication: these 11 observations derived predominantly from microbial abundance and diversity studies whose within-study replication was minimal (median n = 3 per group), placing a hard floor on the precision achievable at this cell. Third, directional inconsistency: the observations did not agree in sign, ranging from strongly negative (LnRR ≈ −1.9) to strongly positive (LnRR ≈ +2.8) — this dispersion, not an absence of effect, was what inflated the confidence interval across zero. The contrast between the well-supported Functional @ Micro cell and the under-supported Taxonomic @ Micro cell is therefore best framed as an evidentiary blind spot in the current literature — a gap in the taxonomic sampling of sub-organismal processes — rather than a biological signal of micro-scale resilience.
Although the mean responses of functional and taxonomic metrics were statistically indistinguishable, their distributions differed in an ecologically informative way. Functional metrics carried a heavier tail of extreme responses: 28.8% of functional observations fell below LnRR = −1 and 7.9% below LnRR = −2, compared with 20.5% and 6.0% of taxonomic observations, respectively. The median absolute effect size was likewise larger for functional metrics (0.721 vs 0.567).
Table S14. Distributional characteristics of effect sizes by metric type.
	Metric type
	n
	Mean LnRR
	Median LnRR
	Median \
	LnRR\
	
	% < −1
	% < −2

	Functional
	229
	−0.567
	−0.518
	0.721
	28.8
	7.9
	
	

	Taxonomic
	117
	−0.456
	−0.382
	0.567
	20.5
	6.0
	
	


