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a b s t r a c t 

Growing evidence from evolutionary biology demonstrates how early life shocks trigger physi- 
ological changes designed to be adaptive in challenging environments. We examine the impli- 
cations of one type of physiological adaptation – immunity formation - for human capital accu- 
mulation. Using variation in early life malaria risk generated by an interrupted disease control 
program in Zambia, we show that exposure to infectious diseases during the first two years of life 
can reduce the harmful effects of malaria exposure on cognitive development during the preschool 
years. These findings suggest a non-linear and trajectory-dependent relationship between early 
life adversity and human capital formation. 

 

 

 

 

 

 

 

 

 

I. Introduction 

A growing body of work illustrates the importance of the in utero and early childhood developmental periods for human capital
development ( Black et al., 2016 ; Grantham-McGregor et al., 2007 ). Adverse early life experiences, particularly those affecting early
childhood health, have been shown to undermine early skill formation and result in persistent disadvantage over the life course
( Almond et al., 2018 ). 

Economists have increasingly become interested in the dynamics of human capital formation, focusing in particular on whether 
investments in human capital across developmental periods are complements or substitutes ( Aizer and Cunha, 2012 ; Attanasio et al.,
2020 ; Attanasio et al., 2017a ; Cunha et al., 2010 ; Johnson and Jackson, 2019 ). While existing human capital production models
highlight interactions between different shocks and potential responses by parents or policy makers, they typically do not account
for the potential biological adaptation to these shocks. 1 Unless parents overcompensate for early shocks ( Cunha and Heckman, 2007 ;
Heckman, 2007 ), or positive early life shocks and investments increase the opportunity cost of schooling relative to labor ( Bau et al.,
2020 ), contemporary human capital models predict that exposure to early adversity should always have negative implications for
human capital accumulation. 
∗ Corresponding author. 
E-mail address: guenther.fink@swisstph.ch (G. Fink). 

1 Two exceptions of studies in the economics literature that incorporate insights from biological theories of adaptive responses are 
Hoynes et al. (2016) and Schneider (2017) . 
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In this paper, we argue that these predictions may not hold in settings where early exposure to adverse shocks leads to bene-
ficial biological adaptations to the environment. We first develop a stylized model of human capital formation that considers both
the immediate negative impacts of an adverse early life shock and the consequences of resulting biological responses. The model
conceptualizes insights from evolutionary biology, which highlight the myriad of evolutionarily-selected physiologic changes made 
by organisms to increase their chances of survival in complex environments ( Bateson et al., 2014 ; Gluckman and Hanson, 2006 ).
Physiological adaptations to challenging environments seem obvious and necessary from an evolutionary perspective, but are likely 
costly from a developmental perspective as they limit nutritional resources available for other processes. Whether these biological 
responses are optimal for human capital accumulation in the long run likely depends to the ex-post returns to the adaptive changes
made. 2 

In order to assess this question empirically, we explore spatial and temporal variation in early life exposure to malaria in Zam-
bia. Malaria is an ideal condition to examine the role of biological adaptation in human capital formation for three reasons. First,
exposure to malaria, like other common infectious diseases, results in one very well-understood form of physiological adaptation: 
immunity formation. Developing immunity is costly - as it requires disease exposure - but can result in significant benefits in the
event of subsequent re-exposure to the disease ( Doolan et al., 2009 ; Reves et al., 1989 ; Yang and Rubin, 1995 ). The first two years
of life are widely considered the most critical period for immunity formation, characterized by unmatched rates of immune system
learning ( Holt and Jones, 2000 ; M’Rabet et al., 2008 ). Failure to form early immunity to a given disease is inconsequential if children
are permanently protected from this disease. However, in environments where exposure to the same infections occurs repeatedly 
throughout the life course, this is likely not the case. Even though immune system learning continues at older ages, declining ability
to adapt to new infectious agents, means that lack of early immunity can potentially result in increased vulnerability and reduced
health status in all subsequent periods. Second, the formation of adaptive immunity in endemic settings is relatively well understood.
A substantial body of evidence shows that individuals not previously exposed to malaria have more severe disease than individu-
als who have had past exposures, due to the formation of protective partial immunity ( Goncalves et al., 2014 ; Gupta et al., 1999 ).
Third, malaria has also been well-studied in the economics literature, with a number of studies demonstrating large, positive long-
run health and human capital impacts from sustained reductions in the risk of contracting disease from the in utero years onward
( Barofsky et al., 2015 ; Barreca, 2010 ; Bleakley, 2010 ; Chang et al., 2014 ; Cutler et al., 2010 ; Hong, 2007 ; Kuecken et al., 2020 ;
Lucas, 2010 ; Venkataramani, 2012 ). 

The Zambia malaria program we explore was highly successful in reducing malaria risk during its early years ( Ashraf et al., 2010 ).
However, the disease rebounded in several areas of the country after 2009, due to disruptions in external funding that brought program
efforts to a temporary stop. These swings in disease risk resulted in variation in exposure to malaria across different developmental
periods by birth cohort and area of residence. We use this variation to assess the human capital impacts of malaria exposure in the first
two years of life in a setting where immunity formation is likely to be beneficial. To do so, we combine detailed child development
data collected specifically for this study with locally- and nationally- representative data on malaria infection rates. Between 2006
and 2012, the government of Zambia collected nationally representative data on fever, anemia and malaria parasite prevalence every 
two years. In each of these Malaria Indicator Surveys (MIS), approximately 20 children were assessed per enumeration area (i.e.,
villages or urban areas of about 250 households each as defined in the 2010 Census). 

We selected 53 of the enumeration areas surveyed in the 2006 MIS for two rounds of detailed child development assessments in
2010 and 2012. The focus of the first round conducted in 2010 were children born in 2004, who were either 1 or 2 years old when
the 2006 MIS was conducted in their village, and 5-6 years old at the time of the 2010 assessment. In 2012, we came back to the
same 53 areas, and assessed a matching set of 5-6-year-olds (children born in 2006) from the same communities. 

If the Zambian malaria campaign had been as successful as planned, our theoretical prediction would be straightforward: on
average, children born after campaign commencement would have experienced much lower malaria exposure, and would thus be 
expected to have better developmental outcomes by ages 5-6. However, given that malaria resurged rapidly after 2009, the predicted
impacts of reduced early life malaria impacts are ambiguous. Leveraging within village-cohort variation in malaria risk over the 
course of childhood, along with village-level variation in the initial malaria disease burden for identification, we find that children
exposed to reduced malaria in the first two years of the program – but re-exposed to higher rates of malaria in the pre-school years
– had poorer cognitive development at ages 5-6 than children from the same areas more exposed to malaria in the first two years of
their life. The estimated effect sizes are substantial: each standard deviation decrease in early life malaria exposure is associated with
roughly 0.16 standard deviation decrease in cognitive development. We also find negative, though imprecisely estimated, effects on 
performance on a test of attention (our measure of non-cognitive skills), while estimates for physical development are sensitive to
specification. 

Comparing children living in areas that experienced resurgent diseases versus those that did not, we find that the negative effects
accrue only among children experiencing resurgence. In areas where RBM-led declines in malaria were sustained, reduced early life
exposure was associated with substantial (but imprecisely estimated) improvements in cognition at age six, consistent with prior 
2 The recent theory of “predictive adaptive responses, ” developed to explain rising chronic disease rates, formalizes this intuition. The critical 
mechanism in this theory is that periods of hardship or abundance stimulate physiological changes (for example, epigenetic modification - the change 
by which genes are expressed) that favor physiologic pathways that are advantageous for this early environment. However, if this early environment 
changes, these physiologic changes may either confer no benefit, or may become maladaptive. A well-known set of examples are the physiologic 
changes stimulated by early exposure to nutritional scarcity. These changes may be advantageous when faced with nutrition-poor environments 
later in life, but may lead to chronic diseases such as obesity or diabetes thereafter. The theory also applies to the inverse situation where the early 
shock is beneficial, but the later life environment is challenging. This is the situation we examine in this paper. 

2 



G. Fink, A.S. Venkataramani and A. Zanolini Journal of Health Economics 80 (2021) 102532 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

work examining the impacts of sustained declines in malaria and other infectious diseases on measures of cognition and achievement
( Chen et al., 2020 ; Kremer and Miguel, 2004 ; Kuecken et al., 2020 ; Venkataramani, 2012 ). We also show that our core findings are
unlikely to be explained by omitted area and time-varying shocks, selection, access to health services, reduced supply (crowd-out) or
demand for non-malaria related health services, and changes in parental investments. 

