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Abstract

Objectives: Height is a complex, highly heritable polygenic trait subject to both

genetic composition and environmental influences. Recent studies suggest that a

large proportion of height heritability is determined by the cumulative effect of many

low allele frequency variants across the genome. Previous research has also identified

an inverse relationship between height and runs of homozygosity (ROH); however,

this has yet to be examined within African populations. We aim to identify this asso-

ciation within the Himba, an endogamous Namibian population who are recently bot-

tlenecked, resulting in elevated haplotype sharing and increased homozygosity.

Materials and Methods: Here, we calculate the fraction of the genome composed of

long runs of homozygosity (FROH) in a sample of 245 adults and use mixed effects

models to assess its effect on height.

Results: We find that Himba adults exhibit increased homozygosity. However, in

contrast to previous studies in other populations, we do not find a significant effect

of FROH on height within the Himba. We further estimated heritability of height, not-

ing both an enrichment of distant relatives and greater developmental homogeneity

across households; we find that h2g ¼0:59 (SE ±0.146), comparable to estimates

reported in Europeans.

Discussion: Our results may be due to other environmental variables we were not

able to include, measurement error, or low statistical power, but may also imply that

phenotypic expression resulting from increased homozygosity may vary from popula-

tion to population.

K E YWORD S

height, population genetics, runs of homozygosity

1 | INTRODUCTION

Height is a complex, polygenic trait determined by genetic and

environmental factors. On average, height is estimated to be roughly

80% heritable (Silventoinen et al., 2003; Visscher et al., 2008; Yang

et al., 2010). Genome-wide association studies (GWAS) use a mini-

mum effect rate threshold to identify critical variants for complex

traits such as height and diseases. However, considering only highly

significant single nucleotide polymorphisms (SNPs) that pass this sig-

nificance threshold explains only a small proportion of height
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heritability. Early GWA studies identified �50 variants significantly

associated with height, but together these only explained �5% of the

variation (Yang et al., 2010). Later studies increased the number of

SNPs found to reach genome-wide significance in association with

height to �700 variants, yet still these SNPs together only capture

�16% of the variance (Wood et al., 2014). By using all common SNPs,

not just those reaching genome-wide significance, the percentage of

variance explained increases to 60% (Wood et al., 2014; Yang

et al., 2010). More recently, studies have sought to understand the

role of rare and low-frequency SNPs in the genetic architecture of this

phenotype and have suggested that rare variants can capture the

missing heritability from previous estimates (Marouli et al., 2017;

Wainschtein et al., 2021). Marouli et al. (2017) identified 83 rare and

low minor allele frequency (MAF) coding SNPs affecting height, and

Wainschtein et al. (2021) report that 47% of height heritability is

explained by variants with low MAF values ranging from 0.0001 to

0.1. Roughly half of the genetic variance of height can be explained by

the combined effect of multiple alleles of relatively small effect size

across the genome. Because height is largely determined by the

cumulative effect of individually insignificant variants scattered across

the genome, runs of homozygosity (ROH) resulting from identically

inherited haplotypes would capture the expression of recessive alleles

associated with height. Furthermore, a negative correlation between

ROH and height has previously been identified within several, mostly

European, populations, where offspring of first cousins exhibited a

height reduction of 1.2–3.0 cm (Joshi et al., 2015; McQuillan

et al., 2012). This suggests a strong influence of multiple recessive

alleles across the genome. However, research is comparatively lacking

in assessing this relationship in global, and particularly underrepre-

sented, populations.

Population bottlenecks and endogamy can lead to increased

levels of identity by descent (IBD) sharing, which in turn can lead to

increased ROH as they increase the likelihood that individuals may

inherit identical segments from parents who share a common ances-

tor. The more recent this common ancestor is shared, the longer the

ROH segments in the offspring are expected to be, and research has

shown that longer segments of ROH carry a significantly higher pro-

portion of deleterious variants compared with shorter runs (Mooney

et al., 2018; Szpiech et al., 2013). The fraction of the genome com-

posed of ROH is mathematically denoted as FROH and can be used to

estimate the inbreeding coefficient, F, which is a technical term used

in population genetics referring to the expected proportion of geno-

mic autozygosity (Ceballos et al., 2018). Elevated levels of FROH have

previously been associated with several quantitative traits, including

cardiometabolic disease phenotypes, height, and lung function

(Ceballos et al., 2020; Joshi et al., 2015; McQuillan et al., 2012;

Nabulsi et al., 2003; Yengo et al., 2019).

