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The genetic basis of fitness traits has been studied widely in
animals, yet the contribution of genetic variation to these traits in
humans is controversial. In particular, it is difficult to disentangle
genetic versus environmental effects on fertility, because of with-
in-family correlations of sociocultural, economic, and other non-
genetic factors that influence family sizes. In this study, we inves-
tigated the genetic architecture of reproductive fitness traits in a
fertile human population whose communal lifestyle assures uni-
form and equal access to resources. Our study revealed significant
heritabilities for reproductive traits in both men and women, after
accounting for common household effects shared among siblings
and demographic changes in reproductive practices. Furthermore,
our results indicate that both autosomal and X-linked additive and
dominance variances contribute to these traits. We therefore
propose that reproductive traits should be amenable to genetic
mapping studies, and the results we present here will facilitate the
search for the novel genes influencing natural fertility in humans.

life history traits | human fertility

Reproductive fitness reflects the ability of individuals to pass
on their genes to subsequent generations. Fitness traits, also
referred to as life-history traits, include measures of fertility and
mortality and are complex phenotypes that are direct targets of
Darwinian selection. Understanding the genetic basis of varia-
tion in these traits and inheritance in animals has long been a
central theme in evolutionary biology (1). However, partitioning
the observed variation into the genetic and environmental
sources, and therefore determining the heritability of these
traits, remains challenging in humans. As a result, current
theories on the evolution and heritability of fitness, and the
empirical data, come largely from animal studies (for examples,
see refs. 2-8). However, studies of model organisms suggest that
hundreds of genes influence fertility in mammals (9). Standing
variation in any of those genes could contribute to interindi-
vidual differences in fitness in natural populations.

The difficulty in assessing genetic contributions to human
fertility is caused in part by the fact that human family sizes are
often deliberately limited, with few populations reaching their
true reproductive potential, and because the many nongenetic
factors that influence human family size are often shared within
families. As a result, disentangling the effects of shared genes
from shared environment is often impossible. For example,
parent—child correlations in family sizes have been reported for
a number of human populations (10-16). However, in nearly all
of these studies, the investigators concluded that social or
cultural transmission, such as patterns of emigration (10), po-
lygyny and higher male mortality (11), education or marital age
(12), or differential access to resources and ability to acquire a
mate (15), but not genetic factors, accounted for the observed
intergenerational correlations in family size. One exception was
a recent study in the Hutterites, which attributed parent—
offspring correlation in family sizes to genetic causes (16).

The Hutterites are a young founder population of European
descent that are particularly amenable to studies of reproductive
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fitness. The proscription of contraception and desire for large
families, resulted in median completed family sizes (CFSs) >10
and interbirth intervals <2 years in the 1960s (17, 18). Moreover,
they practice a communal agrarian lifestyle, which ensures that
all members are exposed to a relatively similar environment and
have equal access to resources, including wealth, education, and
medical care. In an earlier study, intergenerational correlations
in family size were measured in 161 three-generation completed
Hutterite families (16). Significant correlations between the
family size of a couple and that of their sons (r = 0.29; P < 107°)
and their daughters (r = 0.18; P = 0.0041) were reported.
Because socio-cultural factors known to influence family sizes
are remarkably uniform between the Hutterite families (19),
observed correlations were interpreted as evidence for genetic
contributions (i.e., heritability) to this trait (16).

Here, we defined three measures of fertility in the extant
population to assess different components of a couple’s repro-
ductive fitness (Table 1). These traits include measures of
reproductive capacity [(CFS and age at last reproduction (ALR)]
and reproductive rate (birth rate). These measures were cor-
rected for age and cohort effects and length of the reproductive
period when relevant (see Methods). We also modeled the effects
of shared household environment for each trait. The genetic
variance for these reproductive fitness measures were formally
estimated in Hutterite men and women with proven fertility, who
are members of a single 13-generation pedigree (20). The results
reported here lay the foundation for future studies to identify
novel genes that influence natural fertility and contribute toward
theoretical considerations on the evolution of fitness traits.