Formal tests of the difference in response magnitude (|LnRR|) between the two metric classes, fitted under the same three-level structure, did not reach significance (unweighted model: p = 0.219; variance-weighted model: p = 0.072); accordingly, no significant difference in dispersion is asserted. What the descriptive tails suggest — and all that is claimed — is that functional metrics more frequently register the most extreme individual instances of physiological and system-level distress: functional indicators retain value as sensitive registers of extreme stress at the level of individual observations, even where their mean response is statistically equivalent to that of taxonomic indicators. This distinction — between an overlapping central tendency and a heavier distributional tail — is the basis for the differentiated treatment of functional and taxonomic metrics in the main text. As with scale-invariance above, non-significance here does not by itself establish equivalence; §5.8 tests this claim formally.
[bookmark: X9081cefbd8994fdb741624b46a00aca65de5c9b]5.8 Equivalence testing of the scale-invariance and metric-class results (TOST)
(cf. Methods §4.5.6; extends §5.6 and §5.7)
Sections 5.6 and 5.7 reported two structural claims on the basis of non-significance: all six pairwise ecological-scale contrasts were non-significant after Holm correction (p = 1.0), and the Functional − Taxonomic contrast was non-significant both overall and within every scale. Both of those tests used model-based standard errors (Table S12). Re-deriving the same six scale contrasts under the cluster-robust SE used throughout this section does not change that conclusion: the CR1 p-values reported in Table S16 range from 0.40 to 0.89 in the full track, still far from significance.
Non-significance nonetheless establishes only that the data do not resolve a difference; it does not establish that the groups being compared respond alike. We therefore tested both claims formally with two one-sided tests (TOST), which inverts the null hypothesis to “the groups differ by at least Δ” and lets the data affirmatively bound the difference. Equivalence at bound Δ is declared when the 90% confidence interval of a contrast lies entirely inside (−Δ, +Δ); equivalently, p_TOST is the larger of the two one-sided p-values against ±Δ. We fixed the primary bound at Δ = 0.57, the midpoint of the −0.49 to −0.65 range spanned by the four scale-level marginal means (Table S10). This bound was chosen before any equivalence test was run and was not adjusted afterward, for either the scale contrasts (Set A, below) or the metric-class contrasts (Set B, below). The reasoning is deliberately conservative: a difference between two groups counts as ecologically material only once it approaches the size of the overall degradation signal — that is, only once the comparison would tell a different story about how strongly mangrove biodiversity has declined, rather than the same story at marginally different magnitudes. Because narrower bounds are also of interest, we report the full sensitivity sweep (Δ = 0.15, 0.20, 0.223, 0.30, 0.40, 0.50, 0.57, 0.60) across every contrast in Set A and Set B, both tracks (Table S19; Figs. S4–S5), and, for every contrast, the bound-free summary Δ_min: the smallest Δ at which equivalence would hold, computed as |estimate| + t(0.95, df) × SE.
Inference used cluster-robust standard errors (Huber–White CR1) clustered on the study identifier (Spatial_Meta_Raw, matching the random-effects grouping used throughout Supplementary Note 5), referred to a t-distribution with df = clusters − parameters. We did not use the small-sample CR2 correction (clubSandwich): clubSandwich cannot return a CR2 covariance matrix for this three-level nested model (~1 | Node_ID / Spatial_Meta_Raw / Obs_ID) under any choice of clustering variable, because the model’s three random-effects terms are not mutually nested in the form CR2 requires. With 189 study-level clusters in the full track and 88 in the rigorous track, CR1 and CR2 are expected to converge closely at this scale, so CR1 is reported as the primary robust standard error rather than mislabeled as CR2. Model-based (non-robust) standard errors are reported alongside for comparison; SE_CR1 is systematically larger than the model-based SE reported in Tables S12–S13, and the two should not be read as disagreeing.
Primary inference uses the uncorrected p_TOST, not a Holm-adjusted one. TOST is itself an intersection-union test: within a single contrast, the two one-sided tests already control the Type I error rate at the nominal level without a correction across them. Both claims evaluated here — that scale invariance holds across all six pairs at once (Set A), and that metric-class equivalence holds overall and within every scale (Set B) — are conjunctive claims, and the valid test of a conjunction of intersection-union tests is the unadjusted p_TOST of each component test; stacking a Holm correction on top double-penalizes an already-conservative procedure. We nonetheless report Holm-adjusted p_TOST as a secondary, more conservative column in every table below, so a reader who prefers the stricter standard can apply it directly without recomputation, and we report every case in which the Holm-adjusted column disagrees with the primary verdict rather than omitting it. Holm correction is applied within families of contrasts that test one joint claim: the six Set A contrasts form one family; in Set B, B1 (the single overall contrast) and the four B2 within-scale contrasts form two separate families rather than one pooled family of five, because they test conceptually distinct hypotheses — an unconditional, marginal claim (B1) and four conditional, within-stratum claims (B2) — mirroring how Section 5.7 itself reports the overall contrast and the within-scale contrasts as separate statements. A singleton family requires no correction, so B1’s Holm-adjusted p_TOST equals its raw value; removing B1 from a pooled family leaves the four B2 Holm values numerically identical to what a pooled five-test family would have produced, since removing the single smallest p-value from a Holm family does not change the adjusted p-values of the remaining tests.
Each contrast received exactly one of four verdicts, determined from the uncorrected p_TOST: Equivalent (the difference test is non-significant and TOST rejects, i.e. the difference is bounded below Δ), Inconclusive (the difference test is non-significant and TOST does not reject, i.e. the data cannot resolve the question either way), Trivially different (the difference test is significant but TOST also rejects, i.e. a statistically detectable difference too small to matter), or Different (the difference test is significant and TOST does not reject, i.e. a genuine difference exceeding Δ).
[bookmark: set-a-ecological-scale-invariance-c1]Set A — ecological-scale invariance (C1)
Table S16. TOST equivalence results for the six pairwise ecological-scale contrasts (Δ = 0.57), both tracks.
	Contrast
	Track
	Estimate
	SE (CR1)
	90% CI
	Δ_min
	p_nhst
	p_TOST
	p_TOST (Holm)
	Verdict

	Community − Landscape & Ecosystem
	Full
	0.138
	0.163
	[−0.13, 0.41]
	0.407
	0.400
	0.004
	0.017
	Equivalent

	Community − Micro
	Full
	0.047
	0.183
	[−0.26, 0.35]
	0.349
	0.797
	0.002
	0.012
	Equivalent

	Community − Population
	Full
	−0.027
	0.186
	[−0.33, 0.28]
	0.335
	0.885
	0.002
	0.012
	Equivalent

	Landscape & Ecosystem − Micro
	Full
	−0.090
	0.203
	[−0.43, 0.25]
	0.426
	0.657
	0.010
	0.019
	Equivalent

