Appendix: Spatial Patterns and Determinants of Childhood Stunting in Ethiopia: A multilevel analysis of the 2024–2025 Ethiopia Demographic and Health Survey 
Model 0
The null model estimated a cluster-level random-intercept variance of 0.4699, indicating meaningful variation in the odds of stunting across the 787 DHS clusters. The corresponding ICC of 12.5% indicates that approximately one-eighth of the total unexplained variation in stunting occurs between clusters, supporting the use of a multilevel modelling framework rather than a single-level logistic regression. The fixed intercept of −0.6127 represents the overall log-odds of stunting in the null model; when converted to a probability, it corresponds to approximately 35.1% at the average random effect (not the survey-weighted descriptive prevalence of 39.8%).
Appendix Table A1. Model 0: Null multilevel model
	Parameter
	Model 0

	Fixed intercept (log odds)
	−0.6127

	Cluster variance (τ²)
	0.4699

	Individual-level variance
	3.2899

	ICC (%)
	12.50

	AIC
	7,558.2

	BIC
	7,571.6

	Log-likelihood
	−3,777.1

	Number of children
	5,820

	Number of clusters
	787


Footnotes. τ² = variance of the cluster-level random intercept. Individual-level variance = π2/3=3.2899, the theoretical level-1 residual variance for a logistic mixed-effects model. ICC = τ²/(τ² + π²/3) × 100 = 12.50%. AIC = Akaike Information Criterion; BIC = Bayesian Information Criterion. The model was fitted using maximum likelihood with Laplace approximation and an unweighted binary logistic mixed-effects model. The survey-weighted prevalence of stunting (39.8%) is reported separately in the descriptive analysis and should not be confused with the null-model probability.

Model 1: Child Characteristics 
In Model 1, child-level characteristics with an overall bivariable p-value <0.25 were entered simultaneously into the multivariable multilevel model. Age group, birth order, birth size, and breastfeeding met this criterion, whereas sex did not. After adjustment, age group, birth order, and birth size remained significantly associated with stunting, while breastfeeding was not significant overall (likelihood-ratio test p=0.472). The cluster-level variance was 0.525 (ICC=13.76%). Model 1 demonstrated improved fit compared with the null model, with lower AIC (7117.7 vs 7558.2) and BIC (7224.4 vs 7571.6).
Appendix Table A2. Model 1 Variable-selection and multivariable results
	Child characteristic
	Overall COR p-value
	Included in Model 1
	Overall AOR/LRT p-value

	Age group
	<0.001
	Yes
	<0.001

	Sex
	0.288
	No
	—

	Birth order
	<0.001
	Yes
	<0.001

	Birth size
	<0.001
	Yes
	<0.001

	Breastfeeding
	<0.001
	Yes
	0.472










Appendix Table A3. Final Model 1 Child-level characteristics
	Child characteristic
	n (%)
	COR
	95% CI
	p-value
	AOR
	95% CI
	p-value

	Age group (months)
	
	
	
	<0.001
	
	
	<0.001

	0–5 (Ref.)
	597 (10.3)
	1.00
	—
	—
	1.00
	—
	—

	6–11
	614 (10.6)
	1.74
	1.28–2.35
	<0.001
	1.88
	1.36–2.60
	<0.001

	12–23
	1,094 (18.8)
	3.36
	2.57–4.38
	<0.001
	4.36
	3.27–5.80
	<0.001

	24–35
	1,141 (19.6)
	6.04
	4.64–7.85
	<0.001
	8.72
	6.54–11.63
	<0.001

	36–59
	2,374 (40.8)
	5.17
	4.03–6.63
	<0.001
	8.70
	5.16–14.65
	<0.001

	Sex
	
	
	
	0.288
	—
	—
	—

	Female (Ref.)
	2,824 (48.5)
	1.00
	—
	—
	—
	—
	—

	Male
	2,996 (51.5)
	1.06
	0.95–1.18
	0.288
	—
	—
	—

	Birth order
	
	
	
	<0.001
	
	
	<0.001

	First (Ref.)
	1,207 (20.7)
	1.00
	—
	—
	1.00
	—
	—

	2–3
	2,082 (35.8)
	1.18
	1.01–1.37
	0.032
	1.16
	0.98–1.37
	0.081

	4–5
	1,297 (22.3)
	1.50
	1.27–1.77
	<0.001
	1.51
	1.26–1.82
	<0.001

	≥6
	1,234 (21.2)
	1.52
	1.29–1.80
	<0.001
	1.43
	1.18–1.72
	<0.001

	Birth size
	
	
	
	<0.001
	
	
	<0.001

	Average (Ref.)
	1,646 (28.3)
	1.00
	—
	—
	1.00
	—
	—

	Smaller than average
	285 (4.9)
	1.34
	1.03–1.73
	0.027
	1.34
	0.99–1.81
	0.054

	Very small
	400 (6.9)
	1.57
	1.26–1.96
	<0.001
	1.72
	1.33–2.23
	<0.001

	Larger than average
	661 (11.4)
	0.86
	0.71–1.04
	0.127
	0.79
	0.63–0.99
	0.041

	Very large
	421 (7.2)
	0.66
	0.52–0.84
	<0.001
	0.60
	0.46–0.79
	<0.001

	Unknown
	2,407 (41.4)
	1.61
	1.41–1.83
	<0.001
	0.80
	0.50–1.27
	0.345

	Breastfeeding
	
	
	
	<0.001
	
	
	0.472

	Currently breastfeeding (Ref.)
	3,512 (60.3)
	1.00
	—
	—
	1.00
	—
	—

	Ever breastfed
	2,054 (35.3)
	1.36
	1.21–1.52
	<0.001
	0.92
	0.80–1.06
	0.260

	Never breastfed
	254 (4.4)
	1.03
	0.79–1.35
	0.803
	0.90
	0.66–1.23
	0.519


Footnote: COR, crude odds ratio; AOR, adjusted odds ratio; CI, confidence interval; Ref., reference category. CORs were obtained from bivariable logistic regression models. Variables with an overall bivariable p-value <0.25 were entered into the multivariable multilevel logistic regression model (Model 1). Model 1 included age group, birth order, birth size, and breastfeeding and incorporated a random intercept for DHS cluster. Overall p-values for categorical variables in Model 1 were obtained using likelihood-ratio tests comparing the full model with models excluding each predictor. Sex was not included in Model 1 because its overall bivariable p-value was 0.288. AORs represent associations adjusted for the other child-level characteristics included in Model 1.

