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Abstract
Background

Minimum acceptable diet (MAD), a composite indicator of minimum dietary diversity and minimum meal
frequency, is essential for optimal growth and development during the first two years of life. Despite ongoing
improvements in maternal and child health programmes in India, complementary feeding practices remain
inadequate and exhibit substantial geographic variation. Although previous studies have identified several
determinants of MAD, evidence on district-level spatial heterogeneity remains limited. This study examined
the spatial distribution and determinants of MAD among children aged 6—23 months across India.

Methods

This study used data from the fifth round of National Family Health Survey (NFHS-5,2019-21), including
67,507 children aged 6—23 months. District-level estimates of MAD and selected child, household, and
environmental characteristics were generated for spatial analysis. Global Moran's | and Local Indicators of
Spatial Association (LISA) were used to assess spatial clustering. Associations between district-level
determinants and MAD were examined using ordinary least squares and spatial regression models.
Multiscale geographically weighted regression (MGWR) and generalized additive models with geographically
varying smooth effects were subsequently applied to investigate spatial heterogeneity and nonlinear
geographic variation.

Results

Overall, 10.2% of children aged 6—23 months met the criteria for a minimum acceptable diet. Significant
positive spatial clustering of MAD was observed across Indian districts (Moran's | = 0.459, p < 0.001). Higher
district-level prevalence of breastfeeding, urban residence, greater vegetation cover (NDVI), and higher
precipitation were positively associated with MAD, whereas a higher proportion of male children showed a
negative association. Spatial regression models provided a better fit than conventional regression, indicating
the presence of significant spatial dependence. Among all competing models, MGWR demonstrated the best
model performance (AIC = - 1088.45; R2 = 0.613), highlighting that the influence of key determinants varies
across geographic regions. The generalized additive model further confirmed significant spatially varying
effects for breastfeeding, urban residence, and NDVI.

Conclusions

Minimum acceptable diet among young children in India demonstrates marked geographic disparities that are
influenced by behavioural, environmental, and contextual factors. The spatial variation in these relationships
suggests that uniform national strategies may not adequately address regional nutritional inequalities.
District-specific interventions that strengthen breastfeeding promotion, improve access to diverse foods, and
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account for local environmental and socioeconomic conditions may enhance complementary feeding
practices and contribute to improved child nutrition outcomes.

1. Introduction

Optimal infant and young child feeding (IYCF) practices during the first two years of life are fundamental to
child survival, physical growth, and cognitive development [1], [2]. This period represents a critical nutritional
window during which inadequate feeding can lead to long-term deficits in health and human capital formation
[3]. Within this context, the Minimum Acceptable Diet (MAD) has been widely used as a composite indicator
to assess complementary feeding practices among children aged 6—23 months [4]. MAD combines two
essential components: Minimum Dietary Diversity (MDD), which reflects the consumption of nutritionally
diverse food groups, and Minimum Meal Frequency (MMF), which captures the adequacy of feeding
frequency based on a child’s age and breastfeeding status [5] [6]. A substantial body of evidence has
established that inadequate MAD is closely associated with adverse nutritional and developmental outcomes.
Children who fail to receive adequate dietary diversity and feeding frequency are at greater risk of stunting,
wasting, micronutrient deficiencies, and delayed cognitive development [7]. Empirical studies from both South
Asia and sub-Saharan Africa consistently demonstrate that inadequate complementary feeding contributes
significantly to anthropometric failure and poor child health outcomes. For instance, Dey et al. 2024 document
a strong association between inadequate dietary intake and undernutrition in eastern India, while Kitaw et al.
2024 show that MAD exhibits pronounced geographic clustering linked to socioeconomic disadvantage and
limited access to health services in Ethiopia [1], [2]. These findings indicate that complementary feeding
practices are shaped not only by individual or household characteristics but also by broader structural and
spatial contexts.

