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Background: Climate change and consequent increases in rainfall variability may have negative consequences for the food production of subsistence farmers in West Africa with adverse impacts on nutrition and health. We explored the pathway from rainfall through diet up to child undernutrition for rural Burkina Faso.

Methods: The study used data of a dynamic cohort with 1,439 children aged 7–60 months from the Nouna Health and Demographic Surveillance Site (HDSS) for 2017 to 2019. We assessed data on diets, height, weight, household characteristics, and daily precipitation (from 1981 to 2019). Principal component analysis was used to identify distinct child dietary patterns (Dietary Pattern Scores, DPS). These were related to 15 rainfall indicators by area to obtain a precipitation variability score (PVS) through reduced rank regression (RRR). Associations between the PVS and anthropometric measures, height-for-age (HAZ), and weight-for-height (WHZ), were examined using multi-level regression analysis.

Results: Stunting (HAZ < −2) and wasting (WHZ < −2) were seen in 24 and 6% of the children. Three main dietary patterns were identified (market-based, vegetable-based, and legume-based diets) and showed mixed evidence for associations with child undernutrition. The RRR-derived PVS explained 14% of the total variance in these DPS. The PVS was characterized by more consecutive dry days during the rainy season, higher cumulative rainfall in July and more extremely wet days. A 1-point increase in the PVS was associated with a reduction of 0.029 (95% CI: −0.06, 0.00, p < 0.05) in HAZ in the unadjusted, and an increase by 0.032 (95% CI: 0.01, 0.06, p < 0.05) in WHZ in the fully adjusted model.

Conclusion: Rainfall variability was associated with dietary patterns in young children of a rural population of Burkina Faso. Increased rainfall variability was associated with an increase in chronic undernutrition, but not in acute undernutrition among young children.
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INTRODUCTION

Climate change drives increased weather variability and intensity such as by extreme rainfall events and mini-droughts during the rainy season. These changes have become a constant hazard that threaten to amplify existing risks to health and nutrition (1–3). Climate change is likely to increase health inequities, disproportionally affecting the most vulnerable and disadvantaged populations living under environmental pressure and having the least resources for adaptation and mitigation (1, 4, 5).

Despite the increasing awareness of the effects of climate on public health (1, 6), climate change simulations still bear large uncertainties for many regions of the world such as for West Africa (1, 2, 7–9). So far, West Africa is characterized by a large decadal precipitation variability (10, 11) and intensity of rainfall and drought events (1, 7, 12, 13). While the 1970s and 1980s were marked by a long-lasting drought period in the Sahel region, some recovery of the rainfall including increased precipitation extremes (14, 15) in combination with an increase toward more extreme temperatures were observed in the last decades (2, 7, 8, 16). Those climatic changes can have severe negative implications on agricultural production and food availability, and thus, lead to food insecurity and undernutrition in this region (2, 9, 17).

West Africa is also characterized by rural subsistence farming with little agricultural inputs and technology. Subsistence farmers, therefore, rely heavily on rainfall for agricultural production for their survival, financial income and family nutrition (18–20). Thus, if agricultural yields decline or fail, food stocks get empty before the next harvest and food prices will rise causing the families to adapt their food sources and diets (21–23). Diets can be assessed through dietary patterns, which reflect the complexity of a diet and provide a realistic impression of the overall diet structure (20, 24, 25). Children aged <5 years specifically need sufficient food and nutrients for their development and growth, wherefore a lack manifests in a higher risk for stunting, wasting, impeded cognitive development and subsequent death (17, 26, 27), which starts already in utero, continues into early childhood and manifests in adulthood (3, 5, 28–31). Both nutrition and health of children are assumed to worsen with the impacts of climate change and may even hamper efforts taken to reduce undernutrition in the coming decades (32, 33).

Yet, studies looking at associations between climate change and undernutrition among children aged <5 years are neither vast nor comparable due to a lack of robust data and substantial heterogeneity of research methods (17, 34). In this study, we explored how rainfall variability (by location) is linked through diets to child undernutrition in rural Burkina Faso. Although the study region in the West African country experienced a great reduction in child stunting and wasting from 45 and 26% in 1999 (35) to 26 and 7% in 2018 (20), the numbers are still high and threaten to rise again due to climate change (36). We sought to explore the hypotheses that (i) rainfall variability is associated with the composition of the children's diet, and that (ii) rainfall variability related to the children's diet is associated with their nutritional status. Rainfall variability was chosen because of its high relevance for food production in the study area (2). In contrast, temperature variability mainly confers direct impacts on physical health through heat stress (37, 38).



MATERIALS AND METHODS


Study Site and Population

The study was conducted in the Nouna Health and Demographic Surveillance System (HDSS) area in rural North-Western Burkina Faso, a land-locked West African country. The Nouna HDSS exists since 1992 and includes 59 villages with over 107,000 inhabitants (by 2017), who have been part of a population under continuous health and demographic surveillance (39). Small-scale subsistence farming is the main type of livelihood (19). Maize, sorghum, millet and rice are the main stable crops consumed by children <5 years of age in the area. In the study region, stunting (26%), and wasting (7%) are common among children aged <5 years (20, 40, 41), where also mortality from undernutrition continuous to be high (17). We had preliminary evidence of spatial variations in health outcomes and rainfall variability in the HDSS area (42), wherefore we aimed to explore this difference combining available health and rainfall data by small spatial scale.



Study Design

The study was designed as a dynamic cohort comprising 1,439 children aged 7–60 months, an age group when breastfeeding is complemented by soft and solid foods. We selected the participants using a two-stage stratified random sampling approach. In the first stage, 32 villages situated within a 10 km radius around five local weather stations (stratum) were considered for inclusion. Figure 1 depicts the location of the five strata: Cissé (−3.736°E/12.896°N), Sono (−3.494°E/12.828°N), Kodougou (−3.605°E/12.516°N), Toni (−3.991°E/12.650°N), and Nouna (−3.861°E/12.731°N). The number of study villages was then selected based on proportionality-to-population size within each stratum, which led to a total of 18 villages.
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FIGURE 1. Study area with five strata in the Nouna HDSS area. One village (Koro) was added in order to assure the representativeness of the less densely populated stratum although it lies a few kilometers outside of the sampling frame. The circles indicate the 10 km radius around the respective weather station.


In the second stage, we defined as sampling unit all households with at least one child between 7 and 60 months, using data of the most recent HDSS data collection from early 2017. Households were defined as independent socio-economic units living in the same compound and joining resources to meet basic dietary and other vital needs (43). Based on population density of each stratum, the number of children was then defined and the children randomly selected. Data were collected each year from August through September from 2017 to 2019. Due to the study design, children, who had reached their 5th birthday, were randomly replaced by the same number of children aged 7–23 months to ensure a fairly constant proportion of children in each age group: 7–23, 24–35, 36–47, and 48–60 months. Households selected to take part, but who did not wish to give consent, were replaced by another household with a child of a similar age in the same village.



Outcome and Exposure Measures


Rainfall Measurements

Daily rainfall was derived from a combination of on the ground and satellite observations. On the ground data was obtained from the Agence Nationale de la Météorologie (ANAM) in Burkina Faso and belonged to a novel quality-controlled precipitation database established as part of the WASCAL (West African Science Service Center on Climate Change and Adapted Land Use) observation network (39, 44). The on the ground-rainfall dataset was based on daily measurements from 19 rainfall stations located in the Nouna HDSS area surroundings (<80 km) and included data from 1981 to 2016. Then, a stochastic resampling method was used to generate daily time series for the required time period (2016 to 2019) for the centers of the five strata and which allowed for a statistical correction of the Climate Hazards Group Infrared Precipitation with Stations (CHIRPS) dataset using quantile-mapping (45, 46).