Model 2: Child +  maternal characteristics
Model 0 was the empty random-intercept model. Model 1 added child characteristics with overall bivariable p<0.25. Model 2 retained these child characteristics and added eligible maternal characteristics with overall bivariable p<0.25. AORs in Model 2 are mutually adjusted for all variables included in the model. The PCV for Model 2 was 18.5% relative to Model 0.
Appendix Table A4. Model 2 Child + maternal characteristics
	Variable
	Category
	n (%)
	COR
	95% CI
	p-value
	AOR
	95% CI
	p-value

	Child characteristics
	
	
	
	
	
	
	
	

	Age group (months)
	
	
	—
	—
	—
	
	
	

	
	0–5
	597 (10.3)
	—
	—
	—
	Ref.
	
	

	
	6–11
	614 (10.5)
	—
	—
	—
	1.86
	1.35–2.58
	<0.001

	
	12–23
	1,094 (18.8)
	—
	—
	—
	4.21
	3.16–5.60
	<0.001

	
	24–35
	1,141 (19.6)
	—
	—
	—
	8.17
	6.13–10.91
	<0.001

	
	36–59
	2,374 (40.8)
	—
	—
	—
	8.57
	5.08–14.45
	<0.001

	Sex
	
	
	—
	—
	—
	
	
	

	
	Female
	2,824 (48.5)
	—
	—
	—
	Ref.
	
	

	
	Male
	2,996 (51.5)
	—
	—
	—
	
	
	

	Birth order
	
	
	—
	—
	—
	
	
	

	
	First
	1,207 (20.7)
	—
	—
	—
	Ref.
	
	

	
	2–3
	2,082 (35.8)
	—
	—
	—
	1.13
	0.92–1.39
	0.2316

	
	4–5
	1,297 (22.3)
	—
	—
	—
	1.25
	0.92–1.71
	0.1544

	
	≥6
	1,234 (21.2)
	—
	—
	—
	1.08
	0.74–1.57
	0.6842

	Birth size
	
	
	—
	—
	—
	
	
	

	
	Average
	1,646 (28.3)
	—
	—
	—
	Ref.
	
	

	
	Smaller than average
	285 (4.9)
	—
	—
	—
	1.28
	0.95–1.73
	0.1029

	
	Very small
	400 (6.9)
	—
	—
	—
	1.66
	1.28–2.14
	<0.001

	
	Larger than average
	661 (11.4)
	—
	—
	—
	0.81
	0.64–1.01
	0.0574

	
	Very large
	421 (7.2)
	—
	—
	—
	0.63
	0.48–0.84
	0.0012

	
	Unknown
	2,407 (41.4)
	—
	—
	—
	0.75
	0.47–1.19
	0.2243

	Breastfeeding
	
	
	—
	—
	—
	
	
	

	
	Currently breastfeeding
	3,512 (60.3)
	—
	—
	—
	Ref.
	
	

	
	Ever breastfed
	2,054 (35.3)
	—
	—
	—
	0.94
	0.82–1.09
	0.4458

	
	Never breastfed
	254 (4.4)
	—
	—
	—
	0.90
	0.66–1.23
	0.5010

	Maternal characteristics
	
	
	
	
	
	
	
	

	Mother's education
	
	
	
	
	
	
	
	

	
	No education
	2,630 (45.2)
	Ref.
	
	
	Ref.
	
	

	
	Primary
	1,937 (33.3)
	0.81
	0.71–0.93
	0.0024
	0.87
	0.75–1.01
	0.0674

	
	Secondary
	743 (12.8)
	0.43
	0.35–0.52
	<0.001
	0.50
	0.40–0.63
	<0.001

	
	Higher
	510 (8.8)
	0.29
	0.22–0.37
	<0.001
	0.36
	0.27–0.48
	<0.001

	Maternal parity
	
	
	
	
	
	
	
	

	
	1–2 children
	2,003 (34.4)
	Ref.
	
	
	Ref.
	
	

	
	3–4 children
	1,750 (30.1)
	1.23
	1.06–1.43
	0.0054
	0.93
	0.75–1.14
	0.4783

	
	5+ children
	2,067 (35.5)
	1.57
	1.36–1.81
	<0.001
	1.03
	0.74–1.44
	0.8436

	BMI
	
	
	
	
	
	
	
	

	
	Normal
	3,819 (65.6)
	Ref.
	
	
	Ref.
	