We conduct two tests to more directly examine the role of partial immunity formation as key mechanism behind these patterns.
First, in descriptive models of cognitive development that control for early (ages 0-2) and late exposure (ages 3-5) to malaria as well as
the interaction between these two age-specific exposures, we find that the interaction term is positive, significant and more predictive
of the outcomes than the age-specific terms, suggesting that earlier exposures offset the negative effects of later malaria exposures.
This also implies that our core finding of poorer developmental outcomes for the post-RBM cohort likely cannot be explained alone
by higher malaria exposure at ages 3-5 (i.e., the preschool years being a critical period). Effects of pre-school malaria exposure are
decreasing with higher rates of early life exposure - consistent with the importance of adaptive immunity. Second, we use data on
malaria infections and morbidity for children under age 5 over the period 2006-2010 to assess how measures of disease risk and
severity vary as a result of different early life exposures. We find that cohorts with higher exposure to malaria infection risk in the
first two years of life were substantially less likely to be anemic and to suffer from fever – two key symptoms of malaria – at ages
3-5 than cohorts with lower early exposure in early life in similar disease environments. This finding, which suggests that early
exposure can increase children’s ability to cope with disease exposure later, is consistent with biomedical work on partial immunity
formation ( Aponte et al., 2007 ; Gupta et al., 1999 ) showing that adaptive immunity formation can reduce the risk of severe disease
upon (re)infection. 

Our findings have several implications. First, the results demonstrate that the relationship between early life shocks and subsequent
development may be more complex than previously portrayed in the economics literature. In particular, in settings where repeated 
exposure to pathogens or other stressors is high, early exposure to adverse shocks may blunt the longer-run harms of disease exposure,
via realization of adaptive biological responses. While our specific case-study involves malaria, they concord with the observations 
in the biomedical literature on putative long-run impacts of adaptive responses to adverse early life shocks more generally (Wells
2012, Bateson, Gluckman et al. 2014 ). These results are also consistent with recent evidence from Sweden, which shows that earlier
entrance into the public daycare system increases morbidity initially, but yields substantial increases in child health in the medium
to long run ( Siflinger and van den Berg, 2018 ). The direction and magnitude of our estimates should compel researchers to consider
biological adaptation in human capital models, and investigate the consequences of adaptations to a variety of different shocks, such
as other infectious diseases or dramatic changes in access to nutrition or nurturing care. 

Our results also highlight the importance of distinct sub-periods in the first years of children’s lives. As highlighted in several
recent studies ( Attanasio et al., 2020 ; Attanasio et al., 2017a ; Gunnsteinsson et al., 2019 ; Rossin-Slater and Wüst, 2016 ), models of
human capital formation that consider the under-5 age range as a single developmental period - or focus on the first two years of
life only - may not be a good approximation of early life developmental processes, as they abstract away from the complex interplay
between experiences in the first, second, as well as all subsequent years of childhood. 

Finally, our results also highlight programmatic implications that pose challenges to disease eradication or control campaigns. 
Interventions that seek to ameliorate infectious disease can threaten both population health and child development if these efforts are
not sustained. This contention is particularly relevant in the context of malaria control, which has been characterized by a long history
of disease resurgence in the face of inconsistent funding, program implementation, and changes in disease ecology ( Cohen et al., 2012 ).
Given that major local investments in public goods like malaria control seem unlikely in the short run ( Kremer and Miguel, 2007 ;
Maskin et al., 2019 ), continued global support will likely be needed to prevent major relapses in the future. Moreover, our results may
also be relevant to modern vaccine campaigns. For example, recently developed malaria vaccines have shown promising efficacy, but
their durability may depend on doses administered up to more than a year after an initial series of shots ( Datoo et al., 2021 ). Lack of
uptake of this final dose may have consequences that extend beyond increased disease risk. 

The rest of the paper is structured as follows. We introduce a stylized model of human capital formation which incorporates
adaptive biological responses in Section 2 . Section 3 tests the predictions of this model using the temporarily halted Zambian malaria
control effort as a case study. Section 4 discusses – and rules out – alternate explanations for our findings. Section 5 reports descriptive
evidence in support of the immunity formation mechanism. Section 6 concludes. 

2. Human Capital Formation with Adaptive Biological Responses - A Stylized Model 

We consider a standard model of human capital formation, where childhood is divided into multiple developmental periods 
𝑡 ∈ { 1 , 2 , ..., 𝑇 } and adult outcomes are determined by cognitive, socio-emotional, and physical skills children achieve at the end of
childhood. In each period, children get exposed to shocks. In our empirical section, we focus on infectious disease shocks (exposure
to malaria) and the resulting biological response of immunity formation. However, the model applies to other forms of adversity
as well, such as poor nutrition, accidents, or exposure to violence - all which may offer only limited time frame for physiologic
adaptation. The dynamics of ISC and H essentially describe the physiologic changes underlying the theory of predictive adaptive
responses, a framework from evolutionary and developmental biology which posits that early life health and nutritional shocks serve 
as cues that generate epigenetic responses that help ensure short-run survival and reproductive success, but may lead to harm if
they are “mismatched ” with subsequent changes in the environment ( Bateson et al., 2014 ; Gluckman and Hanson, 2006 ). The model
is also aligned with the well-known “hygiene hypothesis, ” which posits that declining exposure to early life infections may lead to
inflammatory conditions, such as asthma and allergies, and autoimmune conditions, such as Type 1 diabetes ( Vanaten et al., 2016 ;
Yazdanbaksh et al., 2002 ). 
3 
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Skill formation in period t and state s depends on preexisting skills ( 𝜃) , investments ( I ), parental skills and efforts ( P ) , health ( H) ,
and unobserved skill shocks 𝜖𝑡 

𝜃𝑡 +1 = 𝑓 𝑡,𝑠 
(
𝜃𝑡 , 𝑃 𝑡 , 𝐼 𝑡 , 𝐻 𝑡 , 𝜖𝑡 

)
(1) 

As in Cunha and Heckman (2007) , we assume that the human capital production function f is twice differentiable and monoton-
ically increasing in its arguments. The inclusion of health stock or status ( H ) in our model follows recent extensions of the original
model in Conti and Heckman (2014) . Period-specific health is a function of exposure to health shocks 𝜂, previous health H t-1 as well
as well as immune system capacity ISC . Specifically, the health stock in period t is given by: 

𝐻 𝑡 = 𝐻 

(
𝐻 𝑡 −1 , 𝐼𝑆 𝐶 𝑡 , 𝜂𝑡 

)
(2) 

with 𝜕𝐻 

𝜕𝜂
< 0 . 

The human immune system comprises an innate and an adaptive component. The former includes physical barriers (such as skin),
chemical barriers (substances released by mucosal cells which are toxic to infectious pathogens), and immediate cellular responses 
to a broad class of agents foreign to the body. Adaptive immunity is the cellular response to infections that generates memory. With
subsequent exposure to the same disease agent, memory cells recognize the agent and initiate an immune response that either reduces
the burden of disease or prevents symptomatic infection entirely. Thus, immune system capacity to fight disease – or in a more general
model, the sum of changes from adaptive biological responses – develops over time through exposure to health shocks: 

𝜕𝐼𝑆 𝐶 𝑡 

𝜕 𝑛 𝑡 −1 
≥ 0 (3) 

and enters the health production function by moderating the impact of negative health shocks: 

𝜕 𝐻 𝑡 

𝜕 𝑛 𝑡 
𝜕𝐼𝑆 𝐶 𝑡 ≥ 0 (4) 

Consistent with biomedical evidence, we allow for immunity to be partial or complete. Partial immunity occurs where there is
repeated exposure to an evolving pathogen (which can be parasites, viruses, or bacteria) or a pathogen with large (bio-)diversity
around a set of core characteristics. With partial immunity, exposure to the infectious agent will still result in morbidity. However,
the immune system response is more rapid and the symptoms will be less severe. Complete immunity is possible when a host has a
subsequent encounter with an identical pathogen. In this case, the individual will not experience an acute health shock and will often
experience no symptoms. If the child gets exposed to strictly different virus, bacteria, or parasites over time, (3) can be assumed to
be zero. 

In the context of infectious diseases such as malaria, diarrhea, or pneumonia, complete immunity is rare as the pathogens that
cause these diseases are numerous and constantly evolving. With malaria, however, partial immunity after disease exposure is a
well-documented phenomenon ( Aponte et al., 2007 ; Gupta et al., 1999 ). In particular, the breastfeeding period is a privileged time
for the formation of adaptive partial immunity, as infants are protected from severe malarial infections because of protective protein
components of breast milk ( Doolan et al., 2009 ; Snow et al., 1997 ). The dynamics of immune system responses to malaria and direct
protection from breastmilk proteins are thought to explain the unique epidemiologic profile of the disease in endemic regions among
children under the age of 5: while exposure to parasites (and bloodstream presence of parasites) remains constant, the risk of severe
disease increases initially after weaning and then declines sharply thereafter ( Goncalves et al., 2014 ). In addition, some health shocks
can be so severe that the immune system cannot adapt. An extreme case of this is death; a less extreme case is where health shocks
lead to a severe nutrient imbalance that reduces the available energy for the formation of adaptive immunity ( Chandra, 1997 ). These
cases are not trivial in the context of malaria, which both has a high probability of resulting in death and may also result in permanent
cognitive impairment (i.e., cerebral malaria) ( Boivin et al., 2007 ). 3 

With this general setup, our stylized model generates the following predictions: 

1 Exposure to infectious diseases reduces health and developmental outcomes. 
2 Temporary reductions in early-life exposure will improve developmental outcomes in the short-run, but may make children worse 

off in the medium- to long-run if the returns to immunity formation are sufficiently large. 

