Can Life History Trade-Offs Explain the Evolution of Short
Stature in Human Pygmies? A Response to Migliano et al. (2007)
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Abstract  Walker et al. [“Growth rates and life histories in twenty-two small-
scale societies,” Am. J. Hum. Biol. 18:295-311 (2006)] used life history the-
ory to develop an innovative explanation for human diversity in stature. Short
stature could have been selected for in some human populations as a result
of the advantage of an earlier growth cessation and earlier reproduction in a
context of high mortality. Migliano et al. [“Life history trade-offs explain the
evolution of human pygmies,” Proc. Natl. Acad. Sci. USA 104:20,216-20,219 .
(2007)] recently published an important article that tested this hypothesis to
explain short stature in human pygmy populations. However innovative this
work may be, we believe that some of the data and results presented are con-
troversial if not questionable. As problematic points we note (1) the use of an
arbitrary threshold of height (155 cm) to categorize populations into pygmies
and nonpygmies; (2) the use of demographic data from Philippine pygmy
groups that have experienced dramatic cultural and environmental changes
in the last 20 years, and (3) the use of demographic data concerning African
pygmy groups because good systematic data on these groups are not avail-
able. Finally, we report here mathematical errors and loopholes in the optimi-
zation model developed by Migliano and colleagues. In this paper we suggest
alternative trade-offs that can be used to explain Migliano’s results on more
reliable bases.

Raymond Pearl, the founder of Human Biology, was concerned throughout his
career with the “proper measure of man” (Sokal 2004), probably his main legacy
to anthropological sciences. Because the Proceedings of the National Academy of
Sciences does not publish commentaries, we thought that Human Biology was an
appropriate place to publish a commentary on a research article by Migliano et al.
(2007), who proposed to interpret human diversity in stature and the human pygmy
phenotype in light of life history theory. However innovative and challenging this
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work may be, some features and results presented by its authors seem controver-
sial. Here, we aim to stimulate the growing debate raised by this article since its
publication (Perry and Dominy 2009) in order to improve potential future work in
this promising line of research.

The question of small stature in human pygmy populations has been ex-
tensively debated in the anthropological literature. Several hypotheses propose
that pygmy stature is an adaptation to environmental pressures (e.g., nutritional,
thermoregulatory, metabolic, or energetic pressures) (Perry and Dominy 2009).
Following the work of Hill and Hurtado (1996), Walker et al. (2006) used life his-
tory theory to develop an alternative explanation. Walker and colleagues hypoth-
esized that short stature in pygmies was a consequence of high mortality rates; in
contexts of high mortality, earlier growth cessation and reproduction onset may be
adaptive. Migliano et al. (2007) published an important paper to test this hypoth-
esis. The investigators explored two questions: Do pygmy growth rates and final
stature reflect nutritional stress, and is earlier onset of reproduction (associated
with growth cessation) optimal in pygmies as a result of higher mortality, thus
explaining the pygmies’ shorter stature?

Migliano et al. (2007) compared growth curves of pygmy and U.S. women
and found that pygmies grew faster than undernourished U.S. citizens but that
they ceased to grow earlier. Migliano and colleagues concluded that small stature
in pygmies was due to a shorter duration of growth rather than to a lower growth
rate and that nutritional stress was not a likely explanation for pygmy short stature.

Migliano et al. (2007) further presented data on survival and fertility in
pygmy and nonpygmy populations. First, they found a lower survivorship and an
earlier age-specific fertility in pygmy populations. Second, they found a positive
correlation between height and fertility in pygmy women. Third, they incorpo-
rated age trajectories of survival and fertility and correlation between height and
fertility into a life history model. In this model, growth cessation at maturity was
the key factor that regulated the trade-off between risk of death before first repro-
duction and fertility after maturity. The investigators thus tested whether earlier
growth cessation was selected for in pygmies in order to decrease the risk of dying
before reproduction. The lower height at maturity came at the cost of a loss in
fertility, however. Migliano and colleagues calculated the optimal age at maturity
for the Aeta pygmies from the Philippines and for three nonpygmy populations
(using previously published data): the South American Ache (Hill and Hurtado
1996), the Namibian 'Kung (Howell 1979), and Gambian rural women (Allal
et al. 2004). They found an earlier optimal age at first reproduction in the Aeta (15
years) than in the nonpygmy groups (18-19 years). They concluded that an early
onset of reproduction was optimal in pygmies even if the resulting smaller adult
size induced a reduction of fertility.