	Landscape & Ecosystem − Population
	Full
	−0.164
	0.211
	[−0.51, 0.18]
	0.513
	0.436
	0.028
	0.028
	Equivalent

	Micro − Population
	Full
	−0.074
	0.198
	[−0.40, 0.25]
	0.401
	0.709
	0.006
	0.019
	Equivalent

	Community − Landscape & Ecosystem
	Rigorous
	0.040
	0.401
	[−0.63, 0.71]
	0.706
	0.921
	0.095
	0.277
	Inconclusive

	Community − Micro
	Rigorous
	−0.074
	0.263
	[−0.51, 0.36]
	0.512
	0.778
	0.032
	0.169
	Equivalent

	Community − Population
	Rigorous
	0.007
	0.291
	[−0.48, 0.49]
	0.491
	0.982
	0.028
	0.169
	Equivalent

	Landscape & Ecosystem − Micro
	Rigorous
	−0.114
	0.409
	[−0.79, 0.57]
	0.794
	0.780
	0.134
	0.277
	Inconclusive

	Landscape & Ecosystem − Population
	Rigorous
	−0.033
	0.401
	[−0.70, 0.63]
	0.701
	0.934
	0.092
	0.277
	Inconclusive

	Micro − Population
	Rigorous
	0.081
	0.268
	[−0.36, 0.53]
	0.526
	0.763
	0.036
	0.169
	Equivalent


All six full-track contrasts are Equivalent at Δ = 0.57, and remain so even under the conservative Holm-adjusted column: the largest Holm-adjusted p_TOST in the full track is 0.028 (Landscape & Ecosystem − Population), still below 0.05. Scale invariance in the full track therefore holds under the stricter as well as the primary standard.
The rigorous track splits along a single axis. Three contrasts are Equivalent (Community − Micro, Community − Population, Micro − Population; p_TOST = 0.032, 0.028, 0.036), and the three Inconclusive contrasts are exactly the three that involve Landscape & Ecosystem (p_TOST = 0.095, 0.134, 0.092). The subsection below identifies why this one scale drives the rigorous track’s weaker performance and shows that the divergence does not undermine the full-track conclusion.
Why do the two tracks diverge, and does that threaten the equivalence conclusion?
The rigorous track’s Inconclusive contrasts are a power problem, not a disagreement in direction or magnitude, and the power problem has an identifiable, scale-specific source: uneven loss of measured variance.
Sample size predicts most, but not all, of the SE inflation. The rigorous track retains 144 of the 331 full-track observations across the four substantive scales, a pure sample-size effect that predicts SE inflation of √(331/144) = 1.52 if nothing else changed. The three contrasts that do not involve Landscape & Ecosystem show CR1 SE inflation of 1.35–1.56 (Community − Micro, Community − Population, Micro − Population), matching this expectation closely. The three contrasts that involve Landscape & Ecosystem show inflation of 1.90–2.46, well beyond what sample size alone predicts.
Table S18. Retention and SD-imputation rate by ecological scale, full track (k = 331) to rigorous track.
	Scale
	k (full)
	k (rigorous)
	Retention
	SD imputed (full track)

