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Abstract

The idealized “normal” menstrual cycle typically comprises a coordinated
ebb and flow of hormones over a 28-day span with ovulation invariably
shown at the midpoint. It's a pretty picture—but rare. Systematic studies
have debunked the myth that cycles occur regularly about every 28 days.
However, assumptions persist regarding the extent and normalcy of varia-
tion in other cycle biomarkers. The processes of judging which phenotypic
variants are “normal” is context dependent. In everyday life, normal is that
which is most commonly seen. In biomedicine normal is often defined as
an arbitrarily bounded portion of the phenotype's distribution about its sta-
tistical mean. Standards thus defined in one population are problematic
when applied to other populations; population specific standards may also
be suspect. Rather, recognizing normal female reproductive biology in
diverse human populations requires specific knowledge of proximate mech-
anisms and functional context. Such efforts should be grounded in an
empirical assessment of phenotypic variability. We tested hypotheses
regarding cycle biomarker variability in women from a wealthy industrial-
ized population (Germany) and a resource-limited rural agropastoral popu-
lation (Bolivia). Ovulatory cycles in both samples displayed marked but
nonetheless comparable variability in all cycle biomarkers and similar
means/medians for cycle and phase lengths. Notably, cycle and phase
lengths are poor predictors of mid-luteal progesterone concentrations.
These patterns suggest that global and local statistical criteria for “normal”
cycles would be difficult to define. A more productive approach involves
elucidating the causes of natural variation in ovarian cycling and its conse-
quences for reproductive success and women's health.
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1 | INTRODUCTION

Two major reasons for investigating the extent and cau-
ses of variation in human biology are How do we identify
dysfunction? and How do we interpret biological differences
within and between populations?

The first question is more often the focus of bio-
medicine, reflecting its core mission to improve human
health. The second is a foundational motivator for bio-
anthropology, which seeks to understand the evolution
and adaptations of our highly polytypic species. Although
somewhat divergent in aims and methods, both intellec-
tual arenas grapple with the general question of What is
normal? and apply their answers to better the lives of
humans in the present and to better understand the lives
of those in the past.

To achieve such goals, Western scientific tradition
often dichotomizes otherwise continuous phenotypic var-
iability into normal versus abnormal. This approach is
historically rooted in Descartes’ (1637) influential concep-
tualization of the body as a well-tuned machine, neces-
sarily invariant in the form and coordination of its
components. Variants not meeting the criteria for
“normal” are classified as pathologies requiring medical
intervention. Such criteria for hormones and other bio-
markers typically involve the designation of upper and/or
lower thresholds outside of which the biomarker is con-
sidered abnormal (see Vitzthum, 2020; Wiley, 2021 for
further discussion).

The inherent challenges, even arbitrariness, of dichot-
omizing continuous variation in a biomarker is illus-
trated by the continuing debates over defining biomarker
thresholds for identifying luteal phase deficiency/defect
(LPD) and whether LPD even exists as a pathology war-
ranting medical intervention (Abdulla et al., 2018; Chung
et al., 2018; Mesen & Young, 2015). LPD, defined by Geo-
rgeanna Jones (1949) based on several biomarkers, is
characterized as insufficient progesterone production for
endometrial development and successful implantation.
Over the course of many decades several studies have
concluded that criteria for LPD are inadequate in one
way or another for definitively identifying LPD cases.
Collectively, these findings prompted The Practice
Committee of the American Society for Reproductive
Medicine (2012, 2015) to state, “No minimum serum pro-
gesterone concentration defines ‘fertile’ luteal function”
and “LPD, as an independent entity causing infertility,
has not been proven.” Nevertheless, noting the impor-
tance of progesterone in successful pregnancy, there
remain many thoughtful dissenters from this opinion;
progesterone supplementation has long been and still is a
treatment for women given a diagnosis of LPD (Mesen &
Young, 2015).

Normalizing the familiar, and hence pathologizing
(or at least “othering”) the unfamiliar, is arguably a com-
mon process across human cultures. In her consideration
of what “normal” means, Mead (1947) proposed that “...
the statistically usual is identified with the basically
human...”, that is, the most commonly observed pheno-
types in one's own population are equated with “normal”
human bodies and behaviors. Wiley and Cullin (2020)
have elaborated on this point, developing a novel frame-
work (Biological Normalcy) for investigating the inter-
play between normative (sociocultural) views of normal
bodies and statistical distributions of biological traits (see
the contributions to this special issue).

Biomedical and bioanthropological research on men-
strual cycling overlap and diverge in interesting ways that
exemplify how normative views influence our under-
standing of the human female body. For more than
130 years, physicians and gynecological researchers,
almost all in North America and Western Europe, expe-
nded considerable effort on documenting and debating
the normal duration and predictability (“regularity”) of
menstrual cycling in their fellow country women
(Vitzthum, 2009). For much of that time, it was the
implicit assumption of such work that the physiology of
these women is necessarily that of the entire species.

In contrast, with Washburn's (1951) call for the inte-
gration of evolutionary theory into the study of human
biology, bioanthropology began to shift its mission from
merely measuring and classifying humans to interpreting
biological variation as potential adaptations to local envi-
ronments. Studies of human biological, behavioral, and
cultural adaptations, undertaken in diverse populations,
revealed marked variation in numerous traits. Any
attempts to define normal took a backseat to understand-
ing how a phenotype contributes to an individual's ability
to “surmount the challenges to life” (Lasker, 1969;
Mazess, 1975; Thomas et al., 1989); also see (Leslie &
Little, 2003; Vitzthum, 2008). The coin of this realm is a
specific phenotype's fitness (lifetime reproductive success
[LRS]), not where it falls in either a local or global statis-
tical distribution of the trait.

Nonetheless, it was not until the final decades of the
twentieth century that substantial data on ovarian func-
tioning in women from nonindustrialized, natural fertil-
ity (i.e., noncontracepting) populations became available
(Ellison et al., 1986; Jasienska & Ellison, 1998; Johnson
et al, 1987; Konner & Worthman, 1980; Leslie et al.,
1993; Leslie et al., 1996; Leslie & Fry, 1989; Panter-Brick
et al., 1993; Strassmann, 1996a, 1997; van der Walt et al.,
1977; Vitzthum, 2001a; Vitzthum et al., 1994; Worthman
et al., 1993).