Life history theory has been successfully used to explore reproductive
scheduling in human populations, such as the optimal age at first and last re-
production (Allal et al. 2004; Shanley and Kirkwood 2001) and the optimal re-
production rate (Mace 1998). With the riddle of pygmy stature being unsolved
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(Perry and Dominy 2009), it was promising to test whether a trade-off between
timing in growth and reproductive outcome could explain pygmies’ stature (Hill
and Hurtado 1996).

Although we are fully aware of the challenges encountered by Migliano
et al. (2007), we think that the data and model are insufficient to support their
conclusions. Rather, we consider Migliano et al.’s study a promising first step
for testing the life history hypothesis in pygmy populations. First, issues arise
when an arbitrary height threshold is used to categorize human populations into
pygmies and nonpygmies. Second, we question the pygmy demographic data: (1)
Philippine pygmies’ demography is influenced by recent forces of acculturation
(e.g., tuberculosis, alcoholism, forced resettlement), and (2) African pygmy data
are still insufficient to construct age-specific survivorship or age-specific fertility
schedules. Third, we found mathematical errors and loopholes in the optimization
models, and other relevant trade-offs could be considered.

A Height Threshold to Categorize Human Populations into
Pygmies and Nonpygmies

The Greek word pygmy is a measure of size (“a cubit”). Applied to various
animal species, it refers to populations that show a reduction in stature compared
to the average size of the same species. In human populations there is no gap
in size between pygmy and nonpygmy populations, although populations desig-
nated as pygmies are found in the lowest extreme of the worldwide variability of
stature (Froment 1993). If the life history hypothesis explored by Migliano et al.
(2007) is true, then a continuous positive correlation should exist between adult
height and mortality rates. Problems inevitably arise when an arbitrary threshold
on height is established to distinguish pygmy and nonpygmy populations. If we
define the human pygmy phenotype by an average adult male height shorter than
1.50 m, then the Efé from the Eastern Democratic Republic of Congo are the
only pygmy population (Schmidt 1905; Schreider 1968). If 1.60 m is considered
(Cavalli-Sforza 1986), more than 200 populations worldwide could be catego-
rized as pygmies (Froment 1993; Hiernaux 1974).

The arbitrary choice of 1.55 m as the size threshold (Migliano et al. 2007)
includes the Namibian !Kung in the nonpygmy category. Migliano et al. (2007)
found an optimal age at first reproduction for the !Kung of 19.5 years. Setting
the threshold at 1.60 m, following Cavalli-Sforza (1986), however, would have
classified the 'Kung as pygmies and would therefore have jeopardized Migliano
et al.’s (2007) conclusions. Similarly, the Ache were considered nonpygmies by
Migliano et al. (2007) but could be divided into two subpopulations: Northern
Ache pygmies (1.53 m on average) and Southern Ache nonpygmies (1.60 m on
average) (K. Hill, personal communication, 2009).

In Central Africa, cultural criteria, such as the way of life, identity with
forest, language, music, or social interactions, are often used to distinguish pyg-
mies from nonpygmies (Bahuchet 1992a, 1993a, 1993b; Froment 1993). By
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doing so, some populations taller than 1.55 m are designated as pygmies. For
instance, the Twa (literal translation from Bantu languages is “pygmy”) of the
Western Democratic Republic of Congo are 1.61 m tall on average but are never-
theless designated as pygmies (Froment 1993; Pagezy 1988). Such complex
cultural categorization has recently been explored from a genetics perspective
in nine western Central African pygmy populations and their respective non-
pygmy neighbors (Verdu et al. 2009). Verdu and colleagues found strong genetic
evidence for a recent common origin (about 2,800 years ago) of nine western
Central African populations categorized as pygmies following numerous cultural
criteria. Among them were populations taller than 1.55 m (Froment 1993; Verdu
2009; Verdu et al. 2009).