	Community
	104
	43
	41.3%
	50.0%

	Landscape & Ecosystem
	71
	17
	23.9%
	73.2%

	Micro
	74
	49
	66.2%
	29.7%

	Population
	82
	35
	42.7%
	52.4%


The excess inflation traces to Landscape & Ecosystem specifically: it has both the lowest retention into the rigorous track (23.9%, falling to k = 17) and the highest rate of imputed variance in the full track (73.2% of its 71 observations). The other three scales imputed variance for roughly a third to a half of their observations and retained 41–66% of their full-track k; Landscape & Ecosystem imputed variance for nearly three-quarters of its observations and retained fewer than a quarter. Every contrast involving this scale therefore loses more precision in the rigorous track than sample size alone would predict, and every contrast that avoids it behaves exactly as sample size predicts.
This is evidence against, not for, an imputation artifact. If the full-track equivalence result depended on variance imputation smoothing over real between-scale differences, restricting to measured-variance-only observations should widen the estimated differences among scales, not shrink them. It does the opposite: the mean absolute magnitude of the six pairwise contrasts falls from 0.090 in the full track to 0.058 in the rigorous track. Removing the imputed observations narrows the scale-to-scale spread rather than exposing a larger one, which is the pattern expected if scale invariance is a property of the underlying data rather than an artifact of how missing variances were filled in. The rigorous track’s Inconclusive verdicts reflect an evidence base too thin to resolve a difference at Δ = 0.57, not a hidden difference that imputation was concealing.
A caveat we do not wish to obscure. Landscape & Ecosystem is simultaneously the scale carrying the paper’s most consequential claim — that coarse, remote-sensing-accessible monitoring does not understate degradation relative to finer scales (§5.6) — and the scale with the weakest measured-variance base (73.2% imputed, retaining only 17 of 71 observations under fully measured variance). That claim therefore rests on the full track and depends on the CV-median imputation used to recover missing SDs for this scale. The imputation-artifact concern raised above addresses whether that dependence inflates the estimated scale differences (it does not); it does not remove the underlying fact that this scale’s raw evidence base is the thinnest of the four. We report this dependence explicitly rather than let the equivalence result stand in for a resolution of it.
[bookmark: set-b-metric-class-equivalence-c2]Set B — metric-class equivalence (C2)
Table S17. TOST equivalence results for the Functional − Taxonomic contrast, overall (B1) and within each scale (B2), Δ = 0.57, both tracks. n_Functional and n_Taxonomic are the observation counts behind each cell (for B1, the totals across all four substantive scales).
	Contrast
	Track
	Estimate
	SE (CR1)
	90% CI
	Δ_min
	n_Func
	n_Tax
	p_nhst
	p_TOST
	p_TOST (Holm)
	Verdict

	B1: overall
	Full
	−0.075
	0.129
	[−0.29, 0.14]
	0.289
	221
	110
	0.565
	<0.001
	<0.001
	Equivalent

	B2 @ Community
	Full
	−0.124
	0.207
	[−0.47, 0.22]
	0.467
	42
	62
	0.549
	0.016
	0.066
	Equivalent

	B2 @ Landscape & Ecosystem
	Full
	−0.194
	0.336
	[−0.75, 0.36]
	0.749
	46
	25
	0.564
	0.132
	0.396
	Inconclusive

	B2 @ Micro
	Full
	−0.150
	0.419
	[−0.84, 0.54]
	0.843
	63
	11
	0.721
	0.159
	0.396
	Inconclusive

	B2 @ Population
	Full
	0.275
	0.387
	[−0.37, 0.91]
	0.915
	70
	12
	0.479
	0.223
	0.396
	Inconclusive

	B1: overall
	Rigorous
	−0.068
	0.237
	[−0.46, 0.33]
	0.462
	98
	46
	0.775
	0.018
	0.018
	Equivalent

	B2 @ Community
	Rigorous
	−0.367
	0.355
	[−0.96, 0.22]
	0.958
	15
	28
	0.305
	0.284
	0.959
	Inconclusive

	B2 @ Landscape & Ecosystem
	Rigorous
	0.902
	2.801†
	[−3.76, 5.56]
	5.563
	15
	2
	0.748
	0.547
	0.995
	Inconclusive†

	B2 @ Micro
	Rigorous
	−0.235
	0.471
	[−1.02, 0.55]
	1.019
	39
	10
	0.619
	0.240
	0.959
	Inconclusive

	B2 @ Population
	Rigorous
	0.567
	0.425
	[−0.14, 1.28]
	1.276
	29
	6
	0.186
	0.498
	0.995
	Inconclusive