The gridded satellite rainfall product CHIRPS is advantageous to other satellite data as it has a high spatial resolution of 0.05° and has been explicitly designed to support drought analysis in food insecure regions (47). Dembélé and Zwart (48) showed that CHIRPS outperform other satellite products for Burkina Faso.



Anthropometric Measures of Undernutrition

Anthropometric measurements of children were taken twice by trained local field agents. The mean of the measurements was used for analysis (20). Recumbent length (Seca 417) and standing height using a stadiometer (Seca 213) were taken to the nearest cm. Weight was measured using tared weighing scales to the nearest 100 g (Seca 878) following WHO standards (49–51). Anthropometric data were analyzed using the WHO Child Growth Standards R igrowup package to derive deviations of weight-for-height (WHZ) and height-for-age (HAZ) of the children by sex from the distribution of the WHO reference population of children (50). Each child was assigned a respective z-score and considered stunted or wasted at < -2 (50, 52).



Dietary Assessment

A culturally adapted, semi-quantitative Food Frequency Questionnaire (FFQ) was administered by the same trained field agents, who took the anthropometric measurements. The dietary assessment tools and procedures have been described in detail in Mank et al. (20). In short, the FFQ assessed the child's food intake frequency over the preceding 7 days during the lean and rainy season. The lean season occurs from June to mid-September, the rainy season takes place from May to November (53). The data collection took place in August and September and thus, just before the first harvest. The field agents talked directly to the mother or caregiver of the child in the local language (mostly Dioula or Moré). The recall took on average 30 min. The administered FFQ listed 117 locally available food items that were commonly consumed by children in the Nouna HDSS area and included information on the intake frequencies expressed as number of servings per week. We did not assess food quantities. The included food items were selected based on local observations and previous studies (54, 55) as well as finalized during extensive training sessions with the local field agents.



Covariates of Child Undernutrition

Field workers were also trained in conducting household interviews in the local languages. The household questionnaire captured information that are commonly associated with child undernutrition (56, 57). Those include socio-demographic and -economic factors (mothers' and household heads' education and ethnicity, household wealth, siblings <5 years, and currently breastfeeding) and clinical indicators of the child (history of diarrhea and fever over the previous 2 weeks) (28, 40). Household wealth was calculated using the international wealth index (IWI) (58), which is internationally comparable and does not rely on expenditure information and price values. The IWI value was divided into quintiles based on ownership of selected household assets with 1 being the poorest and 5 being the wealthiest quintile. Details on the construction of the IWI for the Nouna HDSS area can be found in Mank et al. (20).




Data Management and Statistical Methods


Data Management and Handling of Missing Data

The paper-based data was entered by two research assistants into EpiInfo version 3.5.3 and checked for correctness by a third person in case of incongruent entries. Data quality checks, data cleaning and statistical analyses were performed with StataIC version 15.0 and R version 3.4.3. Anthropometric measurements were excluded from the analyses in case of implausible birth dates, if the difference of the two measurements per child was too high (>2 cm for height and >0.9 kg for weight) or if computed z-scores were biologically impossible as defined by the WHO (59). Due to missing values for socio-demographic data, 78 observations were later excluded for the regression analysis from the original 1,439 observations. This led to a total of 1,364 observations for HAZ data and 1,359 observations for WHZ data.



General Characteristics

Demographic, socio-economic, clinical, and anthropometric characteristics are presented for the total study population (N = 1,439). We display absolute numbers and proportions for categorical variables, and medians and interquartile ranges (IQR) for continuous variables.



Rainfall Indicators

The daily precipitation data from 1981 to 2019 was prepared according to 15 precipitation indicators by the five strata (Supplementary Table S1). These indicators allow measuring rainfall variability and climate extreme events. Out of the 15 precipitation indicators, nine were derived from the Expert Team from Climate Change Detection and Indices (ETCCDI) (http://etccdi.pacificclimate.org/). Those indices were calculated using the R software package “RClimDex (1.0)” (60). Two indicators were added providing indication of the length of the wet season and the maximum number of consecutive dry days (RR < 1 mm) during the wet season, also called mini-droughts, and slightly adapted based on De Longueville et al. (12). The start of the wet season was defined as any date after 1st May, when two times >10 mm rain fell within 14 days, and the end of the wet season was defined as any date after 1st September, when 0 mm rain fell over 15 days. Lastly, four more indicators were added based on West et al. (61), which are considered as essential for crop growth in the study area: the number of days of so-called “big rains” (R > 20 mm) and the amount of rain falling in each month of July and August [also (2)].



Dietary Pattern Scores

Dietary pattern scores (DPS) were generated from the FFQ through principle component analysis (PCA). We generated 30 food groups from 117 food items based on their similarities in nutrient profile and culinary use (24, 62). Food items were excluded from the PCA, when they were never consumed by more than 96% of the children. PCA is a dimension-reduction technique that uses the correlation structure of intake frequencies to identify underlying food combinations commonly consumed by the target group (62, 63). This approach allowed us to make full use of the correlation structure of the intake frequencies of 30 food groups. Such a detail in diet data is unusual and unique for such a study setting and population group. We believe that the data-driven approach is an advantage over a priori approaches, because it goes beyond the simple quality indices to assess the nature of the diets in this study population. Information on the construction of the food groups and the method applied are detailed in Mank et al. (20), where dietary patterns were created with the 2018 data of the same study population.

For this analysis, food item information was pooled from 2017 to 2019 assuming similarity in dietary patterns between years as our data collection took place during the same season. We made this assumption for three reasons: (i) In a subsistence farming environment such as in our study region, households rely on the foods they harvest, which are led by the seasonal calendar (Figure 2) and not markets. Thus, (ii) the food market in the region is still very much locally oriented with little imports from other countries that would allow a variability of foods. In addition, (iii) dietary patterns reflect the combination of food items commonly consumed together, but not the diversity or quantity of foods. The combination of food items consumed together does not change as much as the food items consumed individually. Yet, variability in diets between seasons within the same year could be the case (64).


[image: Figure 2]
FIGURE 2. Description of the study hypothesis based on the seasonal calendar of Burkina Faso. (adapted from Dixon & Holt (53)).


For the generation of DPS, an Eigenvalue criterion of >1.5 was applied and food groups with factor loadings of ≥|0.40| were considered as major contributors to the dietary pattern. Each child received a factor score for each dietary pattern based on reported intake frequencies of this food group. The factor score represents the adherence of each child to the respective dietary pattern.



Construction of a Precipitation Variability Score

The selected precipitation indicators were standardized to z-scores, representing the deviation of the annual precipitation data of each study year (2016–2019) from the reference rainfall data (1981–2019) by stratum. The higher the z-score, the greater is its annual variability (Supplementary Table S2). For the present analysis, we hypothesized that rainfall variability is associated with diets and so stunting and wasting with a time-delay; precisely in the year before the nutrition assessment (log-1) (Figure 2). Thus, the harvest from October to December impacts the diets of the following months and thus the nutritional status by August/September the next year, when the population data was collected.

In order to calculate the direct impact of rainfall on dietary patterns, we applied a reduced rank regression (RRR) analysis as a dimension reduction technique to create a precipitation variability score (PVS) (65, 66). This technique combines exploratory and hypothesis-based approaches for the identification of latent risk factors and is purely data-driven. We chose a data-driven approach because (i) there is limited knowledge on the associations of weather variables with child diet and nutritional status, and because (ii) weather or rainfall can be defined by more than only cumulative rainfall. We elaborate on both arguments in the discussion. Through the use of RRR, we were able to discover a set of precipitation indicators (predictor variables) that (i) commonly occur together and (ii) explain the most variation in the PCA-derived DPS (response variable). The RRR method was applied in the SAS software (SAS Institute, Inc., Cary, North Carolina). Only the first pattern score was extracted, which explained the highest variance in the response variables. Each child was matched with its PVS. Precipitation indicators with factor loadings of ≥|0.20| were considered to be major contributors to the PVS. The relationships of the PVS with the 15 precipitation indicators were described with unadjusted coefficients and partial coefficients adjusted for age and sex of the child and stratum using the parametric Pearson correlation coefficients.