The delay is attributable, in part, to the technological
and logistical challenges of investigating the reproductive
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physiology of populations in remote locales (Leslie &
Little, 2003; Vitzthum, 2021). Furthermore, in the natural
fertility populations in which anthropologists typically
work, a large segment of the fecund women of reproduc-
tive age are either pregnant or breastfeeding, and thus
not experiencing menstrual cycles. This reproductive
reality creates a significant selection bias. Not only are
there fewer women who can provide data on menstrual
cycling, these women are more likely to be the youngest,
the oldest, and the least fertile.! Hence menstrual cycling,
and the associated biomarkers, in the available cycling
women may not reflect the breadth of cycle biology in
the study population.

Depending on the research question, one solution to
this challenge is to collect data from each willing woman,
recruited regardless of her current cycling status. This
strategy was successfully used to test hypotheses regard-
ing menstrual hut visits and menstrual cycling in the
Dogon (Strassmann, 1996a, 1997) and to investigate rates
of pregnancy loss in Turkana (Leslie et al., 1993, 1996)
and Bangladeshi populations (Holman, 1996; Holman &
Wood, 2001).

If the goal is unbiased determination of ovarian cycle
hormone concentrations, then each premenopausal
woman, recruited regardless of cycling status, must be
followed until she has completed one or more cycles dur-
ing which there is collection of hormonal (e.g., progester-
one) and nonhormonal (e.g., menses onset) biomarkers.
By adding a biomarker of conception (a urine test for
hCG), it is also possible to ascertain whether and how
conception cycles differ from nonconception cycles.
Although there have been such longitudinal studies in
industrialized populations (beginning with Baird et al.,
1991), to the best of our knowledge only a single study
has collected such longitudinal data from a non-
industrialized population, Project REPA (Reproduction
and Ecology in Provincia Aroma). Over the course of
2 years, 316 rural Bolivian women participated for up to
8 cycles of biospecimen sampling to measure progester-
one and detect conceptions, which were then followed
through to either natural pregnancy loss or full-term
birth.

The data from Project REPA demonstrated that these
Bolivian women successfully conceived at progesterone
levels only about two-thirds as high as the progesterone
levels of US women (Vitzthum et al., 2004). In other words,
contrary to an appearance of subfecundity in comparison to
US women, the progesterone levels in this population are
clearly normal in terms of adequate function and repro-
ductive fitness. This finding refutes the assumption that
the relatively high levels of progesterone characteristic of
US women are necessary for the successful production
of a human offspring and are therefore an appropriate

standard against which to evaluate ovarian steroid con-
centrations in other populations.

11 |
cycles

Defining ‘“normal” menstrual

More generally, the results from Project REPA and other
studies prompt the question, How do we recognize normal
female reproductive biology in diverse human populations?

The specific context motivating this question guides
the possible answers. Health care providers need to rec-
ognize pathology and to treat it, and human biologists
need to differentiate adaptive phenotypes and correctly
characterize the nature of the evolutionary processes that
have shaped our species. In everyday life the most com-
monly seen phenotypes are understood to be normal
(Mead 1947). In biomedicine normal is often equated
with healthy, which the World Health Organization
defines as “a state of complete physical, mental and social
well-being and not merely the absence of disease or
infirmity.” It is difficult, arguably impossible, to either
achieve or operationalize this ideal. Bodies malfunction
for various reasons. No complex organism is likely to
function at peak performance (however operationalized)
throughout an entire lifespan, even in the very best of
conditions. It's neither useful nor informative to restrict
“normal” to only those phenotypic variants achieving
peak performance and to label all other variants as “not
healthy” or “abnormal.”

In contemporary evolutionary sciences, the concept of
normal is informed by the theories and evidence of adap-
tation. Adaptive phenotypic variants are those that have
the relatively highest LRS in the local environment. Com-
paring LRS of phenotypic variants is one option for judg-
ing what is normal. There are, however, some challenges
in this approach.

Higher LRS need not be associated with the healthiest
persons in a population. Investment in offspring typically
comes at a cost to self. Any organism is a compromise,
the result of evolutionary processes and proximate factors
acting on the array of morphological, physiological and
other traits composing the individual. It is thus impossi-
ble to maximize the performance of all these traits.
Trade-offs in performance are inevitable; the dynamic
interaction of these trade-offs, for the most part unknown
to us at this time, contribute to an individual's LRS.
Furthermore, measuring LRS is difficult, especially in a
species that lives for many decades during which a given
phenotypic state may appear to be nonadaptive in the
present moment but is, in fact, adaptive by virtue of
having contributed to relatively higher lifetime RS. For
example, although anovulation is an outcome of some
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pathologies, anovulation when breastfeeding (lactational
amenorrhea) is a mechanism that increases LRS and is
therefore rightly considered adaptive (and normal). Thus,
whether anovulation itself is normal cannot be judged
independently of a functional context. Although physio-
logical phenotypes are especially susceptible to misinter-
pretation when attempting to distinguish adaptive/
normal from nonadaptive/abnormal, such a distinction is
a pervasive problem for most phenotypes. Nonetheless,
even if its measurement is difficult, LRS is a plausible
criterion for identifying normal phenotypes, with the
caveat that relying on LRS may not serve biomedicine's
mission to identify and eliminate pathology.

Another approach for recognizing normal phenotypic
variation is to focus on the specific proximate mecha-
nisms and functions associated with a given phenotype
(Vitzthum, 2020). The yardstick for normal is thus shifted
from concerns with statistical distributions and debates
over appropriate standards to ascertaining the various
pathways, signals, and responses that are determinants of
how the phenotype operates in the body of which it is
a part.

It is worth reminding ourselves that a “phenotype” is
defined by investigators. Our own predilections for what
to measure bias our observations and our conclusions.
The study of luteal-phase progesterone concentrations is
telling on this point. Given the role of progesterone in
pregnancy, it is reasonable to posit the hypothesis that
the amount of progesterone produced during a cycle is an
important determinant of fertility. If so, it follows that a
cycle with low progesterone levels may be less fertile than
those with higher levels; the same may be said for
populations with lower average progesterone levels.
However, if empirical evidence that such cycles and
populations are not in fact less fertile, then the hypothe-
ses must be re-examined.