Here we investigate the relationship between height and FROH

among a population of Himba living in northwestern Namibia. Specifi-

cally, our study was conducted in the community of Omuhonga. The

Himba are a Bantu-speaking, seminomadic, agro-pastoralist population

whose previous and current demographic includes various factors that

are known to increase FROH. They have experienced a recent

bottleneck estimated to have begun approximately 60 generations

ago and reaching a minimum effective population size 12 generations

ago (Swinford et al., 2022). They are endogamous and have social

norms promoting consanguineous marriage (Harpending &

Pennington, 1990; Scelza et al., 2021). However, “love matches,”
divorce, polygyny, and concurrent partnerships (including extra-marital

partnerships) are also common (Scelza et al., 2020; Scelza, 2011). This

practice of concurrency results in a high rate of extrapair paternity

(48%) and a large number of second degree relationships within the

population (Scelza et al., 2020; Williams et al., 2020). It has also been

observed that the Himba exhibit elevated background levels of haplo-

type sharing, evidenced by the consistent overestimation of relation-

ship type by common IBD-based methods of relationship inference

(Williams et al., 2020). Therefore, Himba population history provides a

unique opportunity to examine the effects of FROH on height within

an underrepresented African population.

When investigating the effect of FROH on height, it is important

to consider possible confounding variables. Fosterage occurs when a

child is raised by an adult other than the parent, typically another fam-

ily member, and is a common practice within Himba culture, with 39%

of women and 42% of men reporting having been fostered at some

point (Prall & Scelza, 2017). Fosterage occurs for a variety of reasons,

with variation in the duration of and age at which fosterage begins. A

woman may choose to foster out one or more children before moving

to the household of a new husband (i.e., after remarriage) or if she has

many children. Similarly, a woman may choose to foster out the eldest

of her small children if she has multiple babies due to short interbirth

intervals. Fosterage can also occur by request. In these cases, an adult

who would like to bring in a fostered child to help with household

work asks the biological parents to foster out a child to them. In addi-

tion, fosterage occurs in cases of parental death (Prall & Scelza, 2017;

Scelza & Silk, 2014). Previous research has shown that fosterage can

negatively impact development, notably height (Prall & Scelza, 2017).

Therefore, to account for the potential masking effects of fosterage

on the association of FROH and height, we include fosterage status as

a variable in our models. We expect to find elevated levels of FROH

within the Himba and to consequently observe a negative correlation

between FROH and height in Himba adults.

2 | RESULTS

In order to characterize the relationship between FROH and height, we

utilized genome-wide SNP array data from 245 Himba adults and built

a mixed effects model, where height (i.e., outcome) was predicted by

FROH using the covariates of sex, year of birth (YOB), fosterage status,

and a genetic relatedness matrix (GRM). In our dataset, height was

normally distributed for males (n = 99, mean = 175.2, SD = 5.8) and

females (n = 146, mean = 164.3, SD = 5.2) (Figure 1a). Himba adult

height is comparable to many European-descent populations and is

normally distributed. FROH was calculated using a minimum 1500 kilo-

base (kb) threshold—a level comparable to a pedigree-based estimate

of the F coefficient (Ceballos et al., 2018). Thus, a FROH 1500 value of

208 SWINFORD ET AL.
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0.0625, or 6.25%, represents the expected level of homozygosity for

the offspring of first cousins in a population that does not contain ele-

vated background haplotype sharing. This measure of FROH 1500 has

also been implemented in previous studies to examine the relationship

between homozygosity and height (Joshi et al., 2015; McQuillan

et al., 2012) and between homozygosity and various other phenotypes

in the UK Biobank (Yengo et al., 2019). Here, we find elevated levels

of FROH 1500 within the Himba with an overall average FROH value of

0.0266, or 2.66% (Figure 1b), which is higher than the expectation for

offspring of second cousins but less than the expectation for offspring

of first cousins (Bittles, 2002). This finding is congruent with previous

reports of elevated IBD sharing among Himba (Williams et al., 2020).