Associations Between Rainfall Variability and Child Undernutrition

In order to establish the associations between the PVS and child undernutrition, multi-level mixed effects regression models were constructed and accounted for random effects at three levels: the village-, the household- and the child-level. We calculated regression-coefficients and their 95% confidence intervals (CIs) for HAZ and WHZ across tertiles of the PVS, assigning the first tertile as the reference category and constructed three models to assess the role of mediating factors. The unadjusted model presents associations of PVS with HAZ and WHZ, respectively; Model 1 was adjusted for age and sex of the child; and Model 2 was additionally adjusted for socio-economic factors and health indicators. Furthermore, we modeled the PVS associations per 1-point increase of the PVS presenting the difference in means of HAZ and WHZ. A 1-point increase in the PVS translates into an increased deviation of the rainfall pattern away from the norm.





RESULTS


Study Population and Rainfall Characteristics

The study sample comprised 1,439 children between 7 and 60 months of age of which 52% were girls. The prevalence of stunting (HAZ < −2) and wasting (WHZ < −2) was 24 and 6% combined for the study period 2017–2019. Characteristics of the study sample can be found in Table 1. In short, mothers reported that 32% of the children had fever and 16% had diarrhea over the previous 2 weeks. Twenty-six percent of the mothers breastfed their child at the time of data collection (age when stopped breastfeeding was at median 24 ± 0 months of age). Independent of age, 97% of the children consumed cereals, roots and tubers, 93% vitamin-A rich leaves, 68% fruits, and 62% vegetables over the previous 7-days during the lean season in the study years. Illiteracy was high with 79% of the mothers and 74% of the household heads being illiterate.


Table 1. Characteristics of the study population (N = 1,439).

[image: Table 1]

Supplementary Table S1 displays the time trends of the 15 rainfall indicators by the five strata for the years 1981–2019. According to the data, the Nouna HDSS area has one rainy season from May to October. The total annual rainfall (PRCPTOT) was the lowest in Cissé with a mean of 724 mm and the highest in Kodougou with a mean of 778 mm combined from 1981 to 2019. The time trend was statistically significant and positive across all five strata. Over 30% of the annual rain falls in August and another 25% falls in July (PRCPJUL). Both months together cover two third of the very heavy precipitation days (R ≥ 20 mm). So-called mini-droughts or consecutive dry days during the wet season (CDDws) are common in the region and take on average 10 days. Statistically significant differences between strata (spatial variability) were detected for three rainfall indicators: The number of consecutive wet days (CWD), for very wet (R95p) and for extremely wet days (R99p).

As the absolute numbers were transferred to z-scores to provide a common metric unit for further analysis, Supplementary Table S2 presents the means and z-scores of the rainfall indicators combined for the five strata. Z-scores of the rainfall indicators ranged between −0.33 and 0.90. Negative (positive) z-scores indicate a negative (positive) deviation from the mean reference (1981 to 2019) and so a reduction (or increase, respectively) in their occurrence.



Dietary Patterns and Their Associations With Child Nutritional Status

We sought to explore the hypotheses that (i) rainfall variability is associated with the composition of the children's diet, and that (ii) rainfall variability related to the children's diet is associated with their nutritional status. The association between dietary patterns and child HAZ and WHZ in the Nouna HDSS was previously established for the year 2018 (20). This analysis was replicated for the years 2017 to 2019, and the results are shown in Supplementary Table S3.

By PCA, three distinct dietary patterns were identified that explained 26% of the total variation in food intake by children 7–60 months of age in the Nouna HDSS area (Table 2). The dietary patterns were labeled based on their positive correlations with food item intakes as “market-based” (DP1), “legume-based” (DP2), and “vegetable-based” (DP3) and explained 10, 8, and 8%, respectively, of the variation in food groups intake in the study population. DP1 was characterized by pasta, eggs, poultry, sweets, bread, beverages, rice and cassava (market-based), DP2 was characterized by soumbala, oils and fats, dark green leaves, peanuts, millet, tea and sorghum, and DP3 was characterized by oils and fats, okra, tomatoes, eggplant, maize, coffee, and fish.


Table 2. Rotated factor loadings of food items for the three dietary patterns among 1,439 children aged <5 years in the Nouna HDSS area.
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The market-based and the legume-based dietary patterns were positively and significantly associated with HAZ in the fully adjusted model. For each score-point increase of the market-based dietary pattern, HAZ was higher by 0.02 (95% CI: 0.00, 0.03, p < 0.05); and for each score-point increase of the legume-based dietary pattern, HAZ was higher by 0.01 (95% CI: 0.00, 0.02, p < 0.05). For WHZ, none of the fully adjusted models showed a statistically significant association with the three dietary patterns. Only the unadjusted model for the vegetable-based diet was statistically significantly associated with WHZ, showing a 0.01 higher WHZ per 1 score-point increase (95% CI: 0.00, 0.02, p < 0.05).



The PVS and Its Association With Dietary Patterns

The characteristics of the RRR-derived PVS are presented in Figure 3 and Supplementary Table S4. Based on the RRR output, the PVS explained 17% of the variance in rainfall indicators (the predictor variables) and 14% of the total variance in DPS (the response variables). The PVS can, thus, be considered predictive for diets with a higher PVS indicating a higher adherence to and so consumption of all dietary patterns by the children in our sample. An increase in the PVS translates into an increased deviation from the norm (the PVS ranges from −3.85 to 2.85 SDs). The strongest positive relationship was seen with the vegetable-based dietary pattern, followed by the market-based and the legume-based dietary pattern. In order to underline the strength of the association between the rainfall indicators and the three DPS, the Pearson correlation coefficients of the PVS are presented in Supplementary Table S5. Here, the partial correlation coefficients for the precipitation indicators and the three DPS ranged from −0.61 to 0.71 (adjusted for age and sex of the child and stratum). The strongest correlations of the rainfall indicators were seen with the vegetable-based dietary pattern. It confirms that an increasing PVS supports a higher consumption of the vegetable-based, market-based and legume-based diet.
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FIGURE 3. Visualization of the RRR rotated factor loadings of the rainfall indicators that best describe the RRR-derived PVS. Rainfall indicators with factor loadings of ≥|0.20| indicate relevant contributions to the PVS. A positive deviation indicates a higher manifestation (increase) of the respective rainfall indicators, while a negative deviation indicates a lower manifestation (reduction).


The PVS itself was characterized based on the factor loadings that showed ≥|0.20| (Figure 3). Factor loadings above this number indicate a relevant contribution to the variability score, while a positive factor loading indicates an upward deviation (increase) of the respective rainfall indicator and a negative factor loading indicates a downward deviation (reduction).



The Associations of the PVS With Children's Nutritional Status

Table 3 displays the associations of the PVS with the continuous outcome variables HAZ and WHZ, respectively. There was an inverse association of the PVS with HAZ and a positive association of the PVS with WHZ. Both showed statistically significant results. A 1-point increase in the PVS was associated with a reduction in HAZ by 0.029 (95% CI: −0.06, −0.00, p < 0.05) in the unadjusted model. The associations with HAZ did not change after adjustments for covariates as shown in model 1 and 2. Thus, a 1 SD increase of the PVS translated into an increase in stunting prevalence to 24.6%. In the case of WHZ, a 1-point score increase in the PVS was positively associated with WHZ, which increased by 0.013 (95% CI: −0.01, 0.04, p > 0.05) in the unadjusted model. A statistically significant association only occurred in the adjusted models. WHZ improved by 0.032 (95% CI: 0.01, 0.06, p < 0.05) in the fully adjusted model and so indicated a mediating effect through socio-economic factors. Here, a 1 SD increase of the PVS translated into a decrease in wasting prevalence to 5.5%.


