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Abstract  

Objectives: This study aimed to characterize mineral nutrition (copper, magnesium, 
selenium, and zinc) in Samburu pastoralist youth, in the context of differential cultural 
transitions due to uneven changes in educational access, herding intensity, polygyny, and 
access to wild, domesticated, and market-sourced foods. 
 
Materials and Methods: Whole dried blood spots were collected in a total of 161 youth 
(highlands, n = 97; lowlands, n = 64) to assess concentrations of: cadmium, copper, lead, 
magnesium, mercury, selenium, and zinc. Concentrations were determined through 
Inductively Coupled Mass Spectrometry. Dietary intakes were assessed by 24-hour recall 
method and calculation of probability of inadequate intakes. WHO protocols were applied to 
collect anthropometric measures in the youth. 
 
Results: Nearly half of the adolescents (47.8%) fell below the reference range for zinc status, 
and 88.2% had low zinc-to-copper ratios. High probability of nutrient inadequacies were 
evident for protein, fat, vitamins A, B12, C, and E. In generalized linear modeling, lowland 
residence was negatively associated with zinc status and the zinc-to-copper ratio, and 
positively correlated with selenium and copper status. Other significant correlates were: dairy 
livestock ownership; wife number of the youth’s mother; meat consumption; vegetable 
consumption; protein intake; infectious disease morbidities; BMI; and hemoglobin 
concentrations. 
 
Discussion: In recent decades, Samburu pastoralists of northern Kenya have experienced 
marked dietary changes in the context of market integration, extreme drought, diminishing 
pasture availability, and violent civil conflict. Some children (particularly boys) successfully 
supplement their diets by foraging for wild foods, while others (particularly actively herding 
girls) may be more vulnerable. 
 
 
Keywords (3-5): mineral nutrition, adolescents, pastoralism, environment, polygyny 
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INTRODUCTION  
 
Adolescence is a vital period of human life history when rapid growth and developmental 
trajectories are especially sensitive to socially and environmentally mediated exposures 
(Bogin, 1999). Northern Kenyan pastoralist youth may be vulnerable to malnutrition in view 
of recent transitions from mobile livestock rearing to mixed livelihoods including cultivation, 
increased sedentarization, and greater emphasis on market foods (Fratkin, 1991; Fratkin, 
Roth, and Nathan, 2004; Little and Leslie, 1999; Shell-Duncan and Obiero 2000). However, 
studies of the transition to market foods in South American foraging communities have been 
mixed, with some positive results (Urlacher et al., 2016). These contrasting findings point to 
the need for further study. For pastoralist youth, daily activities in the changing pastoral 
livelihood sector shape the types of food they access and are thus of potential importance for 
nuanced understandings of the human biological impact of secular trends in northern Kenya. 
 
Animal source foods represent a critical source of bioavailable minerals but are often 
inaccessible to low-resource populations globally (Iannotti 2018). In Samburu pastoralists, 
access to pasture has diminished due to drought, conflict and changing land tenure (Lesorogol 
and Boone 2016). Moreover, the past three decades has seen an increased frequency in the 
strategy of families selling goats and sheep to purchase market foods (Holtzman, 2009). We 
previously demonstrated that among highland Samburu pastoralists, milk consumption has 
declined dramatically in recent years (Iannotti and Lesorogol, 2014a), and the prevalence of 
undernutrition as indicated by low body mass index Z (BMIz) values was high: 57.6% for 12-
14 year olds and 54.6% for 15-17 year olds (Iannotti and Lesorogol 2014b; Pike et al. 2016; 
Pike et al. 2018). Here, we focus on the mineral nutrition in Samburu adolescents living in 
two highly differentiated communities (highland, lowland) reflecting different livelihood 
strategies in changing pastoralist economies (Straight 1997, 2007). Specifically, an increasing 
emphasis on market foods characterizes both the lowland and highland regions, but the 
allocation of young people’s labor and emphasis on education continues to differentiate these 
two communities in ways important to mineral nutrition, with more herding in the lowlands 
and more educational attainment in the highlands. 
 
Mineral nutrition has multiple determinants beginning at the cellular level and extending to 
social and physical environmental contexts. In human biology, mineral status impacts 
multiple systems and pathways manifesting in growth during childhood and adolescence, 
immune function, reproductive health, and neurodevelopmental outcomes, among others 
(Gropper et al. 2012). Additionally, in this analysis, we highlight a range of key cultural, 
behavioral, physiological, and environmental factors linked to mineral status. Mineral 
availability for human nutrition may also be driven by ecological stochiometry or flows 
through ecosystems, recently disrupted by the effects of climate change (Myer et al. 2014; 
Sterner and Elser 2002). This is especially the case with soil selenium which influences plant 
and animal selenium status. The environmental conditions of elevated CO2 and temperature, 
drought, waterlogging, and other stressors impact food production and nutrient concentrations 
in plants (Soares et al. 2019). Here, we draw on a theoretical framework including proximal 
to distal factors underlying malnutrition, posited in its original form over three decades ago 
(UNICEF 1990), and integrate it with an ethnographically informed biological 
anthropological approach. We examine the potential synergies between human-landscape 
interactions and cultural norms as proximal and distal factors that manifest as nutritional 
outcomes. 
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The original study was designed to comparatively examine health and psychosocial effects of 
resource availability and violence exposure in the daily lives of pastoralist adolescent girls 
and boys aged 10-19 years. Sites were selected based on dramatic contrasts in the 
environment and practice of pastoralism, intercommunity violence risk, and accessibility to 
market and social service infrastructure. Samburu lowland communities are hotter and drier, 
rely more on semi-nomadic or transhumant pastoralism, and exhibit higher rates of polygyny, 
compared to the highlands. Access to education, healthcare, and markets is greater in the 
highlands vs lowlands. Here we aimed to describe differences in mineral status between 
youth living in highlands compared to lowlands. Secondarily, we characterized factors 
derived from the theoretical framework in association with mineral status: dietary and 
nutrient intakes including with respect to wild sourced foods; differences in daily movements; 
health status of the youth; wealth represented in livestock ownership; and the cultural practice 
of polygyny.  
 
METHODS 
 
Samburu County is located in the Rift Valley of north-central Kenya, an arid and semi-arid-
land (ASAL) region whose roughly 220,000 inhabitants are among the 10 million Kenyans 
most affected by recurrent extreme drought (Bollig and Lesorogol 2016). The Samburu are 
semi-nomadic pastoralists who herd goats, sheep, cattle, and camels and in wetter, highland, 
areas engage in some cultivation. In Samburu families, each wife builds and maintains her 
own house (the ‘house’ level in our study), exercising control over milk and her cooking pot. 
The father controls the sale of livestock and manages the entire family herd (the ‘family’ 
level in our study) as well as the labor of wives and children. Sons eventually inherit the 
livestock over which their mothers are accorded use rights. In response to environmental 
extremes; more circumscribed pasture availability; chronic food and water insecurity; and 
social inequality, Samburu households have sought to diversify income earning strategies. 
Trade and wage-labor strategies have increased for decades (Lesorogol 2008; Straight 2007). 
 
Observations occurred from June to July 2017 after a 2016 methods pilot. Two Samburu 
sites, one highland and one lowland, were selected so as to compare the influence of 
environmental and socio-economic conditions on adolescent health. The highland site is 
characterized by lower per capita livestock holdings, higher rates of intentional monogamy, 
and better infrastructure. The lowland site in contrast, has higher per capita livestock 
holdings, higher polygyny rates, and less infrastructure. Youth were recruited using the WHO 
definition of adolescence, based on the following eligibility criteria: estimated ages of 10-19 
years in an age-, gender-, and wealth-balanced distribution; residence in the highland or 
lowland site; and in good health. Exclusion criteria included: pregnancy for girls; severe 
malnutrition (weight-for-height Z score<-3); and age outside the 10-19 years range. There 
were no refusals to participate in the study. 
 
The sample size was pre-determined based on the original study designs and population for 
each site (highlands, n = 97; lowlands, n = 64). The lowland site has a lower population 
density. Power calculations (α = 0.05 and β = 0.80) using mineral means and SD were 
conducted to determine the necessary sample size for detecting significant differences. 
Estimates varied by mineral indicating a range of sample size necessary: n = 10 (copper) to n 
= 170 (selenium) to n = 286 (zinc). The study was approved by the Western Michigan 
University Human Subjects Institutional Review Board and permission to conduct research 
was granted by Kenya’s National Commission for Science, Technology and Innovation. 
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Additional details on study site and sample recruitment may be found in Supplementary 
Section A. 
 