† The Rigorous B2 @ Landscape & Ecosystem cell rests on 2 Taxonomic observations (n_Taxonomic falls from 25 in the full track to 2 under the measured-variance-only criterion). Its estimate and SE are a near-empty-cell artifact, not an informative Inconclusive result, and we treat it the same way §5.5 treats the unstable Land use × Vertebrates interaction: flagged and excluded from the robustness summary rather than read at face value.
A note on the overall (B1) contrast reported elsewhere in the manuscript. The overall Functional − Taxonomic contrast quoted in the main text and in §5.7 (−0.088, p = 0.50; interaction term F₉,₃₃₆ = 1.32, p = 0.22) and the B1 value in Table S17 (−0.075, p = 0.565) are the same contrast estimated on two different row sets, not two different calculations of the same set. The main-text value is fitted on all k = 343 full-track observations, including the 12 rows in the residual “Unclassified” scale bin, with model-based (non-robust) standard errors; re-fitting ~ Wing_Side − 1 on that identical k = 343 set with model-based SE reproduces it closely (estimate = −0.089, p = 0.49). The B1 value here is fitted on the k = 331 set that excludes Unclassified — the same exclusion criterion applied throughout §5.4–§5.8 and required for the B2 within-scale contrasts, which cannot place an Unclassified row within any of the four scales. Switching from cluster-robust (CR1) to model-based SE on the same k = 331 set moves the estimate and p-value by less than one percent (estimate −0.0747 either way; p = 0.567 model-based vs. 0.565 CR1), so the CR1/model-based choice is not a material contributor to the discrepancy; excluding the 12 Unclassified rows is. Because the interaction F-statistic quoted alongside the main-text contrast (F₉,₃₃₆) is also computed on the k = 343 set, the two numbers in that main-text sentence are internally consistent with each other, just not with the k = 331 convention used everywhere else in this section. We recommend citing the Table S17 value (−0.075, p = 0.565) in the main text for consistency with the Unclassified-exclusion convention used throughout §5.4–§5.8, together with the correspondingly re-fitted interaction statistic on the same k = 331 set (F₇,₃₂₃ = 0.42, p = 0.89); both numbers support the same qualitative conclusion (no significant difference between metric classes, overall or in interaction with scale), so no result changes, only the two decimal citations and the denominator degrees of freedom on the interaction term.
B1 (overall) is the strongest equivalence result reported in this section. Functional and taxonomic metrics are equivalent at Δ = 0.57 in both tracks. The full-track Δ_min is 0.289 — tighter than any of the six scale contrasts in Set A — and p_TOST < 0.001; the rigorous track concurs (Δ_min = 0.462, p_TOST = 0.018). The claim that functional and taxonomic metrics record the same mean degradation magnitude, overall, is well supported and can be stated affirmatively.
B2 (within-scale) is uneven, and we report it as such. Only the community scale reaches Equivalent in the full track (p_TOST = 0.016). This result does not survive the conservative Holm-adjusted standard (adjusted p_TOST = 0.066); we report it as Equivalent under the primary uncorrected criterion for the reasons given above, and note the discrepancy rather than omit it. The other three scales — Landscape & Ecosystem, Micro, Population — are Inconclusive in both tracks.
The pattern is not that the eight scale-by-metric-type cells are generically too small; it is that the taxonomic arm specifically is undersampled outside the community scale, while the functional arm stays adequately sampled throughout. n_Taxonomic falls from 62 at Community to 25 at Landscape & Ecosystem, 12 at Population, and 11 at Micro, tracking the CR1 SE almost exactly (0.207, 0.336, 0.387, 0.419) even though n_Functional stays in a comfortable 42–70 range at every scale. Community is the only scale where the taxonomic arm is sampled nearly as well as the functional arm, and it is the only scale that reaches formal equivalence. The three Inconclusive point estimates are modest in absolute terms (|estimate| = 0.150–0.275) but carry cluster-robust SEs of 0.336–0.419 — two to three times the estimate itself — so the wide confidence intervals reflect the thin taxonomic arm rather than a larger underlying difference. This is the same limitation already identified in §5.7 from the other direction: the Taxonomic @ Micro cell that could not resolve a significant negative response rested on exactly 11 observations, the same 11 taxonomic observations behind the B2 @ Micro contrast here. One evidentiary gap — taxonomic metrics are rarely measured outside community-level surveys — produces both the non-significant difference test in §5.7 and the Inconclusive equivalence test here.
This closes a structural theme rather than opening a new one. Three separate pieces of this synthesis now point at the same underlying limitation from three angles. Q2 (main text) identifies a sampling-design failure concentrated at the micro scale: too few within-study replicates to resolve genuine micro-scale patterns. Q5 identifies a reporting-convention failure concentrated at the landscape and ecosystem scale: variances and sample sizes that were never published, forcing reliance on imputation. The within-scale metric-class comparison here adds a third instance at the same evidentiary fault line: the taxonomic arm of the metric-class comparison is adequately sampled only at the community scale, so three of four within-scale equivalence claims remain formally undetermined even though the underlying point estimates are unremarkable. None of these three gaps is a flaw specific to one analysis; together they describe a single evidence base that is deep enough to support a global degradation signal but not yet deep enough to fully resolve how that signal is distributed across scale and metric type.
[bookmark: X787b3d153723d84cc51e25e1c58ba2928d53e64]Sensitivity of the equivalence conclusions to the bound Δ
Every contrast in Set A and Set B was re-evaluated at eight values of Δ (0.15, 0.20, 0.223, 0.30, 0.40, 0.50, 0.57, 0.60), spanning from the biologically anchored 25%-response-ratio bound (Δ = ln(1.25) ≈ 0.223) up to and slightly past the primary bound used above. Table S19 reports the full grid; Figure S4 plots the same contrasts as 90% confidence intervals against the ±0.57 band at a glance, and Figure S5 plots p_TOST as a continuous function of Δ for every contrast, so a reader who prefers a different bound can read the corresponding verdict directly off the curve rather than trusting a single reported value.
Two patterns hold across the sweep. First, every full-track Set A contrast and the full-track and rigorous-track B1 contrasts cross below p_TOST = 0.05 well before Δ reaches the primary bound (all by Δ ≈ 0.30–0.40 for Set A; B1 crosses by Δ ≈ 0.15–0.20 in both tracks), so the Equivalent verdicts reported above are not an artefact of a generously chosen Δ — the same contrasts would be declared equivalent under substantially narrower bounds, including the biologically anchored Δ = 0.223. Second, the contrasts that are Inconclusive at Δ = 0.57 — the three rigorous-track Set A contrasts involving Landscape & Ecosystem, and the three within-scale B2 contrasts outside Community — remain Inconclusive across essentially the entire sweep down to Δ = 0.15; their p_TOST curves are shallow rather than merely shifted, consistent with the power-limited (not bound-sensitive) explanation given above rather than a result that only narrowly misses equivalence at the chosen Δ.
Table S19. Sensitivity of p_TOST to the equivalence bound Δ, Set A and Set B, both tracks (p_TOST, uncorrected).
	Set
	Contrast
	Track
	Δ=0.15
	Δ=0.20
	Δ=0.223
	Δ=0.30
	Δ=0.40
	Δ=0.50
	Δ=0.57
	Δ=0.60

