Supplementary Materials
Search Protocol, Eligibility Criteria, Classification Rules, Method Dictionary, Aggregated Results, Code Listings, and Data Availability

This document accompanies the manuscript Burdens and Benefits as Parallel Geographies: A Spatial-Justice Reading of Urban Environmental Equity Research, 2010 to 2024․ This document elaborates the entire process we followed during our review․ Each step is detailed enough for an independent reader to replicate our analysis․ Because bibliographic records cannot be redistributed due to the licensing terms for Scopus (Elsevier B․V․) and Web of Science Core Collection (Clarivate Analytics)‚ a DOI-only registry of our analytical corpus is publicly available in corpus_DOIs․txt (see Section S7)․

Appendix S1 provides the following content: S1: the two Boolean queries‚ S2: the complete eligibility criteria and the PRISMA 2020 flow‚ S3: the stream-classification protocol‚ S4: the seventeen-tag method dictionary‚ S5: the summary tables upon which Sections 4-6 are based‚ S6: the computational implementation summary‚ S7: the data availability and license information‚ S8: the full R code to generate the figures in the manuscript‚ and S9: the reproducibility checklist․
S1. Database queries
Two structured Boolean queries were executed against Scopus (Elsevier) and Web of Science Core Collection (Clarivate; SCI-E, SSCI, A&HCI). The strings are reproduced below in Web of Science TS (topic) syntax. The Scopus equivalents (TITLE-ABS-KEY) are obtained by mechanical substitution and are archived in the supplementary code repository.
Q-Burden (full string, Web of Science)
TS = (
  ("environmental justice" OR "environmental racism"
   OR "environmental inequalit*" OR "environmental inequit*"
   OR "disparate exposure*" OR "exposure disparit*"
   OR "cumulative impact*" OR "cumulative environmental burden*"
   OR "pollution disparit*" OR "pollution inequalit*"
   OR "environmental burden*" OR "hazard exposure"
   OR "toxic* exposure" OR "environmental health disparit*"
   OR "climate injustice" OR "energy poverty" OR "energy injustice")
  AND
  (urban OR city OR cities OR metropolitan OR metro
   OR neighbo?rhood* OR census-tract OR municipalit*)
)
AND PY = (2010-2024)
AND DT = (Article OR Review)
AND LA = (English)
Q-Benefit (full string, Web of Science)
TS = (
  ("green space*" OR "urban park*" OR "tree canop*"
   OR "urban greenness" OR "urban forest*" OR NDVI
   OR "ecological infrastructure" OR "green infrastructure"
   OR "ecosystem service*" OR "urban nature"
   OR "blue space" OR "blue infrastructure"
   OR "park access*" OR "park equit*")
  AND
  (equit* OR justice OR distribut* OR access*
   OR "spatial inequalit*" OR fair*)
  AND
  (urban OR city OR cities OR metropolitan OR metro
   OR neighbo?rhood* OR census-tract OR municipalit*)
)
AND PY = (2010-2024)
AND DT = (Article OR Review)
AND LA = (English)
Search and re-check dates
Initial retrieval was executed on 15 January 2025 with a publication window of 1 January 2010 to 31 December 2024. A late-record re-check was executed on 31 March 2025 to capture 2024 articles added to the indexes after the initial pull; this re-check added 47 records, all in calendar year 2024, and is reflected in the 2024 totals reported in S5.
Field configuration
Document type was restricted to ARTICLE OR REVIEW. Language was restricted to English; the implication of this restriction for geographic representativeness is acknowledged in Section 8 of the main text. The publication window was 2010-01-01 to 2024-12-31.
Deduplication
Records retrieved from the two databases were deduplicated in two passes. The first pass matched on the DOI field (exact match). The second pass compared title strings using TF-IDF cosine similarity at a threshold of 0.92, with all near-duplicates inspected by a researcher before removal.

S2. Eligibility criteria and PRISMA 2020 flow
A record was retained if and only if it satisfied all four inclusion criteria (I1 to I4) and was not removed under any of the four exclusion criteria (E1 to E4).
Inclusion criteria
I1. Peer-reviewed article or review (DT = Article OR Review), published in a journal indexed in Scopus or Web of Science Core Collection.
I2. The substantive object is urban (city, metropolitan area, urban neighbourhood, census tract, municipality, or comparable spatial unit). National-level studies with no urban disaggregation were excluded.
I3. The article carries an equity, justice, distributional, or access framing operationalised in some form (descriptive, inferential, or normative). A passing mention of equity without analytic engagement was insufficient.
I4. Either an environmental burden (Q-Burden lexicon) or an environmental benefit (Q-Benefit lexicon) is the principal substantive object.
Exclusion criteria
E1. No spatial dimension; the analysis does not vary across populations, neighbourhoods, or places.
E2. No equity dimension; the article is environmental but does not assess distribution across populations.
E3. Not peer-reviewed despite database indexing (e.g., conference abstracts mis-classified, editorials, errata).
E4. Insufficient methodological detail to permit classification (e.g., commentary under 1,500 words with no methods reporting).
Table S2.1. PRISMA 2020 flow
	Step
	n

	Records identified, Scopus
	3,114

	Records identified, Web of Science
	2,498

	Duplicates removed (DOI plus fuzzy title)
	800

	Records after deduplication
	4,812

	Excluded at title-and-abstract screening
	1,948

	Records assessed at full text
	2,864

	Excluded at full text, total
	517

	    reason: no spatial component
	188

	    reason: no equity dimension
	173

	    reason: not peer-reviewed
	41

	    reason: insufficient methods detail
	115

	Final analytical corpus
	2,347



Inter-coder reliability
Title-and-abstract screening was performed independently by two researchers; disagreements (n = 312) were adjudicated by a third researcher. Full-text screening followed the same procedure (disagreements n = 84). Inter-coder Cohen's kappa was 0.81 at the title-and-abstract stage and 0.88 at the full-text stage.

S3. Stream classification protocol
Each retained article was assigned to exactly one of four classes: Burden, Benefit, Bridging (substantive), or Residual.
Operational definitions
Burden. The principal substantive object is one or more environmental harms (air or water pollution, soil contamination, intra-urban heat, hazardous facilities, flood or disaster exposure, waste, noise) analysed with an equity framing.
Benefit. The principal substantive object is one or more environmental amenities (parks, tree canopy, urban greenness, blue space, ecological or green infrastructure, ecosystem services) analysed with an equity framing.
Bridging (substantive). The article jointly analyses at least one burden and at least one benefit object, or studies an intervention (urban greening, climate adaptation, restoration) explicitly framed as redistributing both.
Residual. The article carries an equity framing in an urban context but its object is neither cleanly burden nor benefit. Examples include environmental governance, ecological citizenship, and broad sustainability indicators.
Two-stage assignment
Stage 1, rule-based pre-filter. A term-frequency profile was computed over title, abstract, and keywords using stream-specific dictionaries (the Q-Burden lexicon, the Q-Benefit lexicon, and a bridging trigger list including green gentrification, cumulative impact, joint exposure, co-benefit and burden, and related anchors). A tentative label was assigned by the dominant lexicon margin; ties were flagged for manual review.
Stage 2, classifier refinement. A SciBERT classifier (Beltagy et al., 2019) was fine-tuned on a stratified gold standard of 200 articles (50 per class), double-coded by two researchers (Cohen's kappa = 0.84; the remaining 32 disagreements were adjudicated by a third researcher). Held-out (20 percent split) macro-F1 = 0.83. Class-specific F1 scores were 0.89 for Burden, 0.86 for Benefit, 0.74 for Bridging, and 0.71 for Residual.
Table S3.1. Classifier confusion matrix on the held-out set (n = 40)
	
	predicted Burden
	predicted Benefit
	predicted Bridging
	predicted Residual

	true Burden
	9
	0
	1
	0

	true Benefit
	0
	9
	1
	0

	true Bridging
	1
	1
	7
	1

	true Residual
	0
	1
	1
	8



Border-case rule
Articles whose substantive object is intrinsically dual (urban heat, green gentrification, climate adaptation) were assigned by their primary analytical object as articulated in the abstract and methods. The Bridging label was reserved for explicit joint treatment. The rule is conservative; it is biased to under-count Bridging and therefore biases the headline divide finding against itself.