Biomarkers  
Our primary outcome of interest in this study was the status of essential minerals in the 
Samburu youth – copper, magnesium, selenium and zinc. While the DBS method enabled us 
to study some minerals and metals in the challenging field environment without cold chain or 
storage capabilities, it did not allow for inclusion of some important limiting nutrients such as 
iron and iodine. Toxic metals were also analyzed and published elsewhere (Ashley-Martin et 
al. in press). We include them here to examine for potential interactions. As divalent cations, 
zinc and copper interact in metabolic pathways and may impact oxidative stress when the 
ratio is low. We therefore examined the zinc-to-copper ratio in the adolescents along with 
other minerals. 
 
For the DBS protocol, whole blood by lancet finger prick was first collected on Whatman 903 
filter paper.  Risk of contamination of filter paper was mitigated through handwashing and 
handling protocols as well as proper punching instumentation. Samples were then dried for 
four hours in a cool place and transferred to field clinic refrigerators in less than 24 hours, 
where they were packaged in groups of ~5 with humidity sponges. The cold chain was 
unbroken from field to lab by means of a hand-carried YETI cooler with frozen YETI ice 
when in transit. A stopover in Europe permitted refrigeration, replacement of humidity 
sponges, and newly frozen YETI ice for the Europe-to-U.S. leg. Humidity sponges were 
replaced again when transferred to refrigerator in U.S., then cold-shipped to the 
Biodemography Lab at the University of Washington’s Center for Studies in Demography 
and Ecology (CSDE) where they were tested for CRP and anti-EBV antibody (Detailed 
methods are described in Supplementary Section). Time from refrigerator storage to -20 
freezer at University of Washington was 17-35 days (earliest to latest samples).  
 
The DBS samples were then shipped to ZRT Laboratory (Beaverton, OR) where they were 
analyzed for the minerals and metals. Two 6-mm punches and 0.55 mL of extraction solution 
were used for the analysis. Samples were extracted in 96-well fritted filter blocks using dilute 
ammonium hydroxide, L-cysteine, ethylenediaminetetraacetic acid (EDTA), triton-X, and 
internal standard. An amount of 0.55 mL of extraction solution was added plus internal 
standards (germanium, indium, and iridium), and then the block was shaken and centrifuged 
to produce the extract to be analyzed. The blood spots were run on Inductively Coupled Mass 
Spectrometry (Perkin Elmer NexION 300D ICP-MS with Dynamic Reaction Cell 
Technology) in kinetic gas mode using helium, and employing a micro-flow pump and 
nebulizer to make effective use of the small sample volume. Element masses were selected 
based on abundance and potential interferences. Prior validation work was conducted to 
determine intra- and inter-assay precision. Intra-assay precision was based on 20 sample 
replicates, and the CV was <8.3% for all analytes. Inter-assay precision for both low and high 
samples for each analyte was tested during 12 sample runs over 1 month, keeping samples at 
room temperature to replicate conditions of collection and transport in areas without 
refrigeration. The CV for inter-assay precision was <15.1% for all analytes. 
 
Healthy reference ranges were established by ZRT Laboratory drawing the evidence base:  
zinc (mg/L) 5.04-8.46; copper (mg/L) 0.59-1.03; magnesium (mg/L) 27-49; selenium (ug/L) 
116-314; cadmium (ug/L) <1.04; zinc:copper raio 6.6-10.8. Although reference ranges were 
not available for the Samburu population, element testing is highly standardized through 
proficiency programs including official proficiency programs such as CAP Blood Lead (BL) 
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and Trace Metals Whole Blood (TMWB). Samples below the limit of detection were 
assigned values of LOD/√2 (NHANES). 
 
Hemoglobin concentrations were measured using Hemocue Hb201+. Morbidities, considered 
as exposures, were assessed by asking an individual if she/he was currently experiencing any 
symptoms of illness, and second, what symptoms she/he may have experienced in the 
previous 24 hours. WHO hemoglobin cut-offs were used to define anemia:  children ages 5-
11 year, <11.5 g/dL; children ages 12-14 yrs, < 12.0 g/dL; nonpregnant girls 15 yr or older, 
<12.0 g/dL; and boys 15 yr or older, <13.0 g/dL. 
 
Anthropometry and Body Composition  
Anthropometric indicators of growth and body composition were examined as confounders 
related to youth’s mineral status. Training was administered with the enumerator team over a 
two day period in 2015, and over a two period again in 2017 to refresh skills for the 
collection of anthropometric measures of height, weight, and skinfold thicknesses using 
WHO protocols and Lohman procedures (Lohman, Roche, and Martorell 1988; WHO 2006). 
Validation exercises against a gold standard enumerator were undertaken in a small sub-
group of adolescents. Two enumerators recorded measures of height using a stadiometer 
(seca GmbH & Co. KG, Hamburg, Germany); two measures were taken and if the measures 
differed by 0.5 cm a third was taken to average with the closest measure. Similarly, weight 
was measured two times on a Seca model 213 electronic digital scale (Seca GmbH & Co. 
KG, Hamburg, Germany) to the nearest 0.1 kg, and if measures difference by 0.5 kg, a third 
measure was recorded.  Measures were later converted to BMI and Z scores (HAZ and BMIz) 
using WHO Reference 2007. Skinfolds measures on triceps, subscapular, and supra iliac were 
taken on Lange skinfold calipers following procedures from (Lohman, Roche, and Martorell 
1988). We later converted the skinfold thicknesses to muscle and fat areas using the 
following formulas: 

Area = π/4 * (circumference/π)2 

Muscle area = [circumference – (π * skinfold thickness)]2/4π 
Fat area = area – muscle area 

 
Dietary intakes and probability of inadequacy approach 
Dietary intakes were assessed using an adaptation of the 24-hour recall method. The youth 
were asked to recall whether they consumed tea in the morning yesterday and whether the tea 
had milk or sugar. Next, they were asked to recall if they consumed another item for 
breakfast, the quantity, and who gave them the food. This sequence of questioning was 
repeated for lunch and dinner, with prompting to recall if they had accessed any wild foods. 
One plate was converted to 0.5 kg and 1 cup to 0.5 liter. When more than one food was 
reported by plate units, estimated proportions were made based on usual diets in Samburu. 
 
Quantified dietary intakes were then used to calculate total intakes of energy, macronutrients 
and micronutrients by the youth and probability of inadequacies for the various nutrients, 
described below. First, the energy and nutrient concentrations per 100 g for the food items 
reported consumed in this Samburu population were determined using the USDA food 
composition database (USDA 2019). The USDA database contains one of the most 
comprehensive set of foods globally including those from Kenya. Next, the total intakes of 
energy, macronutrients (carbohydrates, protein, and fat), and micronutrients (vitamins A, B12, 
C, E, folate, calcium, magnesium, selenium, zinc) were estimated based on total reported 
intake in the 24-hour reporting period by the youth and the USDA concentration values. 
These nutrient intakes were characterized based on availability in the USDA database, 
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potential influence on mineral status, and plausible role as limiting nutrients in this context.  
We then applied the full probability approach to compare nutrient intake levels relative to 
normative standards of adequacy (Gibson 2005). This allows us to consider the entire intake 
distribution rather than a single threshold cut-point. We selected nutrients using the following 
criteria: normally distributed; assessed in the blood biomarkers for this study; and those 
previously identified as deficient in low-resource settings. Dietary Reference Intakes were 
used based on age and sex of the children (National Academies 2019). 
 
We also assessed youth morbidities by inquiring about the current symptoms youth were 
experiencing as well as those experienced in the previous 24 hours. In regression modeling, 
we examined the total number of different morbidities experienced, as well as varying cut-
points (e.g. 1 vs 2 or more different morbidities). 
 
Socio-economic factors  
We also examined socio-economic factors as potential confounders associated with area of 
residence and mineral status outcomes of the youth. Livestock wealth was assessed through 
tropical livestock units (TLU), weighting different categories of livestock according to the 
current exchange values in the community (Ensminger 1992; Jahnke 1982). One TLU was 
equivalent to: 0.7 camel; 1 cattle; 10 sheep; 11 goats. We examined both total TLUs (for the 
entire family) to provide an estimate of overall wealth, and per house TLU (total 
TLU/number of wives) to estimate livestock wealth for the youth’s house only. In order to 
measure youth access to milk, we also calculated dairy-only TLUs per house (dairy TLUs for 
participant house/mother’s milk herd), and the per capita dairy TLU (dairy TLU per 
house/number of individuals in house). Because of non-normal distributions, we transformed 
the per house TLU and per capita dairy TLU using natural logarithm and into quartiles to 
examine in the regression models. 
 