Results

Reproductive Fitness Traits in the Hutterites. The characteristics of
the reproductive phenotypes in ~450 Hutterite couples are
shown in Table 1. In general, there is a wide range of variability
in each of the traits. CFSs range between 1 and 17 (Fig. 1) and,
not surprisingly, were significantly correlated with the number of
years from marriage to last birth (r = 0.87, P < 0.0001; Fig. 24).
Wife’s age at marriage was a significant predictor of CFS and
ALR (P < 0.0001), with fewer births and later ALR at later ages
at marriage (Fig. 2 B and C). Changes in the reproductive
practices over time were also remarkable, with earlier maternal
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Table 1 Definitions and characteristics of three reproductive phenotypes

Phenotype Definition Sample size Mean + SD Range

CFS*T Total number of births (liveborn and stillborn births were included) 353 7.14 + 3.11 births 1 to 17 births
Birth rate™* Number of births per year of marriage 459 0.53 + 0.14 births 0.21 to 1.05 births
ALR*" Age at which the wife had her last child 353 35.07 + 5.31 years  22.51 to 47.13 years

For all phenotypes we counted multiple births as one birth. There were 33 multiple births in our sample (32 twins, 1 triplet), 30 in completed families and 3

in incomplete families.

*Wife's age at marriage included as a covariate in analyses (mean 22.45, SD 2.62, range 17.57 to 35.15 years).
TWife’s birth year included as a covariate in analyses (mean 1950, SD 16.12, range 1899 to 1984).
*Number of years from marriage to last birth included as a covariate in analyses (mean 12.27, SD 5.31, range 0.78 to 25.86 years).

birth years associated with more births, higher rates of repro-
duction, and later ALRs (P < 0.0001; Fig. 2 D-F). Inclusion of
wife’s age at marriage and wife’s birth year as covariates in the
multivariate model assured that the residuals of the phenotypes
are independent of these demographic variables and pedigree
depth (see Methods and Figs. S1 and S2).

Birth rates are more variable in smaller completed families
(<7 children; Fig. 34). In larger families, however, higher
reproductive rates and less variation are observed. Similarly,
birth rates increase with increasing years of marriage (longer
reproductive period), particularly for larger family sizes (Fig.
3B). Neither wife’s age at menarche nor birth control use (ever)
was a significant predictor of any fertility measure in a subset of
399 and 456 couples, respectively, for whom this information was
available, and these covariates were not considered further.

Correlations between reproductive fitness traits are shown in
Fig. 4. CFS was correlated with the other two traits (r > 0.50; P <
0.0001). However, no correlation was observed between birth
rate and ALR (r < 0.10; P > 0.05), suggesting that two distinct
components of reproductive fitness are captured by these mea-
sures: one by the measures of CFS and ALR, which might reflect
the reproductive capacity of a couple, and a second by birth rate,
which might reflect reproductive success and/or gamete quality.

Heritability Estimates of Reproductive Fitness Traits. We estimated
heritabilities by using a variance-component, maximum-
likelihood method, developed for large, inbred pedigrees (20,
21), and evaluated models with autosomal additive, autosomal
dominance, and X-linked additive variance components, in
addition to an environmental variance component that included
a shared household effect (see Methods). The full and most
parsimonious models for each trait in women and men are shown
in Table 2.

CFS. In women, a model including X-linked additive and envi-
ronmental variance is favored the most [based on the Akaike
Information Criterion (AIC) score and likelihood ratio test], but
was only borderline significant compared with a model including
environmental variance only (P = 0.056), yielding narrow and
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Fig. 1. Family sizes of the Hutterite couples included in this study. Black bars
represent the sizes of completed families (n = 353; see Methods for the
definition of completed families); gray bars represent the sizes of incomplete
families (n = 112).
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broad heritabilities of 0.22. Inclusion of other variance compo-
nents in the model (autosomal additive, dominance and shared
household) did not contribute significantly to heritability of this
trait and was not favored statistically. In men, however, there was
significant heritability caused by both autosomal and X-linked
additive and dominance variances (P = 0.0006), yielding a
narrow heritability (44 + hZ) of 0.20 and broad heritability of
0.68. To address the possibility that the observed dominance
effect is caused by the shared household among brothers, we also
evaluated a model that includes a shared household variance
component in addition to a dominance variance component. The
contribution of shared household was not significant in the
presence of dominance variance.

Birth rate. Similar to the results of CFS, X-linked additive is the
main source of genetic variance for birth rate in women, yielding
narrow and broad heritabilities of 0.28 (P = 0.033). In men,
however, a model including all three genetic variance compo-
nents was favored (P = 0.021), giving a total narrow heritability
(hA + h3) of 0.21 and broad heritability of 0.54. Inclusion of a
shared household effect reduced the estimate for the dominance
variance slightly; however, this did not result in improvement in
the overall heritability model (based on the AIC score and
likelihood ratio test).