Rather than the absolute quantity of progesterone,
perhaps it is the change in progesterone concentration
that is the biologically salient phenotype (Vitzthum,
2020). This hypothesis is consistent with the evidence
that prompted The Practice Committee of the American
Society for Reproductive Medicine (2012, 2015) to con-
clude that LPD as defined was not a cause of infertility
and the finding that rural Bolivians have a high total fer-
tility rate despite having some of the lowest progesterone
levels. Given the limits of our knowledge of the mecha-
nisms underpinning human reproductive functioning, it
is likely that various commonly measured biomarkers of
the menstrual cycle are red herrings—we measure them
because we can rather than because of any known mech-
anistic or adaptive function.

Although determining LRS or untangling proximate
mechanisms can be formidable, these are more productive

approaches than comparing diverse populations to the sta-
tistical distribution of a phenotype in some designated pop-
ulation, particularly if chosen for reasons of familiarity
and/or the accidents of history. Taking the tack that each
population has its own normal (i.e., distribution) and then,
as before, binning continuous variation into categories
based on arbitrary thresholds carries the limitations noted
previously for this approach and does not necessarily
address the questions of interest. The prevalence of pathol-
ogy and the tradeoffs among functions likely do differ
across populations. Assuming that the statistical mean and
an arbitrarily selected distribution about the mean is
“normal” may fail to recognize these patterns and processes.
Recognizing normal by investigating LRS and/or proximate
mechanisms is also better aligned with the push for
evidence based medicine in the health fields and for dis-
carding “just so stories” in the evolutionary sciences in
favor of testable hypotheses (Bateson & Laland, 2013;
Tinbergen, 1963; Vitzthum, 2020; Williams, 1966) .

1.2 | Investigating menstrual cycle
variability

Studies of LRS and of proximate mechanisms are ideally
grounded in an empirical assessment of variability in a
specified phenotype. Without such data there is a ten-
dency in actual practice to fall back on the everyday con-
cept of normal—that which is commonly seen and
measured—with all its attendant limitations. Identifying
and quantifying the patterns of phenotypic variation
within and between populations is key to pinpointing the
causes and consequences of this variation.

To this end, we have tested hypotheses regarding vari-
ability in menstrual cycling with data from two very dif-
ferent populations. The cycle biomarkers selected for our
analyses have been widely used to characterize ovarian
cycles and, in some instances, to distinguish purportedly
abnormal/dysfunctional cycles. The hypotheses that we
test reflect some commonly held implicit and explicit
beliefs of “normal” menstrual cycling that have
influenced interpretations of within and between popula-
tion variation in cycle phenotypes.

Virtually every depiction of the menstrual cycle,
whether in medical texts and adorning the walls of health
care facilities or in less technical writings and websites,
shares an idealized vision of the ebb and flow of “female”
hormones over a 28-day span. Ovulation is invariably at
the midpoint, neatly halving a 4-week cycle into follicular
(preovulatory) and luteal (postovulatory) phases. It's a pretty
picture—symmetrical, rhythmic, predictable—and rare.

This flawed portrayal is the referent for millions of
girls and women, serving in effect as the most commonly
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observed menstrual phenotype in those populations in
which biomedicine is widely practiced. Unlike readily
visible phenotypes, populational variability in menstrual
cycling is mostly hidden from view in everyday life.
Because otherwise invisible hormones are made manifest
in these drawings, a veil appears lifted. But lacking any
indicators of biological or statistical variability, the
depicted statistical norm (mean, median) for features of
the cycle becomes the normative (the culturally accept-
able phenotype). Since most women do not always have
28-day cycles, curiosity and concern may prompt ques-
tions. “Am I normal?” “How abnormal am I?” When
normal is narrowed to the statistical mean, the judged
“other” is likely to include the self. Likewise, focusing on
differences in population means for a phenotype without
considering the overlaps in the distributions lends itself
to questioning the normalcy of populations that differ
from an assumed standard.

The veracity or not of such assessments requires
documenting and comparing variation in cycle bio-
markers across samples representing various populations
and subpopulations.

Cycle length (duration in days) is the most studied
feature of the menstrual cycle. Bookended by the first
day of menstrual bleeding, menses can be recorded on a
calendar or other device and the days counted (Vitzthum,
2021). Several studies (Creinin et al., 2004; Jukic et al.,
2008) have reported various biases in recalled cycle
length and variability (also referred to as predictability or
regularity) including a preference for reporting 28 or
30 day lengths, which would tend to give the impression
of less cycle variability than actually exists. Nonetheless,
more than a century of recorded data collection and
debate has produced the consensus opinion that marked
variability in cycle length is, in fact, common and normal
(i-e., not pathological). For example, the International
Federation of Gynecology and Obstetrics (FIGO) classi-
fied cycles 24 to 38 days long as “normal” (Fraser
et al., 2011) and, based on their analyses of a multi-
decade longitudinal data set from US women, Harlow
et al. (2000) recommended defining “standard” cycles as
those from 18 to 40 days long.

Cycle length is properly seen as a biomarker rather
than as an intrinsic attribute of ovarian functioning.
Cycle length itself does not have an inherent biological
significance; rather, length in days is a perceived feature
of the cycle that can be defined and measured. Identical
cycle lengths can result from a wide combination of fol-
licular and luteal phase lengths. By inference, it is likely
that identical cycle lengths are associated with marked
variation in reproductive physiology including ovarian
hormone levels.

Intriguingly, the recognition of marked natural (and
normal) variation in cycle length has not been accorded
to the evident variation in cycle hormones. This differ-
ence in perspective is likely due, in part, to the recency of
our ability to measure hormones in biosamples (blood,
saliva, and urine) collected frequently over the course of
a cycle (Vitzthum, 2021). With continuing technological
advancements comes the acquisition of more data and
the growing recognition that there is much more hor-
monal variation than previously appreciated. It must be
kept in mind, however, that although hormonal measure-
ments are more direct biomarkers than cycle length of
the underlying ovarian physiology, these hormonal mea-
surements are nonetheless still proxies for physiological
processes, the full complexity of which we are only begin-
ning to grasp (Prior, 2020).

Although groundbreaking, early studies of ovarian
steroid hormones (progesterone, estrogens) relied on
small samples and/or on assaying only a few blood sam-
ples from each participant, in some cases collecting
samples without regard to cycle day or only timed to the
preceding first day of menstrual bleeding. There was at
that time less appreciation for the full extent of cycle vari-
ability and, in any case, serial daily blood sampling for a
full cycle is prohibitively expensive and demanding for
researchers and study participants alike.