Prediction (1) follows directly from our modeling setup: early life health shocks 𝜂𝑡 lower early life health status 𝐻 𝑡 and, through
reduced health, lower subsequent developmental outcomes (e.g., 𝜃𝑡 +1 and subsequent periods). This direct and immediate health 
effect has been the focus of much of the published literature linking health adversity to developmental outcomes ( Almond et al.,
2018 ). 

Prediction (2) is the primary prediction of interest of this paper, as well as its main conceptual contribution. Given that early
exposure to health adversity increases subsequent resilience, the net impact of early life exposure to infectious disease depends on
the magnitude of the immediate developmental losses compared to the magnitude of the reductions in the subsequent losses due to
improved immune system development. This is most easily illustrated in a three-period model, where the first period corresponds to
the first two years (highlighted as the most critical window in the literature), the second period is ages 3 and 4, which represents
3 In most settings, these extreme cases are relatively rare, such that most children are exposed to more limited adversity. 

4 
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Fig. 1. – Malaria Endemicity among Children under Age 5 
Notes: Data from Zambia Malaria Indicator Survey, 2006. We used inverse-distance weighted spatial interpolation of survey clusters to predict local 
malaria parasite positivity (MPP) rates among children 5 and under. Completely white areas correspond to an MPP rate of zero; the darkest areas 
correspond to an MPP of 0.5 (i.e., 50% of surveyed children tested positive for parasites in the bloodstream by a rapid diagnostic test). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

post-weaning and the pre-school years (period 2), and the third period is ages 5 and up, which is when we observe our developmental
and human capital outcomes. In this setup, human capital in period 3 will be given by: 

𝜃3 = 𝑓 
(
𝜃2 , 𝑃 2 , 𝐼 2 , 𝐻 2 , 𝜖2 

)
(5) 

Assuming investment does not change in response to health shocks, the partial derivative of this expression with respect to early
life adversity is given by: 

𝜕 𝜃3 
𝜕 𝑛 1 

= 

𝜕𝑓 () 
𝜕 𝜃2 

𝜕 𝜃2 
𝜕 𝐻 1 

𝜕 𝐻 1 
𝜕 𝑛 1 

+ 

𝜕𝑓 () 
𝜕 𝐻 2 

𝜕 𝐻 2 
𝜕 𝐻 1 

𝜕 𝐻 1 
𝜕 𝑛 1 

+ 

𝜕𝑓 () 
𝜕 𝐻 2 

𝜕 𝐻 2 
𝜕𝐼𝑆 𝐶 2 

𝜕𝐼𝑆 𝐶 2 
𝜕 𝑛 1 

(6) 

The first term captures the developmental delays generated by early health adversity through lower health status in the first
period, which we posit will be unambiguously negative. The second captures the long-run health consequences of early life adversity.
These can be assumed to be zero if infections are minor, but could be significantly negative for severe infections like cerebral malaria,
which may alter a child’s health status permanently. The third term captures the benefits of increased immunity: early exposure to
infectious disease lowers the health impact that future exposure has, so that children with poorer initial health will have better health
in all subsequent periods. If these returns – which are likely to differ across domains such as cognitive or non-cognitive development
and physical growth - are large enough, children with early exposure may be better off than children without such exposure in settings
where both groups are exposed to equivalent disease risks later in life. 

3. Zambia’s rollback malaria program, research strategy and results 

3.1. Background 

Malaria is endemic in all parts of Zambia. As seen in Fig. 1 , exposure to malaria (measured in terms of the fraction of under
5 with evidence of parasites in blood samples, hereafter malaria parasite positivity - MPP) in the year prior to Roll Back Malaria
(RBM) varied substantially across the country, with highest rates in the Northeast and the lowest rates in the Southwest region of the
country. Between 2000 and 2005, malaria accounted on average for 48% of all under-5 inpatient visits, and for 30% of all under-5
mortality registered at inpatient facilities ( Ashraf et al., 2010 ). 

RBM was initiated in 2006 as national control effort coordinated by the National Malaria Control Center and supported by a
large group of international donors, including the Global Fund, World Bank, the Bill and Melinda Gates Foundation, and the Pres-
ident’s Malaria Initiative. The goal of the RBM program was to reduce malaria by two-thirds within five years ( Zambia Ministry of
Health, 2006 ). To date, the program remains one of the largest infectious disease treatment and prevention plans in per-capita-terms
5 
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Fig. 2. – Trends in Malaria Infection Rates, 2006-2012. 
Notes: Aggregate data from Zambia Malaria Indicator Surveys, 2006-2012. Provinces displayed are those represented in our child development 
sample. The national trend line. shows a drop in under-5 malaria rates by 50% between 2006 and 2008, with resurgence in 2010. In the high 
prevalence Eastern and Luapala provinces, parasite positivity rates in 2010 exceeded those in 2006. Estimates present regionally and nationally 
weighted averages as reported in the MIS reports 2006-2012. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

in the region, with an estimated annual budget of approximately US $10-15 per person/year. Between 2003 and 2010, the program
received close to US $200 million in foreign contributions ( Mouzin et al., 2011 ). Following World Health Organization guidelines, the
program’s four principal strategies were: (1) administration of intermittent preventive treatment for pregnant women; (2) distribution 
of insecticide treated nets to households; (3) indoor residual spraying; and (4) case management, including the systematic diagnosis
of fever patients through Rapid Diagnostic Tests and their treatment with artemisinin-based combination therapies. Large reductions 
in malaria incidence and prevalence were noted by 2008 ( Ashraf et al., 2010 ; NMCC, 2009 ). 

However, these impacts were short-lived. In the wake of a corruption scandal at the Ministry of Health, Global Fund grants were
suspended ( Usher, 2010 , 2015) and program funding dropped markedly in 2009 (see Appendix Fig. B1 for details), leading to
pronounced reductions in program efforts ( Appendix Fig. B2 ), and an almost immediate resurgence of malaria. This resurgence is
illustrated in Fig. 2 which shows the regional and national prevalence estimates of under-5 malaria between 2006-2012 from the
Zambia Malaria Indicator Surveys (MIS; see Section 4 and Appendix A ). MPP declines substantially between 2006 and 2008, and then
increases again in 2010. This resurgence was particularly pronounced in Eastern Province and Luapula, where MPP rates rose above
0.50 (meaning that half of children under-5 had malaria parasites at the time of the survey), while MPP rates remained relatively low
in Lusaka, Northwestern, and Southern Province. Nationwide, MPP was substantially higher in 2010 and 2012 than in 2008, with
2012 levels only slightly below the (pre-program) 2006 levels. 4 

3.2. Research Strategy 

To assess the impact of early disease environments on human capital, we conducted two rounds of original data collection on
children’s developmental outcomes at age six (prior to school entry in Zambia) in 2010 and 2012. Working closely with a local expert
team, we developed a new assessment battery - the Zambian Child Assessment Test (ZamCAT) - designed to comprehensively measure
development (cognitive, non-cognitive, and physical skills prior to school entry) in the local context ( Fink et al., 2012 ). A first cohort
of children – children born in 2004 – was assessed in 2010, across 73 clusters originally selected for, and surveyed in the 2006 MIS.
We returned to 53 of these clusters in 2012 to conduct assessments for children born in 2006. 

We purposefully conducted our assessments for both cohorts during the low transmission season for malaria (July-October), to 
avoid picking up contemporaneous impacts of active or recent malaria infection on measures of child development ( Boivin et al.,
2007 ; Thuilliez et al., 2017 ). Table 1 shows descriptive statistics for the sample. On average, children were a little over six years old
at the time of the assessment. While 50% of the sample were female in the 2004 cohort, this proportion was slightly smaller (44%)
in the 2006 cohort, who on average also appear to live in larger households. 5 Other household and community characteristics were
similar across the two cohorts. Further details on data sources are provided in Appendix A . 

Our empirical strategy assesses the (net) consequences of reduced exposure to early malaria and its symptoms at ages 0-2 on
three key developmental domains at age 6. The ZamCAT contains multiple tasks and assessments in each domain – we used principal
4 The exact reasons for the persistent reversal in trends in the most malaria exposed regions are not well understood. The funding freeze in 2009 is 
likely only a partial explanation given that it was temporary. It is possible that partial (i.e., un-sustained) program efforts led to the natural selection 
of hardier mosquitos and parasites and, therefore, reduced efficacy of spraying and bed net coverage in these areas ( Cohen et al., 2012 ). Both of 
these phenomena have been implicated in failures of control efforts in other contexts, as well ( Alonso et al., 2011 ). 

5 Data on household size across the two rounds is unfortunately not directly comparable: while households were asked to list all members for the 
2004 cohort, only total household size numbers were reported in 2010 – this likely explains some of the size differences observed. 

6 
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Table 1 

Descriptive Statistics: Zambia Early Childhood Development Project Data. 

