Supplementary Information
for
Assessing decoupled biological responses in Korean stream biomonitoring using a multi-taxon Community Dynamics Index framework
This Supplementary Information supports the Environmental Monitoring and Assessment submission and is synchronized with the revised biomonitoring and environmental-assessment framing, Table 1 structure, split-half reliability analyses, structural random-pairing null model, persistence-gradient interpretation, and revised data/code reproducibility boundary.

Supplementary Note 1. Dataset construction and reporting boundary
The raw monitoring database was preserved without deletion or zero-imputation. The primary evidence base for the manuscript is the strict tri-taxon matched core dataset where epilithic diatoms, benthic macroinvertebrates, and fish were observed at the same site, in the same year, and in both survey rounds. Broader taxon-specific and pairwise datasets were retained for sensitivity analyses only. Missing assemblage records were treated as missing observations rather than true zero abundance.

Supplementary Table S1. Detailed dataset structure and audit trail before and after strict tri-taxon matching.
	Item
	Diatom
	Macroinvertebrate
	Fish
	Intersection/core
	Interpretation

	Raw taxon records
	692,145
	367,165
	188,605
	
	Original taxon-level rows by assemblage.

	Unique site codes
	3,038
	3,037
	3,038
	3,036
	Common site-code intersection is the spatial basis for strict matching.

	Site-year-round samples
	27,677
	27,642
	27,443
	27,192
	A sample is defined by year + round + site code.

	Paired site-years by assemblage
	13,751
	13,703
	13,584
	13,386
	A paired site-year has both survey rounds 1 and 2.

	Taxon names in raw file
	788
	748
	326
	
	Raw taxon-name richness before taxonomic harmonization.


Note. The intersection/core column defines the matched basis for primary cross-assemblage inference. This supplementary table retains the full audit trail, whereas main-text Table 1 was simplified to foreground the numerical evidence base and improve readability.

Supplementary Note 2. Primary Hellinger-CDI outputs used for main-text results and figures
The following tables record the numerical outputs supporting the main-text figure callouts. Hellinger-CDI was kept as the primary geometry because it is deterministic, compositionally appropriate for sparse community matrices, and directly applicable to all three assemblages after relative-abundance transformation.
The manuscript reports the bounded Hellinger-distance interpretation: Hellinger-CDI = sqrt(2 - 2·BC), where BC is the Bhattacharyya coefficient, with a theoretical range from 0 to sqrt(2) ≈ 1.414. This addition clarifies why observed CDI can be expressed as a percentage of the theoretical maximum while still requiring biological caution in cross-assemblage interpretation.

Supplementary Table S2. Assemblage-specific Hellinger-CDI distribution statistics in the primary tri-taxon core dataset.
	Assemblage
	N paired site-years
	Mean Hellinger-CDI
	Mean / sqrt(2) (%)
	SD
	Median
	Q25
	Q33 low threshold
	Q67 high threshold
	Q75
	Min
	Max

	Diatom
	13,386
	0.988
	69.9
	0.225
	1.008
	0.854
	0.909
	1.101
	1.147
	0.000
	1.414

	Macroinvertebrate
	13,386
	0.903
	63.9
	0.287
	0.934
	0.720
	0.799
	1.056
	1.116
	0.000
	1.414

	Fish
	13,386
	0.636
	45.0
	0.309
	0.612
	0.417
	0.482
	0.754
	0.835
	0.000
	1.414


Note. The mean / sqrt(2) column reports observed CDI as a fraction of the theoretical Hellinger-CDI maximum. The 33rd and 67th percentiles define empirical low and high CDI thresholds for response-class assignment. They are dataset-relative diagnostic thresholds, not universal biological-quality boundaries.

Supplementary Table S3. Cross-assemblage synchrony and split-half reliability checks.
	Part A: comparison
	N
	Pearson r
	Spearman rho
	Count-split reliability ceiling
	Disattenuated Pearson r (count-split)
	Disattenuated Pearson r (species-split)
	Interpretation

	Diatom–Macroinvertebrate
	13,386
	0.005
	-0.012
	0.993
	0.005
	0.009
	Near-zero synchrony retained after reliability correction.

	Diatom–Fish
	13,386
	0.041
	0.034
	0.969
	0.042
	0.085
	Near-zero synchrony retained after reliability correction.