ALR. In both women and men, autosomal additive variance
accounted for all of the genetic variance of this phenotype, with
narrow and broad heritabilities of 0.23 in women (P = 0.019),
and 0.34 in men (P = 0.0001).

Discussion

Reproductive fitness traits are complex phenotypes influenced
by environmental and genetic factors and have been studied
extensively in both animal and human populations (2-8, 22).
Despite this fact the extent to which these traits are shaped by
genetic forces (or the nature of this action) in humans remains
controversial (e.g., refs. 1 and 23), mainly because of the
difficulties in disentangling the effects of shared social and
environmental factors from shared genes within human families,
and in assessing the true reproductive potential of the individ-
uals. We demonstrate here in a human population with equal
access to resources, shared cultural practices, and among the
highest fertility rates ever recorded (18), that both autosomal
and X-linked additive variances and autosomal dominance vari-
ance contribute to the genetic architecture of reproductive
fitness traits.

All of the traits considered in this study had significant narrow
and broad heritabilities in both women and men. In women, birth
rate had a significant X-linked additive variance, whereas ALR
had a significant autosomal additive component (Table 2),
consistent with the fact that ALR and birth rate are not
themselves correlated (r = 0.03; Fig. 4) and further suggesting
that they measure different components of reproductive fitness.
CFS in women, however, was only marginally heritable, with
possible X-linked additive variance. The smaller heritability
estimate for CFS indicates a larger role for nongenetic factors in
determining family size in women compared with either the rate
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Fig. 2. Correlations between fertility traits and their significant covariates (see Table 1 legend). Gray diamonds represent completed families, blue diamonds
represent incomplete families. Only traits for which the covariates were significant are shown. Pearson'’s correlation coefficient, r, is reported for each plot. (A)
Number of years from marriage until last birth was included as a covariate to correct for length of the reproductive period. (B and C) Wife's age at marriage was
included to correct for maternal age effects. (D-F) Wife’s birth year was included to correct for cohort effects (48).

of reproduction or the women’s ALR. This finding can be
interpreted in the context of Price and Schluter’s argument (8),
which posits that complex phenotypes are composite traits
determined by multiple phenotypes with less complex architec-
ture. In this example, birth rate and ALR can be considered
components of the composite traits of CFS. The heritability of
CFS would therefore include all of the environmental variances
affecting their individual components and additional environ-
mental variation, resulting in an overall greater proportion of
environmental variance, and thus, smaller heritability, contrib-
uting to the composite traits (8). In this respect, birth rate and
ALR can be viewed as independent fitness components contrib-
uting to family size, and the smaller heritability of CFS might be
the result of the cumulative and increased role of environmental
variances in this trait in women. The implication of X chromo-
some genes for birth rate and possibly for CFS is particularly
intriguing, given that the X chromosome is enriched for genes
associated with sexual development and reproduction (24). In
addition, determinants of ovarian function map to the X chro-
mosome, including genes for folliculogenesis, premature ovarian
failure, and infertility (for example, see refs. 25 and 26).

However, at least one variance component contributes signif-
icantly to all male fitness traits (Table 2). The heritability of ALR
was caused exclusively by autosomal additive variance, whereas
both autosomal and X-linked additive and dominance variances
contribute to genetic architecture of CFS and birth rate. It was
surprising to us that the wife’s ALR, which is highly correlated
with the husband’s ALR (r = 0.98), was heritable in men.
Although declines in sperm quality with age have been reported
(27), this decline has usually been attributed to environmental
causes, such as prenatal or postnatal exposures to hormones and
chemical compounds (refs. 28 and 29 and references therein),
and not generally to genetic factors. Our results suggest that
genetic factors directly contribute to the age-related decline in
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sperm quality in men, or they determine sensitivity to environ-
mental exposures that affect sperm quality.