S4. Method-tag dictionary (17 tags)
Method tags are non-exclusive: an article may carry multiple tags. Tags were assigned by hand-coded keyword dictionary against full text where licensing permitted (n = 1,402) or against the abstract plus methods section otherwise (n = 945). Validation on a 200-article gold standard yielded mean F1 = 0.87 and Cohen's kappa = 0.83.
Table S4.1. Method-tag dictionary (anchor terms abridged)
	#
	Label
	Anchor terms (excerpt)

	1
	Exposure assessment
	exposure, concentration, ambient, monitor

	2
	Air-pollution dispersion
	AERMOD, CALPUFF, Gaussian plume

	3
	GIS proximity overlay
	buffer, proximity, distance band

	4
	Disparate-exposure regression
	disparit*, demographic regression, race-ethnicity covariate

	5
	Cumulative-impact composite
	CalEnviroScreen, EJI, EJSCREEN, composite index

	6
	Land-use regression
	LUR, land-use regression

	7
	Causal ID (DiD / IV / RDD)
	difference-in-differences, instrumental, regression discontinuity

	8
	Intersectional vulnerability index
	intersectional, vulnerability index, SVI

	9
	Bayesian disparate-exposure
	Bayesian hierarchical, posterior, MCMC plus exposure

	10
	GIS accessibility (2SFCA / gravity)
	2SFCA, gravity model, catchment area

	11
	NDVI / canopy analytics
	NDVI, EVI, canopy cover, Landsat / Sentinel

	12
	Perception / survey work
	perception, survey, questionnaire, Likert

	13
	Restorative-environment SEM
	restorative, ART, structural equation, mediation

	14
	Longitudinal change analysis
	panel, longitudinal, fixed-effects, time-varying

	15
	Deep-learning street view
	street view, CNN, semantic segmentation

	16
	ML fairness diagnostics
	algorithmic fairness, disparate impact, fairness metric

	17
	LLM-assisted text analysis
	large language model, GPT, embedding-based coding




S5. Aggregated corpus tables
Table S5.1. Annual counts by stream
	Year
	Burden
	Benefit
	Bridging
	Residual
	Total

	2010
	27
	21
	2
	6
	56

	2011
	32
	27
	3
	6
	68

	2012
	39
	33
	4
	8
	84

	2013
	45
	43
	6
	8
	102

	2014
	55
	60
	9
	8
	132

	2015
	58
	57
	10
	13
	138

	2016
	62
	62
	11
	13
	148

	2017
	66
	65
	12
	13
	156

	2018
	68
	71
	14
	13
	166

	2019
	68
	72
	15
	13
	168

	2020
	68
	67
	15
	18
	168

	2021
	76
	75
	18
	19
	188

	2022
	86
	80
	22
	20
	208

	2023
	100
	92
	26
	20
	238

	2024
	148
	128
	31
	20
	327

	Sum
	998
	953
	198
	198
	2,347



Table S5.2. Headline indices (point estimates and 95 percent CIs)
	Index
	Point
	95 percent CI

	CSCI median (corpus)
	0.07
	0.06 to 0.08

	CSCI 75th percentile
	0.13
	0.12 to 0.14

	CSCI 90th percentile
	0.22
	0.20 to 0.24

	Share with CSCI >= 0.30
	11.3 %
	10.0 to 12.6 %

	Mann-Kendall tau on annual median CSCI
	0.11
	p = 0.32

	Stream-balanced null (median CSCI)
	0.49
	p < 0.001

	Substantively bridging share
	8.4 %
	7.3 to 9.5 %

	Shared topics (b_t >= 0.40)
	16 / 38
	14 / 38 to 19 / 38

	TCAI (Pearson r, abstracts)
	0.24
	0.07 to 0.39

	TCAI (Pearson r, full text n = 1,402)
	0.31
	0.13 to 0.46

	Median absolute method-diffusion lag (yr)
	5.6
	IQR 4.3 to 6.4

	Country-level Gini, Burden
	0.74
	0.71 to 0.77

	Country-level Gini, Benefit
	0.83
	0.80 to 0.85



Table S5.3. First-author region counts
	Region
	Burden share (%)
	Benefit share (%)
	Delta (pp)

	United States
	47
	31
	+16

	Europe
	18
	28
	-10

	China
	9
	17
	-8

	Other Asia / MENA
	12
	9
	+3

	Australasia
	4
	8
	-4

	Latin America
	6
	5
	+1

	Sub-Saharan Africa
	4
	2
	+2



The country-level micro-data used to generate Figure 2 is reproduced in the R script in Section S8.2 (the country_totals object). Country-level Gini coefficients are 0.74 (Burden) and 0.83 (Benefit). Latin America and Sub-Saharan Africa together account for under 8 percent of indexed first-author output.
Table S5.4. Methodological diffusion summary, 2010 to 2024 (17 method tags)
	Method tag
	Burden 2024 (%)
	Benefit 2024 (%)
	Lag delta (yr) [95 % CI]
	Direction

	Cumulative-impact composite
	41
	22
	+7.1 [5.4, 8.6]
	B to G

	SEM, environmental health
	24
	38
	+6.2 [4.5, 7.8]
	B to G

	Historical-redlining linkage
	38
	19
	+6.0 [4.3, 7.6]
	B to G

	Causal ID (DiD / IV / RDD)
	31
	14
	+5.8 [4.1, 7.5]
	B to G

	Air-pollution dispersion
	56
	12
	+5.0 [3.4, 6.7]
	B to G

	Intersectional-vulnerability index
	36
	22
	+4.7 [3.0, 6.3]
	B to G

	Bayesian disparate-exposure
	22
	9
	+4.2 [2.6, 5.9]
	B to G

	Land-use regression
	33
	14
	+3.4 [1.7, 5.0]
	B to G

	Deep-learning street view
	13
	17
	+0.2 [-1.1, 1.4]
	parallel

	LLM-assisted text analysis
	8
	9
	+0.3 [-0.9, 1.6]
	parallel

	ML fairness diagnostics
	11
	14
	-0.4 [-1.7, 0.9]
	parallel

	Perception-based equity
	7
	32
	-3.9 [-5.4, -2.3]
	G to B

	3D street-view greenness
	9
	28
	-3.5 [-5.0, -2.0]
	G to B

	High-resolution NDVI
	18
	51
	-4.3 [-5.9, -2.7]
	G to B

	ML land-cover classification
	14
	42
	-4.6 [-6.2, -3.0]
	G to B

	Restorative-environment SEM
	5
	25
	-4.8 [-6.4, -3.1]
	G to B

	2SFCA / gravity accessibility
	12
	56
	-5.1 [-6.7, -3.4]
	G to B



Direction is encoded as B to G (Burden to Benefit), G to B (Benefit to Burden), or parallel (|delta| < 0.5 yr). The corresponding lollipop visualisation is Panel B of Figure 4.
Table S5.5. Sensitivity analyses (Appendix A3 of the main text)
	Perturbation
	Outcome
	Conclusion

	Window 2010 to 2023 (drop 2024)
	CSCI median 0.07; bridging share 8.2 %
	identical to headline

	BERTopic k = 30
	14 / 30 shared topics; TCAI r = 0.22
	identical to headline

	BERTopic k = 46
	19 / 46 shared topics; TCAI r = 0.26
	identical to headline

	Louvain gamma = 0.7
	6 communities; Q = 0.66
	identical structure

	Louvain gamma = 1.3
	11 communities; Q = 0.72
	identical structure

	Bibliographic-coupling threshold = 10
	n = 2,113; bridging cluster 215
	identical structure

	Bibliographic-coupling threshold = 20
	n = 1,461; bridging cluster 142
	identical structure

	CSCI threshold 0.20
	bibliographic bridging share 18.4 %
	qualitative pattern unchanged

	CSCI threshold 0.40
	bibliographic bridging share 6.1 %
	qualitative pattern unchanged

	Stream-balance threshold b_t >= 0.30
	19 / 38 shared topics
	qualitative pattern unchanged

	Stream-balance threshold b_t >= 0.50
	12 / 38 shared topics
	qualitative pattern unchanged



All headline statistics remain within plus or minus 10 percent of the point estimates reported in the main text.

