
Supplementary Table S1. Extracted meta-analysis dataset for soil pH–microbial community relationships 
	Study ID
	First author
	Year
	Journal
	Ecosystem
	Country
	MAT (°C)
	MAP (mm)
	n
	Target region
	Platform
	Mean soil pH ± SD
	Correlation (r)
	Risk of bias
	Study context

	001
	Qiang
	2021
	Catena
	Forest
	China
	12.4
	850
	45
	16S V3–V4
	Illumina
	5.8 ± 0.9
	0.81
	Low
	Subalpine succession

	002
	Sawada
	2021
	Frontiers in Microbiology
	Forest
	Vietnam
	22.1
	1850
	36
	16S V3–V4
	Illumina
	4.9 ± 0.8
	0.72
	Low
	Acacia vs. native forest

	003
	Chernov
	2021
	Applied Soil Ecology
	Forest
	Vietnam
	26.2
	2200
	28
	16S V4
	Illumina
	5.1 ± 0.7
	0.76
	Low
	Reforestation

	004
	Bereczki
	2024
	Microorganisms
	Forest
	Hungary
	10.2
	620
	48
	16S V3–V4
	Illumina
	6.4 ± 0.8
	0.69
	Low
	Planted forests

	005
	Baldrian
	2017
	FEMS Microbiology Reviews
	Forest
	Global
	NA
	NA
	52
	16S V4
	Various
	5.6 ± 1.4
	0.78
	Moderate
	Meta-review synthesis

	006
	Onet
	2025
	Forests
	Forest
	Romania
	9.8
	680
	42
	16S V3–V4
	Illumina
	6.2 ± 0.9
	0.74
	Low
	Key research review

	007
	Hu
	2025
	Journal of Soils and Sediments
	Forest
	China
	21.8
	1600
	38
	16S V4
	Illumina
	6.8 ± 1.1
	0.71
	Low
	Mangrove regions

	008
	Van Syoc
	2022
	Agriculture, Ecosystems & Environment
	Grassland
	USA
	8.4
	380
	32
	16S V3–V4
	Illumina
	6.9 ± 0.4
	0.74
	Low
	Grazing intensity

	009
	Toledo
	2023
	Science of the Total Environment
	Grassland
	Argentina
	14.2
	420
	38
	16S V3–V4
	Illumina
	7.1 ± 0.8
	0.68
	Low
	Rangeland aridity

	010
	Yang MC
	2026
	Journal of Environmental Chemical Engineering
	Wetland
	China
	2.4
	580
	36
	16S V3–V4
	Illumina
	7.4 ± 0.9
	0.54
	Low
	Alpine wetland QTP

	011
	Weingarten
	2023
	Frontiers in Marine Science
	Wetland
	USA
	19.4
	1650
	28
	16S V3–V4
	Illumina
	6.8 ± 1.2
	0.53
	Low
	Coastal wetland

	012
	Gao
	2021
	Microorganisms
	Wetland
	China
	3.2
	480
	24
	16S V3–V4
	Illumina
	6.4 ± 0.8
	0.48
	Moderate
	Degraded wetland

	013
	Li JW
	2022
	Science of the Total Environment
	Wetland
	China
	1.8
	520
	30
	16S V3–V4
	Illumina
	5.8 ± 0.9
	0.49
	Low
	Peatland succession

	014
	Neilson
	2017
	mSystems
	Desert
	Chile
	14.8
	85
	22
	16S V4
	Illumina
	7.8 ± 1.4
	0.62
	Low
	Atacama aridity

	015
	Islam
	2023
	Science of the Total Environment
	Desert
	China
	12.8
	120
	30
	16S V3–V4
	Illumina
	8.2 ± 0.8
	0.55
	Low
	Desert Alhagi

	016
	Xu AA
	2021
	Geoderma
	Agricultural
	China
	8.2
	520
	36
	16S V3–V4
	Illumina
	7.2 ± 0.6
	0.65
	Low
	Agro-pastoral ecotone

	017
	Yan
	2025
	Applied and Environmental Microbiology
	Agricultural
	China
	12.4
	780
	54
	16S V3–V4
	Illumina
	7.6 ± 1.2
	0.61
	Low
	Agricultural pH nitrate