In India, suboptimal complementary feeding practices remain a persistent public health concern. Evidence
from the National Family Health Survey (NFHS-5, 2019-21) shows that only about one in ten children aged 6-
23 months receive a MAD [8]. This low prevalence reflects widespread deficiencies in both dietary diversity
and meal frequency, contributing to the country’s high burden of child undernutrition [2]. Despite
improvements in maternal and child health service utilization, including increased institutional deliveries and
antenatal care coverage, progress in complementary feeding practices has been uneven across regions. This
suggests that disparities in food access, maternal knowledge, and health system reach continue to shape
feeding behaviours. Previous research has identified a range of factors associated with MAD, spanning child,
maternal, and household characteristics [9], [10]. Maternal education consistently emerges as a key
determinant, as it enhances health awareness and feeding practices. Studies such as Acharya et al. and
Pradhan et al. demonstrate that higher levels of maternal education significantly increase the likelihood of
children receiving an adequate diet [5], [10]. Household economic status also plays a critical role by
influencing access to diverse and nutritious foods. In addition, interaction with health services, such as
antenatal care, institutional delivery, and exposure to nutrition counselling, has been shown to improve
feeding practices by facilitating behavioural change [11] [12] [13]. However, these relationships are often
complex and may not follow simple linear patterns. For example, the influence of maternal age, child age, or
household wealth may vary across different stages or thresholds, suggesting nonlinear effects [14], [15].
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Despite these insights, much of the existing literature relies on conventional parametric approaches that
impose assumptions of linearity and spatial uniformity. Such models estimate average relationships and may
overlook important variations in how determinants operate across different contexts. In reality, feeding
practices are shaped by a combination of behavioural, socioeconomic, and programmatic factors that interact
in complex ways and vary across geographic settings. Ignoring these dimensions can limit the ability to
accurately identify vulnerable populations and design effective interventions. Recent studies have highlighted
the importance of incorporating more flexible analytical approaches that can capture both non-linear
relationships and geographic variation. Evidence suggests that complementary feeding indicators, including
MAD, exhibit significant spatial clustering, reflecting shared contextual influences such as cultural practices,
food environments, and access to health services. For example, Pradhan and colleagues document
substantial regional disparities in dietary diversity across India, underscoring the need to account for spatial
heterogeneity in nutritional research [12].

However, empirical work that simultaneously accounts for both non-linearity and spatial heterogeneity in the
determinants of MAD remains limited in the Indian context [16], [17]. Most studies address these dimensions
separately, thereby providing only partial insights into the complexity of complementary feeding practices. A
more integrated analytical approach is needed to better understand how MAD determinants vary across
populations and regions. Against this backdrop, this study examines the prevalence and determinants of MAD
among children aged 6—23 months in India, while accounting for potential non-linear relationships and spatial
heterogeneity in the underlying factors. By providing a more nuanced understanding of how these
determinants vary across geographic contexts, the study seeks to generate evidence to inform targeted,
context-specific nutrition interventions [31].

2. Data and Methods
2.1. Data Source

This study uses data from the National Family Health Survey (NFHS-5) 2019-21, a nationally representative
household survey conducted by the International Institute for Population Sciences (IIPS) under the Ministry of
Health and Family Welfare (MoHFW), Government of India with technical support from ICF International. The
survey provides comprehensive information on population health, nutrition, and maternal and child health
indicators across India. NFHS-5 collected data from 636,699 households, 724,115 women aged 15-49 years,
and 101,839 children under five years of age. A two-stage sample design was used to choose the rural
sample, with villages serving as the Primary Sampling Units (PSUs) at the first stage (picked with probability
proportionate to size) and 22 homes chosen at random from each PSU at the second stage. A two-stage
sample design was also used in urban areas, with Census Enumeration Blocks (CEB) chosen in the first stage
and 22 randomly selected homes in each CEB in the second. Following a thorough mapping and household
listing process in the chosen first-stage units, households were chosen for the second stage in both urban
and rural locations. The present analysis included the youngest children aged 6—23 months living with their
mothers in India (n = 67,507), the target population for assessing Minimum Acceptable Diet (MAD) according
to WHO infant and young child feeding guidelines.