Pioneering cross-population comparisons of ovarian ste-
roids sought to evaluate hypothesized links between these
hormones and the risks for breast and other cancers. In
general, these studies found lower mean concentrations of
ovarian steroids in Asian compared to US and U.K. “white”
populations (Dickinson et al., 1974, MacMahon et al., 1974,
Trichopoulos et al., 1984, Bernstein et al., 1990, Key et al.,
1990, Shimizu et al., 1990, Wang et al., 1991). There was lit-
tle, if any, suggestion in the published literature from these
epidemiological studies that the relatively lower hormone
levels observed in the Asian samples were anything other
than “normal” (e.g., that the hormone levels might be dys-
functional or could cause population differences in fertility).

The first anthropological study of ovarian hormones
in African populations also observed lower concentra-
tions compared to those observed in European and US
samples (van der Walt et al. 1977). However, these inves-
tigators explicitly argued that the lower concentrations
were indicative of lower fecundity and were perhaps evo-
lutionary adaptations to energetic stress. Their interpreta-
tion reflects both a biomedical lens that equates low
ovarian steroid levels with dysfunction/pathology and an
evolutionary lens that argues that even seeming impair-
ment (e.g., lower fecundity) may be adaptive.

Community-based studies of complete cycles in large
samples became feasible with the development of assays
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for the measurement of unbound steroids in saliva sam-
ples and steroid metabolites in urine samples. Measure-
ments in urine and saliva are reasonably reliable
biomarkers for luteal-phase progesterone concentrations
in serum (considered the gold standard for endogenous
hormone levels) (reviewed in Vitzthum, 2021). Because
of differences in assay protocols and laboratory condi-
tions, there are likely to be differences across laboratories
in their measurement of the absolute concentration of a
given analyte in a specific sample even though each assay
is a demonstrably reliable biomarker (Dabbs Jr et al.,
1995). Nonetheless, different assays can be expected to
show comparable variability in progesterone concentra-
tion across a longitudinal series of samples from a single
individual because each biomarker is co-varying with the
same changes in endogenous physiology. In our analyses
we are thus able to take advantage of these relationships
to evaluate similarities and differences in variability in
progesterone biomarkers in our German and Bolivian
study samples.

2 | STUDY HYPOTHESES

Our study hypotheses test the common (but generally
unstated) assumptions that a “normal” menstrual cycle
occurs on a reasonably predictable schedule with ovula-
tion at the midpoint of the cycle and hormonal changes
occurring in a predictable rhythm in concert with the
timing of menses and ovulation.

As discussed earlier, one feature (cycle length) of this
idealized version of the cycle has been extensively studied
and shown to be far more variable than is widely appreci-
ated. Nonetheless, the myths regarding cycle length
persist and these myths, in fact, underpin a substantial
amount of research in many fields including biomedicine
and evolutionary sciences.

To test our hypotheses, we used data from our studies
of German and rural Bolivian women, chosen because
Germany is a wealthy industrialized country with univer-
sal health care and Bolivia's rural population is resource
poor with, at the time of the study, among the highest
fertility and mortality rates in the Western hemisphere.
Also, as noted earlier, the longitudinal study design in
Project REPA reduced selection bias, thereby producing a
study sample of cycles representative of this population.

The selected biomarkers included cycle length, follic-
ular and luteal phase lengths, progesterone concentration
during its luteal peak, and late luteal duration (bio-
markers are defined under Methods below).

Our first null hypothesis is that, absent strong
evidence to the contrary, within population variability in
a phenotype (in the present case, a cycle biomarker) is

about the same across populations. This expectation
is predicated on a century's worth of data that variation
within human populations is often greater than
variation between populations (that is, most of the total
variation is within rather than between populations, a
reflection of our species’ shared biology). This pattern is
demonstrable for numerous traits spanning the mole-
cular to the morphological, and has been observed in an
impressive variety of organisms (e.g., Hunley et al., 2016;
Lewontin, 1972; Relethford, 2002).

Our second null hypothesis is that the covariance of
an index of mid-level progesterone concentration to the
length (in days) of the entire cycle, the follicular and
luteal phases, and the late luteal duration is about the
same in both populations. This hypothesis derives from
the finding that the cycles of Bolivian women are fecund
even though the progesterone levels are lower than those
observed in a sample of US women. Since the observed
progesterone levels in both samples are functionally suffi-
cient for reproduction, the covariance of progesterone
levels to other cycle biomarkers is not expected to differ
between the Bolivians and Germans.

Our third null hypothesis is that cycle length is an
equally poor predictor of mid-luteal progesterone concen-
tration in both study populations. As previously dis-
cussed, cycle length itself does not have an inherent
biological significance. Identical cycle lengths can result
from a wide combination of follicular and luteal phase
lengths. By inference, it is likely that identical cycle
lengths are associated with marked variation in reproduc-
tive physiology including progesterone concentrations
(i.e., the covariance is poor). This pattern is expected to
be comparable across populations.

It is not our intention, nor would it be wise, to exam-
ine every possible cycle biomarker that could be defined
from the observed data. Multiple statistical testing runs
the risk of producing spurious significant outcomes by
chance alone. Therefore, our selection of biomarkers for
the present analyses is not exhaustive but rather is
intended to reflect a few of the more common implicit
assumptions about cycle physiology, particularly as
regards variation in cycle and phase lengths, and the rela-
tionships between these biomarkers and progesterone
concentrations (see [Harris & Vitzthum, 2013; Vitzthum,
2009] for additional discussion).

3 | METHODS

3.1 | Analytical variables

Following common practice, cycle length was defined as
the total number of days from first day of menstrual
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bleeding up to and including the day before the first day
of bleeding of the subsequent cycle. Follicular phase
(i.e., time to ovulation) was defined as the first day of
menstrual bleeding up to and including the day before
ovulation. Luteal phase was defined as the day of ovula-
tion up to and including the cycle's last day. Late luteal
duration was defined as the number of days from
observed progesterone peak up to and including the last
day of the cycle.

For each cycle, serial hormone concentrations were
aligned on the first day of the subsequent cycle
(=reverse-day,) and cycle days were numbered in reverse
order (—1, —2, —3 ...) until the cycle's first day of men-
strual bleeding. Hormone indices (H, referring to salivary
progesterone (P4) in the Bolivian sample and urinary
pregnanediol glucuronide (PdG) in the German sample)
were defined as (| of H from dayy to dayy)/(day, — dayy),
where x to y is any span of days and H at any time is
defined by linear interpolation of the observed H mea-
surements. For these analyses, the defined index for
luteal phase H was mean-peak-H (x = day of peak luteal
H — 2.5, y=day of peak luteal H + 2.5) (Vitzthum,
2021; Vitzthum et al., 2004).