Issues with Demographic Data

The demographic data collected by Migliano et al. (2007) on Aeta and Batak
pygmies are an important contribution to anthropological demography. However,
the demographic data of the Batak, Agta, and Aeta populations should be used
carefully when testing long-term evolutionary processes because recent sociocul-
tural changes may have strongly affected their mortality and fertility.

For the Batak, Migliano constructed mortality and fertility schedules using
Eder’s data (Eder 1987; Migliano 2005). However, Eder (1987) indicated that the
Batak’s high mortality and low fertility, resulting in a strong population decline
since 1981, were in fact due to intermarriages with lowlanders, land loss, and
decline in cultural identity. Similar issues arise with the Agta demographic data
used by Migliano and researched by Early and Headland (1998). The high adult
mortality rates in the Casiguran Agta were due to tuberculosis, malnutrition, and
alcohol-related deaths and homicides (Headland 1989). Tuberculosis was the
single biggest killer among Agta adults, and 6% of all adult deaths and 20% of
adult male deaths were alcohol related (Headland 1989). The demographic data
for the Philippines Aeta were collected and presented for the first time by Mi-
gliano (2005). These Aeta were removed from their traditional lands in 1991 and
moved to urban settlements near cities. Since then they have not been able to hunt
and gather and have had access to Western medicine (Migliano 2005). Living for
nearly 20 years in forced urban resettlements likely influenced the demography
of the Aeta, who originally lived in forest areas. The higher mortality currently
observed in these three populations may not reflect their past demography, when
short stature evolved. Past demography of these populations may be extrapolated
by removing recent causes of death within a competitive risk modeling.

On the other hand, African pygmy populations—Aka (often called Biaka),
Mbuti, and Efé—are particularly relevant for testing long-term evolutionary hy-
potheses. Ethnographers and biological anthropologists do not characterize Afri-
can pygmies as being near extinction, do not identify alcoholism and tuberculosis
as primary causes of death (Bahuchet 1992a, 1993b; Cavalli-Sforza 1986; Hewlett
1996; Joiris 2003), and do not suggest that malnutrition is common (Bahuchet
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et al. 1991; Froment 2001; Hladik et al. 1989; Koppert et al. 1993; Pagezy 1988).
However, African demographic data suffer from another issue: Focused and sys-
tematic studies have not been conducted on these populations (Bahuchet 1992b;
Cavalli-Sforza 1986).

Efé and Mbuti pygmies, grouped as a single “Eastern African pygmy” popu-
lation by Migliano et al. (2007) in their Figure 2 (but reported separately in the text),
are linguistically, culturally, and demographically very different (Hewlett 1996).
The data for these two groups were extracted from Schebesta’s (1938) general cen-
sus data. However, Migliano et al. (2007) could have used Bailey’s (1985) more
recent demographic data on this eastern African pygmy group, leading to different
conclusions. Indeed, Bailey (1985) estimated an infant mortality rate of 14.0 and
a child mortality rate of 22.0, values that are substantially lower than those for all
other pygmy and nonpygmy groups cited by Migliano et al. (2007). Furthermore,
survivorship to age 15 among the Efé is 78% (Bailey 1985), but it is 44% consider-
ing Schebesta’s older census data (1938) used by Migliano et al. (2007).