	

	
	Underweight
	1,349 (23.2)
	1.17
	1.02–1.35
	0.0255
	1.11
	0.96–1.28
	0.1692

	
	Overweight
	486 (8.4)
	0.64
	0.51–0.80
	<0.001
	0.71
	0.56–0.90
	0.0057

	
	Obese
	166 (2.9)
	0.39
	0.25–0.60
	<0.001
	0.44
	0.28–0.69
	<0.001


Footnote: n = frequency; COR = crude odds ratio; AOR = adjusted odds ratio; CI = confidence interval. COR estimates for child characteristics are not repeated because they were presented in Model 1; “—” indicates not applicable. AORs were estimated simultaneously for all child characteristics and maternal variables eligible for Model 2. Maternal variables were screened using the overall p-value from bivariable multilevel logistic regression, with p <0.25 used as the criterion for inclusion. Reference categories are indicated by “Ref.” Overall p-values for categorical variables were: age group <0.001, birth order 0.2329, birth size <0.001, breastfeeding 0.6382, mother's education <0.001, maternal parity 0.5408, and BMI <0.001. The model included a random intercept for DHS cluster (v001).
Model 3: Child + maternal characteristics + household characteristics 
Model 3 retained child and maternal characteristics (p<0.25) and additionally included household characteristics with bivariable p<0.25. AORs in Model 3 were mutually adjusted for all variables included in the model.
Appendix Table A5:  Model 3  statistics 
	Model statistic
	Model 3

	Number of children (N)
	5,820

	Number of clusters
	787

	AIC
	6,976.3

	BIC
	7,216.3

	Random-intercept variance (τ²)
	0.3688

	Proportional change in variance (PCV)
	21.5%






Appendix Table A6: Model 3 Child + maternal characteristics + household characteristics  
	Variable
	Category
	n (%)
	COR
	95% CI
	p-value
	AOR
	95% CI
	p-value

	Child characteristics
	
	
	
	
	
	
	
	

	Age group (months)
	
	
	
	
	
	
	
	

	
	0–5
	597 (10.3)
	—
	—
	—
	Ref.
	—
	—

	
	6–11
	614 (10.5)
	—
	—
	—
	1.91
	1.38–2.65
	<0.001

	
	12–23
	1,094 (18.8)
	—
	—
	—
	4.36
	3.27–5.82
	<0.001

	
	24–35
	1,141 (19.6)
	—
	—
	—
	8.48
	6.35–11.33
	<0.001

	
	36–59
	2,374 (40.8)
	—
	—
	—
	9.01
	5.34–15.21
	<0.001

	Birth order
	
	
	
	
	
	
	
	

	
	First
	1,207 (20.7)
	—
	—
	—
	Ref.
	—
	—

	
	2–3
	2,082 (35.8)
	—
	—
	—
	1.16
	0.95–1.43
	0.1537

	
	4–5
	1,297 (22.3)
	—
	—
	—
	1.30
	0.95–1.78
	0.1027

	
	≥6
	1,234 (21.2)
	—
	—
	—
	1.10
	0.75–1.60
	0.6305

	Birth size
	
	
	
	
	
	
	
	

	
	Average
	1,646 (28.3)
	—
	—
	—
	Ref.
	—
	—

	
	Smaller than average
	285 (4.9)
	—
	—
	—
	1.27
	0.94–1.72
	0.1140

	
	Very small
	400 (6.9)
	—
	—
	—
	1.64
	1.26–2.12
	0.0002

	
	Larger than average
	661 (11.4)
	—
	—
	—
	0.82
	0.65–1.02
	0.0759

	
	Very large
	421 (7.2)
	—
	—
	—
	0.64
	0.49–0.85
	0.0018

	
	Unknown
	2,407 (41.4)
	—
	—
	—
	0.74
	0.46–1.17
	0.1996

	Breastfeeding
	
	
	
	
	
	
	
	

	
	Currently breastfeeding
	3,512 (60.3)
	—
	—
	—
	Ref.
	—
	—

	
	Ever breastfed
	2,054 (35.3)
	—
	—
	—
	0.96
	0.83–1.11
	0.6011

	
	Never breastfed
	254 (4.4)
	—
	—
	—
	0.89
	0.65–1.21
	0.4541

	Maternal characteristics
	
	
	
	
	
	
	
	

	Mother's education
	
	
	
	
	
	
	
	

	
	No education
	2,630 (45.2)
	—
	—
	—
	Ref.
	—
	—

	
	Primary
	1,937 (33.3)
	—
	—
	—
	0.99
	0.84–1.16
	0.9032

	
	Secondary
	743 (12.8)
	—
	—
	—
	0.71
	0.55–0.91
	0.0068

	
	Higher
	510 (8.8)
	—
	—
	—
	0.69
	0.49–0.97
	0.0348

	Maternal parity
	
	
	
	
	
	
	
	

	
	1–2 children
	2,003 (34.4)
	—
	—
	—
	Ref.
	—
	—

	
	3–4 children
	1,750 (30.1)
	—
	—
	—
	0.91
	0.72–1.14
	0.4146

	
	5+ children
	2,067 (35.5)
	—
	—
	—
	0.93
	0.65–1.32
	0.6729

	BMI
	
	
	
	
	
	
	
	

	
	Normal
	3,819 (65.6)
	—
	—
	—
	Ref.
	—
	—

	
	Underweight
	1,349 (23.2)
	—
	—
	—
	1.05
	0.91–1.22
	0.4986

	
	Overweight
	486 (8.4)
	—
	—
	—
	0.86
	0.67–1.11
	0.2466

	
	Obese
	166 (2.9)
	—
	—
	—
	0.58
	0.37–0.92
	0.0197

	Household characteristics
	
	
	
	
	
	
	
	

	Father's education
	
	
	
	
	
	
	
	

	
	No education
	2,431 (41.8)
	Ref.
	—
	—
	Ref.
	—
	—

	
	Primary
	1,757 (30.2)
	0.83
	0.72–0.95
	0.0072
	0.94
	0.80–1.09
	0.4019

	
	Secondary
	884 (15.2)
	0.59
	0.49–0.71
	<0.001
	0.87
	0.71–1.08
	0.2112

	
	Higher
	748 (12.9)
	0.40
	0.33–0.50
	<0.001
	0.74
	0.57–0.96
	0.0251

	Wealth index
	
	
	
	
	
	
	
	