It is challenging to partition the total genetic variance between
variance components, because the effects captured by one model
might possibly be confounded by another. In particular, one
could expect that the power to distinguish the effects of auto-
somal and X-linked additive genetic variances in females may be
low, because of their similar inheritance patterns. Likewise,
shared household effects might mimic dominance variance,
because dominance effects are largely driven by correlation
among siblings. Nonetheless, the unusually large Hutterite ped-
igree structure, and inclusion of all pairs of individuals who are
related to each other through multiple lines of descent, allows us
to estimate these effects simultaneously. In particular, the closed
nature of the Hutterite population and the small number of
founding genomes result in a nonzero probability of any two
individuals sharing both of their alleles identical by descent
(IBD) (30), a situation that would not be expected in many
human populations. For example, among the 107,880 pairwise
relationships between the 465 wives included in this study, there
are 313 sib pairs and 107,567 nonsib pairs with dominance
variance coefficients >0. Likewise, for 465 husbands, there are
493 sib pairs and 106,611 nonsib pairs with dominance variance
coefficients >0. The sheer number of nonsib relatives, each
contributing a small effect, allows us to differentiate between
dominance versus (nongenetic) household effects. Indeed, if
these two variance components were estimating the same effect,
the variance would be shared between them, and varying the
initial values for the maximum-likelihood procedure would alter
the distributions of the variance estimates between these com-
ponents. However, this was not the case; multiple iterations of
maximum likelihood with different starting points all converged
to the same estimates in our dataset. Therefore, the unique
Hutterite pedigree structure and the known relationships be-
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tween all individuals enabled us to separate effects caused by
autosomal and X-linked sources (as in female birth rate vs. ALR)
and caused by dominance and shared household (as in male CFS
and birth rate). However, precise quantification of the relative
contributions of all variance components to the overall pheno-
typic variance of these traits remains challenging, because the
increased number of parameters (hence, degrees of freedom) in
these tests results in larger estimates of the standard errors and
reduces the power to detect significant effects when all of the
possible components are included in the model simultaneously.

It is noteworthy that males have overall higher heritability for
reproductive fitness traits than females. This finding is also
consistent with results of our earlier study in the Hutterites, in
which the correlation between family sizes of a couple and their
sons was higher and more significant than the correlation
between family sizes of a couple and their daughters (16). This
result may be caused by the overall larger number of genes
involved in male compared with female reproductive processes
(31) and, therefore, their combined effects may account for more
of the observed phenotypic variation between the males. Alter-
natively, environmental factors affecting female fitness likely
differ from those affecting male fitness, which might result in
larger proportions of the total variance attributed to environ-
mental variance in women (32). In addition, the effects of genetic
models other than those considered here may contribute to
variation in fitness. In particular, our analyses focused on
male-specific and female-specific traits. We did not simulta-
neously consider partner effects, although parental combina-
tions of some genes, such as HLA, are known to influence
reproductive outcomes this population (33). It is possible, even
likely, that parental combination of other genes also contribute
to reproductive fitness in this population.

The results we report here are also consistent with previous
studies and evolutionary predictions in several respects. First, the
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narrow heritabilities we estimated for our reproductive fitness
traits compare well with those derived from studies of wild
animal populations (e.g., refs. 7 and 32) and preindustrial
humans (22). For example, narrow heritabilities for fitness traits
estimated in various animal populations are low, ranging be-
tween 0 and 0.30 (7, 32). Pettay et al. (22) studied fitness traits
in prelndustrlal Finns and were able to show significant narrow
heritabilities in women (4* = 0.18 — 0.76) for traits similar to
those considered in this study, although they did not estimate
dominance or X-linked variance components. However, their
heritability estimations were higher and more significant for
female traits compared with male traits. Such differences, how-
ever, are not necessarily unexpected given that the Pettay study
was conducted in individuals living in “premodern” conditions;
whereas the Hutterites in our study enjoy a modern lifestyle,
including access to 20th- and 21st-century health care, and
heritability estimates for the same traits are expected to differ in
different environments. Nevertheless, both studies suggest the
presence of significant heritabilities of reproductive fitness traits.
Second, traits closely associated with fitness are expected to
exhibit lower narrow heritabilities than morphological and phys-
iological traits [a common interpretation of Fisher’s fundamen-
tal theorem of natural selection (34)], and this prediction has
been supported by numerous comparative studies of heritability
estimates in animals (3, 7, 35). Even though it is beyond the scope
of this study to compare the heritabilities of fitness versus
nonfitness traits, we observed that the narrow heritabilities for
the reproductive fitness traits considered here (mean h* = 0.25,
range 0.20 to 0.34) are generally lower than the narrow herita-
bilities we previously reported for 20 quantitative physiological
and anthropometric traits (also with 51gn1ﬁcant genetic variance
components) in the same population (mean 4” = 0.47, range 0.16
to 0.81) (21). Last, our results also support theories that argue
for significant contributions of nonadditive genetic factors,
especially dominance variance, in the overall genetic architecture
of fitness traits (e.g., refs. 2 and 23), as observed in male CFS and
birth rate. Thus, these results are consistent with those of
Crnokrak and Roff (2) that showed the presence of significant
dominance components for fitness traits studied in wild animal
species. Our study further supports a role for dominance vari-
ance in the genetic architecture of fitness traits in humans and
suggests that ignoring nonadditive genetic variance components
may lead to significant underestimates of the total heritability for
fitness traits in natural populations.