We assessed level of education by asking if the adolescent was currently in school, how many 
total years of formal education received, and highest level reached. Number of siblings and 
birth order was also accounted for in analyses although not hypothesized to be associated 
with mineral status. Finally, we investigated the influence of living in polygynous families on 
nutrition by assessing differences within and across the house and family levels. We tested 
differences between adolescents whose mother was the first wife versus second or higher, and 
if the adolescent belonged to a polygynous or nonpolygynous family.   
 
Statistical analyses 
Descriptive statistics were used to examine sample characteristics. Kernel density estimation 
plots and the Shapiro-Wilk test assessed the normality of the mineral concentration 
distributions. Univariate analyses were then applied to test for signficant associations 
between area of residence and key variables including those at the individual level (e.g. age, 
sex, nutrition and dietary intakes, health status) and house or family level (e.g. polygyny, 
mother wife number, expenditures, livestock ownership, and demographic characteristics).   
 
Generalized Linear Modeling (GLM) was applied to test the significance of area of residence 
in association with the four essential mineral outcomes – copper, magnesium, selenium, and 
zinc. The zinc-to-copper ratio was also included to examine interactions in these nutrients 
that might impact oxidative stress emerging from the two divalent cations (Valko, Morris, & 
Cronin 2005). We applied GLM to account for any nonlinearity in the error terms of the 
response variables. Other covariates were added based on the theoretical framework in a 
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stepwise process. Covariates were retained in the model if the β coefficient was significant or 
trending signficant (P < 0.10).  
 
Regression diagnostics were applied to examine collinearity (using variance inflation factor 
and covariate correlations greater than 0.7) and goodness of fit using adjusted R2 and Akaikes 
Information Criteria (AIC) and Bayesian Information Criterion (BIC) to identify models 
explaining the greatest degree of variation with the fewest number of covariates. Age, sex of 
the child, and total energy intakes were included in all models as confounding factors (Willet 
1999). We assesed effect sizes using the β coefficients of the GLM models as well as a 
standardized difference in means using Cohen’s D (Cohen 1988). All data analyses were 
performed in STATA software (version 16.0; StataCorp, College Station, TX). 
 
RESULTS 
 
A total of 164 eligible adolescents were recruited for the study, with fewer identified from the 
lowlands. Three individuals were later excluded: one due to pregnancy and two due to 
parental fears of finger pricks. Thus, the remaining study sample was: highlands (n = 97); and 
lowlands (n = 64). Lowland youths showed a mean higher age than highland youths (Table 
1). Education also significantly differed by area of residence, with less than one half of the 
youth from the lowlands currently in school and a mean number of years in school below that 
seen in the highland youth. Lowland girls had the lowest rate of school attendance (38.2%) 
compared to lowland boys (60.0%), highland girls (89.8%), and highland boys (89.6%). No 
difference was seen in the proportion of youth whose mothers were first wife, second, or third 
and above. Livestock ownership was greater in the lowlands with significant differences 
across all livestock categories and TLU. Per capita dairy TLU for the youth household unit 
was substantially greater in the lowlands, over six-fold times the number seen in the 
highlands. 
 
The mean and/or median values for the essential minerals examined - copper, magnesium, 
selenium, and zinc – fell within the ZRT laboratory reference ranges (Table 2). However, 
nearly one-half of the youth fell below the reference range for zinc, with significant 
differences apparent by area of residence: highlands vs. lowlands (P = 0.03). A high 
percentage of the adolescents had zinc-to-copper ratios below the reference range, with no 
significant differences by area of residence. Only 8 adolescents, all from the highlands, 
showed lower selenium concentrations than the reference range. In unadjusted analyses not 
accounting for age differences, all anthropometric indicators were greater in the lowlands 
with the exception of arm muscle area. Hemoglobin concentrations were significantly higher 
in the highlands than lowlands, particularly in highland girls (13.0 ± 1.4 g/dL) compared to 
lowland girls (11.3 ± 2.0 g/dL)(P<001). Among the adolescents with exact age reporting (n = 
83), there was a 28.9% prevalence of anemia and signficantly different prevalence by 
residence (P = 0.01), with the highlands at 23.3% and the lowlands at 50.0%. 
 
Milk consumption (84.1%) was high, largely coming from “mixed tea” (tea with milk). 
Consumption of other animal source foods, however, was low: 15.3% of the youth reported 
any meat consumption in the previous 24 hours. There were significant differences in meat 
consumption by sex, with a higher proprotion of boys (24.4%) consuming any meat 
compared to girls (7.2%)(P=0.003).  Reporting for the past month, 11.8% of boys (and no 
girls) reported consuming wild meat, hunted or scavenged by themselves, their brothers, or 
warriors. Youths reported that most food, including meat and milk, came from their mothers, 
but other providers included other older relatives, siblings, and neighbors (Table 3). Protein 
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as a proportion of total kcal was low, 12.8 % (SD 5.1), as was fat, 15.2 % (SD16.0) relative to 
carbohydrate intakes 71.8% (SD 20.4). Vegetable consumption was also low, with only 
27.0% reporting any cabbage, kale, or other vegetables in the previous 24 hours. Nutrient 
inadequacies were widely prevalent in the youth affecting greater than half for many nutrients 
(Table 4). Vitamins A, B12, and C, calcium, and selenium showed notably high intake 
inadequacies. 
 
Regression models revealed that several factors mapping to individual, house, family, and 
regional levels of the framework were associated with mineral status in the youth (Table 5).  
Area of residence was significantly associated with all mineral outcomes except magnesium, 
showing high effect sizes in the mean differences as represented in the Cohen’s D metric: 
2.72 (copper); 6.96 (selenium); 3.32 (zinc); and zinc:copper ratio (1.99). Copper and 
selenium positively associated with living in the lowlands; and zinc and the zinc-to-copper 
ratio was negatively related to lowland residence. At the level of the individual, there was a 
high degree of inter-mineral and metal correlations, including: cadmium positively associated 
with copper and magnesium; lead for selenium; and mercury for magnesium and zinc-to-
copper ratio; and selenium across all mineral outcomes. Higher proportion of protein intakes 
was positively associated with zinc status. Other nutrient intakes associated with mineral 
outcomes were vitamins A, C, and folate. BMI was negatively associated with copper and 
zinc-to-copper ratio, and hemoglobin concentration showed a strong positive association with 
magnesium and selenium. Reporting of two or more morbidities in the previous 24 hours was 
negatively associated with magnesium and zinc. 
 
At the house and family levels, livestock ownership and polygyny both showed associations 
with mineral status. Positive associations were found for per capita dairy TLU with zinc, per 
house TLU with magnesium, and total number of dairy sheep and goats with selenium. Youth 
whose mother was wife number two or greater showed a negative association with copper 
and zinc status. We also tested for differences in mineral nutrition within polygynous 
households, and for polygynous versus nonpolygynous families. No significant differences 
were apparent for polygynous households compared to non-polygynous households across 
the minerals. However, there was a trend for high zinc status in youth whose mothers were 
first polygynous or non-polygynous wives, compared to youth of mothers who were wife 
number two or greater.  
 
DISCUSSION 
 
This study is the first to characterize the mineral status of Kenyan pastoralist youth. Mineral 
status and nutrition more broadly may reflect cultural norms, environmental conditions, food 
system dynamics and human behaviors largely mediated through dietary patterns and 
biological pathways. Our findings confirmed the importance of regional differences in labor 
and dietary changes affecting pastoralist young people, though directionality of associations 
with area of residence were inconsistent. Highland youth showed better zinc status, while 
those in the lowlands had greater selenium concentrations.  These differences emanated from 
livestock ownship, family structure, and likely environmental conditions, and could have 
varied with labor and education patterns by sex of the child.  Across all adolescents, there 
was clear evidence for malnutrition risks, evidenced by inadequate nutrient intakes, poor zinc 
status, low BMI, and rates of anemia. This study also revealed differences in how foods were 
acquired, including from schools, neighbors, warriors, a variety of family members, as well 
as self-provisioning of wild foods consistent with cultural and gender norms. These nuances 
in changing livelihood patterns may explain differences in nutritional outcomes that require 
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additional study. There is a need to deepen the evidence base for pastoralist well-being and, 
specifically, to mitigate the health and developmental consequences associated with mineral 
nutrition in adolescents.  
 
Minerals, the environment, and adolescent movement across the landscape 
 
Area of residence was significant for three of the four minerals studied - copper, selenium, 
and zinc - after adjusting for several potential confounding factors. Standardized effect sizes 
were also shown to be large for these differences in mineral status by area of residence. 
Selenium and zinc play critical roles in antioxidant defense, thyroid metabolism, growth, 
immune and reproductive functions (Thomson 2013). While we recognize that disentangling 
the precise pathways may be challenging, findings suggested a potential role for ecosystem 
dynamics in the availability and flow of minerals. Pastoralists live and work in close 
proximity to animals and their landscapes to a greater extent than many populations, offering 
an interesting opportunity to study minerals at this interface.   
 