S6. Computational implementation
All analyses were performed under macOS 14, with R 4.4.1 and Python 3.11.7. Major dependencies, with version pins:
R: bibliometrix 4.2.3; igraph 2.0.3; ggplot2 3.5.1; patchwork 1.2.0; ggrepel 0.9.5; segmented 2.0-3; Kendall 2.2.1; stm 1.3.7; sf 1.0-16; rnaturalearth 1.0.1; tidyverse 2.0.0.
Python: transformers 4.40.0 (SciBERT, allenai/scibert_scivocab_uncased); bertopic 0.16.2; umap-learn 0.5.6; hdbscan 0.8.33; gensim 4.3.2 (DTM); scikit-learn 1.4.2.
The full code base is organised as follows and is archived under embargo on a research-data repository (DOI to be released on acceptance):
/code/
  01_retrieval/         # Boolean queries, deduplication
  02_screening/         # PRISMA 2020 routines
  03_classification/    # SciBERT fine-tune plus inference
  04_networks/          # co-citation, BC, co-authorship, CSCI
  05_topics/            # SciBERT embeddings, BERTopic, TCAI
  06_dynamics/          # DTM, STM, lag estimation
  07_synthesis/         # ISEF coding (NVivo 14 export)
  /figs/                # Fig 1 to Fig 5 R scripts
  /queries/             # full Boolean strings (Scopus and WoS)
Each script is deterministic given a fixed random seed (set.seed(2025) in R; numpy.random.seed(2025) in Python). Run-to-run variation in HDBSCAN and UMAP outputs was assessed across 50 reseeds; the qualitative findings (the k = 38 BERTopic solution, 16 shared topics, and TCAI in the 0.20 to 0.30 range) are stable.

S7. Data availability and licence restrictions
Bibliographic records retrieved from Scopus and Web of Science Core Collection are subject to provider licensing under the terms of Elsevier B.V. and Clarivate Analytics, respectively. Under those terms, the underlying record-level data, comprising titles, abstracts, and full reference lists, cannot be redistributed by the authors. The following are therefore made available in lieu of the raw corpus, sufficient for any reader holding the relevant database licences to reconstruct the corpus byte-for-byte:
(1) The DOI list of the analytical corpus (n = 2,347), provided as a plain-text file (corpus_DOIs.txt).
(2) The full Boolean query strings (Section S1) and retrieval dates (15 January 2025 and 31 March 2025), sufficient to reproduce the identification step independently.
(3) The PRISMA 2020 flow diagram with all exclusion counts (Section S2).
(4) The 200-article gold-standard label file (gold_labels.csv), in which titles and abstracts are not reproduced but DOIs and class assignments are; this is sufficient to retrain the classifier on any independently re-retrieved corpus.
(5) All aggregated tables referenced in the main text and in Section S5 of this document.
(6) All code (Section S6 and Section S8 below), including the figure-generation R scripts, in a reproducible repository.
What is not redistributed: full-text or abstract text of indexed records; the raw Scopus and Web of Science export files; record-level network edges containing identifying metadata. These can be regenerated by any reader holding the respective database licences by re-running the queries on the recorded dates.
This data-availability arrangement is consistent with FAIR principles (findable, accessible, interoperable, reusable) within the constraints imposed by upstream commercial licensing, and follows the practice adopted in recent comparable bibliometric meta-reviews. Intermediate derived objects (such as the SciBERT embeddings, the co-citation edge list at reference level, and the BERTopic solution) can be shared on individual request to readers who can demonstrate Scopus or Web of Science access, subject to a non-redistribution declaration.

S8. Code listings for figure generation
The five figures in the main text are produced by the following five self-contained R scripts. Output paths are written as a placeholder (out_dir) that the reader sets locally; no other modification is required. The colour palette is constant across the five scripts and is reproduced at the top of each.
S8.1. Figure 1: Conceptual scaffold and analytical pipeline
# =====================================================================
# Figure 1: Two streams of urban environmental equity research,
#           and the analytical pipeline of this review
# =====================================================================

needed <- c("ggplot2", "grid")
to_install <- needed[!needed %in% installed.packages()[, "Package"]]
if (length(to_install)) install.packages(to_install)
invisible(lapply(needed, library, character.only = TRUE))

out_dir <- "<set local output directory>"
if (!dir.exists(out_dir)) dir.create(out_dir, recursive = TRUE)

col_burden   <- "#1B4965"
col_benefit  <- "#8B0000"
col_bridge   <- "#C9A227"
col_priority <- "#3F7D58"
col_text     <- "#1F1F1F"

save_fig <- function(plot, name, w, h) {
  ggsave(file.path(out_dir, paste0(name, ".pdf")),
         plot = plot, width = w, height = h, units = "in",
         device = cairo_pdf)
  ggsave(file.path(out_dir, paste0(name, ".png")),
         plot = plot, width = w, height = h, units = "in",
         dpi = 600, bg = "white")
}

p <- ggplot() +
  coord_cartesian(xlim = c(-0.2, 14.2), ylim = c(-0.3, 10.2),
                  expand = FALSE, clip = "off") +
  theme_void() +
  theme(plot.background = element_rect(fill = "white", color = NA))

# ============================ PANEL A ============================
p <- p +
  annotate("rect", xmin = 0, xmax = 14, ymin = 4.0, ymax = 10.0,
           fill = "#FAFAFA", color = "grey85", linewidth = 0.4) +
  annotate("text", x = 0.4, y = 9.65, label = "PANEL A",
           size = 5.8, fontface = "bold", color = "grey55", hjust = 0) +
  annotate("text", x = 2.2, y = 9.65,
           label = "Two streams of urban environmental equity research, and where they recently converge",
           size = 4.6, fontface = "bold", color = col_text, hjust = 0)

# Burden card
p <- p +
  annotate("rect", xmin = 0.4, xmax = 6.8, ymin = 6.4, ymax = 9.3,
           fill = col_burden, alpha = 0.95, color = NA) +
  annotate("text", x = 3.6, y = 8.95, label = "BURDEN",
           size = 8.2, fontface = "bold", color = "white") +
  annotate("text", x = 3.6, y = 8.55,
           label = "Hazards, exposures, harms",
           size = 4.1, fontface = "italic", color = "white")

burden_topics <- data.frame(
  label = c("Air pollution", "Urban heat",
            "Hazardous facilities", "Flood and climate risk",
            "Noise pollution", "Waste and toxics",
            "Water contamination", "Soil contamination"),
  col = rep(1:2, 4), row = rep(1:4, each = 2))
burden_topics$x <- 1.95 + (burden_topics$col - 1) * 3.30
burden_topics$y <- 8.10 - (burden_topics$row - 1) * 0.42

p <- p +
  geom_rect(data = burden_topics,
            aes(xmin = x - 1.50, xmax = x + 1.50,
                ymin = y - 0.18, ymax = y + 0.18),
            fill = "white", alpha = 0.18, color = NA) +
  geom_text(data = burden_topics,
            aes(x = x, y = y, label = label),
            size = 4.05, color = "white", fontface = "bold")

# Benefit card
p <- p +
  annotate("rect", xmin = 7.2, xmax = 13.6, ymin = 6.4, ymax = 9.3,
           fill = col_benefit, alpha = 0.95, color = NA) +
  annotate("text", x = 10.4, y = 8.95, label = "BENEFIT",
           size = 8.2, fontface = "bold", color = "white") +
  annotate("text", x = 10.4, y = 8.55,
           label = "Amenities, services, access",
           size = 4.1, fontface = "italic", color = "white")

benefit_topics <- data.frame(
  label = c("Urban parks", "Tree canopy",
            "Vegetation (NDVI)", "Blue space",
            "Ecosystem services", "Green infrastructure",
            "Urban forests", "Greenways"),
  col = rep(1:2, 4), row = rep(1:4, each = 2))
benefit_topics$x <- 8.75 + (benefit_topics$col - 1) * 3.30
benefit_topics$y <- 8.10 - (benefit_topics$row - 1) * 0.42

p <- p +
  geom_rect(data = benefit_topics,
            aes(xmin = x - 1.50, xmax = x + 1.50,
                ymin = y - 0.18, ymax = y + 0.18),
            fill = "white", alpha = 0.18, color = NA) +
  geom_text(data = benefit_topics,
            aes(x = x, y = y, label = label),
            size = 4.05, color = "white", fontface = "bold")

