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Motivation

Global progress on food security has stalled, with hunger and
malnutrition remaining persistently high (FAO et al., 2024).

Sub-Saharan Africa faces the highest burden, compounded by
climatic shocks, weak market integration, economic instability, and
persistent structural inequalities (Barrett, 2021; Brück & d’Errico,
2019).

Climate variability affects food security through multiple channels:
lower agricultural production, higher food prices, declining labour
income, and worsening health conditions (Barrett, 2021; Kubik &
May, 2018) — with effects strongest where households depend on
rainfed agriculture and have limited access to safety nets.

Transitory shocks can generate persistent welfare losses, yet
standard empirical approaches struggle to capture the dynamic
transitions between food security states over time.
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Limitations of Existing Research Selected Literature

Food security is inherently latent and multidimensional (covering
availability, access, utilization, and stability), yet most empirical
analyses rely on indicators that capture only one dimension at a
time (FAO, 2006; Carletto et al., 2013; Jones et al., 2013).

Common indicators — dietary diversity, caloric intake, food
expenditures — are all informative, but none fully identifies the
underlying condition researchers seek to study (Leroy et al., 2015).

This measurement gap is particularly consequential in panel
settings: two households may exhibit identical dietary patterns
across periods while differing substantially in risk exposure, coping
capacity, and vulnerability to future deterioration (Carletto et al.,
2013).

Standard empirical methods treat observed outcomes as direct
measures of the underlying condition rather than as imperfect
signals of a latent state, making it difficult to characterise
persistence and transitions between food security regimes (Jones et
al., 2013).
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Research aim

This study examines the dynamics of household food security in
Sub-Saharan Africa — Ethiopia, Malawi, and Nigeria — focusing on how
dietary diversity evolves over time and how households move between
more and less secure latent states in response to early climate stress.

Innovative contribution

Conceptualises food security as a dynamic latent process, capturing
persistence, upward mobility, and downward risk across regimes —
rather than as a static observed outcome.

Shows that early drought exposure is robustly associated with a
lower probability of reaching or remaining in the high dietary-diversity
regime, even at mild water-deficit thresholds.

Documents how vulnerability is structured by household and territo-
rial characteristics, with female-headed and rural households facing
systematic disadvantage.
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Latent variable models and food security

While latent variable methods are used across many fields, their application
to food security dynamics remains scarce — and no study has combined a
Hidden Markov approach with a comparative multi-country panel in
Sub-Saharan Africa.

Alemu & Olsen (2019). Latent variable model of consumer prefer-
ences for insect-based foods in Kenya.

Bartolucci & Farcomeni (2022). Hidden Markov model to map
dynamics of global food access across world regions.

Waqo et al. (2025). Multistate Markov model of household food
insecurity transitions in Ethiopia during Covid-19.

Our study extends this literature by modelling latent food-security regimes
across three countries and examining how early drought exposure shapes
transitions between states over time.
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Our sample - Living Standards Measurement Study (1/3)

The countries highlighted in green represent those
included in our sample: Ethiopia, Malawi, and Nigeria.

Waves by country and survey years

Wave Country Survey year Obs.
1 Ethiopia 2010/2011 3,429

Malawi 2009/2010 3,474
Nigeria 2010/2011 3,984

2 Ethiopia 2012/2013 3,504
Malawi 2012/2013 4,081
Nigeria 2012/2013 3,919

3 Ethiopia 2014/2015 3,458
Malawi 2015/2016 2,764
Nigeria 2015/2016 3,830

4 Ethiopia 2017/2018 2,555
Malawi 2018/2019 3,140
Nigeria 2018/2019 4,242

Total: 42,380 obs. (ETH: 12,946 — MWI: 13,459 —
NGA: 15,975)
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Our sample - Living Standards Measurement Study (2/3)

We rely on the Household Dietary Diversity Score (HDDS) as the
primary measure of food security (outcome)

The HDDS reflects a household’s economic capacity to access a diverse
diet and is widely used as an indicator of the food access dimension of
food security (Swindale & Bilinsky, 2006; Leroy et al., 2015), capturing
dietary quality and nutritional adequacy.

The HDDS is calculated using twelve food groups. Each group is assigned
a score of 1 if consumed in the previous 24 hours, and 0 otherwise —
yielding a score from 0 to 12.

Following Vaitla et al. (2017), we recode HDDS into three ordered cate-

gories of progressively increasing dietary diversity:

HDDS 0–3: severely food insecure (0)
HDDS 4–5: moderately food insecure (1)
HDDS 6–12: food secure (2)

Full sample mean HDDS: 1.74 (std. dev. 0.52), with Ethiopia recording
the lowest average (1.46) and Malawi the highest (1.91).
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Our sample - Living Standards Measurement Study (3/3)

Covariates Descr.Stat.