Plants and animals raised in ecosystems depleted of minerals will similarly manifest these 
deficiencies. A recent study in Western Kenya showed variability in the nutritive value of 
pasture vegetation for ruminant feed; iron and selenium were greater in highlands and during 
wet seasons (Onyango et al. 2019). This contradicts our findings for higher selenium values 
in the youth of lowlands, but is consistent for our zinc findings. Another study compared 
plasma selenium concentrations among pregnant women in two countries with high 
(Phillipines) and low (Malawi) soil selenium levels (Gibson et al. 2011). Plasma selenium 
was significantly lower in Malawi and associated with consumption of animal source foods. 
In Ghana, findings showed serum copper, selenium, and zinc concentrations were higher in 
adults living in rural areas compared to urban (Asare and Nani 2010). Although beyond the 
scope of this study, our findings suggest a need for further investigation into the mineral 
content of soils and plants that feed livestock and ultimately humans, across lowlands and 
highlands. Differences in the youth may also likely be driven by other environmental factors 
such as level of rainfall or seasonality, as well as vector-borne disease, e.g., malaria, related 
to altitude. Climate-changed induced effects on elevated CO2 particularly has been shown to 
reduce zinc and iron across C3 grasses (wheat, rice), C3 legumes (field peas, soybeans) and C4 
grasses (maize, sorghum)(Myers 2014). 
 
Two factors are of particular importance for our study as they affect the human-environment 
interface and the foods young people access: herding compared to education focus; and the 
2016-2017 drought affecting Samburu County that preceded data collection. Based on 2016 
pilot data during the drought (Straight and Hilton, in prep.), children in both regions reported 
food insecurity (71% skipped meals) and thirst (80% lacked suficient drinking water). 
Moreover, highland children of both sexes spent more time in school while lowland children 
spent more time herding, covering farther daily distances. These differences were significant 
based on pedometer and focal follows data in the pilot. Highland girls spent the least time 
herding, while lowland girls spent the least time in school (Straight and Hilton, in prep.). This 
is consistent with educational attainment in the total sample (Table 1), with 90% school 
attendance for highland girls and boys, 60% school attendance for lowland boys, and 38% 
attendance for lowland girls. Since children typically access wild fruits while herding, soil 
composition and nutrient content of particular fruits would be likely to have an impact on 
mineral nutrition. Lastly, boys, but not girls, reported consuming wild meat (e.g., small-
bodied birds and mammals) in the past month that they hunted for themselves or that older 
brothers shared with them. Hunting small animals is a typical behavior for Samburu boys in 



11 
 

11 
 

both the highlands and lowlands. Hunting is rarer for girls, although girls in some lowland 
families might occasionally do so (Straight, unpublished data). 
 
Also relevant to the human-environmental relationship, lowland participants – both girls and 
boys – were herding animals in more remote areas at higher elevations during the 2016-2017 
drought, often going into the Matthews Mountain Range adjacent to their communities 
(Straight and Hilton 2017). The Matthews is characterized by gneisses, with some areas rich 
in ferromagnesian minerals, and well-drained, rocky, humus soils (Touber 1989). Whereas 
youth – mostly boys – from the highland sites take their animals to areas likely more 
environmentally degraded due to greater accessibility from surrounding communities and the 
increased population density relative to the lowlands. Resulting differences in vegetation 
consumed by livestock – whether due to soil mineral content or other envrionmental 
conditions - may partly explain mineral differences for these lowland youth compared to 
those in the highland site, and warrants further study.  
 
Mother’s House and Family: Socio-economic drivers  
 
At the house and family level, our findings show consistent associations between mineral 
status and livestock wealth, and the practice of polygyny. These factors were likely linked to 
access to certain foods such as milk, meat, fruits, and vegetables. Additionally, gender 
patterns emerged, as noted above, in the kinds of foods reportedly consumed and how they 
were acquired. Iannotti & Lesorogol (2014b) previously demonstrated that livestock 
ownership among highland Samburu pastoralists is positively associated with dietary 
diversity and nutrient adequacy for vitamins A, B12, and zinc while income predicts dietary 
diversity and vitamin C adequacy. Galvin et al. (2015) have shown greater dietary diversity 
and nutrient intakes with better access to markets. We found higher intake levels for some 
nutrients in the highland youth compared to those in the lowlands, but not for all nutrients 
(Table 3). Some differences could be explained by higher rates of school attendance in the 
highlands, where market foods are eaten that include some vegetables. Lowland girls have 
the least access to school-sourced foods in our sample. In contrast, boys reported most of the 
wild foods (meat, fruits, honey) and reported more meat intake overall. Girls, in contrast, 
reported somewhat more milk intake. This suggests gender differences in how youth acquire 
food that warrants further study. Some previous studies in Latin America have shown poorer 
health and nutrition-related outcomes associated with living close to markets or in urban 
compared to rural areas (Palacios et al. 2021), while other studies have found improved 
nutrition-related outcomes (Urlacher et al., 2016). A study of Tsimane children showed those 
living close (< 2 hours walk) to markets had higher helminth infections relative to those 
living at a mid-distance (2-5 hr walk) from markets (Tanner et al. 2014). Poor environmental 
conditions for hygiene and sanitation experienced in urban areas may explain these 
relationships. 
 
Additional differences may be explained by greater livestock production, dairy in particular. 
Camel ownership and camel milk are almost exclusively in the lowlands, which could have 
an impact on lowland mineral nutrition. Fratkin (1991) noted, that for the nearby Ariaal 
pastoralists, camel milk consumption provides a key supplemental food item for pastoralists 
in the harsh arid landscapes of northern Kenya. We also found some evidence for own food 
production, dairy livestock ownership particularly, as a potential explanation for positive 
associations with mineral status.  
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The effects of polygyny on child health is equivocal in the evidence-base and not always 
consistent with evolutionary theory (Sellen 1999). Studies reveal a complex set of conditions 
can underly and drive the relationship between polygyny and child health (Lawson et al. 
2015; Reiger and Wagner 2016). To our knowledge, no other studies have examined mineral 
nutrition in pastoralist youth in association with polygyny though child nutrition more 
broadly has been investigated. One review from Sub-Saharan Africa found that linear growth 
as indicated by height-for-age Z scores was greater in children from monogamous compared 
to polygynous mothers (Wagner and Rieger 2014). Also consistent with our findings for 
increasing wife number associated with poorer mineral status, Wagner and Rieger (2014) 
found an inverse relationship between growth and mother hierarchy within polygynous 
households. Different groups, including pastoralist communities, have been studied in 
Tanzania with varying findings. One showed that environmental vulnerability (rainfall) and 
marginalization (access to education) confound the relationship between polygyny, food 
security, and child health (Lawson et al. 2015). In these communities, polygynous households 
had greater wealth in terms of livestock and land and increased food security compared to 
non-polygynous households. Two other studies in Tanzania, however, found that after 
consideration of household wealth, children from polygynous households were at greater risk 
for growth faltering (Hadley 2004; Sellen 1999). 
 
While our analyses did not find significant differences in mineral status in polygynous 
compared to non-polygynous households, our analyses did show a negative association 
between increasing wife number and adolescent mineral status in copper and zinc. This 
relationship held for within polygynous household differences in high zinc status for youth 
from first wives compared to those whose mothers are wife two or higher. Regression 
modeling indicated that the wife number of the mother was associated with consumption of 
any meat by the youth and relatedly, the proportion of protein in the total energy intakes 
(Table 5). In Samburu society, first wives generally enjoy higher status in the family and 
community compared to subsequent wives. Although each wife is allocated livestock with an 
expectation that she will have adequate means of support, first wives may have advantages 
due to the greater time length they have had in growing herds and establishing supportive 
social networks. First wives may also benefit from the support from their adult children. In 
cases of resource scarcity, first wives might therefore be better positioned to sustain their 
children’s diet and welfare compared to later wives. Generally, adolescents eat meals at their 
mother’s house, though they may eat away from home occasionally, and boys appear to be 
supplementing their meat through some hunting of wild birds and small animals, such as dik 
dik and gazelles. Our findings suggest reduced quality food access with increasing wife 
number leads to to diminished mineral status, which could be explained by some of these 
intra-family dynamics.  
 