Migliano et al. (2007) refer respectively to Migliano and Weiss for the Efé
and the Mbuti life expectancies. In fact, to our knowledge, life tables based on ac-
tual data have not been reported for either one of these populations. Migliano et al.
(2007) reconstructed the life tables using Weiss’s theoretical demographic models
(Weiss 1973a, 1973b), which were based on census data (e.g., number of children
and adults in camps) collected by ethnographers. Unfortunately, these models as-
sume stable age-specific mortality and a stable age structure in the population,
which is unlikely for African pygmies. These model-based life tables were built
using the African demographic data on “Western pygmies” (including the Aka)
from Cavalli-Sforza (1986) and on “Eastern pygmies” from Turnbull (1986) for
the Mbuti and Schebesta (1938) on the Efé (Migliano 2005). None of these eth-
nographers or anthropologists recorded birthdates over time; nor did they try to
rank individuals by age or collect detailed reproductive histories from a large
number of individuals. Moreover, Cavalli-Sforza was clear about the quality of his
demographic data: “We have no totally satisfactory estimates of mortality rates in
pygmies” (1986: 376) and “the analysis of fertility, like that of mortality, suffers
greatly from the difficulty of knowing ages reliably, and therefore one is unable to
compute age-specific fertilities” (1986: 39). Froment (1993) also highlighted the
challenges of building reliable growth curves for African pygmy populations in
the absence of precise age estimates. The actual data on pygmy growth are indeed
contradictory; Bailey’s (1991) study showed that growth was slower in Efé pygmy
children from birth to age 5 than in farmers, whereas this pattern was not evident
among the Aka (Van de Koppel and Hewlett 1986).

On an ethnographic note, most Central African nonpygmy farmers view
pygmies as being incredibly fertile and as having infants healthier than their own
(Kazadi 1981; Turnbull 1965). One might suggest that if child mortality was in
fact higher in pygmies, then farmers would have had the opposite cultural repre-
sentation of pygmies’ fertility. Anyway, the demographic reality of such cultural
representation can only be assessed using quality demographic data.



22 / BECKER ET AL.

Criticisms of the Optimization Models

Migliano et al. (2007) found a positive correlation between fertility and
height for the Efé and the Aeta pygmies. However, it is the relationship be-
tween weight and fertility that is largely theorized through models incorporating
allometric production function and that holds in most mammal species (Charnov
1991, 1993). Migliano and colleagues failed to estimate such a correlation for the
Aeta (see Migliano et al. 2007, Supporting Material). For the Ache population, a
positive correlation was found between fertility and weight rather than between
fertility and height (Hill and Hurtado 1996), and in the case of Gambian women,
no significant effect of height on fertility was identified (Sear et al. 2004). Migli-
ano and colleagues thus incorporated indifferently trade-offs considering height
for the nonpygmy populations (Ache and Gambia) and weight for the unique
pygmy population (Aeta). This can be a problem because the allometric relation-
ship between height and weight is complex and their age trajectories are different
(Howell 1979) and because the relationship between height and fertility is still
inductive and may vary widely between populations.

We wonder whether the conclusions drawn by Migliano et al. (2007) would
still hold if the investigators had incorporated two additional well-known cor-
relations between fertility and mortality that enhance the advantage of delaying
growth cessation and age at first reproduction: (1) Young primiparas have a higher
risk of both mother and child death resulting from pregnancy complications than
older primiparas do (Friede et al. 1987; Makinson 1985; Rush 2000; Zabin and
Kigaru 1998), and (2) taller Gambian women have fewer stillbirths and reduced
infant mortality, showing that height is positively correlated with offspring sur-
vival (Sear et al. 2004).

Following Hill and Hurtado (1996), Migliano et al. (2007) extended the
Lotka-Volterra model (Lotka 1925; Volterra 1926) by incorporating a nonnega-
tive multiplier H, on fertility rates m, into the Euler-Lotka equation (Euler 1760;
Lotka 1925), where « is the age at maturity. The magnitude of H, depends on
individuals® height at maturity. Fertility as a function of height at maturity m H
is therefore a monotonic positive function of height at age «. This equation [Eq.
(1) in Migliano et al. (2007), reproduced in what follows] allowed numerical
calculation of the intrinsic rate of population increase r (also called Malthusian
parameter):