Early drought warning: values equal to 1 when the 3-month
Standardized Precipitation Evapotranspiration Index (SPEI) falls
below −0.5, capturing early stages of water stress before conditions
reach conventional drought severity (dichotomous).

Gender: values equal to 1 if the household head is female, 0
otherwise (dichotomous). Female-headed households represent
24.5% of the full sample.

Urban: values equal to 1 if the household is located in a settlement
with at least 20,000 inhabitants, 0 otherwise (dichotomous). Urban
households represent 15.2% of the full sample.

Fixed regional effects are included in all specifications to account for
unobserved structural, socioeconomic, and environmental differences
across regions.
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HDDS Trend by Gender

Female-headed households consistently report lower average HDDS
across all survey waves and countries, confirming the structural
nature of the gender gap in dietary diversity.
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Model (1/3)

We implement a Hidden Markov Model (HMM) to analyse the
dynamic evolution of household food security as a latent process.

An HMM infers a sequence of unobservable (latent) states from a
sequence of observable outputs, allowing us to distinguish persistence,
upward mobility, and downward risk across food-security regimes.

HMM in our case:

Latent states: unobservable food-security regimes - low vs.
high dietary diversity — representing the underlying condition
of each household over time.

Observable outcome: the HDDS, used as an imperfect signal
of the latent food-security state.

Initial state distribution: the probability of belonging to each
latent state at the beginning of the observation period.

Transition probabilities: the probability of moving from one
latent state to another, modelled as a function of covariates
(drought exposure, gender, urban residence).
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Model (2/3)

Initial probabilities can be written as:

log
P(U(1) = u|X (1) = x)

P(U(1) = 1|X (1) = x)
= β0u + x⊤β1u

where:

β0u is the intercept for latent state u (baseline log-odds of being
in u versus state 1 when x = 0)

x⊤β1u is the contribution of covariates to the log-odds of being
in state u versus state 1
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Model (3/3)

Transition probabilities can be expressed as:

log
P(U(t) = u|U(t−1) = ū,X (t) = x)

P(U(t) = ū|U(t−1) = ū,X (t) = x)
= γ0ūu + x⊤(γ1u − γ1ū)

where:

γ0ūu is the intercept for the transition from state ū to state u
when all covariates equal zero
x⊤(γ1u − γ1ū) captures the relative effect of covariates on the
probability of moving to u versus remaining in ū
(difference-logit parametrization; Bartolucci et al., 2017)

The parameter vector θ is estimated by maximum likelihood via
the EM algorithm (Baum et al., 1970; Dempster et al., 1977); the
number of latent states is selected by minimising the BIC.
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Selection of latent states according to BIC criterion

k Log Likelihood AIC BIC

1 -44787.26 89578.51 89594.13

2 -21770.51 43791.01 44766.79

3 -21454.26 43408.51 45360.06

4 -21383.73 43521.45 46464.39

Based on these findings, we use two latent states:

Low dietary diversity (LC1): households concentrated in moderate
food insecurity, with non-negligible risk of severe deprivation

High dietary diversity (LC2): households almost certainly food
secure
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Average HDDS by Country and Latent Class

Notes: The values of the Household Dietary Diversity Score on the y-axis take the
following values: 0 (severely food insecure), 1 (moderately food insecure), 2 (food
secure).
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Initial and Transition Probabilities

Low dietary High dietary
diversity (LC1) diversity (LC2)

Initial probabilities
0.2656 0.7344

Transition probabilities
Low dietary diversity (LC1) 0.3440 0.6560
High dietary diversity (LC2) 0.0800 0.9200

At the start of the observation period, 26.5% of households belong
to the low dietary diversity state — the less favourable condition

Food security dynamics are asymmetric: households in LC1 have a
65.6% probability of moving upward, while those in LC2 remain
there with a probability of 92%.