	A
	Community − Landscape & Ecosystem
	Full
	0.469
	0.351
	0.300
	0.160
	0.054
	0.014
	0.004
	0.003

	A
	Community − Micro
	Full
	0.287
	0.202
	0.168
	0.084
	0.027
	0.007
	0.002
	0.001

	A
	Community − Population
	Full
	0.255
	0.177
	0.147
	0.072
	0.023
	0.006
	0.002
	0.001

	A
	Landscape & Ecosystem − Micro
	Full
	0.385
	0.295
	0.257
	0.152
	0.065
	0.023
	0.010
	0.007

	A
	Landscape & Ecosystem − Population
	Full
	0.527
	0.433
	0.391
	0.260
	0.133
	0.057
	0.028
	0.020

	A
	Micro − Population
	Full
	0.350
	0.262
	0.226
	0.127
	0.050
	0.016
	0.006
	0.004

	A
	Community − Landscape & Ecosystem
	Rigorous
	0.392
	0.345
	0.324
	0.259
	0.186
	0.127
	0.095
	0.083

	A
	Community − Micro
	Rigorous
	0.387
	0.317
	0.287
	0.197
	0.110
	0.055
	0.032
	0.024

	A
	Community − Population
	Rigorous
	0.312
	0.254
	0.230
	0.158
	0.090
	0.047
	0.028
	0.022

	A
	Landscape & Ecosystem − Micro
	Rigorous
	0.465
	0.417
	0.395
	0.325
	0.243
	0.174
	0.134
	0.119

	A
	Landscape & Ecosystem − Population
	Rigorous
	0.386
	0.339
	0.319
	0.254
	0.182
	0.124
	0.092
	0.081