Cohort 2004 Cohort 2006 

Child characteristics N Mean SD N Mean SD 

Female 1,109 0.51 0.50 849 0.44 0.50 
Age in months 1,109 75.79 4.06 849 72.00 0.00 
Household size 1,109 5.45 1.85 845 7.04 2.54 
Wealth quintile 1,109 2.86 1.40 849 2.77 1.36 
Caregiver education 1,109 8.93 3.22 849 8.96 3.11 
Number of child books 1,109 0.28 0.45 849 0.32 0.47 
Adult reading time 1,109 0.46 0.50 849 0.55 0.50 
Other books 1,109 0.67 0.47 849 0.63 0.48 
Height-for-age z-score 1,096 -0.96 1.26 844 -1.00 1.20 
Weight-for-age z-score 1,097 -0.90 1.08 847 -0.82 1.00 
BMI z-score 1,084 -0.36 1.06 844 -0.25 0.96 
Cognition Z-score 1,109 0.05 1.00 849 -0.06 0.99 
Physical Z-score 1,084 -0.03 1.01 844 0.02 0.98 
Attention Z-score 1,104 0.09 0.95 839 0.01 1.12 

Cluster characteristics 

Cluster is urban 1,109 0.50 0.50 849 0.46 0.50 
MPP 2006 a) 1,109 0.13 0.19 849 0.15 0.20 
Mean rainfall b) 1,109 676.04 126.72 849 657.33 107.23 
Mean temperature c) 1,109 72.21 3.25 849 71.86 2.47 

Constituency characteristics 

Literacy 1,086 0.81 0.13 833 0.80 0.12 
Asset score 1,086 -0.16 0.81 833 -0.26 0.80 
Sewage access 1,086 0.16 0.22 833 0.15 0.21 

Notes: a) MPP malaria parasitemia prevalence based on Malaria Indicator Survey 
2006. b) Rainfall in mm; c) temperature in degrees Fahrenheit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

component analysis to synthesize these subdomain-specific scores within each domain into a single summary score to reduce multiple
hypothesis testing concerns, and show subdomain results in the Appendix. Some children did not complete all of the assessments –
we imputed missing scores in these subdomains using data from available scores from the same domains. Within each cluster, we
compare developmental outcomes for the 2006 birth cohort – who faced reduced malaria risk in the first years of life and thereby were
less likely to form partial immunity when faced with disease resurgence – to those of the 2004 birth cohort, who only benefitted from
RBM-led reductions in malaria risk at ages 3-5. We begin by estimating versions of the following continuous difference-in-differences 
model, which has commonly been used in the economics literature to assess the impacts of malaria control on human capital outcomes
( Bleakley, 2010 ; Cutler et al., 2010 ; Kuecken et al., 2020 ; Lucas, 2013 ; Venkataramani, 2012 ): 

𝑦 icdt = 𝛼0 + 𝛼1 1 
(
Pos 𝑡 𝑡 

)
×MPP 2006 𝑐 + 𝑋 icdt 𝛽 + 𝜃𝑐 + 𝛾𝑡 + 𝜔 𝑑 ×𝜋𝑡 + 𝜀 icdt (7) 

where y is the developmental outome of interest, and i indexes the individual; c indexes the cluster of residence at time of the
interview; d the district in which the cluster was situated; and t the birth cohort. The 2004 cohort – fully exposed to malaria up to
2006 – is our main reference group; the cohort fixed effects 𝜋t capture the developmental differences between the 2004 and the 2006
cohorts in areas without malaria, MPP denotes cluster-specific malaria parasite prevalence rates among children under-5 at baseline, 
and the interaction between Post and MPP captures the additional difference in areas with high malaria - our primary parameter of
interest (with the main effects for Post and MPP subsumed by cohort and cluster fixed effects, respectively). The vector X icdt denotes
child demographic covariates (age and gender). The cluster fixed effects ( 𝜃𝑐 ) adjust for time-invariant village level characteristics, 
including size, location and pre-intervention malaria burden, and restrict our analysis to a comparison of children growing up in the
same villages within two years. 

The main coefficient of interest is 𝛼1 , which recovers the effect of reduced early life exposure to malaria as a result of RBM. In prior
work focusing on sustained reductions in malaria risk, estimates of 𝛼1 are positive, indicating beneficial effects of reduced early life
exposure to malaria. However, our case study is different. Given that the disease resurged (on average) across Zambia, estimates of
𝛼1 may be negative, if prior immunity formation from exposures at ages 0-2 are critical for protecting children from (severe) disease
during their pre-school years. 

Because we only have two cohorts, we are unable to conduct standard tests for violations of the parallel-trends assumption.
We initially address this limitation by estimating specifications with increasingly stringent controls. We first account for parent and
household characteristics (e.g., parental education and household wealth). We then adjust for regional trends by introducing province- 
cohort fixed effects. We thereafter add district-cohort fixed effects in our model (denoted by 𝜔 d ×𝜋t in Equation (7)) , which capture all
changes within a district over time, aand cluster-level measures of average rainfall and temperatures during the birth year. Because
districts are relatively small (on average, the size of a U.S. county), these fixed effects tightly capture a number of potential local
cohort and period-specific confounds, such as variation in the rollout of key health and social programming, as well as small-area
economic and environmental shocks that may have affected the two cohorts differentially. For example, antiretroviral therapy (ART) 
for HIV was rolled out at the district level starting in 2004 ( Lucas and Wilson, 2013 ; Wilson, 2014 ). ART is associated with improved
7 
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Fig. 3. – Density Plot of Developmental Outcomes. 
Notes : Figs. plot densities of cognitive z-scores for each of the two ZECDP birth cohort. Plots stratify data by residence in a cluster with low (Panel 
A) versus high (Panel B) under-5 malaria prevalence at baseline, which is determined based on MPP above or below the sample median of 0.2 (20% 

of children with positive parasitemia test). 

 

 

 

 

 

 

 

 

 

 

 

 

 

survival and anthropometric outcomes among children in Zambia, and higher child human capital investment elsewhere ( Baranov and 
Kohler, 2012 ), though HIV prevalence historically has been higher in areas where malaria prevalence is generally low. Similarly, the
Zambian Child Grant program was also rolled out starting in 2010 on a district-level basis ( Handa et al., 2016 ). 

The advantage of the continuous difference-in-differences specification in Equation (7) is that it helps connect our results to the
prior economics literature on malaria and affords greater purchase on causal inference. However, it does not take advantage of the
varying trajectories in malaria exposures across different study areas ( Fig. 2 ). To address this heterogeneity, we estimate versions of
Equation (7) separately for children living in clusters experiencing disease resurgence (defined as similar or higher parasitemia rates 
in 2010 versus prior to RBM in 2006) and children living in clusters with sustained declines in malaria (defined as lower district-level
parasitemia rates in 2010 versus 2006). We also explore age-specific exposures in section 5 of the paper where we try to identify the
key mechanisms underlying the changes observed. 

3.3. Results 

Fig. 3 previews our main findings showing densities for an index of cognitive test scores, stratified by birth cohort and pre-
intervention malaria prevalence (high versus low). For the lower prevalence clusters – clusters with malaria parasitemia prevalence 
below the median, shown in panel (A) - we find a small, rightward shifts in the distribution of cognitive z-scores, suggesting higher
average scores for the 2006 than for the 2004 birth cohort. In contrast, for clusters with high baseline prevalence of malaria (B)
– which benefitted more from the initial RBM efforts - the post intervention cohorts appear to have substantially poorer outcomes,
illustrated by notable leftward shifts in the densities. 

Table 2 presents the regression estimates for Equation (7) . Estimates for each of the component measures are provided in Appendix
Table C1 . In specifications that only include cluster, cohort, and child age and gender, we find large, negative estimates of the effect of
reduced early life exposure as a result of RBM on all three developmental domains, even though estimates for the physical development
8 
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Table 2 

– Impact on Developmental Indices 

Panel A: Cognitive Development Index 

(1) (2) (3) (4) (5) 

1 (Post) ∗ MPP -0.864 ∗ -0.961 ∗ -0.672 ∗ -0.834 ∗ -0.853 ∗ 

(0.504) (0.531) (0.390) (0.458) (0.453) 
Observations 1,958 1,958 1,958 1,958 1,958 

Panel B: Physical Development Index 

(1) (2) (3) (4) (5) 
1 (Post) ∗ MPP -1.055 ∗ -1.070 ∗∗ -0.699 ∗ 0.0550 0.0438 

(0.543) (0.531) (0.393) (0.246) (0.247) 
Observations 1,928 1,928 1,928 1,928 1,928 

Panel C: Attention Z-score 

(1) (2) (3) (4) (5) 
1 (Post) ∗ MPP -1.518 ∗∗∗ -1.594 ∗∗∗ -0.468 -0.666 -0.689 

(0.516) (0.515) (0.403) (0.564) (0.561) 
Observations 1,943 1,943 1,943 1,943 1,943 

Cluster FE X X X X X 
Child controls X X X X X 
Household controls X X X X 
Province-cohort fixed effects X 
District-cohort fixed effects X X 
Climate controls X 

Notes. OLS estimates of the continuous DID model ( equation 7 ). All outcome vari- 
ables are normalized to mean 0 and standard deviation 1 within the ZECDP sample. 
All models include cluster and birth cohort fixed effects. Model (1) also controls 
for child age and child gender. Model (2) additionally controls for parental educa- 
tion and household assets. Model (3) includes additional controls for province-cohort 
fixed effects. Model (4) includes district-cohort fixed effects as well. Model (5) fur- 
ther includes cohort-year temperature and rainfall measures. The temperature con- 
trols comprise of a vector of indicators denoting 5 10-degree bins for the maximum 

temperature in individual’s cluster and cohort of birth. Rainfall includes a linear term 

for the interpolated cluster level of rainfall in the birth year. Robust standard errors 
correcting for clustering at the survey cluster level in parenthesis are shown in paren- 
theses. Coefficients represent cohort differences for a hypothetical 100% differences 
in baseline parasitemia. Mean (SD) of baseline MPP were 0.12 (0.18). 