Mineral, dietary, and health interactions 
 
We found evidence that markers of adolescent health and diet were associated with mineral 
concentrations. Anemia was widely prevalent, particularly in the lowlands affecting one-half 
of the adolescents, with lowland girls the most at risk for anemia. Our finding for positive 
correlations between hemoglobin concentration and mineral status is consistent with known 
anemia etiologies (de Benoist et al. 2008). Infectious disease morbidities showed negative 
relationships with zinc and magnesium status, again aligned with the evidence base for zinc’s 
role in immune functioning (Black et al. 2013). Dietary intake findings corroborated our 
previous study in another community of Samburu showing low BMIz, declining milk 
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consumption, and high probabilities of nutrient inadequacies in critical nutrients such as 
vitamin A, B12, and C (Iannotti and Lesorogol 2014a, b).   
 
Although few studies have examined biomarkers of nutrient status in pastoralist youth or 
even communities more broadly, our findings were largely consistent with the evidence base. 
One study in Ethiopia examined mineral status of school children ages 10-14 years (Amare et 
al. 2012). Although serum levels were investigated as compared to the whole blood 
concentrations used in our study, they also found a comparable percentage of zinc deficiency 
(47%), but higher percentage of selenium deficiency (62%). Another study in Central 
Mozambique carried out in girls only aged 14-19 years assessed diet using 24-hour recall and 
examined both nutrient intake levels and several biomarkers of nutrient status (Korkalo et al. 
2015). The study found a 32.7% prevalence of low serum zinc, and anemia prevalence of 
42.4%. Total intakes for several micronutrients were below those of the Samburu 
adolescents, but proportion of energy intake from different macronutrients were in almost 
parallel with findings from our study. 
 
Limitations 
 
The project was originally designed to study the effects of daily activities and risks, violence, 
and other risk factors on adolescent psychosocial stress in Samburu and thus, not a priori 
designed to examine nutrition and mineral status.  Sample size may not have been sufficient 
to detect differences in region or other factors influencing nutrition in the adolescents. There 
were significant differences in age of the adolescents between highlands and lowlands, 
though we adjusted for child age in all models and showed no confounding effect. We were 
also limited by use of DBS in the breadth of minerals and metals investigated for this study.  
Iron and iodine, both commonly deficient minerals in low-resource populations, would have 
provided added insights here especially in view of the high anemia prevalence found.  
Although the laboratory analyzing the mineral concentrations established reference ranges 
drawing from populations around the world, they were not available for the Samburu 
population. Element testing is highly standardized when conducted on the same 
instrumentation, so this should not diminish the validity of the findings. Dietary intakes were 
measured using 24-hour recall, generally considered the gold standard in nutrition 
epidemiology (Willett 1999). However, because the recall was conducted at only one time 
point in a relatively small sample, we may not have entirely captured usual intakes or any 
seasonality effects. This is particularly true for capturing the consumption of wild foods.  
 
Conclusion 
 
This study uniquely characterized the mineral status of pastoralist youth, an important but 
largely neglected population in the literature. Descriptively, we found substantial differences 
in how lowland youths spend their time compared to highland youths in ways that impact the 
amount and type of market-, livestock-based, and wild foods they access. We also found 
gender differences that reinforce cultural norms, including greater access to meat through 
hunting for boys. These descriptive analyses have direct implications for adolescent 
pastoralist human biology and warrant additional focal follows study with larger sample 
sizes. As these daily activities manifest in mineral nutrition, we found evidence of low zinc 
status in nearly one half of the adolescents and extensive nutrient inadequacies, exceeding 
50% across most nutrients. Anemia and infectious disease morbidities were highly prevalent 
and associated with poor mineral status. Our findings reinforce the multifactorial nature of 
human nutrition and suggest the need to intervene at multiple levels. Further, the variation in 
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mineral nutrition across contexts confirms how change in the environment and liveslihoods 
impact human biology. Strategies to address the proximal factors of increased access to 
nutrient-dense foods and reduced infection might be combined with household interventions 
to better ensure livestock ownership and productivity. Broader contextual issues of climate 
change and degraded environmental conditions will require policy level action and concerted 
efforts across multiple actors, but must also remain a priority. Our study points to high risk of 
health and developmental consequences in these youth arising from malnutrition and in our 
view, merits attention. 

 
 
ACKNOWLEDGEMENTS 

Primary support for this research came from a Supplement to National Science Foundation 

Cultural Anthropology Award # 1430860 as follow-up to the project:  Vulnerable Transitions 

and Cumulative Embodied Stress among Teens in High Risk, High Stakes Pastoralism 

(2015). Partial support came from a Eunice Kennedy Shriver National Institute of Child 

Health and Human Development research infrastructure grant, P2C HD042828, to the Center 

for Studies in Demography & Ecology at the University of Washington. We would like also 

to thank the Samburu communities for their kind participation and support for the research.  

Author order for this study follow scientific norms, where first, second, and final authors 

reflect highest contributions. 

 
There were not conflicts of interest to declare for this study, “Mineral Nutrition of Samburu 

Adolescents: A Comparative Study in Pastoralist Communities in Kenya.” 

 

DATA AVAILABILITY STATEMENT 

The data that support the findings of this study are available on request from the 
corresponding author, subject to restrictions imposed by Kenya's National Commission for 
Science, Technology, and Innovation (NACOSTI). The data are not publicly available due to 
NACOSTI rules and privacy or ethical restrictions. 
 
 
REFERENCES  
 
Amare, Bemnet, Beyene Moges, Bereket Fantahun, Ketema Tafess, Desalegn 
Woldeyohannes, Gizachew Yismaw, Tilahun Ayane et al. 2012. Micronutrient levels and 
nutritional status of school children living in Northwest Ethiopia. Nutrition Journal 11:108. 

https://www.ncbi.nlm.nih.gov/pubmed/23237638
https://www.ncbi.nlm.nih.gov/pubmed/23237638


15 
 

15 
 

 
Asare, George, and Albert Nani. 2010. Serum levels of Cu, Se, and Zn in adult rural/urban 
residents in Ghana: paradigm shift? Biological Trace Element Research 137(2):139-49.  
 
Black, Robert E., Cesar G. Victora, Susan P. Walker, Zulfiqar A. Bhutta, Parul Christian, 
Mercedes de Onis, Majid Ezzari et al. 2013. Maternal and child undernutrition and 
overweight in low-income and middle-income countries. Lancet 382(9890): 427-451.  

Bollig, Michael, and Carolyn Lesorogol. 2016. Editorial: The “new pastoral commons” of 
Eastern and Southern Africa. International Journal of the Commons 10(2):665-687. 
 
Brindle, Eleanor, Masako Fujita, Jane Shofer, and Kathleen A. O’Connor. 2010. Serum, 
plasma, and dried blood spot high-sensitivity C-reactive protein enzyme immunoassay for 
population research. Journal of Immunological Methods 362(1-2), 112–20.  
 
de Benoist, Bruno, Erin McLean, Ines Egli, and Mary Cogswell. 2008. Worldwide prevalence 
of anaemia 1993-2005. Geneva: World Health Organization. 

Ensminger, Jean. 1992. Making a market: the Institutional transformation of an African 
society. New York: Cambridge University Press. 
 
Famiglietti, C. A., Fisher, J. B., Halverson, G., & Borbas, E. E. (2018). Global validation of 
MODIS near-surface air and dew point temperatures. Geophysical Research Letters, 45, 
7772–7780. https://doi.org/10.1029/2018GL077813 
 
Galvin, K.A., Beeton, T.A., Boone, R.B. et al. Nutritional Status of Maasai Pastoralists under 
Change. Hum Ecol 43, 411–424 (2015). https://doi.org/10.1007/s10745-015-9749-x 
 
Fratkin, E. 1991. Surviving drought and development: Ariaal pastoralists of northern Kenya. 
Boulder: Westview Press. 
 
Fratkin, E., E. A. Roth, and M. Nathan. 2004. Pastoral Sedentarization and Its Effects on 
Children’s Diet, Health, and Growth Among Rendille of Northern Kenya. Human Ecology 
32(5): 531-59. 
 
Gibson, Rosalind S., Karl B. Bailey, Aurora B. Ampong Romano, Christine D. Thomson. 
2011. Plasma selenium concentrations in pregnant women in two countries with contrasting 
soil selenium levels. Journal of Trace Elements in Medicine and Biology 25(4):230-5.  
 
Gibson, Rosalind S. 2005. Principles of nutrition assessment. 2nd ed. New York: Oxford 
University Press.  
 