2.2. Methods
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2.2.1. Variable Description
Outcome variable

Minimum Dietary Diversity (MDD) and Minimum Meal Frequency (MMF) were combined to create MAD, a
composite measure that represents the amount and quality of food consumed by young children. The
percentage of children between the ages of 6 and 23 months who consume items from at least five of the
eight recommended food groups in the preceding 24 hours is known as Minimum Dietary Diversity, or MDD
[8]These eight food groups are as follows: (1) breast milk; (2) grains, roots, and tubers; (3) legumes and nuts;
(4) dairy products like milk, yogurt, and cheese; (5) meat, fish, poultry, and organ meats; (6) eggs; (7) fruits and
vegetables high in vitamin A; and (8) other fruits and vegetables [2]. MMF refers to the minimum number of
times a child should receive solid, semi-solid, or soft foods according to age and breastfeeding status.
Breastfed infants aged 6—8 months should receive food at least twice per day, while breastfed children aged
9-23 months should receive food at least three times per day. Non-breastfed children aged 6—23 months
should receive food or milk feeds at least four times per day. For non-breastfed children, age 6—23 months
aged receiving solid, semisolid, or soft food or milk feeds at least four times a day. The proportion of children
aged 6—23 months who had at least MMF and a MMF during the previous day were considered to have the
MAD [12]. The MAD was calculated through a dietary assessment method wherein the child’s mother was
asked to recall all the food intake of the youngest child living with her the previous day and night. The 24-hour
food recall was gathered through face-to-face interviews during household visits for the survey.

Predictor Variables

Based on existing literature on IYCF practices, several child, household, and environmental characteristics
were considered as predictors of MAD among children aged 6—23 months. Previous studies suggest that
complementary feeding practices are influenced not only by demographic and socioeconomic conditions but
also by ecological and geographic environments that shape food availability and dietary diversity.

Accordingly, the explanatory variables included child-level characteristics such as sex of the child (male child)
and age group (12-17 months), given evidence that feeding practices and nutritional needs vary by age and
sex. Household and socioeconomic characteristics included maternal education (no education), household
poverty status (poor household), social group composition (scheduled caste), and urban residence, which are
known to influence access to nutritious foods, health information, and healthcare services. Behavioural
factors included breastfeeding practices, as breastfeeding remains a critical component of complementary
feeding and child nutritional adequacy.

In addition to socioeconomic determinants, environmental variables were incorporated to capture the role of
agro-ecological conditions in shaping dietary practices. The Normalized Difference Vegetation Index (NDVI)
was included as a proxy for vegetation cover and ecological productivity, reflecting the potential availability of
food resources and agricultural conditions within districts. Higher NDVI values indicate greater vegetation
density and may be associated with improved food access and dietary diversity. Precipitation was also
included to account for climatic variability influencing agricultural production, food security, and seasonal
food availability. Districts with more favourable rainfall conditions may exhibit better child dietary outcomes
through enhanced agricultural productivity and food accessibility.

Page 5/19



All explanatory variables were aggregated at the district level to correspond with the spatial scale of analysis
and were standardized prior to modelling to facilitate comparability across predictors.

2.2.2. Geostatistical and Spatial Analysis

To examine the determinants of MAD and account for potential spatial dependence and geographic
heterogeneity, a combination of global, spatial econometric, and flexible spatial modelling approaches was
employed. Since complementary feeding practices are likely to vary across geographic settings due to
differences in environmental, socioeconomic, and healthcare contexts, relying solely on conventional
regression models may obscure important spatial processes.

Initially, an ordinary least squares (OLS) regression model was estimated to assess the overall district-level
associations between MAD and selected explanatory variables. The OLS model provides global parameter
estimates assuming that relationships between predictors and the outcome remain constant across
geographic locations. Prior to model estimation, multicollinearity among predictors was assessed using the
variance inflation factor (VIF), and diagnostic tests including the Jarque—Bera test and Breusch—Pagan test
were conducted to assess residual normality and heteroskedasticity, respectively.