∗∗∗ p < 0.01, 
∗∗ p < 0.05, 
∗ p < 0.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

index are imprecise. The inclusion of province-cohort and, as per our preferred specification, district-cohort fixed effects, attenuate 
estimates for the tests of attention or inhibitory control and physical development. With province-cohort and district-cohort fixed 
effects, estimates for the anthropometric index are close to zero, which suggests that increased morbidity during the pre-school age
does not harm physical growth as much, or that such effects can be compensated by children later on(i.e., that there is potential for
catch-up growth). While much of the traditional nutrition literature suggests that growth trajectories are largely determined by age
2 ( Victora et al., 2010 ), our null-findings on physical growth suggest that both early and late exposure to malaria-induced morbidity
have negative growth consequences, which is consistent with the high degree of later-life growth variability documented in the more
recent growth literature ( Fink and Rockers, 2014 ). These findings are also consistent with some of the prior economics literature on
malaria, in which large impacts on cognition have been found, without any impacts on height (see, for example, Venkataramani 2012 ).

The estimates for the cognitive index are large, negative, relatively precisely estimated (with p < 0.10), and remain largely un-
changed regardless of covariates. We focus on these findings in the remainder of the paper. Focusing on the results from our preferred
specification (column 5), the estimated coefficient of -0.85 implies that 1 s.d. decrease in baseline MPP (19 percentage points - similar
to the mean decline in MPP during the RBM era) results in a 0.16 s.d. decrease in cognition. On average, children from the 2006
cohort growing up in clusters with high MPP had substantially worse cognitive outcomes than children from the 2004 cohorts from
the same clusters even though the latter had substantially higher exposure to malaria in their first two years of life. 

Given that the malaria trajectories varied substantially over time, we estimate separate models for clusters with declining and
clusters with resurgent malaria. The results presented in Table 3 show that the large, negative impacts on cognition are driven by
children living in areas experience malaria resurgence, with a precisely-estimated 1 s.d. decrease in baseline MPP resulting in a 0.21
s.d. decrease in cognition in clusters where MPP was higher in 2010 than in 2006 (column 1). By contrast, children living in areas
with consistently declining malaria experienced a 0.08 s.d. increase in cognition from the same 1 s.d. decrease in early exposure
(column 2). This means that with sustained malaria control, substantial improvements were seen in endemic areas, a finding which
9 



G. Fink, A.S. Venkataramani and A. Zanolini Journal of Health Economics 80 (2021) 102532 

Table 3 

– Impact in Resurgent and Non-Resurgent Areas 

Outcome: Cognitive Development Index 

(1) (2) (3) (4) 

Cluster restriction MPP 2010 > MPP 2006 MPP 2010 < = MPP 2006 Moving in and out of high MPP Always high or always low 

1 (Post) ∗ MPP -1.149 ∗∗ 0.453 ∗ -1.331 ∗∗∗ 0.872 
(0.409) (0.249) (0.377) (0.728) 

Observations 901 1,057 940 897 
R-squared 0.312 0.389 0.331 0.312 

Notes . OLS estimates of the continuous DID model ( equation 7 ). All outcome variables are normalized to mean 0 and standard 
deviation 1 within the ZECDP sample. All models include a full set of controls including child and household characteristics, cluster 
and birth cohort fixed effects, climate controls, and district-cohort fixed effects . Columns 3 and 4 compare clusters moving in an 
out of high transmission to clusters with always high or always low parasitemia. Coefficients represent cohort differences for a 
hypothetical 100% differences in baseline parasitemia. Mean (SD) of baseline MPP were 0.12 (0.18). 

∗∗∗ p < 0.01, 
∗∗ p < 0.05, 
∗ p < 0.1. 

Table 4 

– Robustness Checks 

Outcome: Cognitive Development Index 

(1) (2) (3) (4) 

Model used Constituency controls Year of assessment disease controls Excluding Luapula MPP categories 

1 (Post) ∗ MPP -0.738 ∗∗ -0.836 -1.301 ∗∗∗ 

(0.342) (0.578) (0.377) 
1 (Post) ∗ Intermediate -0.107 

(0.115) 
1 (Post) ∗ High -0.220 ∗∗ 

(0.104) 

Observations 1,919 1,958 1,562 1,958 
R-squared 0.352 0.351 0.362 0.350 

Notes . OLS estimates of the continuous DID model ( equation 7 ). All outcome variables are normalized to mean 0 and 
standard deviation 1 within the ZECDP sample. All models include a full set of controls including child and household 
characteristics, cluster and birth cohort fixed effects, climate controls, and district-cohort fixed effects. Column 1 
includes constituency-level covariates interacted with post. Column 3 also controls for cluster-level parasitemia (MAP 
estimate) in the year of the developmental assessment (2010 for the pre-RBM cohort and 2012 for the post-RBM 

cohort). Column 3 excludes Luapula as the region with the highest parasitemia. Column 4 discretizes baseline cluster 
parasitemia prevalence into three categories < 0.10 (reference group), 0.10-0.27 (intermediate), > 0.27 (high). 

∗∗∗ p < 0.01, 
∗∗ p < 0.05, 
∗ p < 0.1. 

 

 

 

 

 

 

 

 

 

 

 

aligns with the economics literature on the human capital effects of malaria eradication ( Cutler et al., 2010 ; Kuecken et al., 2020 ).
Similar patterns can be seen when we split the sample into clusters experiencing pronounced changes over time (going from high to
low transmission and back) and clusters that have relatively constant exposure profiles (columns 3 and 4). Once again, we see large
declines in cognition in clusters exposed to changing exposures, and moderate improvements in clusters with flat (and generally low)
exposure profiles. 

3.4. Robustness checks 

We undertake a number of additional checks to assess whether our findings for the human capital outcomes are driven by potential
confounders. We note that any relevant unobservables would have to be operative at the sub-district-year level, since our specification
includes district-year fixed effects (which account for cohort- and period-level time varying shocks for land areas the size of U.S.
counties). 

We first test the robustness of our findings to the inclusion of constituency characteristics, interacted with 1 ( Post ). Constituencies
are parliamentary subdivisions that are smaller than district (there are over 156 such constituencies in Zambia - or about two in
each of the 72 districts). We use pre-intervention constituency-level data from the 2000 Zambian census on household assets scores
(a measure of socioeconomic status), adult literacy rates, and fraction of households with access to sewage. The inclusion of these
characteristics changes the main results only marginally ( Table 4 , column 1). 
10 
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Table 5 

– Impact on Households’ Socioeconomic Status 

Household Size Wealth Quintile Household in bottom 2 quintiles Caregiver Schooling (Years) 

1 (Post) ∗ MPP 0.456 0.208 -0.0611 -0.368 
(0.684) (0.573) (0.229) (1.709) 

Sample mean 6.13 2.82 0.46 8.98 

Observations 1,958 1,958 1,958 1,958 
R-squared 0.248 0.558 0.454 0.340 

Notes: Estimates of identical model as in column 5 of Table 2 (with sample restricted to observations in clusters surveyed 
in both rounds of the ZECDP), except here parental characteristics serve as the dependent variable. Household Asset 
Score is a normalized Filmer-Pritchett Index based on household ownership of a number of durable and consumer goods. 
Robust cluster corrected standard errors are in parenthesis. ∗∗∗ p < 0.01, ∗∗ p < 0.05, ∗ p < 0.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To address concerns that the observed patterns may be driven by exposure to malaria in the year of the assessment, we also
estimate a model additionally controlling for estimated malaria risks in 2010 (for the 2004 cohort) and 2012 (for the 2012 cohort).
The estimated coefficient on the main interaction term is larger in magnitude than our core estimates, but also less precise 6 ( Table 4 ,
column 2). We also examined the sensitivity of our findings to outliers. Given that malaria in Zambia is particularly high in specific
regions, it is possible that marked swings in malaria prevalence or unobserved adverse disease or macroeconomic shocks in a few
highly endemic areas could drive our main negative findings. To address this possibility, we re-estimated our main models removing
observations from the Luapala province, where malaria resurgence was most pronounced as shown in Fig. 2 . The estimated coefficient
increases in magnitude after doing so ( Table 4 , column 3). We also explore a less parametric specification, where we divide MPP into
low ( < 10%), intermediate (10-27%) and high ( < 27%) initial levels ( Table 4 , column 4). We find an average decline of 0.1 s.d. in
the intermediate group, and an average decline of 0.22 s.d. in cognition in the high exposure group – both of which align with the
average magnitudes seen in Table 2 and 3 . 