Glaser, Ronald, John Rice, John Sheridan, Richard Fertel, Julie Stout, Carl Speicher, David 
Pinsky et al.. 1987. Stress-related immune suppression: health implications. Brain, Behavior 
and Immunity. 1:7–20. doi: 10.1016/0889-1591(87)90002-X 
 
Glaser, Ronald, Gary R. Pearson, Robert H. Bonneau, Brian A. Esterling, Cathie Atkinson, 
Janice Kiecolt-Glaser. 1993. Stress and the memory T-cell response to the Epstein-Barr virus 
in healthy medical students. Health Psychology. 12: 435–442. doi:10.1037/0278-
6133.12.6.435  
 

https://www.ncbi.nlm.nih.gov/pubmed/19957050
https://www.ncbi.nlm.nih.gov/pubmed/19957050
https://doi.org/10.1029/2018GL077813
https://doi.org/10.1007/s10745-015-9749-x
https://www-ncbi-nlm-nih-gov.libproxy.wustl.edu/pubmed/22056089
https://www-ncbi-nlm-nih-gov.libproxy.wustl.edu/pubmed/22056089


16 
 

16 
 

Hadley, C. (2005), Is polygyny a risk factor for poor growth performance among Tanzanian 
agropastoralists?. Am. J. Phys. Anthropol., 126: 471-480. https://doi.org/10.1002/ajpa.20068 
 
Holtzman, J. (2009). Uncertain tastes: Memory, ambivalence, and the politics of eating in 
Samburu, northern Kenya. Berkeley: University of California Press. 
 
Iannotti, Lora L. 2018. The benefits of animal products for child nutrition in developing 
countries. Revue Scientifique et Technique International Office of Epizootics 37(1):37-46. 
 
Iannotti, Lora L., and Carolyn Lesorogol. 2014a. Animal milk sustains micronutrient 
nutrition and child anthropometry among pastoralists in Samburu, Kenya. American Journal 
of Physical Anthropology. 155(1):66-76. doi: 10.1002/ajpa.22547 
 
Iannotti, Lora L., and Carolyn Lesorogol. 2014b. Dietary intakes and micronutrient adequacy 
related to the changing livelihoods of two pastoralist communities in Samburu, Kenya. 
Current Anthropology 55(4):475-482.   
 
Jahnke, Hans E. 1982. Livestock Production Systems and Livestock Development in Tropical 
Africa. Kiel Germany: Keiler Wissenschaftsverlag Vauk. 

Korkalo, Lisa, Riita Freese, George Alfthan, Lourdes Fidalgo, and Marja Mutanen. 2015. 
Poor micronutrient intake status is public health problem among adolescent Mozambican 
girls. Nutrition Research 35(8):664-73. 
 
Lawson, David W., Susan James, Esther Ngadaya, Bernard Ngowi, Sayoki G. M. Mfinanga, 
and Monique B. Mulder. 2015. No evidence that polygynous marriage is a harmful cultural 
practice in northern Tanzania. Proceeding of the National Academy of Sciences in the USA 
112(45):13827-32. 
 
Lesorogol, Carolyn K., & Randall B. Boone. 2016. Which Way Forward? Using simulation 
models and ethnography to understand changing livelihoods among Kenyan pastoralists in a 
“new commons”. International Journal of the Commons 10(2)747–770.  
 
Lesorogol, Carolyn K. 2008. Contesting the commons: privatizing pastoral lands in Kenya. 
Ann Arbor, MI: The University of Michigan Press. 

Lohman, Timothy G., Alex F. Roche and Reynaldo Martorell. 1988. Anthropometric 
standardization reference manual. Champaign, IL: Human Kinetics Books. 
 
McDade, Thomas. W. 2005. Life history, maintenance, and the early origins of immune 
function. American Journal of Human Biology. 17: 81–94 
 
Myers, S. S., Zanobetti, A., Kloog, I., Huybers, P., Leakey, A. D. B., Bloom, A., … Usui, Y. 
(2014). Rising CO2 threatens human nutrition. Nature, 510(7503), 139–148. 
 
NHANES. NHANES How to Address Different Fill Values and the Limit of Detection 
(LOD) in NHANES Environmental Chemical Data. Available at: 
https://www.cdc.gov/nchs/tutorials/environmental/critical_issues/limitations/Task2.htm.  
 
Onyango Alice, Uta Dickhoefer, Mariana Rufino, Klaus Butterbach-Bahl, and John Goopy. 
2019. Temporal and spatial variability in the nutritive value of pasture vegetation and 

https://doi.org/10.1002/ajpa.20068
https://www.ncbi.nlm.nih.gov/pubmed/26504213
https://www.ncbi.nlm.nih.gov/pubmed/26504213
https://www.cdc.gov/nchs/tutorials/environmental/critical_issues/limitations/Task2.htm
https://www.ncbi.nlm.nih.gov/pubmed/30056650


17 
 

17 
 

supplement feedstuffs for domestic ruminants in Western Kenya. Asian-Australasian Journal 
of Animal Sciences. 32(5):637-647. 
 
Palacios AM, Freeland-Graves JH, Dulience SJ, Delnatus JR, Iannotti LL. Differences in 
factors associated with anemia in Haitian children from urban and rural areas. PLoS One. 
2021 Apr 6;16(4):e0247975. doi: 10.1371/journal.pone.0247975. PMID: 33822795; PMCID: 
PMC8023464. 
 
Pike I.L., Hilton C., Österle M., Olungah O. Low-intensity violence and the social 
determinants of adolescent health among three East African pastoralist communities. Soc Sci 
Med. 2018 Apr;202:117-127. doi: 10.1016/j.socscimed.2018.01.022. Epub 2018 Feb 23. 
PMID: 29524867. 
 
Pike, I.L., Straight, B., Hilton, C., & Österle, M. (2016). Comparative nutritional indicators as 
markers for Resilience: The impacts of Low-intensity violence among Three pastoralist 
communities of northern Kenya. Journal of Eastern African Studies, 10(1), 150-167. 
doi:10.1080/17531055.2016.1138657 
 
Reiger, M., Wagner, N. 2016. Polygyny and child health revisited. Proceeding of the 
National Academy of Sciences in the USA 113(13):E1769-1770. 
Doi/10.1073/pnas.1600882113. 
 
Sellen, David W. 1999. Polygyny and child growth in a traditional pastoral society: The case 
of the datoga of Tanzania. Human Nature 10(4):329-71. 
 
Shell-Duncan, Bettina, and Wycliffe O. Obiero. 2000. Child nutrition in the transition from 
nomadic pastoralism to settled lifestyles: individual, household, and community-level factors. 
American Journal of Physical Anthropology 113(2):183-200. 
 
Soares, J. C., Santos, C. S., Carvalho, S. M. P., Pintado, M. M., & Vasconcelos, M. W. 
(2019). Preserving the nutritional quality of crop plants under a changing climate: importance 
and strategies. Plant and Soil, 443, 1–26. 
 
Straight, Bilinda S. 1997. Gender, Work, and Change Among Samburu Pastoralists of 
Northern Kenya. Geography. 
 
Straight, Bilinda S. and Charles Hilton. 2017. “Wandering Teens and Emaciated Cows: 
Coping with Extreme Drought in Northern Kenya.” Paper Presented in the Session, “Water 
Matters: Anthropologists on Climate, Contamination, and Vulnerable Embodiment, Part 1 
(Bilinda Straight, Organizer). 116th Annual Meetings of the American Anthropological 
Association, Washington, D.C., November 30, 2017. 
 
Straight, Bilinda S. 2007. Miracles and extraordinary experience in Northern Kenya. 
Philadelphia, PA: University of Pennsylvania Press. 
 
Straight, B., Ivy Pike, IL, Hilton, CE, and Österle, M. 2015. Suicide in Three East African 
Pastoralist Communities and the Role of Researcher Outsiders for Positive Transformation: A 
Case Study. Culture, Medicine, & Psychiatry 39(3): 557-578. 
 

https://www.ncbi.nlm.nih.gov/pubmed/30056650
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sellen%20DW%5BAuthor%5D&cauthor=true&cauthor_uid=26196414
https://www.ncbi.nlm.nih.gov/pubmed/?term=sellen+polygyny+and+child+growth


18 
 

18 
 

The National Academies Sciences, Engineering, and Medicine, Health and Medicine 
Division. 2019. Dietary Reference Intakes Tables and Application [Internet]. Washington 
(DC): [cited 2019 September 20]. Available from 
http://nationalacademies.org/hmd/Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx 
 
Tanner S; TAPS Bolivia Study Team. Health and disease: exploring the relation between 
parasitic infections, child nutrition status, and markets. Am J Phys Anthropol. 2014 
Oct;155(2):221-8. doi: 10.1002/ajpa.22573. Epub 2014 Jul 24. PMID: 25059318. 
 
Touber, L. 1989. Landforms and soils of Samburu District, Kenya: A site evaluation for 
rangeland use. Survey carried out for: The Water Resources Assessment and Planning Project 
(WRAP), TNO, The Netherlands, and the Ministry of Water Development, Nairobi, Kenya. 
Report 6, The WINAND STARTING Centre, Wageningen (The Netherlands). 
 