Crude ovulation rate (ovulatory cycles/total cycles) was
calculated for the Bolivian and German samples. In each
sample, total cycles include all cycles for which a determi-
nation of ovulatory or anovulatory could be made according
to the criteria given below. Cycles in which a conception
was detected are included in the count of ovulatory cycles
for calculation of ovulation rate. Conception cycles are not
included in the analyses for other biomarkers because con-
ception causes changes to the hormonal profiles distinct
from those in nonconception ovulatory cycles. Because up
to 8 cycles were collected from each Bolivian woman, there
is some selection bias towards a lower estimate of the crude
ovulation rate (i.e., women who are more likely, for what-
ever reason, to experience anovulation will not become
pregnant and therefore will disproportionately contribute
more cycles to the sample).

3.2 | German study

All study protocols were approved by the Institutional
Review Board at Indiana University, and all participants
gave informed consent. Healthy participants were rec-
ruited from Leipzig, Go6ttingen, Potsdam, and Hannover,
Germany, during 2008 through posted notices and by
word of mouth. The study sample (n = 63) comprised
nonpregnant premenopausal German adults who had
not used hormonal contraception for at least 3 months
prior to study, had never had any hormonal medical
treatments, and were not following any special dietary
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practices or physical training regimens. Beginning the
day after menstrual bleeding started and continuing
through at least the first day of menstrual bleeding of the
subsequent cycle, each woman self-collected and froze
(£ =5°C) daily first-morning urine samples stored in
polypropylene tubes. Samples were then transported with
ice packs to the laboratory where they were stored at
—80°C until assayed for pregnanediol glucuronide (PdG,
the principal urinary metabolite of progesterone) with a
direct microtiter plate enzyme immunoassay (Heistermann
et al.,, 1993; Meyer et al., 1990). PAG concentrations were
standardized by creatinine [Cr], expressed as ng PdG/mg
Cr. Inter-assay coefficients of variation were 11.7 and 11.4%
for high- and low-value quality controls respectively. Intra-
assay coefficients of variation were 10.1 and 7.8% for high-
and low value quality controls, respectively (see Milich
et al. (2015) for additional details).

The occurrence and timing of ovulation was determined
by a sustained rise in PdG of 2 standard deviations above
the mean of the previous three to five values (following
Deschner et al. (2003)). Cycles in which (mean-luteal-PdG)
< 2(mean-follicular-PdG) were designated anovulatory and
excluded (n = 5); 1 ovulatory cycle in which luteal phase
sample collection was inadvertently truncated was also
excluded. Other than the calculation for ovulation rate, the
final sample for the analyses presented here is 57 complete
ovulatory cycles from 57 German women aged 22-41 years;
mean (SD) = 30.0 (4.8) years; median = 29 years.

3.3 | Bolivian study

All study protocols were approved by the Institutional
Review Board at the University of California, Riverside,
and all the participants gave informed consent. The data
for the present analyses are from Project REPA
(Vitzthum et al., 2004; Vitzthum et al., 2006). The study
sample comprised premenopausal Bolivian adults who
had never used hormonal contraception nor any hor-
monal medical treatments, and were not following any
special dietary practices or physical training regimens.
All of the women lived in rural communities primarily
dependent on agropastoralism; seasonal variation in
arduous physical labor and food supplies is common
(Vitzthum et al., 2009). To avoid the potential selection
that can occur in natural fertility populations if only
those who are currently menstruating were to participate,
women were recruited without regard to breastfeeding or
menstrual status. Breastfeeding/nonmenstruating women
contributed infant feeding and other data. With the initi-
ation of the first postpartum menses, they then also
followed the same data collection protocols as all other
menstruating study participants (Vitzthum et al., 2000;
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Vitzthum et al., 2001). Of 316 study participants (approxi-
mately 80% of the eligible residents in the study region),
191 contributed data on their menstrual cycles.

Beginning shortly after menstrual bleeding started
and continuing through to at least the first day of men-
strual bleeding of the subsequent cycle, saliva samples
were collected from a woman in polypropylene tubes
(containing sodium azide as a preservative) thrice weekly
by a research assistant during a home visit. Samples were
subsequently shipped to a US laboratory where they
were stored at —20°C until assayed for salivary progester-
one (P4) by direct radioimmunoassay; intraassay and
interassay CVs were 9.9% and 12.0%, respectively (see Lu
et al. (1999); Lu, Chatterton, Vogelsong, & May (1999);
and Vitzthum et al., (2008) for additional details). A study
of paired saliva-serum samples synchronously collected
from Bolivian women demonstrated that the ratio of sali-
vary P4 to serum P4 is similar to that found in other
populations (Thornburg & Vitzthum, 2009).

The calculation for ovulation rate is described above.
For all other analyses, the occurrence of ovulation was
based on several criteria (Vitzthum et al., 2004). In brief,
cycles lacking a sustained rise in P4, or in which
mean-peak-luteal-P4 < 110 pmol/liter, or in which mean-
peak-luteal-P4 < mean-follicular-P4 were designated anovu-
latory and excluded. Cycles in which a conception was
detected and cycles following an early pregnancy loss were
also excluded. Only those cycles for which we could confi-
dently estimate the day of ovulation based on a sustained
rise in P4 were included in our analyses. Based on this set
of criteria, the final sample for the analyses presented below
is 223 completed ovulatory cycles from 102 Bolivian women
aged 21-38 years; mean (SD) = 29.0 (4.9); median = 30.

The Bolivian and German samples do not differ in
their age structure.

TABLE 1 Descriptive statistics of cycle biomarkers
Units Median
Germany (n = 57 cycles, 57 women)
Cycle length days 29.0
Follicular-phase length days 15.0
Luteal-phase length days 14.0
Late luteal duration days 6.0
Mean-peak-PdG ng/mg Cr 4983
Bolivia (n = 223 cycles, 102 women)
Cycle length days 28.0
Follicular-phase length days 15.0
Luteal-phase length days 13.0
Late luteal duration days 7.0
Mean-peak-P4 pmol/L 224

3.4 | Analyses

Analyses were done using custom-written Perl programs,
the Statistics::Regression Perl package (version 0.53), and
SPSS (v27.0). To mitigate the risk of spurious associations
(Holldnder et al., 2004), our analyses did not presume
arbitrarily selected bins (thresholds, cutoffs) for any con-
tinuous variables.