The effects of a founder event and inbreeding on shaping the
genetic variance are also a subject of debate. Goodnight (36)
argues that founder effects may result in conversion of nonad-
ditive (i.e., epistatic) variance into additive variance. We do not
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L T

/

1\

=y

Table 2 Variance component and heritability estimates of the fitness traits in females and males

Estimate for variance components, SE

Heritability estimates, SE

Trait Model Environment Additive Dominance  X-linked additive hZ h% H? P value
Females
CFS E, A D, X 4.590 (1.807) 0.000 (1.161)  0.565 (2.211) 1.225 (1.703) 0.00 (0.18) 0.20 (0.23) 0.28 (0.26) 0.2911
E, X 5.054 (0.510) 0.699 (0.430) 0.22 (0.12) 0.22(0.12) 0.0559
Birth rate E, A D, X 11.665 (3.696)  0.000 (2.446)  0.000 (4.524) 2.218 (1.947) 0.00 (0.14) 0.27 (0.19) 0.27 (0.21) 0.2089
E, X 11.670 (1.061) 2.211 (0.988) 0.28 (0.10)  0.28 (0.10) 0.0330
ALR E, A, D, X 15.043 (5.984) 4.230 (4.056) 0.000 (7.347) 0.014 (2.504) 0.19 (0.21)  0.05 (0.24) 0.23 (0.28) 0.1392
E, A 15.049 (2.147)  4.305 (2.212) 0.23 (0.11) 0.23 (0.11) 0.0192
Males
CFS E, A D, X 1.822 (1.593) 0.624 (0.849) 2.783 (2.300) 0.534 (0.818) 0.11 (0.14) 0.09 (0.13) 0.68 (0.27) 0.0006
Birth rate E, A, D, X 6.512 (3.229) 1.841 (1.756)  4.724 (4.595) 1.075 (1.606) 0.13 (0.12) 0.08 (0.11)  0.54 (0.23) 0.0211
ALR E, A, D, X 12932 (4.888) 6.407 (3.005) 0.000 (6.703) 0.000 (1.062) 0.34 (0.14) 0.00 (0.10) 0.34 (0.24) 0.0009
E, A 12.933 (2.044)  6.407 (2.421) 0.34 (0.11) 0.34 (0.11) 0.0001

For each trait, a full model, in which all the variance components were tested simultaneously, are shown first; followed by the most parsimonious model (if
different from the full model) that captures the total genetic variance with the fewest variance components. P values are obtained by x? likelihood ratio test
against the model that includes environmental variance only. E, environmental; A, autosomal additive; D, dominance; X, X-linked additive variance components;
h3, narrow heritability caused autosomal additive effects; h%, narrow heritability caused by X-linked additive effects; H?, broad heritability.

know the extent to which epistatic interactions affects our
phenotypes; however, we think it is unlikely to be the case
because estimates of heritabilities for >20 physiological and
anthropometric traits in the Hutterites are quite similar to
estimations for those same traits in other populations (21, 30, 37,
38). If there was an inflation of the additive genetic variance
component caused by the Hutterite founding event, it should
affect traits broadly and not be limited to reproductive traits.
However, one could argue that because inbreeding increases the
frequency of homozygosity for recessive alleles and, hence, the
variation caused by these genes (39), our estimates of dominance
variance in the Hutterites could be inflated. However, herita-
bility estimates of nonreproductive traits in the Hutterites
showed significant contributions of additive variance to most,
and dominance variance to only a few, of those traits (21, 30, 37,
38). Therefore, we do not think that a systematic bias caused by
either a founder effect or inbreeding exists in this sample and
that the presence of dominance variance in the Hutterites
represents true nonadditive genetic effects on reproductive
fitness traits. Last, the Hutterite communal lifestyle results in a
remarkably uniform environment, particularly with regard to
sociocultural factors that affect family sizes, which likely maxi-
mizes the effects of genetic variance on phenotypic variance in
this population.