Table 3. Multilevel regression models (child-household-village) examining the factors of the PVS on HAZ and WHZ of young children in the Nouna HDSS area.
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In order to investigate the sensitivity of the PVS to the nutritional status, we also investigated the association with a higher rainfall variability defined by an increase in the PVS by 2 and 3 SD. With a HAZ reduction by −0.06 and −0.09, this translated into a stunting prevalence of 25.2 and 25.8%, respectively. With a WHZ increase by 0.06 and 0.09, this translated into wasting prevalence of 5 and 4.5%, respectively.




DISCUSSION


Rainfall Variability in Burkina Faso

This study provides an empirical approach on how rainfall variability can be linked to dietary patterns and child undernutrition. Only a few studies have described rainfall trends over time specifically in Burkina Faso given the sparse number of weather stations and a lack of high-quality, long-term data (1, 2, 47, 67, 68). According to climate data from 1950 to 2013 for Burkina Faso from De Longueville et al. (12), an overall decline of total annual rainfall can be observed since the 1950s with a slight recovery of rainfall since the late 1990s following the severe droughts of the 1970s and 1980s (69). Equally, there is a decrease in the number of rainy days (69), a downward trend in the number of consecutive dry days during the wet season (mini-droughts), as well as a decrease in the length of the wet season in Burkina Faso (12). Our data confirms this observed precipitation variability, while keeping in mind inter-annual and spatial variability (7, 13, 69). We can confirm an increase in cumulative annual rainfall over a shorter period of time and thus, an increase in extreme rainfall events such as in the number of (very) heavy precipitation days. An upward trend in heavy rainfall was found specifically in July and August with more than 60% of the total annual rainfall (over 400 mm) coming down. This aligns with the observations made by Hondula et al. (2) in the same study region. These 2 months define the success or respective failure of the harvest output of subsistence farmers and thus, whether they will be able to have enough food until the next harvest to feed their families and provide financial income (22, 61). Overall, a well-distributed and quantitatively sufficient rainfall is essential for crop growth (18).



The Impact of Rainfall Variability on Child Nutritional Status

In order to measure the impact of the recognized rainfall variability, we applied RRR as a dimension-reduction technique. Although RRR originates from nutrition epidemiology and is a novel approach in this interdisciplinary context, we identified it as an alternative empirical approach to display rainfall variability than using a single indicator, like it is mostly done in the identified literature. A single indicator oversimplifies the complexity and interlinkage of climate events (65, 70). So far, studies that explored the link between climate and child nutritional status often referred to cumulative annual rainfall or temperature shocks (as standard deviations of the norm) (23, 71, 72), combined various environmental or topographic indicators (e.g., NDVI, altitude, relief of terrain or living location) (21, 73, 74) or investigated seasonal differences (e.g., years of drought, monsoon season, born during the rainy season, birth month) (38, 75, 76). None applied a climate or rainfall variability pattern as proposed here. Additionally, we only found a single publication that explicitly addressed the link between climate variability and diets, but excluded child undernutrition (77). Here, the authors associated rainfall variability in the previous year to child dietary diversity in a multi-country analysis. For West Africa, an increase in precipitation was found to increase dietary diversity independent of mediating socio-economic factors. Overall, diets or dietary patterns, respectively, have not yet been considered as a mediator between climate and nutritional status (78, 79); or have been missed to integrate weather data, when associations between child undernutrition and seasonality of diets were discussed (64, 80).

An advantage of the RRR-approach was that it allowed us to define the association of the PVS with diets and nutritional status for the year before the nutrition assessment. It has not yet been defined which climate timing predicts and explains child nutritional outcomes the best. Accordingly, we identified studies that used sum of rainfall (and temperature) by trimester prior to the date of birth for associations with birth weight outcomes (37, 38). Here, the authors assumed that child undernutrition manifests itself already in utero or even before conception due to heat stress and dehydration of the mother. With regard to child stunting and wasting, two time points were chosen by Skoufias and Vinha (72) to link weather shocks with chronic undernutrition of children in Mexico. They found that positive rainfall shocks (=more severe rainfall than normal) in the preceding agricultural year showed to have a negative impact on average HAZ (−0.87 and −0.32 coefficient points, respectively). This finding can also be confirmed for our PVS and HAZ, which changed by −0.029 with an increase in the PVS. Cooper et al. (78) examined the association of extreme rainfall and droughts on child anthropometry for even five different time periods. They found that short-term rainfall shocks over 12 months were significant predictors of WHZ, while periods of 36 months were significantly associated with HAZ in Ghana and Bangladesh. Equally, increased annual rainfall worsened the nutritional outcomes in both cases.



Mediating Effects of Socio-Economic Factors to Weather Impacts

Our findings additionally showed that socio-economic factors may play a role in mediating the associations of rainfall variability and child undernutrition. A mediating effect was specifically found for WHZ (0.19 change), but less directional for HAZ (0.01 change). In general, a risk for wasting is higher due to infectious diseases, which appreciate a wetter environment for breading and transmission due to lack of hygiene (81). Shively (82) found that greater road density and improved access to health facilities mitigate a child's risks for undernutrition to variations in precipitation in Nepal and Uganda; to name just one. Already small positive social and environmental developments are assumed to have positive mitigating effects on child growth (37, 83, 84).

In this study, we also hypothesized a mitigating effect of diets on child nutritional outcomes depending on rainfall variability. Accordingly, the PVS explained most of the DPS with vegetables (25%) and with market-related products (11%). Those were characterized by frequent intakes of maize and rice, respectively. Both food items are common in this subsistence farming environment and also less drought tolerant than sorghum and millet (1, 85). This might explain that the legume-based dietary pattern, which was characterized by sorghum and millet, changed less (8%) in relation to the PVS. Since we conducted the study during the lean season, when stocks tend to be empty from the previous year's harvest, those diets may indicate an adaptation response to the weather. Subsequently, although subsistence farmers strongly rely on those food crops for a living, they may have adapted their diets by either reducing the number of meals per day, acquiring imported foods from the market, if the financial situation allows, or referring to vegetable gardens maintained during the dry season (22, 86, 87).



Study Limitations and Prospects for Further Research

We would like to encourage further research in the application of RRR in other settings to investigate its feasibility in interdisciplinary research on climate change, nutrition and public health. Given our data-driven approach applying two dimension-reduction techniques, the analyses are easily reproducible in other geographic locations using available data. The statistical application is well-known and documented. Our aim was to explore an unconventional approach originating from nutrition epidemiology and investigating its applicability in a complex context such as climate, nutrition and health. Yet, our results might be a reflection of the indirectness of the methods used, which needs to be further explored.

Additionally, we encourage the inclusion of temperature indicators (70). Although temperatures tend to be lower during the rainy season due to increased cloud cover, which suppresses incoming solar radiation, and increased cooling due to evaporation of ground and atmosphere moisture (2), some studies have shown that temperature had a direct effect on child health outcomes (38) and increased risk of mortality among children aged <5 years (68, 88). Equally the temporal longitudinal scales from conception to early childhood and any carry on/over effects of climate impacting children's nutritional status should be further investigated. A child starts to be exposed to environmental impacts already through the mother even before conception, and continues through pregnancy, childhood and adulthood (29). Subsequently, the diet and living conditions of a mother prior to a child's birth may have (additional) implications on health and development (37). Equally, it may require a longer time window to investigate the lagged health effect of diet on the nutritional status of the child than was possible in the present study. In this regard we recognize the limitations of our study (i) that we have only data for one time point (the lean and rainy season) and (ii) that we only collected data during one season. Those aspects may have added potential bias to our results. Although the diets were found similar within the season (internal validity), they are likely to differ between seasons (external validity) (64). To further consider for various temporal scales than applied in this study, long-term climate and nutrition data would be needed.