1=Y"1mH_ expl-r(x—a+1)]. (N
X=0

The Malthusian parameter r (taken as a measure of population fitness) was
then calculated for an age at maturity « taken between 12 and 30 years, and the
optimal age at maturity was the value of o for which r was maximal. Unfortu-
nately, Eq. (1) in Migliano et al. (2007) is wrong. First, it accepts negative ages
when x < (a — 1). Second, r is rate sensitive; that is, it captures the importance
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of the relative timing of life history events: the age x — « in Eq. (1) by which r
is multiplied within the exponential component (the +1 being here to set the first
age class to 0) must be similar to the corresponding age used for fertility rates and
age-specific survival [the age x in m_ and [, respectively, in Eq. (1)]. If not, stable
population growth rates (intrinsic or finite)} and stable population structure are
not correctly estimated. Rather than Eq. (1), we believe that the correct equation
should be

1 =§: I.m H_ exp[—r(x+ 1], 2)
r=0

where m_= 0 for x < o [because H is positive for @ > 0; Eq. (4) in Migliano et al.
(2007)].

Such an error may be due to mistyping. However, if Migliano and col-
leagues had applied Eq. (1), they would have strongly overestimated population
growth or decline, with individuals producing offspring sooner in Eq. (1) than in
Eq. (2). This may explain why the intrinsic rates of population increase r calcu-
lated by Migliano et al. (2007) were widely inconsistent with those previously
estimated and even unreasonable for some populations. For instance, in the Ache
population, r as a function of « was found to be between 0.32 and 0.36 (Migliano
et al. 2007). Such values correspond to finite rates of population increases A be-
tween €% = 1.38 and ¢°* = 1.43. No human population increases by 38-43% per
year. These estimates are tenfold higher than previous estimates (3.6% of increase
per year; Hill and Hurtado 1996: 101). Similarly, for the !Kung, Migliano et al.
(2007) estimated r values (0.015-0.023) that were 10 times larger than Howell’s
(1979) r = 0.0026.

We were also concerned about potential loopholes in the optimization
framework. First, because the Aeta population is in decline, the r corresponding
to the optimal age at maturity a was negative (Migliano et al. 2007, Figure 3).
From an evolutionary perspective, one may be skeptical about considering a strat-
egy that leads to population extinction as optimal. As discussed, the decline in the
Aeta is likely due to recent lifestyle changes. The Aeta could not have exhibited
such a 3% decline in population size per year for a long period of time; within
the last 100 years (about 4-5 generations), they would have fallen in size by 95%.

Rather than comparing strategies optimized for populations exhibiting dif-
ferent demographic regimes, adaptive landscape could be analyzed for variations
in parameters “everything else being equal” (Lande 1982). Indeed, no population
can grow or decline indefinitely. Ideally, survival and fertility parameters should
have been incorporated to obtain a continuum of optimal strategies (from very
small to very tall) for a large range of demographic scenarios. Finally, the curve
of r as a function of height presented for the Aeta (Migliano et al. 2007, Figure 3)
is rather flat around the optimal «. From o = 14 to & = 18, the magnitude of
variation in r is roughly between 0.001 and 0.005. Long-term evolution should be
advocated for such a small effect leading to evolutionary outcomes (and therefore
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a constant past demographic regime) as well as accurate demographic estimates
(optimum « values being more sensitive to small changes in demographic pa-
rameters). Because a = 18 falls within the range of optimal o values calculated
for nonpygmy populations (18 for the Ache, 19.5 for the !Kung, and 18 for the
Gambian population), one can therefore wonder whether Migliano and colleagues
really succeeded in bringing to light a significant difference in reproductive strate-
gies between populations categorized as pygmies and nonpygmies. To evaluate
the significance of such a difference, one could analyze the robustness of the opti-
mums by calculating the secondary derivative d°r/da of r with respect to a.

Conclusion

Migliano et al. (2007) explored whether pygmy stature is a biological ad-
aptation resulting from the advantage of reproducing early in a context of high
mortality at the cost of a shorter adult height that entails future fertility. Within a
model incorporating this trade-off, the investigators calculated an earlier optimal
age at first reproduction for the Aeta pygmies (15 years old) than for three non-
pygmy populations: the Ache, the !Kung, and Gambian rural women (18-19.5
years old).