To evaluate whether MAD exhibited geographic clustering, exploratory spatial data analysis was performed
using Global Moran'’s | statistic. Moran’s | was calculated to assess spatial autocorrelation in district-level
MAD prevalence, indicating whether neighbouring districts tended to display similar levels of dietary
adequacy. Additionally, Local Indicators of Spatial Association (LISA) cluster maps were generated to identify
geographic concentrations of high and low MAD prevalence across districts.

Given evidence of spatial dependence, spatial regression models were subsequently estimated to account for
autocorrelation in the outcome. A Spatial Lag Model (SLM) was used to examine whether MAD in a given
district was influenced by neighbouring districts, thereby capturing potential spillover effects. In parallel, a
Spatial Error Model (SEM) was estimated to account for spatial dependence arising from omitted or
unobserved geographically correlated factors. Model performance was assessed using Akaike Information
Criterion (AIC) and explained variance (R?), with lower AIC values indicating improved model fit.

To capture spatial heterogeneity in relationships, Geographically Weighted Regression (GWR) and Multiscale
Geographically Weighted Regression (MGWR) models were estimated. Unlike OLS, which assumes
geographically stationary relationships, GWR estimates local coefficients that vary across space. MGWR
extends this approach by allowing each explanatory variable to operate at a distinct spatial scale through
variable-specific bandwidths, thereby improving flexibility and model accuracy. An adaptive Gaussian kernel
was applied to estimate local relationships, and optimal bandwidths were selected using corrected Akaike
Information Criterion (AlCc).

Recognizing recent methodological concerns regarding the overinterpretation of GWR-based methods, a

Generalized Additive Model (GAM) with geographically varying smooth effects (GGP-GAM) was estimated as

a complementary and more statistically robust framework for inference [18]. The GAM approach allows

relationships between predictors and MAD to vary smoothly across geographic space while relaxing

assumptions of linearity and spatial stationarity. Specifically, spatially varying coefficient smooths were

estimated using Gaussian process (“gp”) smoothers for longitude and latitude, allowing the influence of key
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predictors to differ geographically. This framework enables the identification of nonlinear and geographically
varying associations without imposing fixed spatial boundaries or uniform effects.

The GAM model can be expressed as:

n

MAD; = B, + Z i (lom;, Lat,)X,; + s(lon;, lat;) + €;
k=1

Where M AD;represents the prevalence of MAD in district i, Xdenotes the explanatory variables,
fi.(lon;, lat; )represents spatially varying smooth functions for each predictor, s(lon;, lat;)captures the
baseline spatial effect, and €;denotes the random error term.

The complexity and statistical significance of spatially varying relationships were evaluated using effective
degrees of freedom (EDF), F-statistics, and associated significance levels. Higher EDF values indicate greater
nonlinear spatial complexity in predictor effects. To assess potential overfitting and redundancy among
smooth terms, concurvity diagnostics were also examined.

For all spatial analyses, MAD prevalence and explanatory variables were aggregated at the district level. Prior
to model estimation, continuous variables were standardized (z-scores) to ensure comparability across
predictors and facilitate interpretation of coefficients. Statistical analysis and data management were
conducted using Stata (version 17), whereas spatial regression modelling, GAM estimation, and geographic
visualization were performed in R software and ArcGIS Pro.

3. Results
3.1. Spatial distribution of minimum acceptable diet (MAD)

The choropleth map of district-level MAD prevalence shown in Fig. 1 revealed substantial geographic
heterogeneity across India, indicating marked regional disparities in child dietary adequacy. Districts with
relatively higher prevalence of MAD were predominantly concentrated in parts of southern, eastern and
northeastern India, whereas lower prevalence was observed across several districts in central, northern, and
western regions.