However, how genetic variation that influences human fertility
is maintained in a population over generations is an intriguing
question. It could be caused by pleiotropic effects of the con-
tributing genes, if an allele, or tightly linked variation that is
beneficial for reproduction has detrimental effects on other
physiological processes or at different stages of the lifecycle.
Such fitness tradeoffs are similar to those proposed in Williams’
antagonistic pleiotropy hypothesis (40). Alternatively, there may
be many genes influencing fertility, each with small effects and
individually contributing very little to overall fitness. In that case,
selection acting on individual genes may be too weak to drive
these alleles to fixation or elimination.

In summary, the correlations in reproductive fitness traits
revealed by this study reflect an underlying genetic architecture
of male and female fertility and indicate that these traits should
be amenable to genetic mapping studies to identify novel genes
influencing natural variation in reproductive fitness. As specific
fertility genes are identified, and their functions are elucidated,
it may be possible to directly examine how genetic diversity has
shaped variation in human fitness traits. Furthermore, we suggest
that more severe mutations in genes associated with normal vari-
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ation in fertility may also account for some proportion of infertility,
which is present in ~#10% of the general population (41).

Methods

Subjects. The Hutterites are a young founder population who originated in
the South Tyrol in the 16th century (19, 42). In the 1870s, ~900 Hutterites
migrated from Europe to the United States (19, 42), and today their >40,000
descendants live on communal farms (called colonies) in the northern United
States and western Canada. The subjects of this study are 525 Hutterite couples
living in South Dakota, all of whom can be traced back to 62 ancestors who
were born in the early 1700s to 1800s (43). The Hutterites in our studies are
related to each other through multiple lines of descent in a 13-generation
pedigree consisting of 3,028 individuals (20). The mean pedigree depth was
7.60 + 0.62 generations for the husbands and 7.68 + 0.62 generations for the
wives in our study.

The mean inbreeding coefficient of these individuals is 0.034 (SD 0.015),
approximately equivalent to that of first cousins once removed (1% cousins).
Despite this high level of inbreeding, the Hutterites are among the most fertile
human populations with relatively few (~2%) childless couples and small
interbirth intervals (18). Moreover, the Hutterites’ communal agrarian life-
style ensures that all individuals have similar environmental exposures and
equal access to resources. In particular, the limited use of contraception and
uniform desire for large families result in large sibships (e.g., see Fig. 1). Last,
the Hutterites are strictly monogamous, although second (or third) marriages
occur after the death of a spouse. These unique features make the Hutterites
ideally suited for genetic studies of fertility, because their family sizes and
rates of conception may reveal the true human reproductive potential (18).

Sample Composition. We obtained birth, death, and marriage dates from
records compiled by the Hutterite ministers. In addition, reproductive history
interviews were conducted in person by C.O. with 525 ever married women
during field trips to Hutterite colonies between 1982 and 2007 (33, 44, 45). All
births were updated to at least 2002 for these women. These interviews
elicited information on births, miscarriages (approximate dates and gesta-
tional ages), infertility (>1 year inability to conceive or use of infertility
treatment), birth control use (type, dates, and duration), ages at menarche
and last menses, surgical sterilization, medication use, and maternal illnesses
that could affect fertility. Of the 525 interviewed couples, 60 couples were
excluded from this study for one of the following reasons: the couple was
childless or conceived after treatment for infertility (n = 20), conception
before marriage (the first child was born before or within 28 weeks after the
marriage; n = 30), medical conditions in the wife could have limited her
fertility (Rh incompatibility, severe arthritis, severe depression, ovarian can-
cer, and ovariectomy; n = 7), or incomplete information for the couple (n = 3).
The remaining 465 couples were considered for the analyses of male and
female reproductive traits.