	
	Poor
	3,228 (55.5)
	Ref.
	—
	—
	Ref.
	—
	—

	
	Middle
	839 (14.4)
	0.86
	0.72–1.02
	0.0921
	0.98
	0.80–1.19
	0.8308

	
	Rich
	1,753 (30.1)
	0.40
	0.34–0.46
	<0.001
	0.66
	0.52–0.85
	0.0013

	Residence
	
	
	
	
	
	
	
	

	
	Rural
	4,216 (72.4)
	Ref.
	—
	—
	Ref.
	—
	—

	
	Urban
	1,604 (27.6)
	0.44
	0.37–0.52
	<0.001
	0.85
	0.67–1.07
	0.1608

	Household size
	
	
	
	
	
	
	
	

	
	Small (1–4 members)
	1,611 (27.7)
	Ref.
	—
	—
	Ref.
	—
	—

	
	Medium (5–6 members)
	2,105 (36.2)
	1.06
	0.92–1.23
	0.4294
	0.95
	0.79–1.15
	0.6273

	
	Large (7+ members)
	2,104 (36.2)
	1.27
	1.09–1.47
	0.0021
	1.08
	0.86–1.34
	0.5134

	Cooking fuel
	
	
	
	
	
	
	
	

	
	Clean/Modern fuels
	635 (10.9)
	Ref.
	—
	—
	Ref.
	—
	—

	
	Solid biomass (Wood/Charcoal/Dung)
	5,185 (89.1)
	2.61
	2.07–3.29
	<0.001
	1.27
	0.96–1.66
	0.0900

	Water source
	
	
	
	
	
	
	
	

	
	Improved
	3,566 (61.3)
	Ref.
	—
	—
	Ref.
	—
	—

	
	Unimproved
	2,254 (38.7)
	1.11
	0.97–1.27
	0.1287
	0.86
	0.74–1.00
	0.0454

	Sanitation
	
	
	
	
	
	
	
	

	
	Improved
	2,297 (39.5)
	Ref.
	—
	—
	Ref.
	—
	—

	
	Unimproved
	3,523 (60.5)
	1.63
	1.43–1.85
	<0.001
	1.16
	0.99–1.35
	0.0612

	Floor material
	
	
	
	
	
	
	
	

	
	Finished (Cement/Tile/Brick)
	1,500 (25.8)
	Ref.
	—
	—
	Ref.
	—
	—

	
	Natural/Rudimentary (Earth/Mud/Dung)
	4,320 (74.2)
	2.08
	1.79–2.42
	<0.001
	1.10
	0.89–1.35
	0.3678


Notes: COR denotes the crude odds ratio from the corresponding bivariable multilevel logistic regression model. CORs for child and maternal characteristics are not repeated in Model 3 because they were presented in Models 1 and 2, respectively. Household CORs are presented because household characteristics were introduced at Model 3. AOR denotes the adjusted odds ratio from Model 3 and represents mutual adjustment for all child, maternal, and household characteristics included in the model. Reference categories are indicated by “Ref.” Household variables were eligible for Model 3 based on the predefined overall bivariable p<0.25 criterion. No missing values were observed for the household variables included in Model
Model 4: Child + maternal characteristics + household characteristics + community characteristic 
CORs are presented only for region, while AORs are presented for all other variables. AORs were estimated simultaneously in the final multilevel logistic regression model, with a random intercept for DHS cluster (v001). PCV represents the proportional reduction in the cluster-level random-intercept variance from Model 3 (τ² = 0.3814) to Model 4 (τ² = 0.2194).


Appendix Table A7: Model 4 statistics 
	Statistic
	Model 4

	N
	5,820

	DHS clusters
	787

	Random-intercept variance (τ²)
	0.2194

	Random-intercept SD
	0.4684

	ICC
	6.25%

	PCV
	42.5%

	AIC
	6,892.3

	BIC
	7,219.1

	Log-likelihood
	−3,397.2

	Overall p-value for region
	<0.001



Appendix Table A8: Model 4:  Child + maternal characteristics + household characteristics + community characteristic 
	Variable
	Category
	COR
	95% CI
	AOR
	95% CI
	p-value

	Child characteristics
	
	
	
	
	
	

	Age group
	0–5 months (Ref.)
	—
	—
	—
	—
	—

	
	6–11 months
	—
	—
	1.91
	1.38–2.64
	<0.001

	
	12–23 months
	—
	—
	4.38
	3.29–5.82
	<0.001

	
	24–35 months
	—
	—
	8.47
	6.35–11.29
	<0.001

	
	36–59 months
	—
	—
	8.42
	5.00–14.19
	<0.001

	Birth order
	First birth (Ref.)
	—
	—
	—
	—
	—

	
	2–3
	—
	—
	1.15
	0.94–1.41
	0.180

	
	4–5
	—
	—
	1.27
	0.93–1.74
	0.135

	
	≥6
	—
	—
	1.06
	0.73–1.55
	0.751

	Birth size
	Average (Ref.)
	—
	—
	—
	—
	—

	
	Smaller than average
	—
	—
	1.29
	0.96–1.74
	0.094

	
	Very small
	—
	—
	1.62
	1.25–2.10
	<0.001

	
	Larger than average
	—
	—
	0.82
	0.66–1.03
	0.082

	
	Very large
	—
	—
	0.65
	0.49–0.86
	0.002

	
	Unknown
	—
	—
	0.79
	0.50–1.26
	0.323

	Breastfeeding
	Currently breastfed (Ref.)
	—
	—
	—
	—
	—

	
	Ever breastfed
	—
	—
	0.96
	0.83–1.11
	0.604

	
	Never breastfed
	—
	—
	0.94
	0.69–1.29
	0.713

	Maternal characteristics
	
	
	
	
	
	