However, we have shown that categorizing populations as either pygmies
or nonpygmies on the basis of an arbitrary threshold of height can be problem-
atic: (1) It leads to group populations with different demographic features; (2)
the populations thus clustered do not necessarily share recent common ancestry;
and (3) it fails to explain variation in stature throughout the continuum of height
observed in humans.

Migliano has collected important demographic data on the Aeta and Batak
populations to test Walker’s hypothesis. However the Philippine pygmies are in
decline because of recent forces of acculturation. As a consequence, Migliano
compared populations exhibiting very different demographic regimes: from a
population growing very fast (the Ache) to a population in dramatic decline (the
Aeta). In the case of the Aeta, this also led to the consideration as optimal of a life
history strategy leading to population extinction.

Concerning African pygmy populations, demographic data are inaccurate
largely because of the lack of longitudinal studies and the absence of precise age
estimates. In turn, such inaccuracies may have a large effect on the estimated opti-
mum, which makes analyses of the robustness of the optimum essential.

A mathematical mistake has been found in Migliano et al.’s (2007) model-
ing framework, and problems may arise by considering that height and weight at
maturity impact on fertility in a similar way. In future studies, other well-known
trade-offs (e.g., one resulting from maternal mortality) should be taken into ac-
count because they might highly influence the optimal age at first reproduction.

The application of Charnov’s life history theory to explain short stature in
humans is innovative and provocative (Walker et al. 2006). Migliano’s attempt
to test it in pygmies is a promising research angle, although we doubt that the
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study succeeded in demonstrating the role played by life history trade-offs in the
evolution of human morphological diversity. We nevertheless hope that this first
attempt will encourage further research on the potential implication of life his-
tory theory in pygmies’ stature. This will require the enrichment of demographic
data on pygmy populations, especially those from Africa, including values of age-
specific survival and fertility as well as growth patterns.
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Letter to the Editor

Why Are Pygmies So Short? A Defense of Migliano’s Hypothesis

Migliano has formulated and tested in her three publications (Migliano 2005;
Walker et al. 2006; Migliano et al. 2007) a hypothesis explaining pygmy size
as the result of a “fast” life history strategy (Charnov 1993) in which early start
of reproduction and growth termination are adaptive responses to high external
mortality rates. We thank Becker et al. {2010 (this issue)] for the careful analysis
of our work and the editors of Human Biology for the opportunity to clarify the
points made in their commentary. Their criticisms are in part related to a regret-
table typo in a figure that we did not see at the page proof stage; the other points
do not seriously challenge our hypothesis, as discussed in what follows.

The first criticism of Becker et al. (2010) is that we rely on a “threshold”
size between pygmies and nonpygmies, which is at odds with life history theory,
which postulates a continuous positive correlation between adult stature and mor-
tality rates across populations. Becker and colleagues apparently are not aware
that this is exactly the thesis originally proposed by Migliano (2005) in her dis-
sertation and repeated in her two other publications (Migliano et al. 2007, Walker
et al. 2006). Migliano’s hypothesis for pygmy size is an application of Charnov’s
(1993) life history continuum across mammals to current human diversity, with
pygmy groups and tall East African pastoralists occupying its fast and slow ex-
tremes. For example, Migliano (2005: 262) argues that “on one side, mortality and
the chances of dying before reproducing select for earlier reproduction and con-
sequently smaller body size; on the other, fitness increases with bigger body size,
selecting for more time invested on growth and consequently later age at sexual
maturation. The balance between these selective forces varies among different
populations according to differences in mortality rates and according to how much
the increase in body size adds to fertility.” To demonstrate the continuum, seven
populations were originally analyzed. After reading Migliano (2005), Walker pro-
posed to incorporate data from 15 other populations, and analyses successfully
confirmed the proposed fast-slow continuum across humans (Walker et al. 2006).

Migliano’s continuum hypothesis was proposed as a solution to a long-
standing problem in anthropology: the evolution of the human pygmy phenotype.
Until recently, the few answers were largely untested and were based on “special
case” scenarios (forest vs. nonforest locomotion; hot vs. cold environment; under-
nourished vs. well-nourished populations; Diamond 1991). Our hypothesis postu-
lates exactly the opposite view, using an established zoological theory (Charnov
1993) to explain human diversity. The claim that our results depend on an arbi-
trary categorization of humans into pygmies vs. nonpygmies is surprising: No
single plot, table, or analysis in Migliano’s three publications requires a distinc-
tion between pygmy vs. nonpygmy groups.