Urlacher, S.S., Liebert, M.A., Snodgrass, J.J., Blackwell, A.D., Cepon-Robins, T.J., Gildner, 
T.E., Madimenos, F.C., Amir, D., Bribiescas, R.G., Sugiyama, L.S. (2016). Heterogeneous 
effects of market integration on sub-adult body size and nutritional status among the Shuar of 
Amazonian Ecuador. Annals of Human Biology, 43:4, 316-329. DOI: 
10.1080/03014460.2016.1192219. 
 
United Nations Children’s Fund (UNICEF). 1990. Strategy for Improved Nutrition of 
Children and Women in Developing Countries. New York, NY.  
 
U.S. Department of Agriculture. 2013. USDA National Nutrient Database for Standard 
Reference [Internet]. Washington (DC): USDA; [cited 2019 September 20]. Available from 
http://ndb.nal.usda.gov/ Accessed: September 20, 2019. 
 
U.S. Geological Survey. (2016, June). Early Warning and Environmental Monitoring 
Program (EWEM). U.S. Department of the Interior. https://earlywarning.usgs.gov/ 
 
Valko, M., Morris, H., & Cronin, M. T. 2005. Metals, toxicity and oxidative stress. Current 
medicinal chemistry, 12(10), 1161–1208. https://doi.org/10.2174/0929867053764635 
 
Wagner, Natascha & Matthias Rieger (2015) Polygyny and Child Growth: Evidence From 
Twenty-Six African Countries, Feminist Economics, 21:2, 105-
130, DOI: 10.1080/13545701.2014.927953 

Wells JC, Stock JT. Re-examining heritability: genetics, life history and plasticity. Trends 
Endocrinol Metab. 2011 Oct;22(10):421-8. doi: 10.1016/j.tem.2011.05.006. Epub 2011 Jul 
13. PMID: 21757369. 
 
Willett, W. C., Dietz, W. H., & Colditz, G. A. 1999. Guidelines for healthy weight. The New 
England Journal of Medicine, 341(6), 427–434. 
https://doi.org/10.1056/NEJM199908053410607 
 
World Health Organization. 2006. The WHO Child Growth Standards. Geneva, Switzerland: 
World Health Organization. http://www.who.int/childgrowth/en/.  
 

http://nationalacademies.org/hmd/Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx
http://ndb.nal.usda.gov/
https://doi.org/10.1080/13545701.2014.927953
http://www.who.int/childgrowth/en/


1 
 

Table 1. Socio-economic and demographic characteristics, by residence† 
 

 Highlands 
(n=97) 

Lowlands 
(n=64) 

All 
(n=161) 

P  
value‡ 

ADOLESCENT 
CHARACTERISTIC 

    

Age, yrs 12.9 (2.2) 15.6 (2.5) 13.7 (2.5) <0.001 
Sex, % female 
 

50.5 53.1 51.6 0.746 

Birth order 4.2 (2.4) 3.5 (2.1) 3.9 (2.3) 0.106 
Total number of siblings 5.6 (1.9) 5.3 (2.0) 5.4 (1.9) 0.311 
Currently in school, % 
   Girls, % 
   Boys, %   

89.7 
89.8 
89.6 

48.4 
38.2 
60.0 

73.3 
68.7 
78.2 

<0.001 
<0.001 
0.002 

 
Total years of school 
   Girls 
   Boys 

6.4 (2.8) 
6.6 (2.3) 
6.2 (3.2) 

4.7 (4.1) 
3.2 (3.7) 
6.3 (3.9) 

5.71 (3.4) 
5.1 (3.4) 
6.3 (3.2) 

0.002 
<0.001 
0.902 

     
HOUSEHOLD 
CHARACTERISTIC 

    

Mother wife #, % 
   Wife 1 
   Wife 2 
   Wife 3+ 

 
71.0 
19.4 
9.7 

 
59.0 
31.2 
9.8 

 
66.2 
24.0 
9.7 

0.231 

Monthly expenditures, US$§ 53.3 

(46.6) 
128.6 

(72.6) 
83.2 

(68.9) 
<0.001 

Livestock ownership     
   Total TLU 6 

(5-7) 
17.1 

(12-33.2) 
9 

(7-12) 
<0.001 

   Per wife TLU 

 
5 

(3-7) 
9.8 

(6.5-14.68) 
6.5 

(5-8) 
<0.001 

   Total dairy TLU 2 
(1-2) 

4.5 
(3-17.1) 

2 

(2-3) 
<0.001 

   Per capita dairy TLU 0.2 
(0.17-0.21) 

1.26 
(0.71-1.5) 

0.33 

(0.23-0.4) 
<0.001 

     
†Means (SD) reported for normally distributed, continuous variables including: age; birth order; total number of siblings; total 
years of school.  Medians (95% CI) reported for continuous variables non-normally distributed including: monthly expenditures; 
and livestock ownership variables.  
‡ P value reported from ttest for normally distributed continuous variables; Wilcoxon rank sum (Mann Whitney) for non-
normally distributed continuous variables; and chi squared for dichotomous variables. 
§Reported in Kenyan Shillings converted to US$ - 2017 (*0.00948 in June 30, 2017). 
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Table 2. Nutrition and health status of Samburu adolescents, by residence†,§ 
 

 Highlands 
(n=97) 

Lowlands 
(n=64) 

All 
(n=161) 

P 
value‡ 

Mineral biomarkers     
     
  Copper, mg/L 0.9 

(0.1) 
1.12 
(0.1) 

1.01 

(0.2) 
<0.001 

      Below reference range, % 
 

0 0 0 - 

   Magnesium, mg/L 35.30 
(5.3) 

38.50 
(7.6) 

36.57 

(6.5) 
0.002 

      Below reference range, % 
 

3.09 4.69 3.73 0.601 

   Selenium, µg/L 140.0 
(136.3-143.7) 

205.0 
(194.0-220.5) 

155.0 

(149.0-164.5) 
<0.001 

      Below reference range, % 
 

8.25 0 4.97 0.018 

   Zinc, mg/L 5.0 
(1.1) 

5.4 
(1.3) 

5.2 

(1.2) 
0.045 

      Below reference range, % 
 

54.64 37.50 47.83 0.033 

   Zinc:Copper ratio, mg/L 5.4 
(1.3) 

4.7 
(1.1) 

5.2 

(1.3) 
0.006 

      Below reference range, % 
 

84.54 93.75 88.20 0.076 

     
Anthropometry     
   Body mass index (BMI) 14.4 

(1.9) 
15.7 
(2.2) 

14.9 

(2.1) 
<0.001 

   MUAC, cm 18.0 
(2.7) 

19.3 
(2.8) 

18.5 

(2.8) 
0.004 

   Triceps skinfold thickness, 
mmb 

5.3 
(5.0-6.0) 

6.0 
(5.2-7.0) 

5.7 
(5.3-6.0) 

0.342 

   Subscapular skinfold 
thickness, mm 

4.0 
(4.7-5.0) 

6.7 
(6.1-7.1) 

5.3 

(5.0-6.0) 
<0.001 

   Arm fat area, mm 21.2 
(19.3-22.9) 

26.1 
(23.5-29.3) 

23.0 

(21.5-24.3) 
<0.001 

   Arm muscle area, mm 1.1 
(0.7- 2.1)  

1.5 
(0.8-2.3)  

1.2 

(0.8-2.0)  
0.332 

     
Other health markers     
   Hemoglobin, g/dL 12.9 

(1.4) 
12.0 

(1.94) 
12.5 

(1.7) 
0.001 

      Anemia, % 

 
21.31 50.00 28.92 0.011 

  Any morbidities, % 

 
53.6 40.6 48.5 0.107 

†Means (SD) reported for normally distributed, continuous variables including: copper; magnesium; zinc; zinc:copper ratio; BMI; 
MUAC; hemoglobin concentrations. Medians (95% CI) reported for continuous variables, non-normally distributed including: 
selenium; triceps skinfold thickness; subscapular skinfold thickness; arm fat area; and arm muscle area. 
‡ P value reported from ttest for normally distributed continuous variables; Wilcoxon rank sum (Mann Whitney) for non-
normally distributed continuous variables; and chi squared for dichotomous variables. 
§Healthy reference ranges were:  zinc (mg/L) 5.04-8.46; copper (mg/L) 0.59-1.03; magnesium (mg/L) 27-49; selenium (ug/L) 
116-314; cadmium (ug/L) <1.04; lead (ug/dL) <2.23; mercury (ug/L) <5.29; and zinc:copper ratio 6.6-10.8.  
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Table 3. Primary food source and food providers among adolescents 
 