	Macroinvertebrate–Fish
	13,386
	-0.010
	-0.014
	0.962
	-0.011
	-0.022
	Near-zero synchrony retained after reliability correction.


Note. This table supports the main-text interpretation that weak cross-assemblage synchrony is not primarily a count-split sampling-noise artifact. Species-split results are treated as a conservative internal-consistency diagnostic rather than a direct sampling-error estimate.

Supplementary Table S3B. Assemblage-specific split-half reliability diagnostics.
	Assemblage
	Count-split Spearman-Brown reliability
	Species-split Spearman-Brown reliability
	Interpretation

	Diatom
	1.000
	0.559
	Count-split reliability saturated; species-split suggests that CDI signal is not uniformly distributed across all taxa.

	Macroinvertebrate
	0.986
	0.546
	Very high count-split reliability; moderate species-split internal consistency.

	Fish
	0.939
	0.418
	High count-split reliability; lower species-split value indicates stronger dependence on a subset of taxa or dominance structure.


Note. The count-split values are the appropriate reliability ceiling for assessing whether near-zero cross-assemblage correlations could be caused by sampling noise. The species-split values are reported as a stricter diagnostic of internal consistency.

Supplementary Table S4. Multi-taxon CDI response-class distribution in the primary tri-taxon core dataset.
	Response class
	Operational criterion
	N
	Percent
	Ecological interpretation

	Mixed/intermediate response
	Intermediate combinations or no clear high-CDI dominant pattern
	3,602
	26.9
	No single diagnostic pathway; requires driver-level interpretation

	Diatom-sensitive early-warning
	Diatom high; macroinvertebrate and fish not high
	1,965
	14.7
	Rapid biofilm-level response to surface water-quality or substrate-surface change

	Macroinvertebrate-dominant habitat response
	Macroinvertebrate high; diatom and fish not high
	1,947
	14.5
	Benthic habitat, sediment, substrate, or organic-matter pathway

	Fish-dominant mobility/connectivity response
	Fish high; diatom and macroinvertebrate not high
	1,926
	14.4
	Mobility-, refuge-, or connectivity-mediated redistribution

	Coupled benthic-fish response
	Macroinvertebrate and fish high; diatom not high
	1,005
	7.5
	Benthic-habitat to mobile-assemblage transmission

	Diatom-fish decoupled response
	Diatom and fish high; macroinvertebrate not high
	987
	7.4
	Decoupled surface-biofilm and mobile-community response

	Coupled biofilm-benthic habitat response
	Diatom and macroinvertebrate high; fish not high
	966
	7.2
	Coupled biofilm-benthic pathway, possibly substrate or benthic habitat disturbance

	Whole-ecosystem high-CDI reorganization
	All three assemblages high
	545
	4.1
	Community displacement propagated across biofilm, benthos, and fish

	Stable/low-CDI all taxa
	All three assemblages below lower-tertile CDI thresholds
	443
	3.3
	Resistance, weak survey-round displacement, or chronic low-change state


Note. Response classes translate assemblage-specific displacement combinations into diagnostic hypotheses. They should not be treated as fixed impairment classes or causal-driver categories.

Supplementary Note 3. Temporal and basin-level summaries
Annual and basin-level summaries are descriptive. They identify temporal and spatial structure in assemblage-specific displacement and decoupling, but they do not by themselves establish rainfall causality or environmental-driver mechanisms.

Supplementary Table S5. Annual mean Hellinger-CDI and decoupling summaries.
	Year
	N
	Diatom mean CDI
	Macroinvertebrate mean CDI
	Fish mean CDI
	Mean standardized CDI range

	2011
	776
	1.061
	0.899
	0.653
	1.810

	2012
	924
	1.066
	0.925
	0.608
	1.681

	2013
	933
	1.030
	0.872
	0.591
	1.740

	2014
	930
	0.871
	0.868
	0.586
	1.697

	2015
	932
	0.904
	0.955
	0.614
	1.809

	2016
	1,119
	0.945
	0.921
	0.640
	1.853

	2017
	1,043
	0.983
	0.944
	0.666
	1.697

	2018
	1,105
	1.008
	0.917
	0.595
	1.608

	2019
	1,131
	0.935
	0.911
	0.627
	1.632

	2020
	1,133
	1.016
	0.887
	0.686
	1.629

	2021
	1,132
	1.011
	0.842
	0.668
	1.676

	2022
	1,105
	0.995
	0.910
	0.636
	1.554

	2023
	1,123
	1.020
	0.894
	0.684
	1.627


Note. Mean standardized CDI range is a site-year-level decoupling summary averaged by year. Larger values indicate stronger divergence among assemblage-specific standardized CDI values.