	A
	Micro − Population
	Rigorous
	0.398
	0.329
	0.298
	0.208
	0.118
	0.061
	0.036
	0.028

	B
	B1: overall
	Full
	0.281
	0.167
	0.127
	0.042
	0.006
	0.001
	<0.001
	<0.001

	B
	B2 @ Community
	Full
	0.451
	0.358
	0.317
	0.199
	0.093
	0.036
	0.016
	0.011

	B
	B2 @ Landscape & Ecosystem
	Full
	0.552
	0.493
	0.466
	0.376
	0.270
	0.182
	0.132
	0.114

	B
	B2 @ Micro
	Full
	0.500
	0.453
	0.431
	0.360
	0.276
	0.202
	0.159
	0.142

	B
	B2 @ Population
	Full
	0.626
	0.576
	0.553
	0.474
	0.373
	0.281
	0.223
	0.201

	B
	B1: overall
	Rigorous
	0.365
	0.289
	0.257
	0.165
	0.082
	0.036
	0.018
	0.014

	B
	B2 @ Community
	Rigorous
	0.728
	0.680
	0.657
	0.574
	0.463
	0.354
	0.284
	0.257

	B
	B2 @ Landscape & Ecosystem†
	Rigorous
	0.605
	0.599
	0.595
	0.585
	0.571
	0.557
	0.547
	0.543

	B
	B2 @ Micro
	Rigorous
	0.571
	0.530
	0.510
	0.445
	0.364
	0.288
	0.240
	0.221

	B
	B2 @ Population
	Rigorous
	0.835
	0.805
	0.790
	0.734
	0.652
	0.563
	0.498
	0.470


† Near-empty-cell artefact (n_Taxonomic = 2); see the footnote to Table S17.
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Figure S4. Equivalence forest plot. Contrast estimates and 90% confidence intervals (cluster-robust SE) for all six Set A and five Set B contrasts, both tracks, against the ±Δ = 0.57 equivalence band.
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Figure S5. Equivalence sensitivity plot. p_TOST as a function of the equivalence bound Δ, for every Set A and Set B contrast, both tracks, with the p = 0.05 reference line, the biologically anchored Δ = 0.223, and the primary Δ = 0.57 marked.
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Supplementary Note 6 — Publication-bias and small-study diagnostics
(cf. Methods §4.5.4)
Publication bias and small-study effects were assessed from three complementary lines of evidence — a sampling-error funnel, multilevel Egger regression, and a time-lag (decline-effect) test — all under the full three-level random structure (Supplementary Note 5, §5.1) and with study-cluster-robust inference.
The sampling-error funnel (Fig. S2, Fig. S3) plots model residuals against the sampling standard error . Restricting the vertical axis to  isolates the sampling precision of individual observations; using the total marginal standard error  would collapse all points into a horizontal band, because between- and within-study heterogeneity dwarf the median sampling variance.
The multilevel Egger regression regresses effect size on a precision term and tests the slope for funnel asymmetry. Because  for LnRR is derived from the group means and is therefore structurally correlated with the effect size, a -based test can be spuriously significant (Nakagawa et al. 2022); we therefore also reported a version using the effective-sample-size precision term , , and treated it as primary. The intercept is the model-implied mean at maximum precision — a bias-adjusted pooled effect (PET-style). The time-lag test regresses effect size on centred publication year.
Table S15. Multilevel Egger regression (with cluster-robust inference) and time-lag test.
	Test (precision term)
	Track
	Slope (SE: model / robust)
	Slope p (model / robust)
	Intercept [95% CI, robust]

	Egger — effective N √(1/ñ) [primary]
	Full
	−0.265 (0.259 / 0.258)
	0.307 / 0.307
	−0.436 [−0.705, −0.166]

	Egger — effective N √(1/ñ) [primary]
	Rigorous
	0.062 (0.436 / 0.384)
	0.887 / 0.872
	−0.598 [−1.033, −0.163]

	Egger — sampling SE √v_i
	Full
	−1.122 (0.505 / 0.847)
	0.026 / 0.187
	−0.429 [−0.654, −0.204]