Fosterage is defined as children leaving their natal homes to live

with another adult from the community, typically a family member

(Prall & Scelza, 2017). Research using a similar Himba dataset found

that fosterage status negatively affected growth among children, con-

tinuing into adulthood for women who had been fostered (Prall &

Scelza, 2017) and thus we included this variable in our models. In this

sample of Himba adults, fosterage status includes any individual who

was fostered at any point in their childhood (males n = 36, females

n = 31). Although children varied in age and length of fosterage and

the reason for fosterage, these data were missing for most individuals

in our dataset, and thus these specific details of child fosterage could

not be incorporated into our models. Therefore, we only included a

binary variable describing if an individual had ever been fostered.

Relatedness among individual samples is often a concern in

genetic architecture of traits because spurious results can occur when

household features affecting the trait are then correlated with the

genetic features of a family. However, we do not expect this to be an

issue in this dataset due to the complex structure of households. The

pedigrees in this community are extremely reticulated (Swinford

et al., 2022). This is likely due to the practice of concurrency which

leads to a very high rate extra-pair-paternity (Scelza et al., 2020). In

addition, the practice of fosterage is very common. Therefore, rather

than households clustering genetically, households can consist of both

children and adults who are unrelated to each other or related to dif-

ferent degrees. With this type of mixing among households, we do

not expect the presence of related individuals in the dataset to cause

confounding, but we have also included a GRM in our mixed effects

models to help correct for any possible confounding.

We built a baseline model which used fosterage status, sex, YOB

(meant to capture fluctuating environmental effects such as food avail-

ability during periods of drought, as well as the shrinking effects of age),

and a GRM to isolate any effect of FROH by comparing our baseline and

FROH-incorporated models. Our baseline model did not reveal a significant

association between fosterage status and height (p = 0.95, Table 1) nor

between YOB and height (p = 0.79, Table 1) within Himba adults. Back-

wards elimination of either variable did not improve significance of the

other variable. We found similar results in our FROH-incorporated model,

which used log-transformed FROH (for normalization), fosterage status,

sex, YOB, and a GRM to predict height. This model did not reveal any

effect of FROH 1500 on height (p = 0.98, Figure 2, Table 2). Similarly, nei-

ther fosterage status (p = 0.95) nor YOB (p = 0.80) had a significant

effect on adult height. The only covariate exhibiting significance was the

expected fixed effect of sex on height (p = 2 � 10�16), but there was no

interaction between fosterage status and sex on height (p = 0.462). In

addition, backwards elimination of the YOB and fosterage variables did

F IGURE 1 (a) Height
distribution for individuals
(n = 245) with females (n = 146,
mean = 164.2, SD = 5.24)
represented in pink, males
(n = 99, mean = 175.2,
SD = 5.79) represented in purple,
and the maroon color indicating
overlap between the male and

female height distributions.
Individuals' heights are
represented as the average of
their height measurements when
individuals had multiple height
measurements in the dataset.
(b) the distribution of FROH values
for individuals (mean = 0.026).

TABLE 1 Summary statistics for baseline mixed effects model

Variable p value Effect size Standard error

Year of birth 0.79 �0.0036 0.014

Sex: Male 0*** 11.06 0.779

Fosterage: Yes 0.95 �0.063 1.016

Sex: Male, fosterage: Yes 0.85 �0.267 1.459

***highly significant p-value (p < 0.001).
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not reveal any new significance in the model covariates. These patterns

were consistent among all models using different ROH thresholds to cal-

culate FROH. In other words, we did not find an effect of FROH on height

for any size threshold used to call ROH (Figure 2).

We also explored using Garlic (Szpiech et al., 2017) to call ROH

because Garlic performs its own length classifications to determine

short, medium, and long segments. However, the length thresholds cho-

sen by Garlic were almost identical to the length thresholds we chose

and therefore would not have changed the conclusions of the model.

We also do not find an effect of FROH on height at a single time point.

Rather than including multiple measurements per individual and varying

the intercept by individual ID, we tested for an association between

FROH and height for all individuals measured in a single year. However,

because not every individual was measured every year, the sample size

is reduced. The year with the most measurements was 2016 (n = 180).