Supplementary Table S6. Basin-level mean Hellinger-CDI and decoupling summaries.
	Basin
	N
	Diatom mean CDI
	Macroinvertebrate mean CDI
	Fish mean CDI
	Mean standardized CDI range

	Geum River basin
	2,573
	1.031
	0.749
	0.724
	1.837

	Han River basin
	4,408
	0.997
	0.955
	0.604
	1.598

	Nakdong River basin
	3,614
	0.964
	0.971
	0.630
	1.585

	Yeongsan River basin
	2,791
	0.962
	0.875
	0.615
	1.827


Note. Basin-level contrasts are diagnostic and should be linked to rainfall windows, water quality, land use, soil permeability, habitat structure, and hydrological connectivity before causal interpretation.

Supplementary Note 4. Reliability, structural-null, and distance-metric robustness checks
Robustness is now organized into three complementary checks: (i) split-half reliability and disattenuation of cross-assemblage correlations, (ii) a structural random-pairing null model that breaks temporal pairing while preserving empirical community vectors, and (iii) distance-metric sensitivity analysis. Together, these checks support the central inference of weak synchrony and decoupled biological memory while preserving the caution that response-class membership remains metric-dependent.
The structural null model tests whether the observed ordering of Hellinger-CDI magnitude could be explained solely by differences in richness, dominance, sparsity, or the structural ceiling of Hellinger distance. It does not replace driver-linked rainfall analysis; it only establishes a compositional baseline under disrupted temporal pairing.

Supplementary Table S7A. Structural random-pairing null model and persistence-gradient summary.
	Assemblage
	Observed CDI
	Null CDI
	obs/null
	Persistence index (1 - obs/null)
	Null - observed gap
	Mean richness per sample
	Mean dominance
	Interpretation

	Diatom
	0.988
	1.229
	0.804
	0.196
	0.241
	25.1
	0.355
	Highest observed displacement and lowest persistence relative to the structural null.

	Macroinvertebrate
	0.903
	1.238
	0.729
	0.271
	0.335
	13.4
	0.430
	Intermediate observed displacement and intermediate persistence.

	Fish
	0.636
	1.262
	0.504
	0.496
	0.626
	6.9
	0.541
	Lowest observed displacement and highest persistence relative to the structural null.


Note. This table supports the manuscript section on the structural random-pairing null. Similar null CDI values across assemblages argue against a simple richness- or dominance-driven explanation of the observed diatom > macroinvertebrate > fish CDI ordering. The persistence gradient increases from diatoms to macroinvertebrates to fish, but the null design is a national-pool null and does not preserve basin-level spatial autocorrelation or protocol-specific detection windows.

Supplementary Table S7B. Distance-metric and response-class sensitivity summary.
	Robustness check
	Statistic
	Value
	Interpretation

	Hellinger vs relative Euclidean
	Mean Spearman rho across assemblages
	0.771
	Primary CDI ranking broadly retained.

	Hellinger vs Bray-Curtis abundance
	Mean Spearman rho across assemblages
	0.762
	Primary CDI ranking broadly retained.

	Core vs full paired datasets
	Maximum relative mean difference (%)
	0.000
	Strict core filtering did not change mean CDI summaries.

	Primary Hellinger synchrony
	Maximum absolute Pearson r among assemblages
	0.041
	Weak cross-assemblage synchrony retained.

	Hellinger vs relative Euclidean
	Response-class exact agreement (%)
	64.5
	Response classes show moderate sensitivity; treated as diagnostic categories.

	Hellinger vs Bray-Curtis abundance
	Response-class exact agreement (%)
	63.9
	Response classes show moderate sensitivity; treated as diagnostic categories.


Note. This table retains the original distance-metric robustness summary and is now paired with Supplementary Table S7A, which reports the structural-null and persistence-gradient analysis.