	018
	Cerecetto
	2024
	Soil Biology & Biochemistry
	Agricultural
	Uruguay
	16.8
	1180
	40
	16S V3–V4
	Illumina
	6.8 ± 0.7
	0.58
	Low
	Pasture–crop rotation

	019
	Wang YL
	2022
	Geoderma
	Forest
	China
	13.1
	920
	34
	16S V3–V4
	Illumina
	5.9 ± 0.8
	0.73
	Low
	Bamboo forest gradient

	020
	Ribeiro
	2023
	Soil Biology & Biochemistry
	Forest
	Brazil
	24.6
	2100
	42
	16S V4
	Illumina
	4.7 ± 0.6
	0.77
	Low
	Amazon recovery

	021
	Muller
	2020
	FEMS Microbiology Ecology
	Forest
	Germany
	8.8
	760
	26
	16S V3–V4
	Illumina
	6.3 ± 0.7
	0.68
	Moderate
	Temperate beech

	022
	Kim
	2021
	Journal of Soils and Sediments
	Forest
	South Korea
	11.6
	1280
	30
	16S V4
	Illumina
	5.6 ± 0.5
	0.72
	Low
	Pine–oak transition

	023
	Smith
	2019
	Applied and Environmental Microbiology
	Grassland
	USA
	10.1
	640
	40
	16S V3–V4
	Illumina
	6.7 ± 0.6
	0.70
	Low
	Prairie restoration

	024
	Gonzalez
	2022
	Science of the Total Environment
	Grassland
	Spain
	13.2
	540
	28
	16S V4
	Illumina
	7.0 ± 0.8
	0.66
	Low
	Mediterranean grazing

	025
	Martinez
	2021
	Ecological Indicators
	Grassland
	Mexico
	18.2
	720
	36
	16S V3–V4
	Illumina
	6.8 ± 0.7
	0.63
	Low
	Semiarid rangeland


Abbreviations: MAT = mean annual temperature; MAP = mean annual precipitation; SD = standard deviation. Complete extracted dataset used for random-effects meta-analysis.

Supplementary Table S2. Extracted dataset for land-use change effects on microbial Shannon diversity
	Study ID
	Author
	Year
	Ecosystem
	Country
	Climate zone
	Latitude
	Natural sites (n)
	Agricultural sites (n)
	Management type
	Shannon diversity (Natural, mean ± SD)
	Shannon diversity (Agricultural, mean ± SD)
	Hedges’ g
	95% CI
	SE
	Weight (%)
	Risk of bias

	L001
	Souza
	2016
	Forest–Savanna
	Brazil
	Tropical
	−15.4
	15
	10
	Intensive cropland
	5.82 ± 0.64
	4.91 ± 0.72
	−0.78
	−1.12 to −0.44
	0.173
	4.1
	Low

	L002
	Khan
	2025
	Forest
	Brazil
	Tropical
	−3.2
	18
	12
	Intensive cropland
	6.14 ± 0.58
	5.28 ± 0.68
	−0.71
	−1.03 to −0.39
	0.163
	4.5
	Low

	L003
	Xu AA
	2021
	Grassland
	China
	Temperate
	41.8
	36
	36
	Bidirectional conversion
	5.48 ± 0.72
	5.02 ± 0.68
	−0.41
	−0.67 to −0.15
	0.133
	5.5
	Low

	L004
	Cerecetto
	2024
	Grassland
	Uruguay
	Subtropical
	−32.4
	20
	20
	Pasture–crop rotation
	5.68 ± 0.62
	5.32 ± 0.64
	−0.35
	−0.63 to −0.07
	0.143
	4.8
	Low

	L005
	Vidal
	2020
	Grassland
	Germany
	Temperate
	47.6
	16
	16
	Re-grazing
	5.42 ± 0.58
	5.22 ± 0.52
	−0.29
	−0.59 to 0.01
	0.153
	4.4
	Low

	L006
	Byers
	2024
	Forest
	New Zealand
	Temperate
	−43.8
	24
	18
	Intensive agriculture
	5.78 ± 0.68
	5.18 ± 0.74
	−0.54
	−0.82 to −0.26
	0.143
	5.1
	Low