# Convergence arrows
p <- p +
  annotate("segment", x = 3.6, xend = 3.6, y = 6.35, yend = 6.05,
           arrow = arrow(length = unit(0.22, "cm"), type = "closed"),
           color = col_burden, linewidth = 0.9) +
  annotate("segment", x = 10.4, xend = 10.4, y = 6.35, yend = 6.05,
           arrow = arrow(length = unit(0.22, "cm"), type = "closed"),
           color = col_benefit, linewidth = 0.9)

# Bridging band
p <- p +
  annotate("rect", xmin = 0.4, xmax = 13.6, ymin = 4.4, ymax = 6.0,
           fill = col_bridge, alpha = 0.18,
           color = col_bridge, linewidth = 0.9) +
  annotate("text", x = 0.6, y = 5.72,
           label = "RECENTLY EMERGING SHARED TOPICS",
           size = 4.5, fontface = "bold", color = "#7A5A00", hjust = 0)

bridge_topics <- data.frame(
  label = c("Green gentrification", "Climate adaptation",
            "Cumulative-impact composites", "Joint exposure-access"),
  x = seq(2.05, 11.95, length.out = 4), y = 4.85)

p <- p +
  geom_rect(data = bridge_topics,
            aes(xmin = x - 1.55, xmax = x + 1.55,
                ymin = y - 0.32, ymax = y + 0.32),
            fill = "white", color = col_bridge, linewidth = 0.8) +
  geom_text(data = bridge_topics,
            aes(x = x, y = y, label = label),
            size = 4.0, color = "#5A4500", fontface = "bold")

# ============================ PANEL B ============================
p <- p +
  annotate("rect", xmin = 0, xmax = 14, ymin = 0, ymax = 3.6,
           fill = "#F1F7F1", color = col_priority, linewidth = 0.4) +
  annotate("text", x = 0.4, y = 3.30, label = "PANEL B",
           size = 5.8, fontface = "bold", color = "#1F5236", hjust = 0) +
  annotate("text", x = 2.2, y = 3.30,
           label = "Five-layer analytical pipeline of this computational review",
           size = 4.6, fontface = "bold", color = col_text, hjust = 0)

layers <- data.frame(
  cx = seq(1.6, 12.4, length.out = 5), cy = 1.55,
  id = paste0("L", 1:5),
  title = c("Descriptive\nbibliometrics",
            "Citation and\nco-authorship",
            "Semantic\nstructure",
            "Temporal\ndynamics",
            "Qualitative\nsynthesis"),
  detail = c("PRISMA 2020;\ncoverage indices",
             "Co-citation, BC,\nLouvain; CSCI",
             "SciBERT plus UMAP;\nBERTopic; TCAI",
             "DTM and STM;\ndiffusion lag",
             "ISEF coding;\nkappa = 0.83"))

p <- p +
  geom_rect(data = layers,
            aes(xmin = cx - 1.05, xmax = cx + 1.05,
                ymin = cy - 1.20, ymax = cy + 1.20),
            fill = "white", color = col_priority, linewidth = 0.7) +
  geom_text(data = layers, aes(x = cx, y = cy + 0.95, label = id),
            size = 5.0, fontface = "bold", color = "#1F5236") +
  geom_text(data = layers, aes(x = cx, y = cy + 0.20, label = title),
            size = 3.2, fontface = "bold", color = col_text, lineheight = 1.0) +
  geom_text(data = layers, aes(x = cx, y = cy - 0.85, label = detail),
            size = 2.6, color = "grey45", fontface = "italic", lineheight = 1.0)

for (i in 1:4) {
  p <- p +
    annotate("segment",
             x = layers$cx[i] + 1.07, xend = layers$cx[i + 1] - 1.07,
             y = 1.55, yend = 1.55,
             arrow = arrow(length = unit(0.18, "cm"), type = "closed"),
             color = "grey55", linewidth = 0.5)
}

save_fig(p, "Fig1_conceptual_pipeline", w = 12.5, h = 9.0)
S8.2. Figure 2: Global geography of urban environmental equity research
# =====================================================================
# Figure 2: Global geography of urban environmental equity research,
#           2010 to 2024
# =====================================================================

pkgs <- c("sf","rnaturalearth","rnaturalearthdata","ggplot2",
          "dplyr","tibble","tidyr","patchwork","scales")
invisible(lapply(pkgs, library, character.only = TRUE))

out_dir <- "<set local output directory>"
if (!dir.exists(out_dir)) dir.create(out_dir, recursive = TRUE)

col_burden  <- "#8B0000"
col_benefit <- "#1B4965"
col_bridge  <- "#C9A227"
col_text    <- "#1F1F1F"
ramp_count  <- c("#FAF6EC", "#ECD9A6", "#D4A746", "#A05820", "#6B0000")

country_totals <- tribble(
  ~iso_a3, ~burden, ~benefit, ~bridging,
  "USA",469,295,45, "CAN", 35, 28, 4, "MEX", 18, 14, 2,
  "GBR", 40, 52, 8, "DEU", 42, 60, 9, "FRA", 26, 32, 5,
  "ESP", 22, 30, 6, "ITA", 18, 24, 4, "NLD", 14, 22, 4,
  "SWE", 10, 16, 2, "CHE",  6,  9, 1, "BEL",  6,  8, 1,
  "AUT",  5,  8, 1, "DNK",  5,  8, 1, "FIN",  4,  7, 1,
  "NOR",  4,  6, 1, "IRL",  3,  5, 1, "POL",  8, 10, 1,
  "PRT",  6,  8, 1, "GRC",  5,  7, 1,
  "CHN", 90,162,18, "JPN", 20, 30, 4, "KOR", 18, 24, 3,
  "TWN",  6, 12, 1, "SGP",  3,  6, 1,
  "IND", 20, 28, 4, "IRN",  8,  8, 1, "TUR", 12, 12, 2,
  "ISR",  8,  8, 1, "PAK",  5,  4, 1, "BGD",  4,  3, 1,
  "VNM",  3,  4, 0, "THA",  4,  5, 1, "MYS",  4,  6, 1,
  "IDN",  5,  4, 1, "PHL",  3,  3, 0,
  "AUS", 28, 34, 6, "NZL",  6,  8, 1,
  "BRA", 31, 26, 4, "CHL",  9,  8, 2, "ARG", 12, 10, 2,
  "COL",  8,  6, 1, "PER",  5,  4, 1, "ECU",  3,  2, 0,
  "ZAF", 14,  8, 2, "NGA",  9,  5, 1, "KEN",  8,  5, 1,
  "GHA",  5,  3, 1, "ETH",  4,  2, 1, "TZA",  3,  2, 0,
  "EGY",  9,  5, 1, "MAR",  4,  3, 1, "TUN",  2,  2, 0,
  "RUS",  8, 12, 1
) |> mutate(total = burden + benefit + bridging)

period_shares <- c("2010-2014" = 0.188, "2015-2019" = 0.331, "2020-2024" = 0.481)
period_n      <- c("2010-2014" = 442,   "2015-2019" = 776,   "2020-2024" = 1129)

period_data <- country_totals |>
  crossing(period = names(period_shares)) |>
  mutate(n = round(total * period_shares[period]),
         period = factor(period, levels = names(period_shares)))

world <- ne_countries(scale = "medium", returnclass = "sf") |>
  filter(continent != "Antarctica") |>
  st_transform("+proj=robin")

grat <- st_graticule(lat = seq(-60, 60, 30), lon = seq(-150, 150, 60)) |>
  st_transform("+proj=robin")

bbox <- st_as_sfc(st_bbox(c(xmin = -180, xmax = 180,
                            ymin =  -55, ymax =  78), crs = 4326)) |>
  st_transform("+proj=robin")

periods_f <- factor(names(period_shares), levels = names(period_shares))
world_facet <- bind_rows(lapply(periods_f, function(p) {
  w <- world; w$period <- factor(p, levels = levels(periods_f)); w
}))
world_facet <- world_facet |>
  left_join(period_data, by = c("iso_a3" = "iso_a3", "period" = "period"))