	Mother's education
	No education (Ref.)
	—
	—
	—
	—
	—

	
	Primary
	—
	—
	0.99
	0.84–1.16
	0.859

	
	Secondary
	—
	—
	0.72
	0.56–0.93
	0.012

	
	Higher
	—
	—
	0.67
	0.47–0.94
	0.022

	Maternal parity
	1–2 children (Ref.)
	—
	—
	—
	—
	—

	
	3–4 children
	—
	—
	0.91
	0.72–1.14
	0.403

	
	5+ children
	—
	—
	0.91
	0.65–1.30
	0.622

	Maternal BMI
	Normal (Ref.)
	—
	—
	—
	—
	—

	
	Underweight
	—
	—
	1.05
	0.91–1.22
	0.469

	
	Overweight
	—
	—
	0.88
	0.69–1.13
	0.325

	
	Obese
	—
	—
	0.63
	0.40–0.98
	0.041

	Father's education
	No education (Ref.)
	—
	—
	—
	—
	—

	
	Primary
	—
	—
	0.94
	0.80–1.10
	0.409

	
	Secondary
	—
	—
	0.90
	0.73–1.12
	0.340

	
	Higher
	—
	—
	0.79
	0.61–1.02
	0.073

	Household characteristics
	
	
	
	
	
	

	Wealth index
	Poor (Ref.)
	—
	—
	—
	—
	—

	
	Middle
	—
	—
	0.91
	0.74–1.10
	0.325

	
	Rich
	—
	—
	0.57
	0.45–0.74
	<0.001

	Residence
	Rural (Ref.)
	—
	—
	—
	—
	—

	
	Urban
	—
	—
	1.03
	0.82–1.29
	0.789

	Household size
	Small (≤4 members) (Ref.)
	—
	—
	—
	—
	—

	
	Medium (5–6 members)
	—
	—
	0.98
	0.81–1.19
	0.856

	
	Large (7+ members)
	—
	—
	1.15
	0.93–1.44
	0.199

	Cooking fuel
	Clean fuel (Ref.)
	—
	—
	—
	—
	—

	
	Solid biomass (wood/charcoal/dung)
	—
	—
	1.26
	0.95–1.68
	0.110

	Water source
	Improved (Ref.)
	—
	—
	—
	—
	—

	
	Unimproved
	—
	—
	0.88
	0.76–1.02
	0.085

	Sanitation
	Improved (Ref.)
	—
	—
	—
	—
	—

	
	Unimproved
	—
	—
	1.14
	0.98–1.34
	0.090

	Floor material
	Finished (Ref.)
	—
	—
	—
	—
	—

	
	Natural/rudimentary (earth/mud/dung)
	—
	—
	1.03
	0.84–1.27
	0.770

	Region
	
	
	
	
	
	

	Region
	Addis Ababa (Ref.)
	1.00
	Reference
	1.00
	Reference
	—

	
	Afar
	1.65
	1.19–2.30
	1.27
	0.91–1.78
	0.163

	
	Amhara
	1.19
	0.85–1.65
	1.22
	0.87–1.71
	0.246

	
	Benishangul-Gumuz
	1.70
	1.19–2.43
	1.73
	1.21–2.49
	0.003

	
	Central Ethiopia
	0.79
	0.53–1.17
	1.07
	0.71–1.60
	0.755

	
	Dire Dawa
	0.31
	0.20–0.47
	0.28
	0.18–0.42
	<0.001

	
	Gambela
	0.74
	0.52–1.05
	0.75
	0.53–1.07
	0.117

	
	Harari
	1.01
	0.71–1.43
	0.96
	0.67–1.36
	0.807

	
	Oromia
	1.09
	0.80–1.49
	1.07
	0.78–1.46
	0.691

	
	SNNP
	0.76
	0.54–1.08
	0.77
	0.54–1.10
	0.147

	
	Somali
	0.68
	0.49–0.94
	0.54
	0.38–0.75
	<0.001

	
	South Ethiopia
	0.26
	0.16–0.41
	0.58
	0.34–0.98
	0.043

	
	Southwest Ethiopia
	0.65
	0.43–0.97
	0.86
	0.56–1.31
	0.468

	
	Tigray
	1.14
	0.82–1.59
	1.10
	0.79–1.55
	0.566


Footnote: AOR = adjusted odds ratio; COR = crude odds ratio; CI = confidence interval; ICC = intraclass correlation coefficient; PCV = proportional change in variance; Ref. = reference category. CORs are presented only for region, while AORs are presented for all other variables. AORs were estimated simultaneously in the final multilevel logistic regression model, with a random intercept for DHS cluster (v001). Addis Ababa was the reference category for region. Region-specific p-values are Wald p-values comparing each region with Addis Ababa. The overall p-value for region was obtained from a likelihood-ratio test comparing Model 4 with Model 3 without region (χ² = 109.91, df = 13, p < 0.001). PCV represents the proportional reduction in the cluster-level random-intercept variance from Model 3 (τ² = 0.3814) to Model 4 (τ² = 0.2194).

Spatial Data Preparation 
Appendix Table A9:  Variables prepared for the spatial analysis
	Variable/domain
	Spatial variable
	Operationalization at cluster level
	Role in spatial analysis

	Stunting
	stunting_prevalence
	Proportion of eligible children classified as stunted within each cluster
	Primary spatial outcome

	Sample size
	n_total
	Number of eligible children contributing to the cluster-level outcome
	Denominator/precision information

	Stunting count
	n_stunted
	Number of eligible children classified as stunted
	Outcome numerator

	Non-stunting count
	n_nonstunted
	Number of eligible children not classified as stunted
	Outcome complement and consistency check

	Household wealth
	wealth_mean
	Mean household wealth measure within the cluster
	Candidate cluster-level contextual variable

	Maternal education
	mother_edu_mean
	Cluster-level summary of maternal education according to its original coding
	Candidate cluster-level contextual variable

	Paternal education
	father_edu_mean
	Cluster-level summary of paternal education according to its original coding
	Candidate cluster-level contextual variable