Implications for Policy Action

Evidence-based findings on the development of the current climate as well as long-term projections on future climate change and its impact on nutrition and public health provide a first step to promote policy action and so the development of long- and short-term adaptation strategies. Adaptation to climate change has become a requirement to assure sustainability of agriculture production, food security, health, and nutrition and improve resilience of the respective population (89). Yet, given the multi-sectoral determinants of child undernutrition, there is not a single intervention that can act as a “silver bullet” to reduce and/or prevent a rise (90). Climate change and so climate extremes pose an increased risk to children, who are in general more vulnerable to infectious diseases, but also face a vicious cycle once already undernourished (91). Subsequently, political actions should integrate climate predictions and weather forecasts in their decision making to act and prevent the occurrence of child health risks. Adaptation interventions such as on food diversification or home gardening can mitigate the negative impacts of climate change in the long- and short-run (87, 92, 93). Yet, poor and vulnerable population groups rely on the governments to promote and subsidize them.




CONCLUSION

West Africa experienced increasing rainfall variability in the past decades as a component of ongoing climate change. This includes an increase in total annual rainfall, more extreme rainfall events, regular mini-droughts during the rainy season, and a shorter rainy season overall; which was also shown for a small area in Burkina Faso. The Nouna HDSS area was specifically of interest due to its continued high prevalence of stunting (24%) and wasting (6%) of children aged <5 years. We explored (i) the association of rainfall variability with the children's diets by constructing a precipitation variability score (PVS), and (ii) established its association with child undernutrition. Our results showed that an increase in rainfall variability has a stronger impact on chronic than acute undernutrition considering the mediating effect of socio-economic factors. This should be kept in mind when setting-up and evaluating adaptation measures. Equally, social and environmental investments should be further promoted to counteract climate change impacts.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation. The data will be made available by the corresponding author upon reasonable request.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Heidelberg University Ethical Committee, Medical Faculty, Alte Glockengießerei 11/1, 69115 Heidelberg, Germany. Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin. The study was conducted in accordance with the most recent version of the ethical principles of the World Medical Association's Declaration of Helsinki, which is applicable for national and international regulatory requirements. Ethical approval was obtained both from the Heidelberg University Ethical Committee (S-180/2017), Germany, and the Nouna Health Research Center Ethical Committee, Burkina Faso. All caregivers participating in the study provided informed written consent. Parents of severely undernourished children were encouraged to visit the closest health care center for consultation. We provided a referral document with financial support for the visit.



AUTHOR CONTRIBUTIONS

IM was responsible for the data acquisition, statistical analysis, data interpretation, and manuscript drafting. KB provided statistical guidance on the analyses and their interpretation. JB derived the rainfall dataset and contributed to the understanding of the rainfall measurements. IT contributed to the data acquisition and interpretation. PW reviewed data interpretation and paper logic. RS provided the conceptual framework, the study design, and guided the data acquisition. ID contributed to the methodology, statistical analyses, and interpretation of the data. All authors contributed to the writing of the paper, critically reviewed it, and gave final approval for its publication.



FUNDING

The lead author was financially supported by the Robert Bosch Foundation, through a PhD fellowship provided by the Baden-Württemberg Landesgraduiertenförderung Program (LGF) from 2017 to 2020 and through a DAAD stipend provided in 2017. The data collection was funded by the Heidelberg Institute of Global Health (HIGH) from 2017 to 2019. This work is part of the research unit Climate Change and Health in sub-Saharan Africa, which received funding from the German Research Foundation (DFG) (reference: DA 1881/3-1).



ACKNOWLEDGMENTS

The authors thank the field workers and the population of the Nouna Health and Demographic Surveillance System (HDSS) for welcoming us into their homes and their collaboration. We also would like to thank the staff of the Nouna Health Research Center (CRSN) for their support and the Agence Nationale de la Météorologie (ANAM) in Ouagadougou for their help and provision of the on the ground rainfall data.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpubh.2021.693281/full#supplementary-material



REFERENCES

 1. IPCC, editor. Climate Change 2014: Impacts, Adaptation, and Vulnerability. Working Group II Contribution to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. New York, NY: Cambridge University Press (2014). 1 p.

 2. Hondula DM, Rocklöv J, Sankoh OA. Past, present, and future climate at select INDEPTH member Health and Demographic Surveillance Systems in Africa and Asia. Global Health Action. (2012) 5:19083. doi: 10.3402/gha.v5i0.19083

 3. Watts N, Amann M, Arnell N, Ayeb-Karlsson S, Belesova K, Boykoff M, et al. The 2019 report of The Lancet Countdown on health and climate change: ensuring that the health of a child born today is not defined by a changing climate. Lancet. (2019) 394:1836–78. doi: 10.1016/S0140-6736(19)32596-6

 4. Anderko L, Chalupka S, Du M, Hauptman M. Climate changes reproductive and children's health: a review of risks, exposures, and impacts. Pediatr Res. (2020) 87:414–9. doi: 10.1038/s41390-019-0654-7

 5. Bennett C, Friel S. Impacts of climate change on inequities in child health. Children. (2014) 1:461–73. doi: 10.3390/children1030461

 6. Watts N, Amann M, Ayeb-Karlsson S, Belesova K, Bouley T, Boykoff M, et al. The Lancet Countdown on health and climate change: from 25 years of inaction to a global transformation for public health. Lancet. (2018) 391:581–630. doi: 10.1016/S0140-6736(17)32464-9

 7. Ben Mohamed A. Climate change risks in Sahelian Africa. Region Environ Change. (2011) 11:109–17. doi: 10.1007/s10113-010-0172-y

 8. Hulme M, Doherty R, Ngara T, New M, Lister D. African climate change: 1900-2100. Clim Res. (2001) 17:145–68. doi: 10.3354/cr017145

 9. Ibrahim B, Polcher J, Karambiri H, Rockel B. Characterization of the rainy season in Burkina Faso and it's representation by regional climate models. Clim Dyn. (2012) 39:1287–302. doi: 10.1007/s00382-011-1276-x

 10. Masih I, Maskey S, Mussá FEF, Trambauer P. A review of droughts on the African continent: a geospatial and long-term perspective. Hydrol Earth Syst Sci. (2014) 18:3635–49. doi: 10.5194/hess-18-3635-2014

 11. Nicholson SE, Funk C, Fink AH. Rainfall over the African continent from the 19th through the 21st century. Global and Planet Change. (2018) 165:114–27. doi: 10.1016/j.gloplacha.2017.12.014

 12. De Longueville F, Hountondji Y-C, Kindo I, Gemenne F, Ozer P. Long-term analysis of rainfall and temperature data in Burkina Faso (1950-2013). Int J Climatol. (2016) 36:4393–405. doi: 10.1002/joc.4640

 13. Lodoun T, Giannini A, Traoré PS, Somé L, Sanon M, Vaksmann M, et al. Changes in seasonal descriptors of precipitation in Burkina Faso associated with late 20th century drought and recovery in West Africa. Environ Dev. (2013) 5:96–108. doi: 10.1016/j.envdev.2012.11.010

 14. Salack S, Klein C, Giannini A, Sarr B, Worou ON, Belko N, et al. Global warming induced hybrid rainy seasons in the Sahel. Environ Res Lett. (2016) 11:104008. doi: 10.1088/1748-9326/11/10/104008

 15. Taylor CM, Belušić D, Guichard F, Parker DJ, Vischel T, Bock O, et al. Frequency of extreme Sahelian storms tripled since 1982 in satellite observations. Nature. (2017) 544:475–8. doi: 10.1038/nature22069

 16. Sylla MB, Faye A, Giorgi F, Diedhiou A, Kunstmann H. Projected heat stress under 1.5°C and 2°C global warming scenarios creates unprecedented discomfort for humans in West Africa. Earths Future. (2018) 6:1029–44. doi: 10.1029/2018EF000873