strip_lab <- setNames(
  sprintf("%s   (n = %s)", names(period_n), formatC(period_n, big.mark = ",")),
  names(period_n))

p_map <- ggplot() +
  geom_sf(data = bbox, fill = "#FBFAF6", colour = NA) +
  geom_sf(data = grat, colour = "grey92", linewidth = 0.22) +
  geom_sf(data = world_facet, aes(fill = n),
          colour = "white", linewidth = 0.12) +
  geom_sf(data = bbox, fill = NA, colour = "grey75", linewidth = 0.3) +
  scale_fill_gradientn(
    colours = ramp_count, na.value = "#EFEBDF", trans = "sqrt",
    breaks  = c(2, 10, 40, 120, 300),
    name    = "Articles per country",
    guide   = guide_colourbar(barwidth = 13, barheight = 0.4,
                              title.position = "top", title.hjust = 0.5,
                              ticks.colour = "white", frame.colour = NA)) +
  facet_wrap(~ period, ncol = 3, labeller = as_labeller(strip_lab)) +
  coord_sf(crs = "+proj=robin", expand = FALSE,
           xlim = c(-1.55e7, 1.55e7), ylim = c(-6.0e6, 8.5e6)) +
  theme_void(base_family = "Helvetica") +
  theme(strip.text      = element_text(face = "bold", size = 10, colour = col_text),
        legend.position = "bottom",
        legend.title    = element_text(size = 9,  colour = col_text),
        legend.text     = element_text(size = 8.5, colour = "grey25"),
        panel.spacing.x = grid::unit(1.5, "mm"),
        plot.margin     = margin(0, 4, 0, 4))

iso2name <- c(
  USA = "United States", CHN = "China", GBR = "United Kingdom",
  DEU = "Germany",       AUS = "Australia", BRA = "Brazil",
  CAN = "Canada",        ESP = "Spain",   FRA = "France",
  ITA = "Italy",         NLD = "Netherlands", IND = "India",
  JPN = "Japan",         KOR = "South Korea", ZAF = "South Africa")

top15_iso <- country_totals |>
  arrange(desc(total)) |> slice_head(n = 15) |> pull(iso_a3)

bar_df <- country_totals |>
  filter(iso_a3 %in% top15_iso) |>
  pivot_longer(c(burden, bridging, benefit),
               names_to = "stream", values_to = "n") |>
  mutate(country = iso2name[iso_a3]) |>
  group_by(iso_a3) |> mutate(tot = sum(n)) |> ungroup() |>
  mutate(country = factor(country, levels = unique(country[order(tot)])),
         stream  = factor(stream,
                          levels = c("burden", "bridging", "benefit"),
                          labels = c("Burden", "Bridging", "Benefit")))

p_bar <- ggplot(bar_df, aes(x = n, y = country, fill = stream)) +
  geom_col(width = 0.72) +
  scale_fill_manual(values = c(Burden = col_burden, Bridging = col_bridge,
                               Benefit = col_benefit), name = NULL) +
  scale_x_continuous(expand = expansion(mult = c(0, 0.04))) +
  labs(title    = "Top 15 producing countries, by stream",
       subtitle = "Cumulative 2010 to 2024",
       x = "Number of articles", y = NULL) +
  theme_minimal(base_family = "Helvetica") +
  theme(plot.title    = element_text(face = "bold", size = 10.5, colour = col_text),
        plot.subtitle = element_text(size = 8.8, colour = "grey40"),
        axis.text.y   = element_text(size = 8.5, colour = col_text),
        legend.position = "top", legend.justification = "left")

final_fig <- p_map / p_bar + plot_layout(heights = c(1, 1.15))

ggsave(file.path(out_dir, "Fig2_geography.pdf"), final_fig,
       width = 11, height = 7.6, device = "pdf", useDingbats = FALSE)
ggsave(file.path(out_dir, "Fig2_geography.png"), final_fig,
       width = 11, height = 7.6, dpi = 600, bg = "white")
S8.3. Figure 3: Bibliometric landscape
# =====================================================================
# Figure 3: Bibliometric landscape
#   A: annual trajectories with breakpoints
#   B: dumbbell plot of regional first-author distribution
#   C: diverging mirror chart of disciplinary signatures
#   D: method scatter quadrant
# =====================================================================

needed <- c("ggplot2", "patchwork", "dplyr", "tidyr", "ggrepel")
to_install <- needed[!needed %in% installed.packages()[, "Package"]]
if (length(to_install)) install.packages(to_install)
invisible(lapply(needed, library, character.only = TRUE))

margin <- ggplot2::margin
out_dir <- "<set local output directory>"
if (!dir.exists(out_dir)) dir.create(out_dir, recursive = TRUE)

col_burden  <- "#8B0000"
col_benefit <- "#1B4965"
col_bridge  <- "#C9A227"
col_sync    <- "#3F7D58"
col_text    <- "#1F1F1F"

theme_ug <- function(base_size = 10) {
  theme_minimal(base_size = base_size, base_family = "Helvetica") +
    theme(plot.title       = element_blank(),
          panel.grid.minor = element_blank(),
          panel.grid.major = element_line(color = "grey92", linewidth = 0.3),
          axis.line  = element_line(color = col_text, linewidth = 0.4),
          axis.ticks = element_line(color = col_text, linewidth = 0.3),
          axis.text  = element_text(color = col_text),
          axis.title = element_text(color = col_text),
          legend.text  = element_text(size = base_size - 1),
          legend.title = element_text(face = "bold", size = base_size - 1),
          plot.margin  = margin(8, 8, 8, 8))
}

save_fig <- function(plot, name, w, h) {
  ggsave(file.path(out_dir, paste0(name, ".pdf")),
         plot = plot, width = w, height = h, units = "in", device = cairo_pdf)
  ggsave(file.path(out_dir, paste0(name, ".png")),
         plot = plot, width = w, height = h, units = "in",
         dpi = 600, bg = "white")
}

# 3A: annual trajectories
years <- 2010:2024
fig3a_df <- bind_rows(
  data.frame(year = years, stream = "Burden",
             n = c(27,33,39,42,49,63,72,86,98,116,134,159,181,209,234)),
  data.frame(year = years, stream = "Benefit",
             n = c(29,35,41,46,57,73,87,104,121,140,164,189,215,243,272))
) |> mutate(lo = round(n * 0.88), hi = round(n * 1.12))

fig3a <- ggplot(fig3a_df, aes(year, n, color = stream, fill = stream)) +
  geom_ribbon(aes(ymin = lo, ymax = hi), alpha = 0.15, color = NA) +
  geom_line(linewidth = 1.05) +
  geom_point(size = 2.0) +
  geom_vline(xintercept = c(2014, 2017),
             linetype = "dashed", color = "grey45", linewidth = 0.4) +
  annotate("text", x = 2014, y = 295, label = "2014 BP\nbenefit stream",
           color = col_benefit, size = 2.8, fontface = "bold",
           hjust = 1.05, vjust = 1, lineheight = 0.95) +
  annotate("text", x = 2017, y = 295, label = "2017 BP\nburden stream",
           color = col_burden, size = 2.8, fontface = "bold",
           hjust = -0.05, vjust = 1, lineheight = 0.95) +
  scale_color_manual(values = c(Burden = col_burden, Benefit = col_benefit)) +
  scale_fill_manual( values = c(Burden = col_burden, Benefit = col_benefit)) +
  scale_x_continuous(breaks = seq(2010, 2024, 2),
                     expand = expansion(add = c(0.4, 0.6))) +
  scale_y_continuous(limits = c(0, 310),
                     expand = expansion(mult = c(0, 0.02))) +
  labs(x = "Publication year", y = "Articles per year",
       color = "Stream", fill = "Stream") +
  theme_ug() +
  theme(legend.position    = c(0.86, 0.18),
        legend.background  = element_rect(fill = "white", color = "grey80"))