Supplementary Note 5. Reproducibility, derived-data schema, and threshold boundary
The primary manuscript uses a restricted national monitoring database; therefore, the raw long-format site-level records are not redistributed in the submission package. To support audit-level reproducibility while respecting the original data-use restrictions, reproducibility is anchored to a derived paired site-year CDI table and a code-oriented workflow template. The derived table represents the minimum reproducible unit needed to regenerate the main figures and supplementary numerical summaries without exposing raw monitoring rows or unrestricted site-level records. It records the matched site-year structure, assemblage-specific CDI values, within-assemblage standardized CDI values, empirical CDI states, response-class identity, and the temporal and basin grouping variables used for aggregation.
Reproducibility also requires two additional summary-output blocks: a split-half reliability/disattenuation table and a structural-null/persistence table. These outputs are summarized in Supplementary Tables S3, S7A, and S7B and should be retained in the accompanying derived-output workbook or script-generated audit files.
Response classes were generated using assemblage-specific empirical 33rd and 67th percentile thresholds. These thresholds are dataset-relative and diagnostic. They organize low, intermediate, and high displacement states within the declared Hellinger-CDI geometry, but they do not define impairment, restoration success, ecological quality status, or universal regulatory boundaries. Accordingly, response-class frequencies should be interpreted as diagnostic pathway hypotheses that indicate whether subsequent driver-level analysis should focus on biofilm-surface, benthic-habitat, fish-connectivity, coupled, mixed, or whole-ecosystem displacement pathways.
The accompanying analysis-script template documents the intended calculation order: importing and harmonizing long-format monitoring records; constructing paired round-1 and round-2 community matrices; converting each assemblage to relative abundance; applying Hellinger transformation; calculating Euclidean displacement; standardizing CDI within assemblages; assigning empirical CDI states and response classes; calculating synchrony and decoupling metrics; estimating split-half reliability; running the structural random-pairing null model; summarizing annual and basin-level patterns; and repeating the main checks under alternative distance metrics. This workflow is intended to make the calculation logic transparent, while recognizing that full raw-record reproduction remains subject to the access rules of the original monitoring program.

Supplementary Table S8. Minimum derived paired site-year CDI schema for audit-level reproducibility.
	Field
	Definition
	Use in reproduction

	site_year_id
	De-identified unique key for one site code in one year.
	Joins assemblage-specific CDI values without redistributing unrestricted raw site codes.

	year
	Monitoring year.
	Recreates annual summaries and time-series figures.

	basin_region
	Major Korean river-basin region.
	Recreates basin-level CDI magnitude and decoupling summaries.

	matching_flag
	Primary core, pairwise matched, or taxon-specific full paired dataset.
	Separates primary inference from robustness-only analyses.

	diatom_cdi_hellinger
	Round-1 to round-2 Hellinger-CDI for epilithic diatoms.
	Recreates CDI magnitude, synchrony, response classes, and figure-level summaries.

	macro_cdi_hellinger
	Round-1 to round-2 Hellinger-CDI for benthic macroinvertebrates.
	Recreates CDI magnitude, synchrony, response classes, and figure-level summaries.

	fish_cdi_hellinger
	Round-1 to round-2 Hellinger-CDI for fish.
	Recreates CDI magnitude, synchrony, response classes, and figure-level summaries.

	diatom_z / macro_z / fish_z
	Within-assemblage standardized CDI values.
	Recreates decoupling range and dominant-response identity.

	diatom_state / macro_state / fish_state
	Low, intermediate, or high CDI state based on assemblage-specific 33rd and 67th percentile thresholds.
	Recreates response-class assignment under the declared empirical threshold rule.

	response_class
	Diagnostic multi-taxon response class.
	Recreates Figure 4 and Supplementary Table S4.

	std_cdi_range
	Range of standardized CDI values among the three assemblages for one site-year.
	Recreates annual and basin-level decoupling summaries.

	split_half_summary_id
	Identifier linking the derived table to split-half reliability output tables.
	Documents reliability and disattenuation analyses reported in Supplementary Table S3.

	structural_null_summary_id
	Identifier linking the derived table to structural-null and persistence-gradient output tables.
	Documents the random-pairing null and persistence-gradient outputs reported in Supplementary Table S7A.


Note. This schema defines the minimum derived table needed to reproduce the main-text numerical summaries and supplementary ecological diagnostic outputs. The schema fields document the additional reliability and structural-null outputs required for audit-level reproducibility. Site identifiers may be de-identified or access-controlled depending on the original monitoring-program data-use rules. The response classes are empirical diagnostic categories under the declared Hellinger-CDI geometry and should not be interpreted as universal ecological-quality classes or regulatory thresholds.
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