 17. Belesova K, Gornott C, Milner J, Sié A, Sauerborn R, Wilkinson P. Mortality impact of low annual crop yields in a subsistence farming population of Burkina Faso under the current and a 1.5°C warmer climate in 2100. Sci Total Environ. (2019) 691:538–48. doi: 10.1016/j.scitotenv.2019.07.027

 18. Belesova K, Gasparrini A, Sié A, Sauerborn R, Wilkinson P. Household cereal crop harvest and children's nutritional status in rural Burkina Faso. Environ Health. (2017) 16:65. doi: 10.1186/s12940-017-0258-9

 19. Karst IG, Mank I, Traoré I, Sorgho R, Stückemann K-J, Simboro S, et al. Estimating yields of household fields in rural subsistence farming systems to study food security in Burkina Faso. Remote Sens. (2020) 12:1717. doi: 10.3390/rs12111717

 20. Mank I, Vandormael A, Traoré I, Ouédraogo WA, Sauerborn R, Danquah I. Dietary habits associated with growth development of children aged <5 years in the Nouna Health and Demographic Surveillance System, Burkina Faso. Nutr J. (2020) 19:81. doi: 10.1186/s12937-020-00591-3

 21. Brown ME, Grace K, Shively G, Johnson KB, Carroll M. Using satellite remote sensing and household survey data to assess human health and nutrition response to environmental change. Popul Environ. (2014) 36:48–72. doi: 10.1007/s11111-013-0201-0

 22. Saronga NJ, Mosha IH, Kessy AT, Ezekiel MJ, Zizinga A, Kweka O, et al. “I eat two meals per day” impact of climate variability on eating habits among households in Rufiji district, Tanzania: a qualitative study. Agric Food Secur. (2016) 5:14. doi: 10.1186/s40066-016-0064-6

 23. Shively G, Sununtnasuk C, Brown M. Environmental variability and child growth in Nepal. Health Place. (2015) 35:37–51. doi: 10.1016/j.healthplace.2015.06.008

 24. Hu FB. Dietary pattern analysis: a new direction in nutritional epidemiology. Curr Opin Lipidol. (2002) 13:3–9. doi: 10.1097/00041433-200202000-00002

 25. Melaku YA, Gill TK, Taylor AW, Adams R, Shi Z, Worku A. Associations of childhood, maternal and household dietary patterns with childhood stunting in Ethiopia: proposing an alternative and plausible dietary analysis method to dietary diversity scores. Nutr J. (2018) 17:14. doi: 10.1186/s12937-018-0316-3

 26. Arimond M, Ruel MT. Dietary diversity is associated with child nutritional status: evidence from 11 demographic and health surveys. J Nutr. (2004) 134:2579–85. doi: 10.1093/jn/134.10.2579

 27. Belesova K, Gasparrini A, Sié A, Sauerborn R, Wilkinson P. Annual crop-yield variation, child survival, and nutrition among subsistence farmers in Burkina Faso. Am J Epidemiol. (2018) 187:242–50. doi: 10.1093/aje/kwx241

 28. Black RE, Allen LH, Bhutta ZA, Caulfield LE, de Onis M, Ezzati M, et al. Maternal and child undernutrition: global and regional exposures and health consequences. Lancet. (2008) 371:243–60. doi: 10.1016/S0140-6736(07)61690-0

 29. Sheffield PE, Landrigan PJ. Global climate change and children's health: threats and strategies for prevention. Environ Health Perspect. (2011) 119:291–8. doi: 10.1289/ehp.1002233

 30. Watts N, Adger WN, Agnolucci P, Blackstock J, Byass P, Cai W, et al. Health and climate change: policy responses to protect public health. Lancet. (2015) 386:1861–914. doi: 10.1016/S0140-6736(15)60854-6

 31. Xu Z, Sheffield PE, Hu W, Su H, Yu W, Qi X, et al. Climate change and Children's health-A call for research on what works to protect children. Int J Environ Res Public Health. (2012) 9:3298–316. doi: 10.3390/ijerph9093298

 32. Nelson GC, Rosegrant MW, Palazzo A, Gray I, Ingersoll C, Robertson R, et al. Food Security, Farming, and Climate Change to 2050: Scenarios, Results, Policy Options. Washington, DC: IFPRI (2010).

 33. Schmidhuber J, Tubiello FN. Global food security under climate change. Proc Natl Acad Sci U S A. (2007) 104:19703–8. doi: 10.1073/pnas.0701976104

 34. Phalkey RK, Aranda-Jan C, Marx S, Höfle B, Sauerborn R. Systematic review of current efforts to quantify the impacts of climate change on undernutrition. Proc Natl Acad Sci U S A. (2015) 112:E4522–E9. doi: 10.1073/pnas.1409769112

 35. Beiersmann C, Bountogo M, Tiendrébeogo J, Louis VR, Gabrysch S, Yé M, et al. Malnutrition in young children of rural Burkina Faso: comparison of survey data from 1999 with 2009: malnutrition in young children. Trop Med Int Health. (2012) 17:715–21. doi: 10.1111/j.1365-3156.2012.02985.x

 36. Helldén D, Andersson C, Nilsson M, Ebi KL, Friberg P, Alfvén T. Climate change and child health: a scoping review and an expanded conceptual framework. Lancet Planet Health. (2021) 5:e164–e75. doi: 10.1016/S2542-5196(20)30274-6

 37. Davenport F, Grace K, Funk C, Shukla S. Child health outcomes in sub-Saharan Africa: a comparison of changes in climate and socio-economic factors. Global Environ Change. (2017) 46:72–87. doi: 10.1016/j.gloenvcha.2017.04.009

 38. Grace K, Davenport F, Hanson H, Funk C, Shukla S. Linking climate change and health outcomes: examining the relationship between temperature, precipitation and birth weight in Africa. Global Environ Change. (2015) 35:125–37. doi: 10.1016/j.gloenvcha.2015.06.010

 39. Bliefernicht J, Waongo M, Salack S, Seidel J, Laux P, Kunstmann H. Quality and value of seasonal precipitation forecasts issued by the West African regional climate outlook forum. J Appl Meteorol Climatol. (2019) 58:621–42. doi: 10.1175/JAMC-D-18-0066.1

 40. Beiersmann C, Bermejo Lorenzo J, Bountogo M, Tiendrebeogo J, Gabrysch S, Ye M, et al. Malnutrition determinants in young children from Burkina Faso. J Trop Pediatr. (2013) 59:372–9. doi: 10.1093/tropej/fmt037

 41. Ministère de la Santé Burkina Faso, USAID, UNICEF, WFP, WHO, African Development Fund. Enquête Nutritionnelle Nationale 2016 (2016). 53 p.