Analyses included ovulation rates and descriptive
statistics of hormone indices, cycle length, follicular and
luteal phase lengths, and late luteal duration (the time in
days from peak-PdG or peak-P4 to the cycle's end). To
evaluate hypothesized associations between the peak
progesterone concentration indices and the other biomarkers,
we calculated r* based on Pearson correlation analyses.
We also evaluated whether age was a significant covari-
ate in any of these analyses.

4 | RESULTS

Immediately below we present the outcomes from each
of our analyses. In the subsequent section we discuss
these findings.

Crude ovulation rate is 388/526 = 74% (95% CI for
the population rate, assuming our sample is representa-
tive: 71%-78%) for the Bolivian sample and 58/63 = 92%
(95% CI for the population rate, assuming our sample is
representative: 82%-97%) for the German sample.

Descriptive statistics for the cycle biomarkers in
these two samples of ovulatory cycles are given in
Table 1, and r? from correlation analyses of the cycle
biomarkers are given in Table 2. Scatterplots, histo-
grams, and cumulative distributions of the data are
presented in Figures 1-3.

Mean SEM SD CV  range 5% per. 95 per.
29.2 0.56 4.22 14.5 21-47 25 36
15.8 0.52 3.92 24.8 8-30 11 22
13.4 0.26 1.95 14.6 9-17 10 17
6.5 0.27 2.05 31.5 3-11 3 10
5013 244.6 1848 36.9 1500-9928 2185 7991
28.4 0.25 3.75 13.2 19-50 24 35
15.6 0.31 4.62 29.6 5-38 10 24
12.8 0.20 3.03 23.7 5-22 7 18
7.1 0.16 2.32 32.7 3-12 3 11
242 6.87 103 42.6 111-658 121 471
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TABLE 2 12 from correlation analyses

Number of Cycle

ovulatory cycles length
Germany: Mean-peak-PdG 57 0.0034
Bolivia: Mean-peak-P4 223 0.00058

The measures of central tendency (median and mean)
for cycle length and both phase lengths are very similar
in the Bolivian and German samples (Table 1). The
median and mean of late luteal duration in the Germans
is only slightly shorter than median and mean of late
luteal duration in the Bolivians (6.0 days and 6.5 days
compared to 7.0 days and 7.1 days).

Of greater relevance in the present analysis is the
magnitude of variability, measured here by the ratio of
the 95th to the 5th percentile (see Table 1) for each bio-
marker in the two samples. Cycle length variability is
very similar in the two samples, and both phase lengths
are only modestly more variable in the Bolivian than in
the German sample (which likely reflects the “noise”
inherent in the every-other day sampling in the Bolivian
study versus the daily sampling in the German study).
Furthermore, variability in the progesterone biomarker
indices is also very similar in the two samples.

Specifically, in the German women, between the 5th
to 95th percentile for each variable, cycle length varies by
about 45%, follicular-phase length varies about 2-fold, luteal
phase length varies about 1.7-fold, late luteal duration varies
3.33-fold, and mean-peak-PdG varies 3.65-fold.

In the Bolivian women, between the 5th to 95th per-
centile for each variable, cycle length varies by about
45%, follicular-phase length varies about 2.4-fold, luteal
phase length varies about 2.5-fold, late luteal duration
varies 3.67-fold, and mean-peak-P4 varies 3.9-fold.

Within each study sample, correlations of peak pro-
gesterone indices with cycle length, phase lengths, and late
luteal duration were all very low (Table 2). In Germans, r*
ranged from 0.0017 to 0.095, and in Bolivians r ranged from
0.000025 to 0.0098. The lack of correlations among pairs of
these variables is evident in the scatter plots in Figures 1-3.

There was no evidence of significant linear or
nonlinear age-, parity- or height-associated variation in
any of the examined cycle variables.

5 | DISCUSSION AND
CONCLUSIONS

Although the ovary is often spoken of as if it were an
autonomous entity, cycle physiology is not isolated from
the rest of the body. Advancements on the many aspects

ﬁt American Journal of Human Biology_Wl L EYJg—Om

Follicular- Luteal-phase Late luteal
phase length length duration
0.0082 0.0950 0.0017
0.0005 0.000025 0.0098

of women's health requires recognition of the ubiquity of
cycle variability and the integration of this reality into all
levels of research from bench to community (Alliende,
2002, 2013; Alvergne & Hogqvist Tabor, 2018; Prior,
2020; Shea & Vitzthum, 2020). Likewise, evolutionary
models that neglect variability in physiological mecha-
nisms or, worse yet, ignore physiology in favor of simpler
models risk promulgating just-so stories and traveling
down blind alleys (Bachofner & Lobmaier, 2018; Harris
& Vitzthum, 2013; Lobmaier & Bachofner, 2018;
Vitzthum, 2020).

The present comparative study of biomarkers of ovar-
ian physiology in two very different populations contra-
dicts assumptions that the “normal” menstrual cycle is
necessarily predictable and that the features of such nor-
mal cycles (e.g., phase lengths, hormone levels) are
highly correlated.

Rather, ovulatory cycles in the Bolivians and
Germans displayed marked but nonetheless comparable
variability in cycle length (varying about 45% between
the 5th and 95th percentiles) and mean-peak-luteal pro-
gesterone concentration (varying 3.72-fold and 3.65 fold,
respectively, between the 5th and 95th percentiles). Phase
lengths and late luteal duration varied modestly more in
the Bolivians than in the Germans, perhaps due to the
different sampling schedule (thrice-weekly in Bolivians
versus daily in Germans).