This asymmetry suggests path dependence: once a more secure
condition is achieved, it becomes considerably easier to maintain
than to lose (Antman & McKenzie, 2007; Jalan & Ravallion, 1998).
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Parameters affecting transition probabilities

Coefficient Odds-ratio AME

Early drought warning -0.5337*** 0.5864 -9.8
(0.0627)

Gender -0.3232*** 0.7238 -5.9
(0.0548)

Urban 1.1793*** 3.2520 +20.6
(0.0945)

Notes: ***p-value < 0.01. Standard errors in parentheses. AME = Average
Marginal Effect (percentage points). For dichotomous variables, a value of
1 indicates: SPEI < −0.5 (early drought warning), female household head
(gender), urban area with at least 20,000 inhabitants (urban).
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Country-level Marginal Effects

Notes: Values on the y-axis represent average marginal effects. The light-red bar
corresponds to the early drought warning variable (SPEI < −0.5). The green bar
corresponds to the gender variable (1 = female household head). The light blue bar
represents the urban variable (1 = urban area with at least 20,000 inhabitants). The
horizontal dashed line corresponds to zero.
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Early Drought Impact on Food Security by Gender

Female-headed households face a compounded disadvantage:
they start from a lower dietary diversity baseline and are
disproportionately affected by early drought exposure
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Subnational Heterogeneity in Drought Effects Gender

Ethiopia Malawi

Nigeria

Notes: Darker shades indicate a stronger negative effect of drought on the probability
of belonging to the high dietary diversity latent class.
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Robustness Checks

Our main findings remain robust across four dimensions:

OLS estimates: direction and significance consistent with
the HMM results across all subsamples OLS estimates

Alternative SPEI windows: drought effect negative and
significant at 6-, 9-, and 12-month accumulation periods SPEI

Drought-onset indicator: alternative measure based on
continuously negative SPEI values yields a similar AME (−9.3
p.p. vs benchmark −9.8 p.p.) Drought onset

Binary HDDS outcome: re-estimation using a
country-specific median threshold confirms all main results
(−9.7 p.p.) HDDS

A further crop-adjusted specification matches drought exposure
to the predominant regional crop, yielding slightly larger effects (up
to −10.9 p.p. in Malawi). Crop-Adjusted
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Findings in a nutshell

Asymmetric transition dynamics: households in the high
diversity state persist there with probability 0.92, while those
in the low diversity state have a 65.6% chance of moving
upward — upward mobility is possible, but food security is
easier to maintain than to regain.

Early drought exposure reduces the probability of belonging
to the high dietary diversity state by 9.8 p.p., robust across
all alternative specifications.

Female-headed households are 5.9 p.p. less likely to reach
the high diversity state, with the penalty exceeding 7.8 p.p.
in the most affected regions.

Drought × Gender: female-headed households face a
compounded disadvantage — lower baseline diversity and
disproportionate drought penalty.

Urban residence: +20.6 p.p. higher probability of food
security, reflecting a persistent rural–urban divide.
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Policy Implications

The findings suggest three policy priorities:

Link early-warning systems to adaptive safety nets. Food
insecurity is not purely a contemporaneous response to shocks
— it is a dynamic process shaped by persistence and
cumulative disadvantage.

(Early) Drought responses should be geographically targeted
and context-specific.

Target structurally vulnerable groups. Female-headed
households face larger and spatially uneven drought impacts.
Gender-sensitive interventions are needed in the most affected
areas.

Address the rural–urban divide. The urban advantage
highlights persistent rural disadvantages. Improving market
access, infrastructure, and income diversification may reduce
this gap.
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Thank you for your attention!
sara.balestri@unipg.it
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Descriptive Statistics Back

HDDS Early drought Gender Urban
Panel A - Full sample
Mean 1.739 0.2006 0.2453 0.1515
Std.Dev 0.5185 0.4005 0.4302 0.3585
Min 0 0 0 0
Max 2 1 1 1

Panel B - Ethiopia
Mean 1.463 0.2164 0.2396 0.0878
Std.Dev 0.6502 0.4118 0.4269 0.2831
Min 0 0 0 0
Max 2 1 1 1

Panel C - Malawi
Mean 1.905 0.3023 0.2939 0.1876
Std.Dev 0.3237 0.4593 0.4556 0.3904
Min 0 0 0 0
Max 2 1 1 1

Panel D - Nigeria
Mean 1.823 0.1022 0.2088 0.1726
Std.Dev 0.4361 0.3029 0.4065 0.3780
Min 0 0 0 0
Max 2 1 1 1
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Selected Literature Back

Climate variability and household welfare. Drought and weather
shocks reduce agricultural output and worsen food consumption in
low-income settings (Lobell et al., 2011; Deschênes & Greenstone,
2007), with compounding effects from conflict and economic insta-
bility in Sub-Saharan Africa (d’Agostino et al., 2025; Martin-Shields
& Stojetz, 2019).

Food security measurement. Standard indicators capture individ-
ual dimensions of a multidimensional concept but none fully identifies
the underlying condition (Jones et al., 2013; Leroy et al., 2015). The
HDDS is widely used as a tractable proxy for food access and dietary
quality (Swindale & Bilinsky, 2006; Fongar et al., 2019).