3.2. Global and spatial regression estimates

Table 1 presents the comparative findings from the ordinary least squares (OLS), spatial lag model (SLM), and
spatial error model (SEM) examining district-level determinants of MAD. The OLS model explained
approximately 30.7% of district-level variation in MAD (R? = 0.307), indicating moderate explanatory power.
Across all models, breastfeeding emerged as the strongest and most consistent predictor of dietary
adequacy. Districts with higher prevalence of breastfeeding demonstrated significantly better MAD outcomes
in the OLS (B =0.212%), SLM (B = 0.129%), and SEM (B = 0.123%*), underscoring the importance of infant feeding
practices in improving dietary adequacy. Environmental conditions also exhibited consistent associations
with MAD. Higher vegetation coverage, measured using the normalized difference vegetation index (NDVI),
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was positively associated with MAD in all models (OLS: B = 0.030*; SLM: B = 0.023*, SEM: B = 0.038%).
Similarly, precipitation demonstrated a positive association with MAD, although the magnitude of association
varied across models and was comparatively weaker in the spatial lag framework. Urban residence was
positively associated with dietary adequacy (OLS: B =0.077; SLM: B = 0.053; SEM: B = 0.069**), suggesting that
districts with higher urbanization benefit from improved food access, healthcare infrastructure, and service
availability. In contrast, the proportion of male children was negatively associated with MAD across all
specifications, with significant associations observed in OLS (B = -0.087), SLM (B = -0.078), and SEM (B =
-0.061*).The proportion of children aged 12-17 months showed a marginally positive association with MAD
in global and spatial lag models (B = 0.0661 and B = 0.055t, respectively), reflecting age-related transitions in
complementary feeding. However, variables such as maternal education, household poverty, caste
composition, and irrigation did not demonstrate statistically meaningful associations after adjustment for
spatial dependence. The significant spatial parameters in both models (p = 0.457* for SLM and A = 0.500* for
SEM) confirm the presence of strong spatial dependence, suggesting that dietary adequacy in one district is
influenced by conditions in neighbouring districts and by spatially correlated unobserved contextual factors.

Table 1

Comparative Regression Results of OLS, Spatial Lag Model (SLM), and Spatial
Error Model (SEM) for District-Level Determinants of Minimum Acceptable Diet

(MAD)
Variables oLS SLM SEM
Intercept 0.114** 0.066t 0.162%**
Male child -0.087** -0.078** -0.061*
Age 12-17 months 0.066t 0.055t 0.042
No education -0.002 0.009 0.002
Breastfeeding 0.2712%** 0.129*** 0.123%***
Poor household -0.001 -0.007 -0.010
Scheduled caste -0.045 -0.040 -0.056
Urban residence 0.077** 0.053* 0.069*
NDVI 0.030%*** 0.023*** 0.038***
Irrigation -0.001 0.001 -0.005
Precipitation 0.029*** 0.016* 0.026**
Spatial parameter - p = 0.457*** A = 0.500%**
Notes: **p < 0.001, *p < 0.01, p<0.05, Tp< 0.10.
p = spatial autoregressive parameter in SLM; A = spatial error parameter in SEM.

3.3. Diagnostic assessment of OLS assumptions

Diagnostic tests confirmed important violations of OLS assumptions and justified the use of spatial modelling

approaches (Table 2). The Breusch—Pagan test (90.655%) indicated significant heteroskedasticity, suggesting
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non-constant variance in residuals. Likewise, the Jarque—Bera statistic (163.350%) indicated departures from
normality in the residuals.

Most importantly, residual spatial dependence remained substantial after OLS estimation. The residual
Moran’s | statistic (I = 0.251*) indicated significant spatial autocorrelation in unexplained variation, implying
that geographically proximate districts shared similar residual patterns. Collectively, these findings
demonstrate that conventional regression assumptions were violated and support the application of spatially
explicit modeling frameworks.