	Residence
	rural_proportion
	Proportion of eligible observations residing in rural areas
	Candidate cluster-level contextual variable

	Water
	improved_water
	Proportion of eligible observations with improved water access
	Candidate cluster-level contextual variable

	Sanitation
	improved_sanitation
	Proportion of eligible observations with improved sanitation
	Candidate cluster-level contextual variable

	Cooking fuel
	clean_fuel
	Proportion of eligible observations using clean cooking fuel
	Candidate cluster-level contextual variable

	Floor material
	clean_floor
	Proportion of eligible observations with improved floor material
	Candidate cluster-level contextual variable

	Geographic location
	longitude, latitude
	DHS cluster GPS coordinates in WGS84
	Geographic identification and mapping

	Projected location
	x, y
	DHS cluster coordinates transformed to Africa Albers Equal Area Conic (ESRI:102022)
	Distance and spatial-neighbourhood analyses

	Cluster identifier
	v001
	DHS enumeration-cluster identifier
	Spatial unit and linkage key


Footnote: DHS, Demographic and Health Survey. The DHS enumeration cluster (v001) was the unit of spatial analysis. Cluster-level stunting prevalence was calculated using the same eligible children included in the final individual-level Model 4 analytical population. The numbers of stunted and total eligible children were retained because the number of observations contributing to the cluster-level prevalence varied between clusters. Cluster-level explanatory variables were treated as contextual aggregates and were not interpreted as equivalent to individual-level associations. Geographic coordinates were retained in WGS84 for identification and mapping and transformed to Africa Albers Equal Area Conic (ESRI:102022) for distance-based spatial analyses. 
Spatial Coordinate Processing and Neighbourhood Definition
Appendix Table A10:  Assessment of candidate spatial distance thresholds
	Distance threshold
	Mean neighbours
	Median neighbours
	Isolated clusters, n (%)
	Assessment

	10 km
	4.92
	1
	382 (48.5)
	Too sparse; nearly half of clusters isolated

	20 km
	9.52
	2
	175 (22.2)
	Sparse; substantial isolation

	30 km
	12.85
	5
	91 (11.6)
	Improved connectivity but considerable isolation

	40 km
	16.87
	9
	42 (5.3)
	Good connectivity

	50 km
	23.39
	13
	27 (3.4)
	Selected primary threshold

	75 km
	35.85
	27
	10 (1.3)
	Highly connected; broader neighbourhood

	100 km
	51.07
	49
	7 (0.9)
	Very broad neighbourhood; potentially excessive smoothing


Footnote: DHS, Demographic and Health Survey. Neighbours were defined as DHS clusters located within the specified Euclidean distance of each focal cluster after transformation from WGS84 (EPSG:4326) to the Africa Albers Equal Area Conic projection (ESRI:102022). Self-distance was excluded. An isolated cluster was defined as a cluster with no other DHS cluster within the specified distance threshold. The 50-km threshold was selected based on the balance between neighbourhood connectivity and geographical locality. The selection was not based solely on the statistical significance of Moran's I; global spatial autocorrelation was evaluated subsequently using the selected spatial weights matrix.
Spatial distribution  
Appendix Table A11. Distribution of cluster-level childhood stunting prevalence
	Prevalence category
	DHS clusters n (%)

	Low (<25%)
	270 (34.3)

	Moderate (25–49%)
	268 (34.1)

	High (50–74%)
	189 (24.0)

	Very high (≥75%)
	60 (7.6)

	Total
	787 (100)


Appendix Table A12: Global spatial autocorrelation of cluster-level stunting prevalence
	Spatial parameter
	Result

	Spatial units
	787 DHS clusters

	Children represented
	5,820

	Spatial outcome
	Cluster-level stunting prevalence

	Primary distance threshold
	50 km

	Mean neighbours
	23.39

	Median neighbours
	13

	Zero-neighbour clusters
	27 (3.4%)

	Spatial weights
	Distance-based, row-standardized

	Moran's I
	0.153

	Expected Moran's I
	−0.0013

	Variance
	0.000353

	Z-score
	8.20

	P-value
	<0.001

	Interpretation
	Significant positive global spatial autocorrelation


Footnote: DHS, Demographic and Health Survey. Global Moran's I was calculated for cluster-level stunting prevalence using a 50-km distance-based, row-standardized spatial weights matrix. Twenty-seven clusters (3.4%) had no neighbouring cluster within 50 km and were retained using zero.policy = TRUE. A positive Moran's I indicates that geographically proximate clusters tend to have similar values of stunting prevalence. Statistical inference assesses departure from the expected spatial pattern under the specified null hypothesis and does not identify individual geographic hotspots.
Appendix Table A13. Local Moran's I classification of DHS clusters
	LISA classification
	Interpretation
	n
	%

	High–High (HH)
	High stunting prevalence surrounded by high-prevalence neighbours
	40
	5.1

	Low–Low (LL)
	Low stunting prevalence surrounded by low-prevalence neighbours
	122
	15.5

	High–Low (HL)
	High stunting prevalence surrounded by low-prevalence neighbours
	46
	5.8

	Low–High (LH)
	Low stunting prevalence surrounded by high-prevalence neighbours
	16
	2.0

	Not significant
	No statistically significant local spatial association
	563
	71.5