Latent-variable approaches. A smaller literature applies hidden-
state methods to food insecurity, covering food choice behaviour
(Alemu & Olsen, 2019), insecurity transitions (Waqo et al., 2025),
and the dynamics of global food access (Bartolucci & Farcomeni,
2022).
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Gender Effects on Food Security: Subnational Variation
Back

Ethiopia Malawi

Nigeria

Notes: Darker shades indicate a stronger negative effect of drought on the probability
of belonging to the high dietary diversity latent class.
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Robustness I: OLS Estimates Back

Full sample Ethiopia Malawi Nigeria

Early drought warning -0.0548*** -0.1269*** -0.0158* 0.0069
(0.0055) (0.0116) (0.0066) (0.0092)

Gender -0.0661*** -0.1426*** -0.0503*** -0.0163
(0.0054) (0.0130) (0.0060) (0.0085)

Urban 0.1312*** 0.3072*** 0.0913*** 0.0796***
(0.0067) (0.0198) (0.0073) (0.0094)

Observations 42,380 12,946 13,459 15,975
Regional FE Yes Yes Yes Yes
R2 0.1722 0.0552 0.0367 0.0726

Notes: *** p < 0.01, ** p < 0.05, * p < 0.1. Standard errors in parentheses.
The SPEI variable is lagged by one period.

Direction and significance are broadly consistent with the HMM results.

The low R2 confirms that OLS fails to capture the latent dynamic

structure of food security, supporting the HMM framework.
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Robustness II: Alternative SPEI Accumulation Periods Back

Coefficient Odds-ratio AME (p.p.)

3 months (benchmark) -0.5337*** 0.5864 -9.8
(0.0627)

6 months -0.3838*** 0.6812 -7.1
(0.0598)

9 months -0.3928*** 0.6744 -7.2
(0.0610)

12 months -0.3490*** 0.7053 -6.4
(0.0592)

Notes: ***p<0.01. Only the early drought warning coefficient is
shown; gender and urban effects are stable across all specifications
(AME gender: −5.9 p.p.; AME urban: +20.6 p.p. in all cases). Shorter
accumulation periods capture meteorological and agricultural drought;
longer windows reflect hydrological drought and water storage.
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Robustness III: Drought-Onset Indicator Back

Early drought warning Drought onset
(benchmark, SPEI < −0.5) (SPEI < 0)
Coefficient AME (p.p.) Coefficient AME (p.p.)

Early drought / onset -0.5337*** -9.8 -0.5149*** -9.3
(0.0627) (0.0579)

Gender -0.3232*** -5.9 -0.3204*** -5.8
(0.0548) (0.0558)

Urban 1.1793*** +20.6 1.1850*** +20.9
(0.0945) (0.0964)

Notes: ***p<0.01. Standard errors in parentheses. The drought-onset indicator takes
value 1 when SPEI values remain continuously below zero, capturing an earlier and milder
stage of water deficit than the benchmark threshold of −0.5. The slightly smaller AME
(−9.3 vs −9.8 p.p.) is substantively plausible: milder episodes do not all translate into
equally severe food security consequences.
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Robustness IV: Alternative Binary HDDS Outcome Back

Three-category HDDS Binary HDDS
(benchmark) (country-specific median)

Coefficient AME (p.p.) Coefficient AME (p.p.)

Early drought warning -0.5337*** -9.8 -0.7140*** -9.7
(0.0627) (0.1067)

Gender -0.3232*** -5.9 -0.4046*** -5.8
(0.0548) (0.0655)

Urban 1.1793*** +20.6 1.8042*** +34.3
(0.0945) (0.1174)

Notes: ***p<0.01. Standard errors in parentheses. The binary HDDS outcome equals
1 when the household HDDS is above the country-specific median, 0 otherwise. The
larger urban AME in the binary specification (+34.3 vs +20.6 p.p.) reflects the sensitivity
of a relative threshold to the strong urban–rural gap in dietary diversity.
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Robustness V: Crop-Adjusted Drought Exposure Back

Drought indicator matched to the predominant crop in each region (maize in Ethiopia
and Malawi; tubers in most of Nigeria), maintaining the same 3-month SPEI accumu-
lation as the benchmark. Estimated AMEs: Ethiopia −10.1 p.p., Malawi −10.9 p.p.,
Nigeria −9.9 p.p. (full sample: −10.4 p.p.). The slightly larger effects relative to the
benchmark (−9.8 p.p.) suggest that accounting for crop composition improves mea-
surement of effective agricultural exposure to drought stress.
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