We ran a linear model on this data with a principal component correc-

tion for relatedness, but still found no significant association.

One potential concern could be that height in the Himba is attenu-

ated by environmental or developmental variability related to drought, fos-

terage or other stochastic events. We estimated the narrow sense

heritability of height in our dataset using a linear mixed model GRM

approach consisting of �370 K SNPs (Methods). Because overall related-

ness within the Himba population is high, it would be impossible to

remove all relatives from our dataset. Thus, our estimate is a combination

of both a family based heritability as well as unrelated individuals, analo-

gous to a KIBD approach (Zaitlen et al., 2013). We estimated heritability to

be h2g ¼0:59 (SE ±0.146). This estimate is comparable to previous

studies which use common variants among unrelated individuals in

Europeans and Ugandans, h2g ¼0:50–0:60 (Heckerman et al., 2016;

Wood et al., 2014; Yang et al., 2010), but slightly lower than

h2IBD ¼0:69 in the Icelandic population. Our heritability results suggest

that environmental attributes are not unusually large for the Himba,

though greater sample sizes are needed to increase precision in the

estimate.

3 | DISCUSSION

We identified increased levels of FROH within our cohort of Himba

adults, where the average FROH estimate is 0.0266. Our results sug-

gest an intermediate level of homozygosity: the mean FROH value is

higher than that expected for progeny of second cousins (0.0125), but

F IGURE 2 Scatter plot showing the relationship between FROH and height for unfostered females (open pink circles), fostered females (solid
orange triangles), unfostered males (open blue circles), and fostered males (solid yellow triangles). The model prediction is shown for fostered and
unfostered males (yellow and blue lines, respectively) as well as fostered and unfostered females (orange and pink lines, respectively).

TABLE 2 Summary statistics for mixed effects model with FROH

Variable p value Effect size Standard error

Log-transformed FROH 1500* 0.98 0.020 0.724

Year of birth 0.80 0.004 0.014

Sex: Male 0*** 11.06 0.784

Fosterage: Yes 0.95 �0.064 1.017

Sex: Male, fosterage: Yes 0.86 �0.264 1.463

Note: The effect size and standard error of FROH is not detransformed here

because height and FROH are not linear in the model.

***highly significant p-value (p < 0.001).
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less than that expected for progeny of first cousins (0.0625)

(Bittles, 2002). ROH are ubiquitous; however, the global distribution

of ROH is not uniform among populations as a general trend is

observed between decreased genomic diversity and increased dis-

tance from Africa (Ceballos et al., 2018). ROH do not always follow

this distinct stepwise pattern and are dependent upon demographic

factors including consanguinity and reduced effective population size

(Ceballos et al., 2018; Pemberton et al., 2012), both of which have

likely affected the Himba. Previous work has reported a societal pref-

erence for first-cousin arranged marriages within the Himba (Scelza

et al., 2021), but unmarried relationships are common and accepted,

and a large proportion of births occur through either nonmarital or

extra-marital partnerships (Scelza et al., 2020). The Himba have also

experienced a relatively recent bottleneck that reached a minimum

population size approximately 12 generations ago (Swinford

et al., 2022). Population bottlenecks reduce the genetic diversity in a

population. Thus, even if first-cousin marriages do not result in off-

spring, children resulting from extra-pair partnerships would still be

subject to this overall background level of haplotype sharing. Unre-

lated partners may still share more IBD than would be expected due

to elevated levels of IBD sharing across the entire population, result-

ing from population bottleneck and endogamy over time.

Previous research continues to demonstrate the saliency of examin-

ing variants with low allele frequency when investigating human height,

as studies have shown that common SNPs only explain a fraction (�50%)

of the heritability (Wood et al., 2014; Yang et al., 2010) and an under-

standing of the genetic architecture contributing to height is lacking in

global populations. For example, Rotwein (2020) concludes that four out

of five significant GWAS hits associated with human height were most

prevalent in European populations compared with others due to ascer-

tainment bias. Therefore, SNPs thought to contribute to or tag causal

SNPs for height may not be informative when considering diverse popula-

tions. Heritability of height has also been strongly associated with a col-

lection of low allele frequency variants scattered across the genome,

especially in regions of low linkage disequilibrium (Wainschtein

et al., 2021). Therefore, the likelihood of inheriting low-MAF deleterious

genotypes together is higher in individuals with longer ROH and thus

more likely to result in reduced height (Ceballos et al., 2018; Mooney

et al., 2018). However, contrary to previous findings that have associated

elevated levels of ROH with decreased height (Joshi et al., 2015;

McQuillan et al., 2012), we do not find this association within the Himba,

even when controlling for fosterage status, sex, and different age cohorts

(YOB). This result may be due to other environmental variables we were

not able to include, measurement error, or low statistical power.