	L007
	Zhang KSM
	2021
	Agricultural
	China
	Temperate
	47.2
	18
	18
	Degraded cropland
	5.38 ± 0.62
	4.90 ± 0.64
	−0.62
	−0.93 to −0.31
	0.158
	4.6
	Low

	L008
	Pereira
	2021
	Grassland
	Brazil
	Subtropical
	−7.2
	15
	10
	Overgrazing
	5.62 ± 0.58
	5.38 ± 0.62
	−0.19
	−0.51 to 0.13
	0.163
	4.1
	Low

	L009
	Van Syoc
	2022
	Grassland
	USA
	Temperate
	41.8
	15
	15
	High-vs-no grazing
	5.84 ± 0.62
	5.56 ± 0.68
	−0.28
	−0.55 to −0.01
	0.138
	4.3
	Low

	L010
	Ding
	2023
	Grassland
	China
	Subtropical
	27.2
	12
	12
	Buffalo grazing
	5.48 ± 0.64
	5.28 ± 0.62
	−0.22
	−0.52 to 0.08
	0.153
	3.9
	Low

	L011
	Huang
	2024
	Savanna
	Brazil
	Tropical
	−16.4
	30
	18
	Mining restoration
	5.92 ± 0.68
	5.14 ± 0.82
	−0.65
	−0.97 to −0.33
	0.163
	4.8
	Low

	L012
	Gontijo
	2024
	Forest
	Brazil
	Tropical
	−3.8
	20
	15
	Climate change
	6.08 ± 0.62
	5.38 ± 0.68
	−0.68
	−1.01 to −0.35
	0.168
	4.5
	Low


Abbreviations: SD = standard deviation; SE = standard error. Hedges’ g values indicate standardized differences in Shannon diversity between natural and agricultural/disturbed systems. Negative values indicate reduced microbial diversity following land-use intensification or disturbance.

Supplementary Table S3. Extracted dataset for restoration ecology meta-analysis
	Study ID
	Author
	Year
	Ecosystem
	Country
	Restoration approach
	Years since restoration
	Restored sites (n)
	Reference sites (n)
	Shannon diversity (Restored, mean ± SD)
	Shannon diversity (Reference, mean ± SD)
	Hedges’ g vs. reference
	SE
	Community composition recovered
	PERMANOVA R²
	P value

	R001
	Samad
	2023
	Oil sands
	Canada
	Active planting
	2
	18
	12
	3.82 ± 0.64
	5.24 ± 0.72
	−1.42
	0.204
	No
	0.42
	0.001

	R002
	Mavrodi
	2019
	Tidal marsh
	USA
	Active planting
	3
	24
	18
	4.48 ± 0.68
	5.46 ± 0.62
	−0.98
	0.188
	No
	0.31
	0.001

	R003
	Knelman
	2018
	Forest
	Alaska (USA)
	Primary succession
	4
	20
	12
	4.12 ± 0.72
	5.28 ± 0.74
	−1.15
	0.213
	No
	0.38
	0.001

	R004
	Perdomo
	2023
	Mediterranean ecosystem
	Spain
	Exotic plantation
	5
	28
	20
	4.68 ± 0.64
	5.56 ± 0.68
	−0.88
	0.177
	No
	0.35
	0.001

	R005
	Sun Badgley
	2019
	Forest
	USA
	Reforestation
	6
	24
	12
	4.72 ± 0.68
	5.62 ± 0.72
	−0.85
	0.182
	No
	0.28
	0.001

	R006
	Huang
	2024
	Cerrado
	Brazil
	Biosolids amendment
	8
	30
	24
	4.92 ± 0.62
	5.68 ± 0.68
	−0.72
	0.168
	No
	0.24
	0.001

	R**007
	Zhou
	2023
	Desert steppe
	China
	Reseeding
	8
	24
	18
	4.98 ± 0.58
	—
	—
	—
	—
	—
	—



**Data not available; corresponding effect sizes and multivariate parameters could not be calculated due to the absence of reference group variance or community dissimilarity matrices in the primary study
Abbreviations: SD = standard deviation; SE = standard error; PERMANOVA = permutational multivariate analysis of variance. Negative Hedges’ g values indicate lower microbial diversity in restored systems relative to reference ecosystems. “Community composition recovered” indicates whether restored microbial assemblages converged with reference conditions based on multivariate analyses.
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