Reflecting their more arduous living conditions, ovu-
lation rate is lower in the Bolivians than in the Germans
(74% versus 92%). This observation highlights the impor-
tance of distinguishing ovulatory and anovulatory cycles
in analyses of biomarkers lest the very different features
characterizing anovulatory cycles confound the analyses
of natural variation in ovulatory cycles. In an ovulatory
cycle, the ovum is released from the follicle, which then
transforms into the corpus luteum that produces proges-
terone and estradiol. Anovulatory cycles do not, obvi-
ously, have a luteal (i.e., postovulatory) phase and, as
such, are typically characterized by low (even flat) pro-
gesterone and estradiol profiles during the later portion
of the anovulatory cycle. Menstrual bleeding may indi-
cate the end of an anovulatory cycle and the beginning of
a new follicular phase or may not be evident until the
end of a subsequent cycle (long “cycles” defined by
the appearance of menstrual bleeding may, in some
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FIGURE 1
luteal-progesterone biomarker versus cycle length, for the German and Bolivian samples respectively; the points are randomly jittered
horizontally by up to +0.3 days to avoid overlapping points. Parts (C) and (D) are the distribution of cycle length, and parts (E) and (F) are
the distribution of a peak-luteal-progesterone index, for the German and Bolivian samples respectively. In each of parts (C)~(F) the
histogram is plotted using the left vertical scale, and the cumulative distribution is plotted (as the “stepped” curve) using the right vertical
scale. Note that in part (D) the distribution includes half-integer days because the median over a single woman's cycles may be a half-integer
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cases, comprise an anovulatory cycle followed by the fol-
licular and luteal phases of an ovulatory cycle).

Combining anovulatory and ovulatory cycles will yield
average steroid profiles that are easily misinterpreted as a
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dampening of these hormones in every cycle. Whether a
sample consists of ovulatory cycles having high ovarian ste-
roid levels plus a few anovulatory cycles, or several cycles
all having reduced ovarian steroid levels, leads to quite
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(B) Scatterplot of Bolivian mean-peak-P vs follicular phase length
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of a peak-luteal-progesterone biomarker versus follicular-phase length, for the German and Bolivian samples respectively; the points are
randomly jittered horizontally by up to +0.3 days to avoid overlapping points. Parts (C) and (D) are the distribution of follicular-phase length
for the German and Bolivian samples respectively. In each of parts (C) and (D) the histogram is plotted using the left vertical scale, and the
cumulative distribution is plotted (as the “stepped” curve) using the right vertical scale. Note that in part (D) the distribution includes half-
integer days because the median over a single woman's cycles may be a half-integer

different conclusions regarding ovarian functioning and the
theories that seek to explain that functioning (see Figure 4).
Neglecting to distinguish ovulatory and anovulatory seg-
ments seriously confounds cross-populational comparisons
of hormone levels (Vitzthum, 2009) and, in the case of an
individual's cycles, could prompt a mis-diagnosis of luteal
phase deficiency. If there is a need for a single index for a
sample of ovulatory and anovulatory cycles, this can readily
be calculated from the weighted average of the reported
indices for each class of cycles. If only the index for the
combined sample is reported, then subsequent scholars can-
not ascertain separate indices for anovulatory and ovulatory
samples. It is, therefore, best practice to publish separate
indices for ovulatory and anovulatory cycles if one is also
publishing an index for an analytical sample comprising
both cycle types.

Age-associated variation in cycle biomarkers has been
reported for some, but not all, studies. Such age depen-
dency reflects, in part, the inclusion in some studies
of teenagers, peri-menopausal women, and cycles of
unknown ovulation status. Because the samples for our
study comprised only adults during their peak reproduc-
tive years (21-41 years old) and only ovulatory cycles
were included in analyses, the absence in both our study
samples of a significant association between age and
cycle biomarkers is not surprising.

Measures of central tendency (medians, means) in
ovulatory cycles in the Bolivian and German samples
were similar for all biomarkers excepting, of course, the
indices of peak-luteal progesterone concentration. (Recall
that differences in the biomarkers and laboratory assays pre-
clude comparison of the absolute hormone concentrations
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Distributions of luteal-phase length and indices of peak-luteal-progesterone biomarkers. Parts (A) and (B) are scatterplots of

a peak-luteal-progesterone biomarker versus luteal-phase length, for the German and Bolivian samples respectively; the points are randomly
jittered horizontally by up to +0.3 days to avoid overlapping points. Parts (C) and (D) are the distribution of luteal-phase length for the
German and Bolivian samples respectively. In each of parts (C) and (D) the histogram is plotted using the left vertical scale, and the
cumulative distribution is plotted (as the “stepped” curve) using the right vertical scale. Note that in part (D) the distribution includes half-
integer days because the median over a single woman's cycles may be a half-integer

measured in these two studies, but do not prevent evalua-
tion and comparison of relative variability in the
hormone concentrations).

Consistent with our second hypothesis, relative
variability in the mean-peak-luteal progesterone indices
was similar in the Germans and Bolivians even though
mean salivary P4 level in this same Bolivian sample was
low relative to mean salivary P4 level in a US sample
(Vitzthum et al., 2004).

The patterns of variability observed in our two sam-
ples strongly suggests that globally applicable statistical
criteria for “normal” menstrual cycles would be very dif-
ficult to define and likely be of little practical use.

Cycle length, the most commonly used criterion for
evaluating normalcy, is a poor predictor of variation
in the underlying physiology (at least as regards the pro-
gesterone indices examined here). This lack of much

association between these progesterone indices and cycle
length suggests that neither is a principal determinant of
the other. The same can be said for the other non-
hormonal cycle biomarkers observed in this study. A
study of reproductive aging in US women similarly con-
cluded that cycle length is too variable to predict hor-
mone levels (Ferrell et al., 2005).

The similarity in reported median and mean cycle
lengths (circa 28-29 days) in our Bolivian and German
samples should not be taken to be a species norm. The
Dogon and several other populations have median/mean
cycle lengths of 28-29 days, however, median/mean cycle
length was 31 days or more in samples from Japan, India
and Papua New Guinea (reviewed in Vitzthum, 2009).
Furthermore, predictable 28 or 29 day cycle lengths are
not a reliable indicator of nonpathological functioning.
Reported cycle lengths for the Lese are 28-29 days
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FIGURE 4 Salivary progesterone profiles in Chicago, better-off
Bolivian, and poorer Bolivian samples. Cycles are aligned on the
first day of the subsequent cycle, and days are numbered backward
from that point (reverse day). The poorer Bolivian sample
comprising all cycles appears to have very suppressed progesterone
levels, but is, in fact, a mixture of two types of cycles: Anovulatory
(with flat progesterone profiles) and ovulatory (with a substantially
higher progesterone profile than the samples of all cycles).
(Modified from Vitzthum et al., 2002)

(Bentley et al., 1990), but many were sterile due to
endemic venereal disease (Strassmann, 1997). In the
Dogon, “regular menses were a sign of sterility, not
fecundity” (Strassmann, 1997).