	Total
	—
	787
	100.0


Footnote: LISA, Local Indicators of Spatial Association; DHS, Demographic and Health Survey. Local Moran's I was calculated using the same 50-km distance-based, row-standardized spatial weights matrix used for Global Moran's I. HH and LL denote statistically significant positive local spatial associations, whereas HL and LH represent statistically significant spatial outliers. Local significance was assessed using the permutation procedure implemented in the analysis, with the nominal significance threshold set at P < 0.05. The number of permutations should be reported according to the actual analysis performed. Because Local Moran's I involves multiple local tests, classifications were interpreted as exploratory spatial patterns rather than confirmatory evidence of individual hotspots
Supplementary Tables: Spatial Patterns and Determinants of Childhood Stunting in Ethiopia: A multilevel analysis of the 2024–2025 Ethiopia Demographic and Health Survey 
Supplementary Table S1. Distribution of children and survey-weighted prevalence of stunting by selected characteristics, Ethiopia, EDHS 2024–25
	Characteristic
	Category
	Unweighted n
	Weighted %
	Stunting prevalence, %
	95% CI

	Child characteristics
	
	
	
	
	

	Age group (months)
	0–5
	597
	9.6
	10.8
	6.8–14.9

	
	6–11
	614
	10.7
	20.3
	14.8–25.9

	
	12–23
	1,094
	19.6
	34.9
	30.8–39.0

	
	24–35
	1,141
	18.3
	53.8
	48.1–59.6

	
	36–59
	2,374
	41.9
	47.5
	44.2–50.8

	Sex
	Female
	2,824
	48.5
	38.7
	35.6-41.8

	
	Male
	2,996
	51.5
	40.7
	37.7-43.7

	Birth order
	First
	1,207
	21.2
	32.4
	28.2–36.5

	
	2–3
	2,082
	36.7
	37.9
	34.6–41.3

	
	4–5
	1,297
	22.0
	43.0
	38.6–47.5

	
	≥6
	1,234
	20.0
	47.4
	42.2–52.6

	Birth size
	Average
	1,646
	27.3
	33.5
	29.6–37.5

	
	Smaller than average
	285
	4.4
	42.9
	32.2–53.6

	
	Very small
	400
	7.0
	47.8
	38.3–57.2

	
	Larger than average
	661
	11.9
	29.8
	23.8–35.8

	
	Very large
	421
	7.8
	28.2
	21.3–35.2

	
	Unknown
	2,407
	41.7
	47.2
	43.8–50.5

	Breastfeeding status
	Currently breastfeeding
	3,512
	62.0
	36.5
	33.6–39.4

	
	Ever breastfed
	2,054
	33.6
	45.9
	42.1–49.6

	
	Never breastfed
	254
	4.4
	39.1
	29.8–48.4

	Maternal characteristics
	
	
	
	
	

	Maternal age (years)
	15–24
	1,234
	21.3
	40.0
	35.9-44.1

	
	25–34
	3,077
	53.2
	37.8
	35.0-40.6

	
	35–49
	1,509
	25.5
	43.2
	39.3-47.1

	Maternal education
	No education
	2,630
	42.8
	46.2
	42.9–49.6

	
	Primary
	1,937
	35.2
	39.7
	35.9–43.4

	
	Secondary
	743
	13.2
	30.3
	25.3–35.3

	
	Higher
	510
	8.8
	22.9
	15.9–29.8

	Maternal parity
	1–2 children
	2,003
	36.9
	33.0
	29.9–36.1

	
	3–4 children
	1,750
	29.3
	39.9
	35.5–44.2

	
	5+ children
	2,067
	33.8
	47.1
	43.0–51.2

	Maternal work status
	Not working
	4,191
	72.0
	38.9
	36.2-41.6

	
	Working
	1,629
	28.0
	41.7
	37.8-45.6

	Maternal BMI
	Normal
	3,819
	69.5
	39.5
	36.6–42.4

	
	Underweight
	1,349
	21.2
	45.8
	41.5–50.1

	
	Overweight
	486
	7.3
	30.7
	22.8–38.6

	
	Obese
	166
	2.0
	17.9
	8.6–27.1

	Household characteristics
	
	
	
	
	

	Father's education
	No education
	2,431
	38.9
	45.8
	42.6–49.0

	
	Primary
	1,757
	35.0
	40.6
	36.9–44.2

	
	Secondary
	884
	15.7
	33.1
	27.9–38.2

	
	Higher
	748
	10.5
	24.7
	18.4–31.0

	Wealth status
	Poor
	3,228
	43.4
	46.3
	43.0–49.6

	
	Middle
	839
	18.5
	44.6
	38.7–50.4

	
	Rich
	1,753
	38.1
	29.9
	26.7–33.2

	Residence
	Rural
	4,216
	72.0
	43.4
	40.5–46.3

	
	Urban
	1,604
	28.0
	30.5
	26.5–34.5

	Household size
	Small (1–4 members)
	1,611
	30.6
	35.7
	32.1–39.4

	
	Medium (5–6 members)
	2,105
	37.5
	38.2
	34.6–41.8

	
	Large (≥7 members)
	2,104
	31.9
	45.4
	41.4–49.5

	Cooking fuel
	Clean/modern fuels
	635
	11.2
	25.1
	19.2–31.1

	
	Solid biomass
	5,185
	88.8
	41.6
	39.2–44.0

	Drinking water
	Improved
	3,566
	68.0
	37.9
	35.2–40.6

	
	Unimproved
	2,254
	32.0
	43.7
	39.6–47.8

	Sanitation
	Improved
	2,297
	41.8
	34.0
	30.4–37.5

	
	Unimproved
	3,523
	58.2
	43.9
	40.8–47.1

	Floor material
	Finished
	1,500
	26.7
	29.4
	25.2–33.5

	
	Natural/rudimentary
	4,320
	73.3
	43.5
	40.8–46.3

	Community characteristics
	
	
	
	
	