Previous work has reported an effect of fosterage on height among

Himba children, especially girls, and this effect was replicated among an

adult sample (Prall & Scelza, 2017). Here, the effect on adults was not rep-

licated. There are several reasons why the two sets of results might differ.

First, the two datasets were mostly nonoverlapping, as individuals

included here must have both anthrometrics and DNA to be included.

Second, here we use repeated measures for adults when available, which

should better account for measurement error. Third, sample sizes for

adults, particularly women for whom the effect was strongest in the initial

analysis, are small in both datasets, as the 2017 analysis was focused

mainly on differences among children. Finally, because fosterage mainly

affects children, its effects on adult stature may be muted by myriad other

factors that occur during adolescence, including age at first reproduction

(which can occur before growth is complete), and age at marriage which

would signal another change in household and consequent resource

access and workload.

We include YOB as a covariate in our models to not only account

for the overall effect of age on height, but also to capture any differ-

ences in environment for different age cohorts. Previous studies have

found that drought can lead to a permanent loss of height in young

children (Hoddinott & Kinsey, 2001). Because the Himba have also

experienced periods of drought (Bollig, 1997), we aimed to control for

this effect; however, we did not observe any evidence of such effects

in our data. More detailed data on whether drought occurred during

critical periods in a person's growth trajectory might reveal differ-

ences we do not see here.

The LCT gene, associated with lactase persistence, is known to be

a source of beneficial calorie intake (Gerbault et al., 2011) and may have

differential effects on growth patterns. If the lactase persistence geno-

type of the LCT gene continues to express throughout childhood into

adulthood, the ability to digest milk into adulthood may lead to nutri-

tional advantages over individuals who are not able to digest milk,

potentially affecting adult height. Future studies might examine the

prevalence of lactase persistence within the Himba, as recent research

has identified the presence of LCT gene alleles within other African pas-

toralist groups (Hollfelder et al., 2020). Therefore, unknown environ-

mental and socioecological factors that extend beyond the realm of our

covariates may be outweighing a relationship between height and FROH,

thus masking a relationship between these two variables.

Another reason we were unable to replicate previous results could

be due to sampling error during data collection. Variation in measure-

ments from the raw height data may have been dependent on inconsis-

tent, oftentimes vertical hairstyles sported by Himba women. This, as

well as inconsistency in measurement technique over the course of an

8-year period, may be a potential source of error and should be taken

into consideration. Although the variance in height measurements for

individuals with multiple height measurements is mostly very low

(median = 0.72), higher variances, likely due to the aforementioned rea-

sons, increases the average individual variance to 3.12. Another likely

reason that we were unable to replicate previous results is that this

dataset is underpowered. Previous studies (Joshi et al., 2015; McQuillan

et al., 2012) have used thousands of individuals from variable environ-

ments (i.e., different countries, lifestyles, diets). Although our sample

comes from a much more homogenous environment, our sample size of

245 individuals is underpowered to detect significant effects of FROH

on height. In our power simulations assuming effect sizes described in

Europeans, a sample size of 250 resulted in 15%–20% power of detec-

tion, while a sample sizes of 1000 and 2000 resulted in 50%–53% and

80%–84% power, respectively. Based on these results, we would need

either a much larger sample size or FROH to have a much larger effect

SWINFORD ET AL. 211
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than previously reported in order to detect a significant effect of FROH

on height. Because our power simulations used the effect size of FROH

and proportion of variance explained by FROH reported in urban

European cohorts with thousands of individuals from more heteroge-

nous environments, and our study uses individuals from a more homog-

enous environment, our power calculations are likely conservative.