Our findings present a significant and unsettling chal-
lenge for researchers and clinical practice in a variety of
fields. It's entirely reasonable that health care providers
look to a set of standards for evaluating pathology and
that researchers rely on current understandings regarding
study variables to streamline their study designs. For
these reasons and others, cycle length has been very
widely used as a proxy for underlying physiological pro-
cesses including the timing of ovulation and the rises and
falls in hormone levels. For example, in evolutionary psy-
chology some commonly used study designs are predi-
cated on the assumption that ovulation, accompanied by
a predicably timed suite of hormonal changes, occurs
midway through the cycle. On this basis, claims have
been made regarding, for example, an hypothesized
human female “estrus” and peri-ovulatory preferences
for certain attributes in mates. Not surprisingly (given
what we have demonstrated here about the poor covari-
ance between cycle length and hormonal indices), collec-
tively the findings from such studies are inconsistent and
disputed (Bachofner & Lobmaier, 2018; Harris &
Vitzthum, 2013; Lobmaier & Bachofner, 2018; Strassmann,
2013). Likewise, as discussed earlier, the debates surround-
ing luteal phase deficiency remain unresolved. There are
many other examples where a reliance on assumptions

regarding the variability and covariance of cycle biomarkers
has muddied the waters rather than leading to insight, dis-
covery, and effective diagnosis.

As discussed earlier, the normalcy of many pheno-
typic variants cannot be judged independently of a func-
tional context. Anovulation during breastfeeding is now
near universally recognized as an adaptive mechanism
that directs investment to the current, rather than future,
offspring. Notably, our current understanding of lacta-
tional amenorrhea came to light only during the final
decades of the 20th Century. The initial hypothesis that
nursing suppressed ovarian function was contrary to the
biomedical position that had long prevailed, but which
was eventually changed under the weight of evidence. Of
particular importance was the discovery, gained through
meticulous research, of the behavioral-physiological
mechanisms that linked infant suckling to anovulation
(e.g., Konner & Worthman, 1980).

Likewise, anovulation during an illness may be a out-
come of a reproductive system unable to function or it
may be an adaptive response that favors increased invest-
ment in one's own body and temporarily reduced
investment in the production of a new offspring. On the
flip side, in a healthy person there can be a temporary
reduction of investment in immunity during ovulation so
as to permit the entry of sperm and investment in repro-
duction (Abrams & Miller, 2011; Lorenz et al., 2015).
Such strategic trade-offs of resources (e.g., nutrients,
energy, time) into different life-supporting and offspring-
producing functions are a common feature of adaptive
life history strategies.

Unlike many morphological phenotypes (especially in
adulthood), physiological processes characteristically
have the necessary flexibility to adjust functioning (even
dramatically) in the face of changing environmental con-
ditions. Normal physiological functioning is not necessar-
ily static. Much like many behavioral phenotypes, the
adaptiveness of a physiological state depends on the con-
text. For example, there is no single (or narrow range for)
“normal” blood pressure; rather, variation in blood pres-
sure is part of an adaptive response to internal and exter-
nal conditions that makes it possible for the organism to
successfully meet the inevitable challenges of life
(James, 2019). Likewise, Bolivian women successfully
conceived at relatively low progesterone levels and had
one of the highest fertility rates in the Americas.

In the present analyses, nonhormonal biomarkers in
the Bolivian and German women are similar in both vari-
ability and magnitude. In sum, the lower mean progester-
one observed in Bolivians (and other nonindustrialized
populations) cannot rightly be interpreted as an indica-
tion of impaired or suppressed hormonal production sim-
ply because the mean P4 level is numerically similar to
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the lower end of the distribution of progesterone levels in
wealthy industrialized populations. The progesterone levels
in these Bolivian women, and arguably other non-
industrialized populations, are clearly functionally normal.

A robust assessment of whether a specific phenotypic
variant is a pathology or an adaptive (normal) response is
more likely to be realized if grounded in empirical evi-
dence of the underlying mechanisms.

That said, we are left to wonder at the causes of so
much variability in the features of the menstrual cycle
evaluated here. There are many hypotheses regarding the
determinants of variation in human female reproductive
biology. Some models focus on the roles of energy intake,
expenditure, and stores (body fat) in modulating menstrual
cycling (Ellison, 1990, 1994; Frisch & Revelle, 1970;
Prior, 1985a; Prior, 1985b; Prior, 1987; Strassmann, 1996b).
Others draw on life history theory to explain strategically
timing reproductive investment given adverse environments
(Chisholm, 1993; Peacock, 1990, 1991; Vitzthum, 1990,
1997, 2001b; Wasser & Barash, 1983). Genetic, dietary,
immunological, psychosocial, behavioral and numerous
other factors have all been investigated. There is evidence
in support of many hypotheses, leaving the conundrum of
discerning which are the major determinants of the
observed variation in a cycle phenotype.

The answers will likely rely on gaining a more
detailed understanding of the specific mechanisms by
which these factors may affect reproductive functioning.
Due consideration should be given to whether a defined
phenotype is a convenient construct (e.g., cycle length) or
is a functionally meaningful trait, to phenotypic variation
in the population (i.e., the distribution as well as the cen-
tral tendency) and to physiological flexibility in an indi-
vidual, to the functional context in which a phenotypic
variant is evaluated and to the functional sufficiency and
adaptive fitness of a variant in that context.

Although humans are a highly polytypic species, our
shared biology makes it likely that what is learned of the
operation of mechanisms in one population will be appli-
cable more widely.

Investigating the origins of natural variation in ovar-
ian cycles, and the consequences of such variation for
reproductive success and women's health, is likely to be a
daunting but nonetheless productive path forward to
bettering the lives of humans in the present and to better
understanding the lives of those in the past.
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ENDNOTE

! An extensive literature, much of it by demographers, on the com-
position and attributes of “natural fertility” populations has
amassed since Henry's (1961) introduction of the concept. Like-
wise, the study of subfecundity at older and younger ages
(i.e., menopause and adolescent subfecundity) has a long history
(e.g., Short, 1976). The challenges, including selection biases,
inherent in the study of natural fertility populations are widely
recognized and debated; a discussion of these is beyond the scope
of the present paper.
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