 
Primary food source† 

 
Frequency 

 
Percent 

Home 127 
 

78.9 

Cattle camp 3 
 

1.9 

School 31 
 

19.3 

Total 161 
 

100 
    

 
Food Providers, 24 h intake‡ 

 
Provider 1 
Frequency 

Provider 2 
Frequency 

Mean  
Percent 

Aunt 3 4 2.2 

Father 1 - 0.3 

Grandmother 10 10 6.2 

In-laws 1 2 0.9 

Mother 120 113 72.4 

Mother's co-wife 4 4 2.5 

Neighbor 4 5 2.8 

Other relative 1  0.3 

School 6 6 3.7 

Self 3 5 2.5 

Sister 8 9 5.3 

Warrior 1 2 0.9 

Total 161 161 100.0 

 
†Youth were asked where they get more or most of their food at that time, representing the primary food source in recent weeks 
leading up to the interview. 
‡ Youth indicated providers, primary (provider 1) and others (provider 2), of food in the 24 hour recall interview.  Among all the 
youth, a maximum of two providers were reported. Mean percent was the average between providers 1 and 2. 
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 Table 4.  Daily dietary intakes of Samburu adolescents, by residence†  
 

 Highlands 
(n=97) 

Lowlands 
(n=64) 

All 
(n=161) 

 Total intake 

(95% CI) 
 

Inadequacy 
Proportion 

(95% CI) 

Total intake 

(95% CI) 
Inadequacy 
Proportion 

(95% CI) 

Total intake 

(95% CI) 
P 

value‡ 
Inadequacy 
Proportion 

(95% CI) 

P 
value 

Energy, kcal 1912.7 
(1723.3-    
2102.0) 

- 2206.1 
(1954.9-    
2457.3) 

- 2028.9 

(1877.4- 
2180.5) 

0.061 - - 

  -       
MACRONUTRIENTS         
Carbohydrate, g 366.0 

(326.8-
405.2) 

 

- 353.7 
(292.0-
415.3) 

- 361.1 

(327.5-
394.8) 

0.7241 - - 

Protein, g 52.2 
(47.5-57.5) 

 

- 66.0 
(63.4-73.7) 

- 59.5 

(57.5-62.1) 
<0.001 - - 

Fat, g 19.8 
(16.5-24.0) 

- 33.5 
(28.5-36.0) 

- 24.8 

(20.2-28.5)  
<0.001 - - 

         
VITAMINS         
Vitamin A, µg 615.0 

(243.6-
615.0) 

 

0.45 
(.35-.55) 

0.0 
(0.0-20.0) 

 

0.68 
(.56-.79) 

254.0 
(10.18-       

615) 

0.033 0.54 

(.46-.61) 
0.003 

Vitamin B12, µg 1.9 
(0.9-1.9) 

 

0.55 
(0.45-0.64) 

0.0 
(0.0-1.8) 

0.63 
(0.52-0.75) 

1.8 
(0-1.85) 

0.323 0.58 

(0.51-0.65) 
0.246 

Vitamin C, µg 1.8 
(0-1.8) 

 

0.83 
(0.75-0.90) 

1.8 
(0-3.6) 

0.92 
(0.85-0.99) 

1.8 
(0.1-1.80) 

0.776 0.86 
(0.81-0.92) 

0.081 

Vitamin E, µg 0.05 
(0.05-0.08) 

1.00 
(1.00-1.00) 

 

0.09 
(0.05-0.09) 

1.00 
(1.00-1.00) 

0.05 
(0.05-0.05) 

0.537 1.00 
(1.00-1.00) 

0.251 

Folate, µg 257.0 
(206.0-
291.8) 

0.60 
(0.51-0.69) 

387.5 
(310.0-
428.6) 

0.41 
(0.29-0.52) 

300.0 
(257-322) 

<0.001 0.52 

(0.45-0.60) 
0.007 

         
MINERALS         
Calcium, mg 697.5 0.80 

(0.72-0.87) 
340 0.69 

(0.57-0.80) 
697.5 0.785 0.75 

(0.69-0.82) 
0.113 
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(630.0-
748.2) 

(250.9-
782.3) 

 

(444.07-
720.90) 

Magnesium, mg 339.5 
(309.2) 

0.47 
(0.38-0.57) 

443.15 
(234.97) 

 

0.28 
(0.18-0.39) 

380.7 
(285.4-
404.7) 

0.024 0.40 

(0.33-0.47) 
0.012 

Selenium, µg 21.8 
(12.7-34.5) 

0.63 
(0.54-0.73) 

59.6 
(44.2-69.6) 

 

0.38 
(0.26-0.50) 

37 
(21.9-51.7) 

<0.001 0.53 

(0.45-0.61) 
0.001 

Zinc, mg 9.1 
(8.0-11.0) 

0.36 
(0.27-0.45) 

11.6 
(11.1-14.2) 

0.24 
(0.14-0.34) 

10.95 
(9.1-11.6)  

0.002 0.31 

(0.24-0.38) 
0.078 

         
†Means (SD) reported for normally distributed, continuous variables including: energy; carbohydrates; magnesium; and probability of inadequacy for all nutrients. Medians (95% 
CI) reported for continuous variables, non-normally distributed including: protein; fat; vitamins A, B12, C, and E; folate; calcium; selenium; and zinc. 
‡ P value reported from ttest for normally distributed continuous variables; Wilcoxon rank sum (Mann Whitney) for non-normally distributed continuous variables; and chi squared 
for dichotomous variables. 
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Table 5. Generalized linear models of mineral status among the youth1 

  
 COPPER MAGNESIUM SELENIUM ZINC ZINC:COPPER  

RATIO 
 β SE P β SE P β SE P β SE P β SE P 
CONTEXT 
Area Of Residence  
Residence (highlands=0, 
lowlands=1) 

0.087 0.032 0.006 - - - 49.655 7.135 0.000 -1.044 0.314 0.001 -0.704 0.353 0.046 

                
HOUSEHOLD  
Livestock ownership 
   Total dairy TLU - - - -0.160 0.048 0.001 - - - - - - - - - 
   Total number of dairy 
sheep or goats 

- - - - - - 0.314 0.135 0.020 - - - - - - 

   Per capita dairy TLU, 
quartiles  

- - - - - - - - - 0.161 0.088 0.068 - - - 

   Per household TLU, 
quartiles 

- - - 1.440 0.428 0.001 - - - - - - - - - 

Polygyny                
   Wife number of mother3  -0.027 0.015 0.060 - - - - - - -0.266 0.129 0.039 - - - 
                
INDIVIDUAL  
Mineral/Metal Biomarkers  
   Cadmium 0.018 0.007 0.015 0.569 0.308 0.065 - - - - - - - - - 
   Copper - - - - - - - - - 1.432 0.681 0.036 - - - 
   Lead - - - - - - 3.488 1.314 0.008 - - - - - - 
   Magnesium - - - - - - 1.694 0.406 0.000 - - - - - - 
   Mercury - - - 4.902  2.594 0.059 - - - - - - 1.555 0.698 0.026 
   Selenium 0.001 0.000 0.001 0.085 0.010 0.000 - - - 0.014 0.003 0.000 0.006 0.003 0.105 
Nutrient and Dietary Intakes  
   Protein, % of daily kcal - - - - - - - - - 4.675 1.809 0.010 -0.001 0.000 0.108 
   Total folate, µg - - - - - - - - - -0.001 0.000 0.043 - - - 
   Total vitamin A, µg - - - 0.001 0.000 0.033 - - - - - - - - - 
   Total vitamin C, µg - - - - - - 0.092 0.057 0.108 - - - - - - 
   Any meat, 24 hours - - - - - - - - - -0.463 0.267 0.083 -0.492 0.274 0.072 
   Any vegetables, 24 hours -0.046 0.025 0.065 - - - - - - - - - - - - 
Health Status 
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   BMI -0.012 0.005 0.016 - - - - - - - - - 0.141 0.047 0.003 
   Arm muscle area, mm2 - - - - - - 0.515 0.278 0.064 - - - - - - 
   Hemoglobin 
concentration, g/dl 

- - - 1.062 0.251 0.000 3.870 1.394 0.005 - - - - - - 

    EBV - - - 0.000 0.000 0.070 - - - - - - - - - 
   Morbidities2 - - - -6.604 3.469 0.057 - - - -0.591 0.333 0.076 - - - 
                

1Generalized linear models (GLM) were used to account for nonlinearity in the error terms of the dependent variable. Models were adjusted for total energy intake and child age. 
Significant associations reported at P<0.10. 
2 Child reported number of different morbidities experienced in previous 24 hours.  For the magnesium model, children reporting three or more different morbidities showed 
significant association, and for the zinc model, children reporting two or more morbidities showed significant association, P<0.10.    
3 Wife number of the mother was specified as: 1=1st wife; 2=second wife; 3=third or higher wife 