To ensure our estimates are not affected by household level shocks, all of our models also adjust for household wealth and caregiver
education. Following recent work suggesting that mis-measured covariates may be better used in balancing tests rather than as controls
( Pei et al., 2018 ), we also re-estimate our main specification using the household socioeconomic measures as dependent variables.
We find no substantive association between RBM exposure and any of these outcomes ( Table 5 ). Specifically, we find that a 1 s.d.
change in baseline malaria prevalence (a 0.19 decrease in MPP, which roughly represents mean decline nationwide in the RBM era)
is associated with a 0.18 increase in household size (0.08 standard deviations); a 0.01 s.d. decrease in household asset scores; a 0.02
increase in wealth (a 1-5 scale representing quintiles); and a -0.05 year decrease in caregiver schooling (a -0.02 s.d. decrease). 

Finally, while are unable to directly assess for violations of the parallel-trends assumption in the ZECDP data (as we only have
measures for one pre- and one post- intervention cohort), we do try to do so using an alternate data source, the Zambia Demographic
and Health Surveys (DHS). Specifically, we use data from the 2007 DHS (see Appendix A for descriptive statistics). We regress an-
thropometric and morbidity measures (cognitive and non-cognitive development measures are not collected in the DHS) against 
district-level MPP interacted with birth cohort for the 2003-2005 (pre-intervention) birth cohorts. We find no evidence in any sub-
stantive or statistically significant pre-trends for these variables (Appendix Table C2 ). We view these results as only suggestive, as
they are conducted in a different dataset, do not cover the range of outcomes that we explore in the ZEDCP, and focus on district-
level, rather than cluster-level, variation in the exposure. Importantly, district-level trends are fully adjusted for in our preferred 
specification. 

4. Alternative explanations 

Mortality and fertility selection: A standard concern in the early childhood literature is that reduced mortality from positive
health shocks may increase the odds of survival of less developed or less resilient children, who may perform poorly on developmental
assessments and bias the overall results. This is a concern given that malaria remains a primary cause of child mortality in sub-Saharan
Africa. 

A simple bounding exercise, however, demonstrates that mortality selection unlikely to explain our findings: under-five mortality 
in 2007 was just below 100 deaths per 1000 live births (Zambia Central Statistic Office et al., 2009). With an estimated 20-25% of
these deaths attributable to malaria (GBD Collaborators, 2014 ), reducing malaria mortality by 50% - the initial impact of the program
- would thus have increased the percentage of children surviving from each cohort from 90% to 91.25%. Even if this surviving
6 We used data from the Malaria Atlas Project (MAP) to estimate cluster-level malaria risks in 2010 and 2012, since these data are not available 
from the MIS. The MAP data use MIS data, along with area-level socioeconomic characteristics, to construct spatially- and temporally-smoothed 
measures of local malaria risk. Because these measures are modelled and smoothed in this fashion, they are not appropriate for our main analysis 
(since they may incorporate trends in developmental outcomes by socioeconomic characteristics and not just malaria risk and since they would 
not reliably distinguish year-to-year trends in exposure). In addition, the temporal smoothing used to construct the MAP data introduce substantial 
collinearity across periods. The higher standard errors obtained after including year of assessment MAP measures is not surprising 
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Table 6 

– Impact on Caregiver Behavior. 

Adults Reads to 
Child 

HH Has 
Children’s Books 

HH Has Other 
Books 

ECD Program 

(Years) 
BCG 
Vaccine 

Polio 
Vaccine 

Length of 
Breastfeeding 

1 (Post) ∗ MPP 0.489 -0.262 -0.119 0.0831 0.133 0.153 2.849 
(0.303) (0.211) (0.185) (0.624) (0.120) (0.115) (2.650) 

Sample mean 0.30 0.65 0.50 0.77 0.92 0.93 14.65 

Observations 1,958 1,958 1,958 1,923 2,416 2,416 2,587 

Notes: Estimates of models examining parental investments. Robust cluster corrected standard errors are in parenthesis. Adult Reads to Child, 
Household (HH)Has Children’s Books, HH Has Other Books, and ECD Program (which denotes the number of years a given child spent in 
preschool or an early childhood program) are all derived from the ZECDP. For these variables, MPP is defined at the cluster level and all 
models include the controls listed in column 5 of Table 2 . BCG Vaccine, Polio Vaccine, and Length of Breastfeeding (in months) are derived 
from the 2007 DHS. The DHS sample is restricted to the two main study cohorts, i.e. children born in 2004 and 2006. Polio is coded as one if 
the child got at least one polio vaccination. Breastfeeding is measured as total number of months the child was (exclusively or non-exclusively) 
breastfed. Columns 5-7 include cluster fixed effects as well as province-cohort fixed effects. Parasitemia levels are computed at the district 
level using the 2006 MIS. ∗ ∗ ∗ p < 0.01, ∗ ∗ p < 0.05, ∗ p < 0.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

group had an average cognitive z-score of -3 (i.e. they were all in the bottom 1% of the skill distribution), the maximum plausible
shift in population average outcomes would have been smaller than 0.04 SD, which is an order of magnitude below the estimates
reported in Table 2–4 . In practice, national estimates actually suggest that malaria mortality did not increase much after 2008 despite
increased morbidity, which is likely at least partially explained by the increased availability of artemisinin-based therapies after 2006
( World Health Organization, 2017 ). 

The extent to which fertility selection plays a role depends on the extent to which the price of child quality fell relative to that of
quantity and whether the fertility response differed across families in the ability distribution. If the quantity price effect is dominant,
then an increase in the number of less endowed children may explain the negative findings ( Lucas, 2013 ). However, again, this
effect must be large to explain our profoundly negative findings, which is not consistent with overall observed trends in fertility. 7 In
addition, the null association between cohort program exposure and caregiver and household socioeconomic characteristics ( Table 5 ) 
as dependent variables helps rule out a shift towards lower socioeconomic status households. 

Compensating parental investments: It is possible that pre-RBM infants received greater human capital or health investments 
by virtue of being sicker early in life. The literature on whether parental investments compensate or reinforce adverse early life
shocks is mixed ( Almond and Mazumder, 2013 ; Attanasio et al., 2017b ; Fan and Porter, 2020 ; Yi et al., 2015 ). However, the potential
of compensating investments explaining the negative findings in this study seems unlikely as it would suggest compensation of
pre-eradication cohorts to a degree that goes above and beyond what seems expected in the literature. Nevertheless, we tested the
relevance of this channel by estimating our core model using data on parental effort and investments – specifically time spent reading
to children, whether the household has books or other reading material, and attendance in (costly) early childhood development 
centers - from the ZECDP. We find no substantive association between exposure to RBM and any of these indicators ( Table 6 , columns
1-4 ) . 

Crowd out of health services: Malaria eradication programs may have reduced the demand for, or crowded out the supply of,
preventative services such as vaccines, thus worsening health and, consequently, developmental outcomes. A recent line of work in the
economics literature documents the potential importance of this mechanism. For example, Bennett (2012) demonstrates an increase 
in diarrheal disease rates after the provision of piped water due to over-compensatory behavioral responses in sanitation disposal.
Keskin et al. (Forthcoming) use data from Bangladesh to demonstrate a reduction in breastfeeding by parents in response to improve-
ments in groundwater arsenic content, potentially leading to increases in infant mortality. Grepin (2012) and Wilson (2015) provide 
suggestive evidence of crowd out of child vaccination with scale-up of HIV treatment services -the only global health program larger
in scope than Rollback Malaria - in sub-Saharan Africa., t. 

To test this hypothesis, we estimate our core model using data from the 2007 DHS. The data include measures of breastfeeding
duration and parental vaccination behaviors, which capture both health investment and resource crowd-out. 8 We find no substantive 
or statistically significant evidence of crowd out ( Table 6 , columns 5-7). 

Disease-related income shocks: One may also argue that the findings could be driven by negative income shocks from severe
episodes of child or adult malaria during the resurgence years. However, for this explanation to hold, the marginal effect of household
income on endowment formation and developmental outcomes would need to be higher for preschoolers rather than infants or
toddlers. The literature on whether this is possible is mixed ( Banerjee et al., 2010 ; Carneiro et al., 2021 ; Maccini and Yang, 2009 ).
7 According to the 2013 Demographic and Health Surveys (DHS), total fertility rates declined only marginally at the country level from 6.2 in 
2007 to 5.2 in 2013, with no consistent differences across provinces. 