 42. Sankoh OA, Yé Y, Sauerborn R, Müller O, Becher H. Clustering of childhood mortality in rural BurkinaFaso. Int J Epidemiol. (2001) 30:485–92. doi: 10.1093/ije/30.3.485

 43. Sié A, Louis Valérie R, Gbangou A, Müller O, Niamba L, Stieglbauer G, et al. The Health and Demographic Surveillance System (HDSS) in Nouna, Burkina Faso, 1993-2007. Global Health Action. (2010) 3:5284. doi: 10.3402/gha.v3i0.5284

 44. Salack S, Bossa A, Bliefernicht J, Berger S, Yira Y, Sanoussi KA, et al. Designing transnational hydroclimatological observation networks and data sharing policies in West Africa. Data Sci J. (2019) 18:33. doi: 10.5334/dsj-2019-033

 45. Rauch M, Bliefernicht J, Laux P, Salack S, Waongo M, Kunstmann H. Seasonal forecasting of the onset of the rainy season in West Africa. Atmosphere. (2019) 10:528. doi: 10.3390/atmos10090528

 46. Yang Z, Hsu K, Sorooshian S, Xu X, Braithwaite D, Verbist KMJ. Bias adjustment of satellite-based precipitation estimation using gauge observations: a case study in Chile. J Geophys Res Atmos. (2016) 121:3790–806. doi: 10.1002/2015JD024540

 47. Funk C, Peterson P, Landsfeld M, Pedreros D, Verdin J, Shukla S, et al. The climate hazards infrared precipitation with stations-a new environmental record for monitoring extremes. Sci Data. (2015) 2:150066. doi: 10.1038/sdata.2015.66

 48. Dembélé M, Zwart SJ. Evaluation and comparison of satellite-based rainfall products in Burkina Faso, West Africa. Int J Remote Sens. (2016) 37:3995–4014. doi: 10.1080/01431161.2016.1207258

 49. van Stuijvenberg ME, Nel J, Schoeman SE, Lombard CJ, du Plessis LM, Dhansay MA. Low intake of calcium and vitamin D, but not zinc, iron or vitamin A, is associated with stunting in 2- to 5-year-old children. Nutrition. (2015) 31:841–6. doi: 10.1016/j.nut.2014.12.011

 50. WHO Child Growth Standards: Length/Height-for-Age, Weight-for-Age, Weight-for-Length, Weight-for-Height and Body Mass Index-for-Age: Methods and Development.. Geneva: World Health Organization (2006). 312 p. Available online at: http://www.who.int/childgrowth/publications/en/ (accessed December 30, 2020).

 51. WHO. Training Course and Other Tools. Child Growth Standards. World Health Organisation (2008). Available online at: https://www.who.int/childgrowth/training/en/ (cited March 23, 2017).

 52. de Onis M, Dewey KG, Borghi E, Onyango AW, Blössner M, Daelmans B, et al. The World Health Organization's global target for reducing childhood stunting by 2025: rationale and proposed actions: WHO global stunting reduction target. Matern Child Nutr. (2013) 9:6–26. doi: 10.1111/mcn.12075

 53. Dixon S, Holt J. Livelihood Zoning and Profiling Report: Burkina Faso. A Special Report by the Famine Early Warning Systems Network. The United States Agency for International Development Famine Early Warning Systems Network (FEWS NET) (2010).

 54. Becquey E, Savy M, Danel P, Dabiré HB, Tapsoba S, Martin-Prével Y. Dietary patterns of adults living in Ouagadougou and their association with overweight. Nutr J. (2010) 9:13. doi: 10.1186/1475-2891-9-13

 55. Martin-Prevel Y, Allemand P, Nikiema L, Ayassou KA, Ouedraogo HG, Moursi M, et al. Biological status and dietary intakes of iron, zinc and vitamin A among women and preschool children in rural Burkina Faso. PLoS One. (2016) 11:e0146810. doi: 10.1371/journal.pone.0146810

 56. Akombi B, Agho K, Hall J, Wali N, Renzaho A, Merom D. Stunting, wasting and underweight in sub-saharan Africa: a systematic review. Int J Environ Res Public Health. (2017) 14:863. doi: 10.3390/ijerph14080863

 57. UNICEF. The State of the World's Children 1998 Focus on Nutrition. Geneva: UNICEF (1998).

 58. Smits J, Steendijk R. The International Wealth Index (IWI). Soc Indic Res. (2015) 122:65–85. doi: 10.1007/s11205-014-0683-x

 59. WHO. WHO Child Growth Standards R Igrowup Package. World Health Organization (2013).

 60. Zhang X, Yang F. RClimDex (1.0) User Manual. (2004). 23 p.

 61. West CT, Roncoli C, Ouattara F. Local perceptions and regional climate trends on the Central Plateau of Burkina Faso. Land Degrad Dev. (2008) 19:289–304. doi: 10.1002/ldr.842

 62. Vankaiah K, Brahmam G, Vijayaraghavan K. Application of factor analysis to identify dietary patterns and use of factor scores to study their relationship with nutritional status of adult rural populations. J Health Popul Nutr. (2011) 29:327–38. doi: 10.3329/jhpn.v29i4.8448

 63. Balder HF, Virtanen M, Brants HAM, Krogh V, Dixon LB, Tan F, et al. Common and country-specific dietary patterns in four European cohort studies. J Nutr. (2003) 133:4246–51. doi: 10.1093/jn/133.12.4246

 64. Somé JW, Jones AD. The influence of crop production and socioeconomic factors on seasonal household dietary diversity in Burkina Faso. PLoS One. (2018) 13:e0195685. doi: 10.1371/journal.pone.0195685

 65. Hoffmann K. Application of a new statistical method to derive dietary patterns in nutritional epidemiology. Am J Epidemiol. (2004) 159:935–44. doi: 10.1093/aje/kwh134

 66. Weikert C, Schulze MB. Evaluating dietary patterns: the role of reduced rank regression. Curr Opin Clin Nutr Metab Care. (2016) 19:341–6. doi: 10.1097/MCO.0000000000000308

 67. Dai A, Lamb PJ, Trenberth KE, Hulme M, Jones PD, Xie P. The recent Sahel drought is real. Int J Climatol. (2004) 24:1323–31. doi: 10.1002/joc.1083

 68. Diboulo E, Sié A, Rocklöv J, Niamba L, Yé M, Bagagnan C, et al. Weather and mortality: a 10 year retrospective analysis of the Nouna Health and Demographic Surveillance System, Burkina Faso. Global Health Action. (2012) 5:19078. doi: 10.3402/gha.v5i0.19078

 69. Ministry of Environment and Fishery Resources. Burkina Faso National Climate Change Adaptation Plan (NAP). (2015). Available online at: https://www4.unfccc.int/sites/NAPC/News/Pages/national_adaptation_plans.aspx (accessed October 5, 2020).

 70. Belesova K, Agabiirwe CN, Zou M, Phalkey R, Wilkinson P. Drought exposure as a risk factor for child undernutrition in low- and middle-income countries: a systematic review and assessment of empirical evidence. Environ Int. (2019) 131:104973. doi: 10.1016/j.envint.2019.104973

 71. Rabassa M, Skoufias E, Jacoby H. Weather and child health in rural Nigeria. J Afr Econ. (2014) 23:464–92. doi: 10.1093/jae/eju005

 72. Skoufias E, Vinha K. Climate variability and child height in rural Mexico. Econ Hum Biol. (2012) 10:54–73. doi: 10.1016/j.ehb.2011.06.001

 73. Jankowska MM, Lopez-Carr D, Funk C, Husak GJ, Chafe ZA. Climate change and human health: spatial modeling of water availability, malnutrition, and livelihoods in Mali, Africa. Appl Geogr. (2012) 33:4–15. doi: 10.1016/j.apgeog.2011.08.009

 74. Mueller I, Smith TA. Patterns of child growth in Papua New Guinea and their relation to environmental, dietary and socioeconomic factors - further analyses of the 1982-1983 Papua New Guinea National Nutrition Survey. Papua New Guinea Med J. (1999) 42:94–113.

 75. Chotard S, Mason JB, Oliphant NP, Mebrahtu S, Hailey P. Fluctuations in wasting in vulnerable child populations in the greater horn of Africa. Food Nutr Bull. (2010) 31:S219–S33. doi: 10.1177/15648265100313S302

 76. Panter-Brick C. Seasonal growth patterns in rural Nepali children. Ann Hum Biol. (1997) 24:1–18. doi: 10.1080/03014469700004732

 77. Niles MT, Emery BF, Wiltshire S, Brown ME, Fisher B, Ricketts TH. Climate impacts associated with reduced diet diversity in children across nineteen countries. Environ Res Lett. (2021) 16:015010. doi: 10.1088/1748-9326/abd0ab

 78. Cooper M, Brown ME, Azzarri C, Meinzen-Dick R. Hunger, nutrition, and precipitation: evidence from Ghana and Bangladesh. Popul Environ. (2019) 41:151–208. doi: 10.1007/s11111-019-00323-8

 79. Kinyoki DK, Kandala N-B, Manda SO, Krainski ET, Fuglstad G-A, Moloney GM, et al. Assessing comorbidity and correlates of wasting and stunting among children in Somalia using cross-sectional household surveys: 2007 to (2010). BMJ Open. (2016) 6:e009854. doi: 10.1136/bmjopen-2015-009854

 80. Kigutha HN, van Staveren WA, Veerman W, Hautvast JG. Child malnutrition in poor smallholder households in rural Kenya: an in-depth situation analysis. Eur J Clin Nutr. (1995) 49:691–702.