Although an effect of FROH on height may be too small to detect

in our dataset, elevated FROH in this population could have detectable

effects on other phenotypes depending on the effect size of individual

variants or location of ROH segments. FROH highlights the expression

of recessive deleterious alleles scattered across the genome. If pheno-

types other than height are affected by variants with larger effect

sizes, then the effect of FROH on these other traits could be detected.

Furthermore, if a deleterious recessive variant that disrupts the func-

tion of an important gene or causes loss of function of that gene is

found in ROH, the phenotypic, medical, or fitness effect could be very

large and thus more easily detected. Therefore, variance in the loca-

tion of ROH segments and individual variant effect sizes are important

to consider when investigating the effect of recessive variants on phe-

notypes, and future studies should consider investigating a possible

effect of FROH on other phenotypes.

Our work sheds light on the complex association between homo-

zygous genotypes and height, demonstrating the need for further

examination of the effect level of homozygosity on height and epige-

netic influence within the Himba. Unlike previously reported findings

with larger samples (Joshi et al., 2015; McQuillan et al., 2012), we do

not find a significant effect of FROH on height in this smaller sample.

This may be due to being underpowered but may also imply that phe-

notypic expression resulting from increased homozygosity may vary

from population to population.

4 | MATERIALS AND METHODS

4.1 | Ethics statement

Ethical approval for this study was granted by the University of

California, Los Angeles (IRB-10-000238), the State University of

New York, Stony Brook (IRB-636415-12), and was approved by the

Namibian Ministry of Home Affairs and the University of Namibia

Office of Academic Affairs and Research. Chief Basekama Ngombe

provided permission to work in the community and local approval

of the study. Community leaders were actively involved in discus-

sions regarding what genetic data could be used for, who would

have access to it, and whether there was a for-profit element

involved (there was not). Individual informed consent, and for

minors parental assent, was obtained orally from all participants

given low rates of literacy in the community. Care was taken to

protect participants' privacy, for example via a double-blind proce-

dure for DNA collection (Scelza et al., 2020). These data were col-

lected as part of the longitudinal Kunene Rural Health and

Demography Project, which has been working in the community

since 2010.

4.2 | Study population

The Himba reside in the Kunene Region of Northwestern Namibia

and Southern Angola, but our study was conducted specifically in

the community of Omuhonga. The Himba are a seminomadic, agro-

pastoralist, nonmarket-integrated population, who are closely related

to the Herero. Himba social norms promote a preference for first-

cousin consanguinity in arranged marriages, particularly the first, but

some of these marriages may never be consummated, and “love
matches” also exist. Divorce and polygyny are common, and extra-

marital concurrent partnerships are frequent and socially accepted for

both men and women. Thus, women have children with multiple men.

These children, unless fostered out, reside with their mother, and

when a woman is married, her husband becomes the social father of

all her children, even if he is not the biological father.

4.3 | Genetic data

DNA was collected with informed consent from individuals via saliva

using the prepIT-L2P kit and protocol. Individuals were then geno-

typed on one of two arrays, H3Africa or MEGAex. These datasets pre-

viously underwent quality control measures and were filtered using

PLINK for missingness greater than 5%, a MAF less than or equal to

1%, and a Hardy–Weinberg equilibrium exact test with a p-value

below 0.0001 as described in Scelza et al (2020) and documented in

dbGaP phs001995.v1.p1. We thinned the H3Africa array to match

the SNP density of the MEGAex array and selected autosomes only

(H3Africa: 755,660 SNPs, MEGAex: 755,423 SNPs). Each dataset was

then filtered to keep adults (18+ years old) who had associated

height data.

To ensure that there were no batch effects across platforms or

due to thinning the H3Africa SNP density, we performed a test (also

in Swinford et al., 2022) where we thinned the array 10 separate

times, identified ROH using a 1500 kb minimum threshold, and calcu-

lated FROH for each individual (as described below in Methods: Measur-

ing Homozygosity). We then took the absolute value of the difference

between the FROH values for each test and the original FROH value

(used in analyses) and calculated a root-mean-squared-error value of

0.00058. Thus, there is no significant difference between tests and

therefore no batch effects due to different SNPs.