8 While a number of vaccines are reported in the DHS, we focus on BCG and polio. Both of these vaccines are administered in the first six months 
of life, which means that we can more readily compare children from the 2004 cohort to children from the 2006 cohort, who were on average only 
12 months old when the 2007 DHS was conducted. 
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Fig. 4. – Marginal Effect of Age 3-5 Exposure on Cognition at age 6, by Level of 0-2 Exposure. 
Notes : Figure plots marginal effects (dotted line with 95% confidence intervals) from Equation (8) , which regresses cognition on malaria exposure 
at ages 0-2, ages 3-5, and their interaction. All exposures are measured at the district level, the smallest geographic unit followed serially in the MIS. 
Models adjusting for child age, gender, parental education, household wealth, and cluster and cohort fixed effects. The specific marginal effect we 
focus on is the association between cognition and malaria exposure ages 3-5, as it varies by exposure at ages 0-2. The slope (the estimated interaction 
effect) is large and statistically significant, and shows that the detrimental consequences of malaria at ages 3-5 are decreasing with higher ages 0-2 
exposure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

However, we anticipate that this explanation is unlikely to play a large role in our context. In a recent experimental study conducted
in Zambia, provision of effective malaria prevention technologies did have positive impacts on productivity and income among 
small-scale cotton farmers, but the income effects were small ( Fink and Masiye, 2015 ). 

Programmatic changes: Changes in malaria control activities could theoretically explain our findings, if cohorts affected by RBM 

in the first years of life were exposed to reduced prevention and treatment efforts later in childhood. This seems unlikely because the
resumption of RBM programmatic spending after the temporary halt would have likely increased access to these services in affected
districts at the time of survey. Using data from the 2006-2010 Malaria Indicator Surveys (described in Appendix A ), we find increases
in the likelihood that households of 3-5-year-olds who were exposed to Rollback Malaria in the first two years of life owned an
insecticide treated bed net and received spraying, though the coefficients are imprecisely estimated (Appendix Table B1 ). We also
do not find any negative impacts on the availability of anti-malarial drugs. 

Development of drug resistance: If early RBM efforts lead to overtreatment in endemic areas, then it is possible that appropriate
treatment in the same areas may have led to fewer health benefits during resurgence, because of the selection of resistant parasites
( Bloland, 2001 ; Mita and Tanabe, 2012 ; White, 2004 ). However, this explanation is unlikely for two reasons. First, RBM efforts led
to increasing use of more accurate tests to diagnose malaria. As such, the scope for misdiagnosis and inappropriate treatment was
limited. Second, resistance to artemisinin-based therapies, the main agents used to treat malaria, has not been reported in Zambia
during the study period ( Mita and Tanabe, 2012 ; Zhao and Wang, 2014 ). 

5. Evidence in support immunity formation as a mechanism 

5.1. Interactions between early and late malaria exposure 

We directly assess whether early life exposure to malaria is protective when faced with sustained disease, by estimating the
following model: 

𝑦 icdt = 𝛾0 + 𝛾1 MPPU nder 2 dt + 𝛾2 MPP 3 to 5 dt + 𝛾3 
(
MPPU nder 2 dt × MPP 3 to 5 dt 

)
+ 𝑋 icdt 𝛽 + 𝜋𝑡 + 𝜃𝑑 + 𝜀 icdt (8) 

Here, 𝑀 𝑃 𝑃 𝑈𝑛𝑑𝑒𝑟 2 𝑑𝑡 and 𝑀 𝑃 𝑃 3 𝑡𝑜 5 𝑑𝑡 represent average malaria parasitemia rates at ages 0-2 and ages 3-5, respectively, for each
child. These exposures are defined at district-level (rather than the cluster-level as in our main results), because this is the smallest
geography that is consistently followed in the MIS. 𝜋t and 𝜃d represent cohort and district fixed effects. The coefficients 𝛾1 and 𝛾2 
recover the associations between malaria exposure at ages 0-2 and 3-5, respectively, on developmental outcomes assessed at age 6;
we expect these estimates to be negative. The term, 𝛾3 , is of primary interest: a positive estimate would be consistent with our model
of adaptive immunity, in that the negative association between malaria at ages 3-5 with developmental outcomes should primarily
be seen for children with reduced levels of exposure at ages 0-2 (i.e. later impacts become less negative with higher earlier exposure).
Importantly, given that age-specific exposures are only available at the district level over time and thus potentially correlated to
district-level changes, we interpret the results here as descriptive rather than causal. 

Fig. 4 presents marginal effects estimated from this model. While malaria exposure at ages 3-5 displays a highly negative asso-
ciation with cognition at age six in areas where children had reduced early exposure, the same is not true for areas with continued
13 
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Fig. 5. – Age-Specific Morbidity 2006-2010. 
Notes : Figs. shows age and cohort averages as reported in the Zambia Malaria Indicator Surveys (MIS), individual level data from 2006, 2008, and 
2010. Panel A shows the proportion of children ages 0, 1, 2, 3 and 4 with a positive rapid diagnostic test. Panel B shows the proportion of children 
in each age group with a reported fever in the two weeks preceding the survey. Children age 3 in the 2006 MIS correspond to birth cohorts 2002 
and 2003; children age 3 in the 2008 MIS to birth cohort 2004 and 2005; children age 3 in the 2010 MIS correspond to birth cohorts 2006 and 
2007. 

 

 

 

 

 

 

 

 

 

 

 

 

high exposure. Both age 0-2 and age 3-5 malaria exposure are, as expected, negatively associated with cognition, though the co-
efficients for the latter are larger and more precisely estimated (-.02 (0.37) vs. -1.03 (0.37)). The coefficient on the interaction is
2.4 (1.10).Specifically, we find that a unit increase in age 3-5 exposure reduces cognition by 1 s.d. (beta = -1.03, p-value < 0.01) if
early life exposure is close to zero; for baseline MPP > 0.4, this effect is close to zero and not statistically significant. This finding
is consistent with the protective benefits of early malaria exposure with subsequent reexposure. In addition, it also suggests that the
main findings are unlikely to be solely driven by higher disease exposure in the pre-school years (as with this latter explanation, we
would see no gradient in the effect of pre-school years malaria risk by prior exposure histories). 

5.2. RBM impacts on health measures 

Examining measures of disease risk and morbidity provides complementary evidence supporting the importance of adaptive 
immunity in driving our findings. While there are currently no biomarkers available to measure immune system formation in field
settings, we can test immune system performance by looking at malaria-specific health outcomes across age groups over time. As
discussed in Section 2 , failure to form partial immunity should result in greater morbidity from malaria upon exposure to the disease.
We can explicitly test this prediction using data from the 2006, 2008, and 2010 MIS, which collected detailed child-level information
on malaria infections (using rapid diagnostic tests with laboratory confirmation of positive rapid diagnostic tests) and parent-reported 
disease symptoms ( Appendix A ). 

As an initial illustration, we plot malaria parasite prevalence by age and survey round ( Fig. 5 , Panel A). Average parasitemia
prevalence is almost identical for children under age 2 in 2006 and in 2010, which suggests similar overall disease environments in
14 
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these two years (consistent with initial impacts of RBM, children under 2 in the 2008 MIS had far lower parasitemia rates). The same
is not true for older children in these environments: infection and morbidity rates of 3- and 4-year-olds in 2010 were almost twice
as high as the corresponding rates among younger children. The 3- and 4-year-olds observed in 2010 directly correspond to children
born in 2006 and 2007, who were most protected from malaria in the first two years of life due to early RBM efforts. In comparison,
the 3- and 4-year-olds observed in 2006 were born in 2002 and 2003 and, thus, exposed to a continuously high malaria burden up to
the time of the 2006 survey. The patterns are generally similar for fever – the main difference is that fever prevalence peaks at age 1,
and then declines for older ages. Similar to malaria infection rates, we once again see however that the 3- and 4-year-olds from the
2006 and 2007 cohorts display much higher morbidity than the same age cohorts observed in earlier rounds. 

Overall, these figures suggest that children exposed to less malaria in the first two years of life were more likely to subsequently
experience malaria-related morbidity. To formally assess the impacts of early exposure to RBM on malaria-related outcomes, we 
estimate the following continuous difference-in-differences model using the MIS data: 

𝑦 𝑖𝑑𝑝𝑡 = 𝛿0 + 𝛿1 1 
(
𝑃 𝑜𝑠 𝑡 𝑡 

)
×𝑀𝑃 𝑃 2006 𝑑 + 𝑋 𝑖𝑑𝑡 𝛽 + 𝜔 𝑑 + 𝜆𝑝 × 𝜋𝑡 𝜀 𝑖𝑐𝑑𝑡 (9) 

This equation follows the same form as the model estimated for the human capital outcomes ( Equation 7 ) - i indexes the individual;
d and p the district and province of residence at time of the interview, respectively; and t the birth cohort (reflecting the interval 2003-
2007). Measures of malarial infection and morbidity are denoted by y. These include malaria test positivity (based on a rapid diagnostic
tests and identification of parasites on blood smears); fever in the last two weeks; severe anemia (based on measured hemoglobin),
a common consequence of malaria infection (though is also related to nutritional intake and other comorbid conditions, such as
hookworm infection); and having both biomarker evidence of severe anemia and self-reporting fever, which we use as a marker of
severe infection. 9 The 1 (Post t ) indicator here marks the 2006 and 2007 cohorts, who were exposed to reduced malaria risk due to
RBM during the first 2 years of life, and is interacted with initial local malaria parasitemia prevalence. Unlike Equation 7 , we use the
district-level malaria prevalence given that this is the smallest sub-region that is consistently followed through each MIS wave. The
vector X denotes child characteristics such as age (in months) and gender and also includes survey round fixed effects to adjust for
potential measurement differences across rounds. The terms 𝜋t , and 𝜔 d refer to birth cohort and district fixed effects, respectively, and
the term 𝜆p ×𝜋t denotes province-cohort fixed effects. The cohort fixed effects absorb all general differences across cohorts in areas
without malaria (as well as the generic 1(Post) term); the district fixed effects control for all time-invariant factors at the district level
such as pre-intervention development or parasitemia. The term 𝜆p ×𝜋t . 