	Egger — sampling SE √v_i
	Rigorous
	−0.682 (0.650 / 1.202)
	0.294 / 0.572
	−0.465 [−0.801, −0.130]

	Time-lag (publication year)
	Full
	0.009 (0.015 / 0.017)
	0.536 / 0.583
	−0.575 [−0.719, −0.431] †

	Time-lag (publication year)
	Rigorous
	−0.002 (0.021 / 0.022)
	0.919 / 0.922
	−0.564 [−0.788, −0.340] †


Notes. A significant slope indicates funnel asymmetry / a small-study effect; use the cluster-robust column for inference. Egger intercepts are bias-corrected mean effects (PET-style). † For the time-lag rows the intercept is the pooled effect at mean publication year (cluster-robust). Trim-and-fill is undefined for the three-level nested structure and was not computed; regression-based asymmetry tests are the recommended approach for multilevel meta-analysis (Nakagawa et al. 2022).
Under the primary (effective-N) Egger test the slope was non-significant in both tracks (full p = 0.307; rigorous p = 0.872): no funnel asymmetry or small-study effect was detected. The √v_i-based slope was marginally significant in the full track under model-based inference (p = 0.026) but vanished under study-cluster-robust inference (p = 0.187), and was non-significant throughout the rigorous track — the pattern expected from the √v_i–effect-size correlation of LnRR combined with within-study non-independence, i.e. a spurious asymmetry rather than real bias. Across both tracks and both precision terms, the bias-corrected intercept remained significantly negative (−0.43 to −0.60), of the same order as the pooled effect (≈ −0.57): even under the most conservative correction, the direction and significance of the negative result were unchanged. The time-lag slope was non-significant in both tracks (full p = 0.583; rigorous p = 0.922), so effect magnitude did not drift with publication year.
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Supplementary Note 7
(cf. Methods §4.5.5; previously Appendix M §M.7 and Appendix S-stats "Summary of defensible claims")
Across all analyses reported in Supplementary Note 5, two-track concordance and evidentiary strength fall into three tiers:
· Fully robust. The drivers (climate, land use, pollution; §5.2), the receptors flora, invertebrates, and vertebrates (§5.3), and all four ecological scales (§5.4) were concordant in direction and significance across the full and rigorous tracks, with only the normal drop in significance level as the sample narrowed. The scale-invariance result (§5.6) is fully supported: all six Holm-adjusted pairwise contrasts among the four substantive scales were non-significant (p = 1.0), and the macro-scale (Landscape & Ecosystem) response was not weaker than the finer-scale responses. This is not merely an absence of a detected difference: formal equivalence testing (§5.8, Table S16) confirms that all six full-track contrasts are statistically equivalent within Δ = 0.57, and this holds under both the primary and the conservative Holm-adjusted threshold.
· Category-specific sensitivity. The microbiome receptor (§5.3) dropped from significantly negative in the full track to non-significant in the rigorous track; it is interpreted with caution and the core conclusions do not rely on it. The distributional-tails finding for functional metrics (§5.7) is likewise supported only descriptively, not inferentially: functional metrics showed a heavier extreme-negative tail (28.8% vs 20.5% of observations below LnRR = −1), but formal tests of the magnitude difference were non-significant (p = 0.219 / 0.072) — the claim is a distributional one, not a claim about the mean.
· Low-power cells. The Land use × Vertebrates interaction (§5.5) rested on too few effect sizes with an anomalously large standard error; its two-track results were unstable and it is not treated as a robust finding. The Taxonomic @ Micro cell (§5.7) was the only one of eight Metric-Type × Scale combinations without a significant negative response (n = 11, median within-study n = 3, sign-inconsistent); this was explicitly attributed to insufficient evidence rather than ecological stability.
Independently of the concordance analysis above, no publication bias was detected: the primary effective-sample-size Egger test was non-significant in both tracks (Supplementary Note 6), and the bias-corrected pooled effect remained significantly negative under the most conservative correction. Taken together, the dual-track sensitivity analysis, the pairwise and metric-type contrasts, and the publication-bias diagnostics jointly support the main-text conclusion: the significant cross-driver, cross-receptor, cross-scale negative degradation of mangrove biodiversity is neither an artifact of variance imputation nor a product of publication bias.
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