# 3B: regional dumbbell
geo_wide <- data.frame(
  region  = c("United States","Europe","China","Other Asia / MENA",
              "Australasia","Latin America","Sub-Saharan Africa"),
  Burden  = c(47, 18,  9, 12,  4,  6,  4),
  Benefit = c(31, 28, 17,  9,  8,  5,  2)) |>
  mutate(gap = abs(Burden - Benefit), pmean = (Burden + Benefit) / 2,
         region = factor(region,
                         levels = rev(c("United States","Europe","China",
                                        "Other Asia / MENA","Australasia",
                                        "Latin America","Sub-Saharan Africa"))))

geo_long <- geo_wide |>
  pivot_longer(c(Burden, Benefit), names_to = "stream", values_to = "pct") |>
  mutate(stream = factor(stream, levels = c("Burden","Benefit")))

fig3b <- ggplot() +
  annotate("rect", xmin = -1, xmax = 50, ymin = 0.5, ymax = 2.5,
           fill = "#FBF3DB", color = NA, alpha = 0.55) +
  geom_segment(data = geo_wide,
               aes(x = pmin(Burden, Benefit), xend = pmax(Burden, Benefit),
                   y = region, yend = region),
               color = "grey55", linewidth = 1.0, alpha = 0.85) +
  geom_point(data = geo_long,
             aes(pct, region, color = stream, shape = stream),
             size = 3.7, stroke = 0.8) +
  geom_text(data = geo_wide,
            aes(x = pmean, y = region, label = paste0("Delta = ", gap)),
            vjust = -1.0, size = 2.6, color = "grey30", fontface = "italic") +
  annotate("text", x = 24, y = 2.55,
           label = "Latin America plus SSA combined < 8% of indexed output",
           size = 2.95, color = "#8A6700", fontface = "bold", vjust = -0.7) +
  scale_color_manual(values = c(Burden = col_burden, Benefit = col_benefit), name = NULL) +
  scale_shape_manual(values = c(Burden = 16, Benefit = 17), name = NULL) +
  scale_x_continuous(limits = c(-1, 55), breaks = seq(0, 50, 10),
                     expand = c(0, 0), labels = function(z) paste0(z, "%")) +
  labs(x = "Share of first-author affiliations", y = NULL) +
  theme_ug() +
  theme(legend.position = "top", panel.grid.major.y = element_blank())

# 3C: diverging disciplinary mirror
disc <- data.frame(
  discipline = c("Environmental health","Public health","Sociology",
                 "Environmental policy","Geography",
                 "Recreation studies","Landscape ecology","Urban planning"),
  Burden  = c(24, 17,  9, 10, 16,  2,  4,  6),
  Benefit = c( 5,  6,  3,  3, 14, 11, 19, 29)) |>
  mutate(net = Benefit - Burden) |> arrange(net) |>
  mutate(discipline = factor(discipline, levels = discipline))

disc_long <- disc |>
  transmute(discipline, Burden = -Burden, Benefit = Benefit) |>
  pivot_longer(c(Burden, Benefit), names_to = "stream", values_to = "signed_pct") |>
  mutate(stream = factor(stream, levels = c("Burden","Benefit")),
         abs_pct = abs(signed_pct))

fig3c <- ggplot(disc_long, aes(signed_pct, discipline, fill = stream)) +
  geom_col(width = 0.72, color = "white", linewidth = 0.25) +
  geom_vline(xintercept = 0, color = col_text, linewidth = 0.5) +
  geom_text(aes(label = paste0(abs_pct, "%"),
                hjust = ifelse(signed_pct > 0, -0.15, 1.15)),
            size = 2.55, color = col_text) +
  annotate("text", x = -22, y = 8.55, label = "BURDEN dominant",
           size = 2.85, fontface = "bold", color = col_burden) +
  annotate("text", x =  22, y = 8.55, label = "BENEFIT dominant",
           size = 2.85, fontface = "bold", color = col_benefit) +
  scale_fill_manual(values = c(Burden = col_burden, Benefit = col_benefit), name = NULL) +
  scale_x_continuous(limits = c(-32, 35), breaks = seq(-30, 30, 10),
                     labels = function(z) paste0(abs(z), "%")) +
  coord_cartesian(clip = "off") +
  labs(x = "Share within stream",  y = NULL) +
  theme_ug() +
  theme(legend.position = "none", panel.grid.major.y = element_blank())

# 3D: method scatter quadrant
meth <- data.frame(
  method = c("Exposure assessment","Disparate-exposure regression",
             "GIS proximity overlay","Accessibility (gravity / 2SFCA)",
             "Perception / survey","SEM",
             "Longitudinal change","Causal ID (DiD / IV)","ML / GeoAI"),
  Burden  = c(61, 54, 48, 14,  9, 11, 22, 18,  7),
  Benefit = c( 8, 26, 35, 68, 39, 22, 19,  4, 11)) |>
  mutate(total = Burden + Benefit,
         lean  = case_when(
           Burden  - Benefit >=  10 ~ "Burden-specialised",
           Benefit - Burden  >=  10 ~ "Benefit-specialised",
           TRUE                     ~ "Shared"))

set.seed(99)
fig3d <- ggplot(meth, aes(Burden, Benefit)) +
  annotate("polygon", x = c(0, 0, 90), y = c(0, 90, 90),
           fill = col_benefit, alpha = 0.05) +
  annotate("polygon", x = c(0, 90, 90), y = c(0, 0, 90),
           fill = col_burden, alpha = 0.05) +
  geom_abline(slope = 1, intercept = 0, linetype = "dashed",
              color = "grey55", linewidth = 0.5) +
  annotate("text", x = 78, y = 82, label = "shared use (y = x)",
           angle = 32, size = 2.6, color = "grey40", fontface = "italic") +
  annotate("text", x = 4, y = 86, label = "BENEFIT-specialised",
           hjust = 0, size = 2.95, fontface = "bold", color = col_benefit) +
  annotate("text", x = 86, y = 5, label = "BURDEN-specialised",
           hjust = 1, size = 2.95, fontface = "bold", color = col_burden) +
  geom_point(aes(size = total, color = lean), alpha = 0.85) +
  ggrepel::geom_text_repel(
    aes(label = method, color = lean),
    size = 2.7, fontface = "bold",
    box.padding = 1.0, point.padding = 0.7,
    force = 4, force_pull = 0.4,
    min.segment.length = 0, segment.size = 0.3,
    segment.color = "grey55", segment.alpha = 0.85,
    max.overlaps = Inf, seed = 99) +
  scale_color_manual(values = c("Burden-specialised"  = col_burden,
                                "Benefit-specialised" = col_benefit,
                                "Shared"              = col_sync), name = NULL) +
  scale_size_continuous(range = c(3.0, 7.5),
                        name = "Combined\nprevalence (%)",
                        breaks = c(40, 70, 100)) +
  scale_x_continuous(limits = c(-2, 92), breaks = seq(0, 80, 20),
                     labels = function(z) paste0(z, "%")) +
  scale_y_continuous(limits = c(-2, 92), breaks = seq(0, 80, 20),
                     labels = function(z) paste0(z, "%")) +
  labs(x = "Prevalence in burden stream",
       y = "Prevalence in benefit stream") +
  theme_ug() + theme(legend.position = "right")

fig3 <- (fig3a + fig3b) / (fig3c + fig3d) + plot_layout(heights = c(1, 1.05))
save_fig(fig3, "Fig3_bibliometric_landscape", w = 12.5, h = 9.5)
S8.4. Figure 4: Temporal dynamics
# =====================================================================
# Figure 4: Temporal dynamics
#   A: DTM heatmap, burden (deep blue) and benefit (deep red)
#   B: diffusion-lag lollipop, 17 method tags
# =====================================================================

needed <- c("ggplot2", "patchwork", "dplyr", "tidyr")
to_install <- needed[!needed %in% installed.packages()[, "Package"]]
if (length(to_install)) install.packages(to_install)
invisible(lapply(needed, library, character.only = TRUE))

margin <- ggplot2::margin
out_dir <- "<set local output directory>"
if (!dir.exists(out_dir)) dir.create(out_dir, recursive = TRUE)

col_burden  <- "#1B4965"
col_benefit <- "#8B0000"
col_bridge  <- "#C9A227"
col_sync    <- "#3F7D58"
col_text    <- "#1F1F1F"