4.4 | Measuring homozygosity

We used a custom R script to calculate the length of the genome that

was tested on each array and then divided the total ROH identified in

the genome by the length of the genome to calculate FROH for individ-

uals (https://github.com/hennlab/HimbaHeight). ROH was identified

using PLINK at a 1500 kb length threshold, allowing for a scanning

window of 50 SNPs, a maximum of two missing SNPs and one hetero-

zygote. We also called ROH using a 500 kb threshold and a 5000 kb

threshold to test our model using FROH calculated using different
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length thresholds. After FROH calculations were complete in the sepa-

rate H3Africa and MEGAex datasets, they were merged to create a

single dataset.

We explored using Garlic to estimate ROH. We used the error

(0.001), winsize (30), auto-winsize, and auto-winsize-step (5) parame-

ters to run Garlic. The selected thresholds chosen by Garlic for each

dataset were �530 kb and �1900 kb, which are very similar to the

thresholds we used.

4.5 | Height and fosterage data

Height data was collected over a period of 8 years, spanning from

2010 to 2018, resulting in multiple height measurements for most

individuals. We removed height measurements that were taken

before individuals turned 18 years old and accounted for varying

numbers of height measurements among individuals in our models.

We removed outliers that fell above or below three standard devia-

tions from the mean. This resulted in the removal of one male whose

height was greater than three standard deviations above the mean.

Next, we merged in fosterage status data and filtered out 15 individ-

uals who did not have associated fosterage data. After these quality

filtering steps, our final dataset consisted of 245 individuals.

4.6 | Heritability

We used GCTA to create a GRM and calculate narrow sense heritabil-

ity. We used the merged dataset that includes all individuals across

both platforms. The H3Africa and MEGAex arrays were merged using

PLINK and SNPs that had a missingness rate greater than 5% across

platforms were removed, as in Scelza et al. (2020), resulting in a final

SNP count of 368,749 SNPs. We created a GRM for all 245 individuals

and calculated heritability using the “reml” flag in GCTA. Because the

GCTA requires a file with a single phenotype value per individual for

this function, we used the mean height value for individuals who have

multiple height measurements.

4.7 | Statistical modeling

The baseline model was created to isolate any effect of FROH on

height by assessing the effect of all the variables except for FROH on

height and was created using raw height data instead of averaged

heights for individuals. Using raw height scores allowed us to account

for multiple measurements per individual, whereas estimated height

values resulting from averaging varying height measurements could

potentially mask a signal between FROH and height. This baseline

mixed effects model was run using the coxme package in R and pre-

dicts height using YOB, sex, fosterage status, and the GRM (see

Methods: Heritability) (https://github.com/hennlab/HimbaHeight). We

allowed for a relationship between sex and fosterage and varied the

intercept by individual ID to account for multiple height

measurements per adult. To assess whether FROH effects height, we

created a second model by adding the FROH 1500 variable into our

baseline model.

To include our GCTA-generated GRM into the model, we read

the binary file into R and converted the values to a matrix. We then

converted this matrix to a BDS matrix for use in the mixed effects

model function, lmekin(). Random chance, especially in small datasets,

can sometimes produce a small amount of collinearity in the matrix

resulting in GRM being nonpositive definite. The model cannot handle

these values; thus, we bended the matrix, by eigendecomposing it and

correcting one of slightly negative eigenvalues to a slightly positive

value (10e-4) and made sure the bended matrix is highly similar to the

original GRM via Mantel correlation (�1), prior to including it in the

model.

4.8 | Power calculations

We calculated our power for detection of a significant effect of FROH

on height using basic simulations in R (https://github.com/hennlab/

HimbaHeight). Our code takes in a user-assigned sample size and

assigns individuals a FROH value drawn from the observed distribution

of our sample. Height values are simulated using the effect size of

FROH and non-FROH effects from gaussian noise, and with the propor-

tion of variance attributed to FROH that are reported in previous work

(0.4%, McQuillan et al., 2012). Specifically, the portion of height

affected by FROH can be calculated as FROH multiplied by the expected

effect size (�0.12 SD of height per 1% increase of FROH, McQuillan

et al., 2012), and the remaining portion of height is drawn from a nor-

mal distribution. We then ran 10 replicates of a linear model where

simulated height is the response variable and simulated FROH is the

predictor at samples sizes of n = 250, 1000, and 2000. We report the

p-values in ranges for different sample sizes.
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