The wives represented 267 full sibships and one half sibship (sisters having
the same father but different mother); the husbands represented 212 full
sibships and one half sibship (brothers having the same father but different
mother). Three wives and seven husbands included in this study reported a
second marriage. However, in six of these cases (two women and four men),

Kosova et al.



the subjects had completed their families (see below) in their first marriage
and did not have any children with their second spouses. In those cases, only
the first marriages were considered. One woman had children in two mar-
riages. Only the data on her first marriage were used, but her family size was
considered incomplete. For the remaining three men, reproductive history
interviews were available for their second wives only; therefore only the data
on their second marriages were used, but these three men were excluded from
the analyses of CFS. Because our studies in the Hutterites are population-based
and participation within each colony was high (>95%), there are no known
ascertainment biases that could affect the interpretation of our results.

Measures of Reproductive Fitness. The definitions of the reproductive fitness
measures considered in this study are shown in Table 1. We defined families
as “completed” if either the wife was >45 years of age and was not widowed
before then, or the couple had not had a child in >6 years (n = 353). For birth
rate, we first determined total interbirth interval for each couple having two
or more children. Birth rate is then calculated as [(the number of births —
1)/(total interbirth intervals)]. Six couples had only one child at the time of the
analysis and were therefore excluded from the analyses of birth rate.

For all fitness traits, we fit a multivariate linear regression model and
included as covariates the wife’s age at marriage to correct the maternal age
effects (Fig. 2 B and C) and wife’s birth year to correct for the demographic
changes in reproductive behaviors (Fig. 2 D-F) and pedigree depth (Fig. S2).
Because there is a high correlation between the wife’s age and husband’s age
in our sample (r = 0.98), we used only the wife's age in our analyses of both
male and female fertility. In addition to these two covariates, number of years
from marriage to last birth was also included for the analyses of birth rate to
correct for the length of the reproductive period. Residuals of all of the traits
were normally distributed.

Estimating the Heritability of the Reproductive Fitness Traits. We considered
male and female fertility separately because of the prior expectation that
different biological processes influence natural variation in fertility between
the sexes (31). Furthermore, because the wife in each couple has different
degrees of relatedness to all other Hutterites than the husband of each couple,
the heritabilities can be estimated independently for males and females.
Heritabilities were estimated by using the 3,028-person Hutterite pedigree,
using a variance component, maximume-likelihood method, as described (20).
Briefly, we modeled each phenotype as a multivariate normal, with mean Xp
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and covariance X, where X is a matrix of covariates and g is a vector of effect
sizes. The matrix  is given by £ = 2,062 + Ao + 2®,02 + Ho? + 62, where @, and
®, are the autosomal and X-linked kinship coefficient matrices, respectively, A is
the probability of individuals sharing two alleles IBD, and H and | are the shared
household and identity matrices, respectively. Environmental and “shared
household” variance components were considered for modeling the non-
genetic effects; autosomal additive, autosomal dominance, and X-linked addi-
tive variance components were considered for modeling the genetic effects.
Estimations of variance component parameters for the genetic effects are
explained in detail elsewhere (20, 21). To estimate shared household effects, we
created a matrix such that full and half-sib pairs were scored as 1, and all other
pairs were scored as 0. We considered full and half-sibs equivalent for the
purpose of this analysis because full sibs and half sibs are raised in the same
household. There was only one family with half sibs in our study.

For each fertility trait, we fit environmental, autosomal additive, X-linked
additive, and dominance variance components simultaneously. The traits for
which the dominance variance was significant were also evaluated with
models thatincluded a shared household variance component. In addition, we
evaluated reduced models for each trait, by excluding the nonsignificant
variance components from the model, to obtain a more precise estimate of the
significant components. Different variance component models were com-
pared based on their AIC and Bayesian Information Criterion scores (46, 47),
and the model that captured the most variance with fewest variance compo-
nents was reported as the most “parsimonious” model (Table 2). Autosomal
and X-linked narrow heritabilities (h, h?) were calculated for all models as
hZ = (1 + f.)ValVr and h2= (1 + f)Vs/Vi, where f is the autosomal or X-linked
average inbreeding coefficient of the population, and V,, Vi and V; are the
autosomal additive, X-linked additive and total phenotypic variances, respec-
tively. Last, broad heritabilities (H?) were calculated as H? = 1 — [(V + Ve)/V4],
where Vs is the variance caused by shared household effect, when included. P
values were calculated by y? likelihood ratio test against the model including
environmental variance only. Using this method previously with >20 quanti-
tative traits, we have shown that heritability estimates for anthropometric and
physiologic phenotypes in the Hutterites are similar to estimates in other
populations (21, 30, 37, 38).
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