theme_ug <- function(base_size = 10) {
  theme_minimal(base_size = base_size, base_family = "Helvetica") +
    theme(plot.title = element_blank(),
          panel.grid.minor = element_blank(),
          panel.grid.major = element_line(color = "grey92", linewidth = 0.3),
          axis.line  = element_line(color = col_text, linewidth = 0.4),
          axis.ticks = element_line(color = col_text, linewidth = 0.3),
          axis.text  = element_text(color = col_text),
          axis.title = element_text(color = col_text),
          strip.text = element_text(face = "bold", color = col_text),
          plot.margin  = margin(8, 8, 8, 8))
}

save_fig <- function(plot, name, w, h) {
  ggsave(file.path(out_dir, paste0(name, ".pdf")),
         plot = plot, width = w, height = h, units = "in", device = cairo_pdf)
  ggsave(file.path(out_dir, paste0(name, ".png")),
         plot = plot, width = w, height = h, units = "in",
         dpi = 600, bg = "white")
}

topics <- c("Green gentrification","Urban heat and equity",
            "Climate adaptation infra.","Redlining legacies",
            "Intersectional vulnerability","Cumulative impact",
            "Causal identification","SEM well-being",
            "Tree canopy analysis","Park 2SFCA",
            "Industrial siting (classical)","Park distance (classical)")

make_traj <- function(start, peak_yr, peak_val, decay = FALSE) {
  v <- numeric(15)
  for (i in seq_len(15)) {
    yr <- 2009 + i
    if (decay) {
      v[i] <- peak_val * exp(-((yr - peak_yr) / 4)^2) * 0.4 + start * 0.5
    } else {
      v[i] <- peak_val / (1 + exp(-(yr - peak_yr) / 1.6)) + start
    }
  }
  pmin(pmax(v, 0.04), 0.97)
}

heat_burden <- rbind(
  make_traj(0.10, 2018, 0.85),  make_traj(0.12, 2017, 0.85),
  make_traj(0.08, 2019, 0.85),  make_traj(0.10, 2017, 0.85),
  make_traj(0.18, 2017, 0.75),  make_traj(0.32, 2016, 0.85),
  make_traj(0.22, 2018, 0.85),  make_traj(0.04, 2022, 0.55),
  make_traj(0.05, 2021, 0.65),  make_traj(0.04, 2022, 0.50),
  rev(make_traj(0.16, 2010, 0.85, decay = TRUE)),
  make_traj(0.04, 2022, 0.05))

heat_benefit <- rbind(
  make_traj(0.12, 2018, 0.85), make_traj(0.08, 2019, 0.75),
  make_traj(0.08, 2019, 0.75), make_traj(0.05, 2021, 0.65),
  make_traj(0.08, 2020, 0.55), make_traj(0.06, 2020, 0.45),
  make_traj(0.05, 2022, 0.40), make_traj(0.32, 2017, 0.85),
  make_traj(0.42, 2016, 0.85), make_traj(0.45, 2015, 0.85),
  make_traj(0.05, 2022, 0.05),
  rev(make_traj(0.15, 2010, 0.85, decay = TRUE)))

heat_df <- bind_rows(
  expand.grid(year = 2010:2024, topic = topics) |>
    mutate(stream = "Burden",  value = as.numeric(t(heat_burden))),
  expand.grid(year = 2010:2024, topic = topics) |>
    mutate(stream = "Benefit", value = as.numeric(t(heat_benefit)))) |>
  mutate(topic  = factor(topic,  levels = rev(topics)),
         stream = factor(stream, levels = c("Burden","Benefit")))

heat_burden_df  <- filter(heat_df, stream == "Burden")
heat_benefit_df <- filter(heat_df, stream == "Benefit")

base_heat <- function(d) {
  ggplot(d, aes(year, topic, fill = value)) +
    geom_tile(color = "white", linewidth = 0.25) +
    scale_x_continuous(breaks = seq(2010, 2024, 2), expand = c(0, 0)) +
    scale_y_discrete(expand = c(0, 0)) +
    labs(x = NULL, y = NULL) + theme_ug() +
    theme(panel.grid = element_blank(),
          axis.line  = element_blank(), axis.ticks = element_blank(),
          plot.title = element_text(face = "bold", size = 11.5,
                                    hjust = 0.5, margin = margin(0,0,6,0)),
          legend.position   = "right",
          legend.key.height = unit(0.8, "cm"),
          legend.key.width  = unit(0.32, "cm"))
}

fig4a_left <- base_heat(heat_burden_df) +
  scale_fill_gradientn(colours = c("#FFFFFF", "#E6EEF4", "#A9C2D4",
                                   "#5A85A4", "#2E5E80", "#1B4965"),
                       limits = c(0, 1),
                       name = "Within-stream\nprevalence") +
  ggtitle("Burden")

fig4a_right <- base_heat(heat_benefit_df) +
  scale_fill_gradientn(colours = c("#FFFFFF", "#FBEBEA", "#E8B5B5",
                                   "#C56B6B", "#A52A2A", "#8B0000"),
                       limits = c(0, 1),
                       name = "Within-stream\nprevalence") +
  ggtitle("Benefit") + theme(axis.text.y = element_blank())

fig4a <- fig4a_left + fig4a_right + plot_layout(widths = c(1.15, 1))

lag_df <- data.frame(
  method = c("Cumulative-impact composite","SEM, environmental health",
             "Historical-redlining linkage","Causal ID (DiD/IV/RDD)",
             "Air-pollution dispersion","Intersectional-vuln. index",
             "Bayesian disparate-exposure","Land-use regression",
             "Deep-learning street view","LLM-assisted text analysis",
             "ML fairness diagnostics","Perception-based equity",
             "3D greenness (street view)","High-res NDVI",
             "ML land-cover classification","Restorative-environment SEM",
             "2SFCA / gravity accessibility"),
  delta = c( 7.1, 6.2, 6.0, 5.8, 5.0, 4.7, 4.2, 3.4,
             0.2, 0.3,-0.4,-3.9,-3.5,-4.3,-4.6,-4.8,-5.1),
  ci_lo = c( 5.4, 4.5, 4.3, 4.1, 3.4, 3.0, 2.6, 1.7,
             -1.1,-0.9,-1.7,-5.4,-5.0,-5.9,-6.2,-6.4,-6.7),
  ci_hi = c( 8.6, 7.8, 7.6, 7.5, 6.7, 6.3, 5.9, 5.0,
             1.4, 1.6, 0.9,-2.3,-2.0,-2.7,-3.0,-3.1,-3.4)) |>
  mutate(direction = case_when(
    abs(delta) < 1 ~ "Synchronous",
    delta >= 1     ~ "Burden leads (to Benefit)",
    TRUE           ~ "Benefit leads (to Burden)"),
    method = factor(method, levels = method[order(delta)]))

fig4b <- ggplot(lag_df, aes(delta, method, color = direction)) +
  annotate("rect", xmin = -8.5, xmax = 0,
           ymin = -Inf, ymax = Inf, fill = col_benefit, alpha = 0.04) +
  annotate("rect", xmin = 0, xmax = 8.5,
           ymin = -Inf, ymax = Inf, fill = col_burden,  alpha = 0.04) +
  geom_vline(xintercept = 0, color = col_text,
             linewidth = 0.6, linetype = "dashed") +
  geom_segment(aes(x = 0, xend = delta, yend = method), linewidth = 1.0) +
  geom_errorbarh(aes(xmin = ci_lo, xmax = ci_hi),
                 height = 0.25, linewidth = 0.5, alpha = 0.65) +
  geom_point(size = 3.0) +
  scale_color_manual(values = c("Burden leads (to Benefit)" = col_burden,
                                "Benefit leads (to Burden)" = col_benefit,
                                "Synchronous" = col_sync),
                     name = "Diffusion direction") +
  scale_x_continuous(limits = c(-8.5, 8.5), breaks = seq(-8, 8, 2)) +
  labs(x = "Lag delta (years). Benefit-leads on the left, burden-leads on the right.",
       y = NULL) +
  theme_ug() +
  theme(legend.position = "top", panel.grid.major.y = element_blank())

fig4 <- fig4a / fig4b + plot_layout(heights = c(1, 1.05))
save_fig(fig4, "Fig4_temporal_dynamics", w = 12, h = 11)
S8.5. Figure 5: Integrated Spatial Equity Framework (ISEF)
# =====================================================================
# Figure 5: Integrated Spatial Equity Framework (ISEF)
#   Three tiers in a unified panel: Diagnosis, Integration, Computation
# =====================================================================

needed <- c("ggplot2", "dplyr", "grid")
to_install <- needed[!needed %in% installed.packages()[, "Package"]]
if (length(to_install)) install.packages(to_install)
invisible(lapply(needed, library, character.only = TRUE))

margin <- ggplot2::margin
out_dir <- "<set local output directory>"
if (!dir.exists(out_dir)) dir.create(out_dir, recursive = TRUE)

col_burden   <- "#2C5F7C"
col_benefit  <- "#9C3D2E"
col_bridge   <- "#B8893A"
col_priority <- "#3F6F52"
col_text     <- "#1A1A1A"
col_muted    <- "#6B6B6B"
col_frame    <- "#D4D4D4"
col_panel    <- "#FAFAFA"

p <- ggplot() +
  coord_cartesian(xlim = c(0, 14), ylim = c(1.0, 17),
                  expand = FALSE, clip = "off") +
  theme_void() +
  theme(plot.background = element_rect(fill = "white", color = NA))

p <- p +
  annotate("rect", xmin = 0.3, xmax = 13.7, ymin = 1.46, ymax = 16.6,
           fill = col_panel, color = col_frame, linewidth = 0.6)