We again are interested in the coefficient on the interaction term 𝛿1 , which denotes the difference in health outcomes across birth
cohorts and areas with different pre-intervention malaria burdens. To estimate program impacts during the first two years of RBM,
we first use data from the 2006 and 2008 MIS - just before and just after the program started – and focus on children under the age
of 2. In these models, we would expect post-intervention cohorts to show better health outcomes given that the intervention was
clearly effective in reducing malaria rates (as illustrated in Fig. 2 ) in the short run. We then estimate the model for children 3 years
and above (using the 2008 and 2010 MIS). This model captures the period of malaria resurgence; if the partial immunity hypothesis
holds, we would expect 𝛼1 to be negative. 

As with the analysis in Section 3 , a key threat to inference is the presence of omitted time-varying processes that may influence
malaria exposure and child health. Unlike the analysis of human capital outcomes, we do not have sub-district variation in malaria
burdens, and so this specification is prone district-year omitted characteristics. To at least partially address this issue, we include
province-birth year and province-survey year fixed effects, recognizing that we are unlikely to fully adjust for confounding in these
analyses. 

Table 7 presents the main results of this analysis. Columns (1) and (2) show malaria-related health outcomes among children
under 2 years old in the 2006 and 2008 MIS. We find positive estimates (morbidity reductions) for all outcomes, which confirms
that RBM reduced malaria test positivity and clinical consequences of diseases such as fever and anemia. The results presented in
Table 1 suggest that moving from the top to the bottom quintile of baseline parasitemia (a change in parasitemia of 0.43) was
associated with a 10% point decrease (0.43 ∗ coefficient estimate; nearly 25% of the pre-intervention mean in high prevalence areas)
in the probability of testing positive for malaria by rapid diagnostic test; a 10% point decrease in the probability of reporting a fever
in the prior two weeks; a 21% point decrease in the probability of severe anemia; and a 16% point decrease in the probability of
having both fever and anemia. The estimates remain similar in magnitude with the inclusion of province-year fixed effects though
precision of the estimates declines in some cases. 

Columns (3) and (4) present the health outcomes for the same birth cohorts during the ages of 3-5, when children in resurgent areas
were exposed to a high malaria burden. The results are exactly the opposite as those in columns (1) and (2). Consistent with our partial
immunity interpretation, we find that the risk of malaria test positivity is now larger (by a similar order of magnitude) for cohorts born
during RBM, though less precisely estimated. Children exposed to RBM had much significantly higher risk of having severe anemia,
as well as concurrent fevers and anemia at ages 3 and 4. Moreover, the age-specific coefficients shown in Table 7 imply that program
impacts on malaria related outcomes at age 3-5 were of similar magnitude as the initial benefits of a disease-free environment. 10 

Collectively, these findings are consistent with biomedical models of immunity formation mentioned in the introduction that shows 
higher risk of (mild and severe) malaria without previous exposure ( Aponte et al., 2007 ; Doolan et al., 2009 ; Goncalves et al., 2014 ;
Gupta et al., 1999 ; Snow et al., 1997 ). 
9 We follow the World Health Organization convention in defining age specific thresholds for severe anemia. 
10 For example, the results from Table 5 imply that a 1 s.d. temporary decrease in birth cohort MPP was associated with a decrease in severe 

anemia equivalent to 64% of the age 0-2 mean, but a 75% increase relative to the age 3-5 mean. 
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Table 7 

– Age-specific Changes in Malaria Morbidity 

Ages 0-2 Ages 3-5 

(1) (2) (3) (4) 

Positive RDT ( = 1) -0.294 ∗∗∗ -0.233 ∗ 0.342 ∗ 0.244 
(0.108) (0.132) (0.184) (0.198) 

Sample mean 0.11 0.11 0.28 0.28 
N 1,819 1,819 2,197 2,197 
Slide Positivity ( = 1) -0.726 ∗∗∗ -0.802 ∗∗∗ 0.413 ∗∗ 0.285 

(0.109) (0.115) (0.167) (0.201) 
Sample mean 0.11 0.11 0.18 0.18 
N 1,820 1,820 2,185 2,185 
Fever = 1 -0.249 ∗ -0.174 0.235 0.246 

(0.136) (0.162) (0.145) (0.148) 
Sample mean 0.33 0.33 0.29 0.29 
N 1,479 1,479 1,806 1,806 
Hemoglobin (mg/dl) 2.620 ∗∗∗ 2.580 ∗∗∗ -1.328 ∗∗ -1.277 

(0.566) (0.526) (0.660) (0.764) 
Sample mean 10.09 10.09 10.99 10.99 
N 1,780 1,780 2,192 2,192 
Severe Anemia ( = 1) -0.437 ∗∗∗ -0.480 ∗∗∗ 0.107 ∗∗ 0.108 ∗∗ 

(0.0960) (0.0922) (0.0432) (0.0468) 
Sample mean 0.06 0.06 0.02 0.02 
N 1,780 1,780 2,192 2,192 
Fever + Anemia ( = 1) -0.381 ∗∗ -0.379 ∗∗ 0.342 ∗∗ 0.381 ∗∗∗ 

(0.161) (0.178) (0.136) (0.113) 
Sample mean 0.68 0.68 0.38 0.38 
N 1,370 1,370 1,698 1,698 
Controls 

District-cohort fixed effects X X X X 
Province-cohort fixed effects X X 

Notes: Estimates of continuous DID model ( equation 7 ) in main text. Columns 
(1) and (2) use data from the 2006 and 2008 Malaria Indicator Surveys. 
Columns (3) and (4) use data from the 2008 and 2010 MIS rounds. All models 
control for age and sex of child and the controls denoted at the bottom of the 
table. Robust standard errors, corrected for clustering at the district level, in 
parenthesis. Sample includes all children under the age of 2 who were born 
between 2004 and 2007. The key difference is that cohorts are ages 3-5 at 
the time of survey in columns (3) and (4), instead of 0-2, and are captured 
during a time of program interruption and malaria resurgence ( Fig. 2 ).The 
coefficients reported are those on Post ∗ MPP. Post, which is equal to 1 for 
the 2006 and 2007 birth cohorts and 0 otherwise, denotes cohort exposure 
to Rollback Malaria, which was initiated in 2006. MPP reflects the district 
specific under-5 malaria test positivity rate in 2006. ∗∗ p < 0.01 ∗ ∗ p < 0.05 
∗ p < 0.1. ∗ ∗ ∗ p < 0.01, ∗ ∗ p < 0.05, ∗ p < 0.1. 

 

 

 

 

 

 

 

 

 

 

 

6. Discussion – Implications for human capital theory and public health programs 

Nearly 250 million children worldwide are currently estimated to be at risk of not meeting their developmental potential
( Black et al., 2016 ; McCoy et al., 2016 ). Many of these children reside in sub-Saharan Africa, where infectious diseases such as
malaria and malnutrition remain common challenges to optimal skill formation ( Li et al., 2016 ). While a large literature has high-
lighted the human capital benefits of lowering exposure to infectious diseases in early childhood, we show that exposure to reduced
early life exposure to disease may actually confer a disadvantage if improvements in children’s environment are not sustained. These
results support a broader model of human capital formation where adaptive biological responses play a critical role in shaping the
returns to early life investments and exposure when the surrounding environment changes. 

Our findings have several important implications for the literature on human capital production. First, the observed inter-temporal 
trade-offs between health exposures and skill formation suggest a human capital production function whose properties may transcend 
simple cross-period substitution and dynamic complementarity. Models incorporating adaptive biological responses suggest that the 
human capital impact of early exposures is non-linear and trajectory-dependent, in ways that are not captured by standard stylized
models of health and human capital formation. While our paper focuses primarily on malaria, the findings presented here could
plausibly extend to other common childhood infectious diseases as well as health and nutritional investments. Exploring the broader
relevance of adaptive responses in these other cases – and their implications for skill formation - is an important area for future
research. A challenge to such research – which led us in the present paper to consider the case of malaria - will be finding plausible
exogenous variation and high-resolution data. 
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Second, our findings suggest an alternate rationale for follow-on or continued investments beyond dynamic complementarity. In 
addition to raising the marginal returns to initial investment, follow-on investments – in our case, continued successful interventions 
to keep malaria at bay – may be necessary to ensure concordance between initial biological responses and the subsequent environment
to avoid harm. 

Finally, our results also highlight the importance of understanding the dynamics within the broad period of what constitutes “early
childhood. ” Our findings suggest that being healthy in the first two years (the first 1000 days) of life might be a necessary, but not
a sufficient condition for optimal early development and human capital formation. An increased focus on later periods of childhood,
as well as an increased focus on understanding the interactions between period-specific exposures and long-run outcomes seems thus 
desirable. 
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