Table 2

Diagnostic Tests for the Ordinary Least Squares (OLS) Model Assessing
Minimum Acceptable Diet (MAD)

Diagnostic Test Values Interpretation

Breusch—Pagan Test  90.655*** Heteroskedasticity present

Jarque—Bera Test 163.350***  Residuals not normally distributed
Residual Moran'’s | 0.257%** Spatial autocorrelation present
Global Moran'’s | 0.459%** Strong positive spatial clustering

3.4. Spatial heterogeneity in determinants: GWR and MGWR
findings

To account for geographic non-stationarity in relationships between predictors and MAD, geographically
weighted regression (GWR) and multiscale geographically weighted regression (MGWR) models were
estimated. Both approaches substantially improved model fit compared with global regression models. The
GWR model improved explanatory power to R2 = 0.585, demonstrating that associations between MAD and its
determinants vary geographically. However, the MGWR model achieved superior performance with the lowest
AIC (- 1088.445) and highest explanatory power (R? = 0.613) among all competing models (Table 4),
indicating that determinants operate at distinct spatial scales rather than uniformly across India. The MGWR
coefficient maps further highlighted pronounced geographic variation in the effects of the predictors(see

Fig. 2). Spatial variation in the effect of precipitation suggested stronger positive associations in specific
agro-ecological regions, reflecting differences in agricultural productivity and food availability. Similarly, NDVI
displayed marked regional heterogeneity, with greener districts generally demonstrating stronger positive
effects on MAD, indicating the importance of ecological conditions for dietary adequacy. The coefficient map
for male children revealed notable geographic variation in the negative association with MAD, suggesting that
gender-related disparities in feeding practices may be context-specific rather than nationally uniform.
Likewise, the spatial distribution of the intercept term indicated considerable residual contextual variation,
suggesting the influence of unmeasured district-level factors such as food environments, policy
implementation, and sociocultural norms.

3.5. GAM-based spatially varying effects and robustness
assessment
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To assess the robustness of the MGWR findings, a generalized additive model (GAM) with spatially varying
coefficients was estimated (Table 5). The GAM explained 53.5% of deviance and demonstrated relatively
strong explanatory power (adjusted R? = 0.494), confirming the presence of substantial spatial heterogeneity
in MAD determinants. The GAM results revealed statistically significant spatial variation for a subset of
predictors. In particular, breastfeeding (EDF = 8.794, F = 5.059*) and NDVI (EDF = 13.414, F = 3.902*) exhibited
pronounced spatially varying effects, indicating that their influence on MAD differed considerably across
districts. Urban residence (EDF = 3.000, F = 3.7517)* also demonstrated significant geographic variation. In
contrast, age 12-17 months, poor household status, and precipitation displayed marginally significant spatial
heterogeneity (1), whereas maternal education and scheduled caste composition showed no statistically
significant spatial variation. The significant baseline spatial smoother (EDF =9.510, F = 2.018%) further
suggested the persistence of underlying geographic structure beyond measured covariates. The GAM-GGP
maps shown in Fig. 3 reinforced these findings by illustrating substantial geographic variation in the strength
and direction of predictor effects. Spatial patterns were especially pronounced for precipitation and NDVI,
indicating that environmental influences on child dietary adequacy vary considerably across India’s ecological
zones.

Table 4
Model Comparison of Global and Spatial Regression

Models

Model AlC R?

OLS -024.182 0.307

SLM -1027.779 0.430

SEM -1020.999 0.431

GWR -1025.029 0.585

MGWR -1088.445 0.613

Notes: Lower AIC values indicate better model fit.

3.6. Comparative model performance

A comparative assessment of model performance demonstrated clear improvements when spatial
dependence and heterogeneity were incorporated (Table 4). The OLS model exhibited the weakest fit (AIC = -
924.182; R2 = 0.307), whereas spatial econometric models substantially improved explanatory power (SLM: R?
= 0.430; SEM: R2 = 0.431).