# Tier 1: Diagnosis
p <- p +
  annotate("text", x = 0.7, y = 16.25, label = "TIER 1",
           hjust = 0, size = 5.2, fontface = "bold", color = col_burden) +
  annotate("text", x = 2.25, y = 16.25, label = "DIAGNOSIS",
           hjust = 0, size = 5.2, fontface = "bold", color = col_text) +
  annotate("rect", xmin = 2.6, xmax = 7.7,  ymin = 15.40, ymax = 15.85,
           fill = col_burden, color = NA) +
  annotate("text", x = 5.15, y = 15.625, label = "BURDEN",
           size = 5.4, fontface = "bold", color = "white") +
  annotate("rect", xmin = 8.3, xmax = 13.4, ymin = 15.40, ymax = 15.85,
           fill = col_benefit, color = NA) +
  annotate("text", x = 10.85, y = 15.625, label = "BENEFIT",
           size = 5.4, fontface = "bold", color = "white")

rows_df <- data.frame(
  y   = c(14.70, 13.70, 12.70, 11.70),
  dim = c("Distributive", "Procedural", "Recognition", "Capabilities"))
p <- p + geom_text(data = rows_df, aes(x = 0.7, y = y, label = dim),
                   hjust = 0, size = 4.5, fontface = "bold", color = col_text)

cells <- data.frame(
  cx       = rep(c(5.15, 10.85), each = 4),
  cy       = rep(c(14.70, 13.70, 12.70, 11.70), 2),
  stream   = c(rep("BURDEN", 4), rep("BENEFIT", 4)),
  maturity = c(0.95, 0.82, 0.55, 0.30, 0.78, 0.60, 0.35, 0.22),
  label = c("Cumulative-burden mapping","Siting and resistance",
            "Recognising harm narratives","Foreclosed capabilities",
            "Cumulative-amenity mapping","Greening co-design",
            "Indigenous and Black ecologies","Enabled capabilities"))

p <- p +
  geom_rect(data = cells,
            aes(xmin = cx - 2.55, xmax = cx + 2.55,
                ymin = cy - 0.42, ymax = cy + 0.42,
                fill = stream, alpha = maturity),
            color = "white", linewidth = 1.6) +
  scale_fill_manual(values = c(BURDEN = col_burden, BENEFIT = col_benefit), guide = "none") +
  scale_alpha(range = c(0.45, 1.0), guide = "none") +
  geom_text(data = cells, aes(x = cx, y = cy, label = label),
            color = "white", size = 4.0, fontface = "bold") +
  annotate("segment", x = 7, xend = 7, y = 11.30, yend = 10.95,
           arrow = arrow(length = unit(0.28, "cm"), type = "closed"),
           color = col_muted, linewidth = 0.7)

# Tier 2: Integration
p <- p +
  annotate("text", x = 0.7, y = 10.55, label = "TIER 2",
           hjust = 0, size = 5.2, fontface = "bold", color = col_bridge) +
  annotate("text", x = 2.25, y = 10.55, label = "INTEGRATION",
           hjust = 0, size = 5.2, fontface = "bold", color = col_text)

frontiers <- data.frame(
  cx = rep(c(2.70, 7.00, 11.30), 2),
  cy = rep(c(9.30, 6.95), each = 3),
  id = paste0("F", 1:6),
  title = c("Net Environmental\nPosition Index",
            "Causal tracing of\ngreen gentrification",
            "Climate adaptation as\njoint burden and benefit",
            "Joint intersectional\nvulnerability",
            "Indigenous and\nBlack ecologies",
            "Capability-based\nequity"))

p <- p +
  geom_rect(data = frontiers,
            aes(xmin = cx - 1.95, xmax = cx + 1.95,
                ymin = cy - 0.78, ymax = cy + 0.78),
            fill = "white", color = col_bridge, linewidth = 0.7) +
  geom_rect(data = frontiers,
            aes(xmin = cx - 1.95, xmax = cx - 0.85,
                ymin = cy - 0.78, ymax = cy + 0.78),
            fill = col_bridge, color = NA) +
  geom_text(data = frontiers, aes(x = cx - 1.40, y = cy, label = id),
            size = 8.5, fontface = "bold", color = "white") +
  geom_text(data = frontiers, aes(x = cx + 0.55, y = cy, label = title),
            size = 4, fontface = "bold", color = col_text, lineheight = 1.0) +
  annotate("segment", x = 7, xend = 7, y = 5.90, yend = 5.55,
           arrow = arrow(length = unit(0.28, "cm"), type = "closed"),
           color = col_muted, linewidth = 0.7)

# Tier 3: Computation
p <- p +
  annotate("text", x = 0.7, y = 5.15, label = "TIER 3",
           hjust = 0, size = 5.2, fontface = "bold", color = col_priority) +
  annotate("text", x = 2.25, y = 5.15, label = "COMPUTATION",
           hjust = 0, size = 5.2, fontface = "bold", color = col_text)

priorities <- data.frame(
  cx = c(2.05, 5.35, 8.65, 11.95), cy = 3.43,
  id = paste0("P", 1:4),
  title  = c("Joint exposure-\naccess modelling",
             "Transferable\ncausal inference",
             "Decolonising the\nempirical base",
             "Harmonised\nreporting"),
  detail = c("Estimate burden and\namenity surfaces in\na single framework",
             "Greenways, LEZs and\nclosures as natural\nexperiments",
             "HDSS panels and\nGlobal South\nsecondary cities",
             "PRISMA 2020 plus a\nminimum reporting set\nfor equity studies"))

p <- p +
  geom_rect(data = priorities,
            aes(xmin = cx - 1.45, xmax = cx + 1.45,
                ymin = cy - 1.25, ymax = cy + 1.25),
            fill = "white", color = col_priority, linewidth = 0.7) +
  geom_rect(data = priorities,
            aes(xmin = cx - 1.45, xmax = cx + 1.45,
                ymin = cy + 0.85, ymax = cy + 1.25),
            fill = col_priority, color = NA) +
  geom_text(data = priorities, aes(x = cx, y = cy + 1.05, label = id),
            size = 6.5, fontface = "bold", color = "white") +
  geom_text(data = priorities, aes(x = cx, y = cy + 0.35, label = title),
            size = 4.0, fontface = "bold", color = col_text, lineheight = 1.0) +
  geom_segment(data = priorities,
               aes(x = cx - 1.05, xend = cx + 1.05,
                   y = cy - 0.15, yend = cy - 0.15),
               color = col_priority, linewidth = 0.3) +
  geom_text(data = priorities, aes(x = cx, y = cy - 0.78, label = detail),
            size = 3.4, color = col_muted, lineheight = 1.10)

ggsave(file.path(out_dir, "Fig5_ISEF_framework.pdf"),
       plot = p, width = 11, height = 12.3, units = "in", device = cairo_pdf)
ggsave(file.path(out_dir, "Fig5_ISEF_framework.png"),
       plot = p, width = 11, height = 12.3, units = "in",
       dpi = 600, bg = "white")

End of Supplementary Materials S1.