	Region
	Addis Ababa
	499
	7.9
	40.4
	34.4–46.5

	
	Afar
	564
	1.3
	46.3
	40.8–51.8

	
	Amhara
	475
	25.2
	42.5
	37.9–47.1

	
	Benishangul-Gumuz
	352
	1.0
	51.1
	42.6–59.6

	
	Central Ethiopia
	281
	0.3
	34.7
	26.7–42.6

	
	Dire Dawa
	310
	0.4
	16.1
	11.0–21.1

	
	Gambela
	378
	3.4
	31.0
	26.4–35.7

	
	Harari
	365
	2.7
	40.1
	33.8–46.4

	
	Oromia
	606
	39.2
	41.8
	37.1–46.4

	
	SNNP
	386
	4.0
	34.4
	28.5–40.2

	
	Somali
	632
	4.7
	32.7
	26.0–39.5

	
	South Ethiopia
	234
	3.7
	15.0
	10.8–19.3

	
	Southwest Ethiopia
	261
	0.4
	32.0
	25.2–38.8

	
	Tigray
	477
	5.7
	42.4
	37.7–47.2


Footnote: Values are based on 5,820 children aged 0–59 months. Unweighted n and % describe the observed analytic sample, whereas weighted n and % and stunting prevalence estimates account for the DHS sampling weights. Stunting prevalence was estimated as the survey-weighted proportion of children classified as stunted, with 95% confidence intervals calculated using the survey design. Percentages may not sum to exactly 100% because of rounding. The regional categories reflect the geographic classification used in the 2024–25 EDHS dataset.

Supplementary Table S2:  Global regression analysis of contextual determinants
	Predictor
	Adjusted OR (95% CI)
	p-value

	Wealth index
	1.00 (1.00–1.00)
	0.093

	Maternal education
	0.92 (0.90–0.94)
	<0.001

	Child age
	1.02 (1.01–1.03)
	<0.001

	Male proportion
	1.03 (0.76–1.39)
	0.860

	Rural proportion
	1.11 (0.93–1.33)
	0.241

	Improved water
	1.30 (1.10–1.53)
	0.002

	Improved sanitation
	0.92 (0.73–1.15)
	0.448

	Clean fuel
	0.69 (0.46–1.04)
	0.077


Model fit: AIC=2694.6.
Footnote: Adjusted odds ratios (AORs) were estimated using a cluster-level binomial logistic regression model with the numbers of stunted and non-stunted children as the outcome. Continuous predictors represent cluster-level means or proportions. An AOR >1 indicates higher odds of childhood stunting, whereas an AOR <1 indicates lower odds. Model fit was assessed using the Akaike Information Criterion (AIC), with lower values indicating better fit. Statistical significance was defined as p < 0.05.
Supplementary Table S3:  Residual spatial autocorrelation after global regression
	Statistic
	Estimate

	Moran’s I
	0.083

	Z-score
	5.16

	p-value
	<0.001



Supplementary Table S4: Comparison of global regression and GWR performance
	Model
	AICc
	R²
	Adjusted R²

	Global regression
	-112.84
	0.228
	0.220

	GWR
	-174.17
	0.341
	0.295


Footnote: AICc = corrected Akaike Information Criterion; R² = proportion of variation explained by the model; adjusted R² = R² adjusted for the number of predictors. Lower AICc values indicate better model fit after accounting for model complexity, whereas higher R² and adjusted R² values indicate greater explanatory power. The geographically weighted regression (GWR) model showed improved fit and explained more spatial variation in childhood stunting than the global regression model, supporting the presence of spatially varying relationships across Ethiopia.





Supplementary Table S5: Spatial distribution of significant local GWR effects
	Determinant
	Protective n (%)
	Not significant n (%)
	Positive n (%)

	Maternal education
	438 (55.7)
	349 (44.3)
	0

	Wealth
	495 (62.9)
	291 (37.0)
	1 (0.1)

	Child age
	0
	55 (7.0)
	732 (93.0)

	Improved water
	0
	381 (48.4)
	406 (51.6)

	Improved sanitation
	93 (11.8)
	694 (88.2)
	0

	Clean fuel
	9 (1.1)
	635 (80.7)
	143 (18.2)


Footnote: Local statistical significance was determined using GWR local t-values. Values < −1.96 indicate significant protective associations, values > +1.96 indicate significant positive associations, and values between −1.96 and +1.96 indicate non-significant associations (two-sided α = 0.05).
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Supplementary Figures S1. Spatial variation in local GWR coefficients for the association between child age and childhood stunting prevalence in Ethiopia.

Footnote: Points represent DHS clusters included in the geographically weighted regression (GWR) analysis. Colours indicate local regression coefficients for child age. Blue shades represent weaker positive associations, whereas red shades represent stronger positive associations between increasing child age and childhood stunting prevalence. All local coefficients are positive; therefore, the colour gradient reflects differences in the strength (magnitude) rather than the direction of the association. Administrative boundaries are shown for geographic reference.
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Supplementary Figures S2. Spatial variation in local GWR coefficients for improved water access and childhood stunting prevalence in Ethiopia.

Footnote:Points represent DHS clusters included in the geographically weighted regression (GWR) analysis. Colours indicate local regression coefficients for improved water access. Blue shades represent negative or weaker positive associations, whereas red shades represent stronger positive associations with childhood stunting prevalence. Thus, the colour gradient reflects both the direction and magnitude of the local associations. Administrative boundaries are shown for geographic reference.
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Supplementary Figures S3: Spatial variation in local GWR coefficients for improved sanitation and childhood stunting prevalence in Ethiopia.
Footnote:Points represent DHS clusters included in the GWR analysis. Colours indicate local coefficients for improved sanitation; blue shades represent negative (protective) associations, while red shades indicate positive associations. Administrative boundaries are shown for geographic reference.
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Supplementary Figures S4: Spatial variation in local GWR coefficients for clean fuel use and childhood stunting prevalence in Ethiopia.
Footnote:Points represent DHS clusters included in the GWR analysis. Colours indicate local coefficients for clean fuel use; blue shades represent negative (protective) associations, whereas red shades represent positive local associations. Administrative boundaries are shown for geographic reference.
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