Flexible spatial models further enhanced model performance. The GAM accounted for a considerable
proportion of variation (R2 = 0.494), while the GWR model substantially improved explanatory power (R? =
0.585). However, the MGWR model emerged as the best-fitting specification, with the lowest AIC (- 1088.445)
and highest R? (0.613), indicating that multiscale spatial processes provide the most accurate representation
of district-level variation in MAD across India.
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Table 5
Generalized Additive Model (GAM) Results Showing Spatially Varying Effects on Minimum Acceptable Diet

(MAD)
Smooth Terms EDF F-value
Age 12-17 monthst 3.000 2.401
No education 3.000 0.345
Breastfeeding*** 8.794 5.059
Poor householdt 6.777 1.830
Scheduled caste 3.000 1.768
Urban residence* 3.000 3.751
NDV/|*** 13.414 3.902
Precipitationt 7.222 1.717
Spatial smoother (s(lon, lat))* 9.510 2.018

Notes: ***p < 0.001, **p < 0.01, p *< 0.05, tp < 0.10. EDF = effective degrees of freedom. Higher EDF values
indicate greater spatial complexity or nonlinearity in the association.

4. Discussion

This study examined district-level determinants of MAD among children in India using a progression of global,
spatial, and multiscale models. The findings demonstrate that child dietary adequacy is not only socially and
environmentally determined but also strongly shaped by spatial processes, including both spatial dependence
and spatial heterogeneity.

The study found that across model specifications, behavioural and environmental factors emerge as the most
consistent and influential determinants of MAD. In particular, early initiation of breastfeeding shows a robust
positive association with dietary adequacy and exhibits pronounced spatial variation. This underscores the
central role of maternal caregiving practices in shaping child nutrition outcomes, while also indicating that the
effectiveness of such practices varies across regional contexts [20] [21]. Environmental conditions, proxied by
vegetation (NDVI) and precipitation, also display strong and spatially heterogeneous associations with MAD.
These findings highlight the importance of ecological context in influencing food availability and dietary
diversity. Regions with more favourable agro-ecological conditions appear to provide a supportive
environment for achieving adequate child nutrition, although the strength of this relationship varies
geographically [22]. Urbanization is another significant determinant, suggesting that access to markets,
services, and infrastructure plays an important role in improving dietary outcomes. However, the spatial
variation observed in its effects indicates that the advantages of urban residence are not uniformly
distributed, reflecting disparities in urban infrastructure and service delivery [12] [23]. In contrast, traditional
socioeconomic indicators such as poverty, caste, and maternal education do not exhibit strong or consistent
effects in the fully adjusted models, nor do they show significant spatial variation in the GAM-SVC framework,
which conforms to several past studies [18] [7], [21], [24]. This does not imply that these factors are
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unimportant; rather, their influence may be mediated through more proximate behavioural and environmental
pathways or may operate at broader structural levels that are less spatially differentiated at the district scale.

The presence of significant spatial autocorrelation in OLS residuals confirms that child nutrition outcomes are
geographically clustered. Spatial regression models (SLM and SEM) improve model fit substantially,
indicating that neighbouring districts exhibit similar patterns of dietary adequacy due to shared socio-cultural,
economic, and environmental contexts [25] [26]. These findings suggest the existence of spatial spillover
effects, where practices, infrastructure, and food systems extend beyond administrative boundaries. They
also point to the role of unobserved regional factors such as policy implementation, agricultural systems, and
cultural norms that influence child nutrition in spatially contiguous areas [12].

The MGWR results reveal that relationships between determinants and MAD vary across space and operate at
different geographic scales. This underscores the limitation of global models, which assume uniform effects,
and highlights the importance of accounting for spatial non-stationarity [27]. The superior performance of
MGWR indicates that child nutrition is governed by multiscale processes. Behavioural factors such as
breastfeeding tend to exhibit localized effects, reflecting community-level practices and norms. In contrast,
environmental variables such as vegetation and precipitation operate over broader spatial scales, consistent
with regional agro-ecological patterns. Structural factors like urbanization may span intermediate scales,
reflecting both local infrastructure and broader development gradients [28]. This multiscale perspective
provides a more nuanced understanding of geographic inequalities in child nutrition and suggests that
interventions must be tailored to the spatial scale at which determinants operate.[27]