 81. Wehner S, Stieglbauer G, Traoré C, Sie A, Becher H, Müller O. Malaria incidence during early childhood in rural Burkina Faso: analysis of a birth cohort protected with insecticide-treated mosquito nets. Acta Trop. (2017) 175:78–83. doi: 10.1016/j.actatropica.2017.03.017

 82. Shively GE. Infrastructure mitigates the sensitivity of child growth to local agriculture and rainfall in Nepal and Uganda. Proc Natl Acad Sci U S A. (2017) 114:903–8. doi: 10.1073/pnas.1524482114

 83. Mueller I, Vounatsou P, Allen BJ, Smith T. Spatial patterns of child growth in Papua New Guinea and their relation to environment, diet, socio-economic status and subsistence activities. Ann Hum Biol. (2001) 28:263–80. doi: 10.1080/030144601300119089

 84. Wright J, Vazé P, Russell G, Gundry S, Ferro-Luzzi A, Mucavele P, et al. Seasonal aspects of weight-for-age in young children in Zimbabwe. Public Health Nutr. (2001) 4:757–64. doi: 10.1079/PHN2000100

 85. Rowhani P, Lobell DB, Linderman M, Ramankutty N. Climate variability and crop production in Tanzania. Agric For Meteorol. (2011) 151:449–60. doi: 10.1016/j.agrformet.2010.12.002

 86. Sorgho R, Mank I, Kagoné M, Souares A, Danquah I, Sauerborn R. “We will always ask ourselves the question of how to feed the family”: subsistence farmers' perceptions on adaptation to climate change in Burkina Faso. IJERPH. (2020) 17:7200. doi: 10.3390/ijerph17197200

 87. Olney DK, Pedehombga A, Ruel MT, Dillon A. A 2-year integrated agriculture and nutrition and health behavior change communication program targeted to women in Burkina Faso reduces anemia, wasting, and diarrhea in children 3-12.9 months of age at baseline: a cluster-randomized controlled trial. J Nutr. (2015) 145:1317–24. doi: 10.3945/jn.114.203539

 88. Dos Santos S, Henry S. Rainfall variation as a factor in child survival in rural Burkina Faso: the benefit of an event-history analysis. Popul Space Place. (2008) 14:1–20. doi: 10.1002/psp.470

 89. Tirado MC, Hunnes D, Cohen MJ, Lartey A. Climate change and nutrition in Africa. J Hunger Environ Nutr. (2015) 10:22–46. doi: 10.1080/19320248.2014.908447

 90. Ruel MT, Alderman H. Nutrition-sensitive interventions and programmes: how can they help to accelerate progress in improving maternal and child nutrition? Lancet. (2013) 382:536–51. doi: 10.1016/S0140-6736(13)60843-0

 91. Reinhardt K, Fanzo J. Addressing chronic malnutrition through multi-sectoral, sustainable approaches: a review of the causes and consequences. Front Nutr. (2014) 1:13. doi: 10.3389/fnut.2014.00013

 92. Herforth A, Jones AD, Andersen PP. Prioritizing Nutrition in Agriculture and Rural Development : Guiding Principles for Operational Investments. Washington, DC: World Bank (Health, Nutrition and Population (HNP) discussion paper) (2012). Available online at: http://documents.worldbank.org/curated/en/363531468154166016/Prioritizing-nutrition-in-agriculture-and-rural-development-guiding-principles-for-operational-investments (accessed January 26, 2020).

 93. Masset E, Haddad L, Cornelius A, Isaza-Castro J. Effectiveness of agricultural interventions that aim to improve nutritional status of children: systematic review. BMJ. (2012) 344:d8222. doi: 10.1136/bmj.d8222

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Mank, Belesova, Bliefernicht, Traoré, Wilkinson, Danquah and Sauerborn. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fpubh-09-693281-t002.jpg
Food groups DP1 DP2 DP3
Market-based Legume-based Vegetable-based

diet diet diet
Pasta 0.57* 0.24 0.10
Eggs 0.56* -0.07 0.05
Poultry 0.55* —-0.03 0.09
Sweets 0.52* 0.19 025
Bread 0.49* 0.07 0.06
Beverages 0.46* —o0.11 001
Rice 0.45* 0.40 0.03
Cassava 0.41% 006 -0.09
Soumbala 0.05 0.60* 0.09
Oils and fats -001 057+ 0.42¢
Dark green leaves. 0.26 0.46* 0.03
Peanuts 035 0.41* ~0.06
Millet -0.09 0.41* -0.08
Tea 0.10 0.41* 0.02
Okra -0.05 0.06 0.70*
Tomatoes 0.08 -0.02 0.66*
Eggplant 0.07 0.14 0.64*
Maize 0.09 -0.17 0.46*
Coffee 021 004 0.43*
Fish 0.16 029 0.42¢
Meat 0.33 037 -0.03
Cabbage 037 0.13 -0.08
Cowpea beans 0.27 0.02 0.28
Animal milk 0.26 030 0.12
Onions 0.25 0.39 -0.09
Fruits 025 0.11 0.19
Couscous 0.20 024 0.02
Groundhuts 0.18 0.13 -0.13
Mother's milk 0.02 -036 -0.03
Sorghum -008 027 001
Explained variance 9.88% 8.28% 7.87%

*Food groups with factor loadings of >0.40)| indicate relevant contributions to the DPS.





OPS/images/fpubh-09-693281-t003.jpg
Adherence to the PVS

HAZ (N = 1,364)

Unadj. model
Adj. model 12
Adj. model 2°

WHZ (N = 1,359)

Unadj. model
Adj. model 12
Adj. model 20

Ref. tertile

Low

B-coef.

0.00
0.00
0.00

B-coef.

0.00
0.00
0.00

Second tertile

B-coef.

-0.008
—0.004
—0.003

B-coef.

—0.009
—0.008
—0.006

Medium

95% CI

-0.02,0.01
-0.02,0.01
-0.02,0.01

95% CI

—-0.02,0.00
-0.02,0.00
-0.02,0.01

B-coef.

-0012
-0.010
-0.010

B-coef.

0.003
0.008
0.011

Third tertile
High
95% CI

-0.03, -0.01
—-0.02,0.03
—-0.02,0.04

95% CI

—-0.01,0.01
-0.00, 0.02
—-0.00, 0.02

Per 1-point increase of the

B-coef.

—0.020*
—0.028
-0.028

B-coef.

0.013
0.027*
0.032%

PVS

95% Cl

-0.06, -0.00
—-0.06, -0.00
—-0.06, 0.00

95% Cl

—-0.01,0.04
0.00, 0.05
0.01, 0.06

2Adj. for chii's age and sex; PAd. for al variables incluced in adj model 1 and mothers and household head's education and ethnicity, household wealth, siblings aged <5 years,
child's fever and diarrhea the previous two weeks, and breastfeeding status; *p < 0.05.





OPS/images/fpubh-09-693281-g003.gif
i) s et

e evam | [e—
remrmean L e
commmesan T

prmstie~ N SR W et
;g =





OPS/images/fpubh-09-693281-t001.jpg
Variables

Strata

Childs age*
Childs sex

Siblings aged < 5 years

Fever episodes over the past 2 weeks
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