The GAM-based spatially varying coefficient model provides an important robustness check for the MGWR
findings. While MGWR suggests widespread spatial variation across multiple predictors, the GAM-SVC results
indicate that spatial heterogeneity is concentrated in a subset of variables—specifically breastfeeding, NDVI,
and urbanization[29]. This distinction is methodologically important. MGWR, as an exploratory tool, is
effective in identifying potential spatial variation and scale differences. However, the GAM framework,
grounded in a likelihood-based approach, offers more conservative and statistically robust inference. The
convergence of results across these models, particularly for key behavioural and environmental variables,
strengthens confidence in the substantive findings [30]. At the same time, the GAM results suggest that not
all determinants vary spatially, emphasizing the need to distinguish between truly spatially varying processes
and those that are relatively stable across regions. This combined approach addresses recent critiques of
GWR-based methods and demonstrates the value of integrating complementary modeling frameworks [18],
[31].

The findings have important implications for policy and program design. The strong and spatially varying
influence of breastfeeding practices suggests that interventions promoting optimal infant feeding should be
tailored to local contexts, taking into account regional cultural norms and health system capacity. The role of
environmental conditions highlights the need to integrate nutrition policy with agricultural and climate-
sensitive interventions. Enhancing food availability and diversity in ecologically constrained regions may
require targeted investments in irrigation, crop diversification, and climate-resilient agriculture. The spatial
variation in urban effects indicates that improving urban nutrition outcomes requires attention to intra-urban
inequalities, including access to affordable and diverse foods, healthcare, and social services. More broadly,
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the evidence of spatial clustering and multiscale heterogeneity suggests that uniform, nationwide
interventions may be insufficient. Instead, geographically targeted strategies that account for regional
variation and spatial interdependencies are likely to be more effective.

Several limitations of this study should be acknowledged. First, the analysis is based on cross-sectional data,
which limits causal inference. Second, district-level aggregation may mask intra-district variation and
individual-level dynamics. Third, while MGWR and GAM-SVC capture spatial heterogeneity, they do not fully
account for all sources of spatial dependence or potential endogeneity. Future research could extend this
work by incorporating longitudinal data, exploring causal pathways, and integrating additional contextual
variables such as food markets, health service availability, and policy implementation. In the meantime,
integrating multiscale and statistically grounded spatial models, this study provides new insights into the
geographic structure of nutritional inequalities.

5. Conclusion

This study examined the district-level determinants and spatial heterogeneity of minimum acceptable diet
(MAD) among children aged 6-23 months in India using global, spatial econometric, and geographically
varying models. The findings reveal substantial geographic disparities and significant spatial clustering in
MAD, indicating that child dietary adequacy is shaped by behavioural, environmental, and spatial factors.
Breastfeeding, urban residence, NDVI, and precipitation emerged as important positive determinants of MAD,
whereas the proportion of male children showed a negative association. Spatial models further demonstrated
that these relationships vary geographically, with MGWR and GGP-GAM highlighting significant spatial
heterogeneity, particularly for breastfeeding, NDVI, and urban residence.

The findings underscore that uniform nutrition interventions may be insufficient to address regional
disparities in child feeding practices. Instead, geographically targeted strategies that strengthen
breastfeeding promotion, improve food access and diversity, and account for local ecological and
infrastructural conditions are needed to improve child dietary adequacy across India.
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Figure 1

Spatial Distribution of Minimum Acceptable Diet (MAD) Among Children Aged 6—-23 Months Across Districts
in India, 2019-21
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Figure 2

Spatial Variation in MGWR Coefficients for Determinants of Minimum Acceptable Diet (MAD) Across
Districts in India
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Figure 3

Spatially Varying Effects of Determinants of Minimum Acceptable Diet (MAD) Based on GAM-GGP Maps
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