The second criticism by Becker et al. (2010) relates to our demographic
data. Applying ecological models to humans is always a hard task, but we were
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as careful as possible with the data collection (started in 2002) and data analy-
sis. Becker and colleagues argue that high mortality rates in the Batak, Agta, and
Aeta reflect recent changes in lifestyles and therefore could not be associated
with the evolution of their short stature. However, high mortality rates in these
populations predate intensification of contact with neighboring populations. The
Batak population has been declining for at least a century, not just since 1981
(Eder 1987). Mortality rates among the Agta did not significantly change fol-
lowing contact with farmers (Early and Headland 1998). Headland (1989: 65)
showed that the main cause of adult mortality among the Agta was “sickness”
(69% of males and 71% of females), most of which was of “unknown” origin
during both foraging and peasant phases. Alcohol-related deaths accounted for
only 2% of adult male deaths and 12% of female deaths. Finally, in the demo-
graphic analyses Migliano used data only from Aeta living in original villages
with a seminomadic lifestyle.

We also disagree that African pygmies are a better example of original life-
style and mortality schedules than Asian pygmies. African pygmy groups have
undergone population bottlenecks, with East African pygmies decreasing by up
to 95% between 250 and 2,500 years ago; they have been in contact with farm-
ers, leading to loss of their original languages and to increased gene flow (Patin
et al. 2009). Thus, although recent sociocultural changes affect most small-scale
societies, the fact that African pygmies (treated separately or as regional groups)
and Philippine pygmies show higher mortality rates than other populations argues
in favor of our hypothesis. As for the lower mortalities reported by Bailey (1991),
the author himself stated that they were suspiciously low for African standards
and acknowledged the possible underreporting of children’s deaths. He tried to
reject an underreporting bias by showing similar child mortality rates for young
and old mothers, but this was still compatible with underreporting in both groups.
Finally, we do not think that a qualitative quote on the “cultural representation” of
pygmies as “highly fertile” counts as evidence against our quantitative analyses of
virtually all available data on pygmies (as a note, high fertility rates are compat-
ible with our hypothesis; see our later point).

The third criticism addresses our optimization model. Most studies fo-
cused on links between weight and fitness because they were not addressing the
problem of pygmy size and stature diversity; we focused on adult height because
pygmies are known for being short rather than skinny. Hill and Hurtado (1996),
for example, identified a correlation between weight and fertility in the Ache but
did not investigate a correlation between height and fitness. Allal et al. (2004)
found a stronger correlation between mother’s height and infant survivorship than
between fertility and either weight or height. We found a significant correlation
between height and fertility but no significant correlation between weight and
fertility, probably because adult weight is more affected by the current state of
subjects (disease, seasonality, and age) than adult height is; a larger sample size
would probably reveal a correlation. Weight and height are two measures of ma-
ternal size and were used in optimization models; we included the results from
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the Ache, Gambia, and !Kung because there were not enough fitness-optimization
studies based only on adult height (or only on weight).

Becker et al. (2010) also suggest that we used the wrong optimization
model. Equation (1) is exactly the same as that proposed by Hill and Hurtado
(1996: 347), rewritten for clarity and using height instead of weight in the fer-
tility function. They argue that the exponent —r(x — & + 1) implies negative
ages, but this is incorrect: For any age below the age at start of reproduction
a (i.e., for x < @), the fertility function m (H ) and summed terms [ m (H,) are
0, and therefore age is never negative. The problem with the exponent —r(x —
+ 1), as pointed out by Joshua Goldstein after our publication (personal com-
munication, 2007), is that it displaces the factor exp[-r(x — a + 1) by « years.
However, Hill and Hurtado (1996) argued that using Eq. (1) closely matched the
empirical distribution of « in the Ache and !Kung. We used Hill and Hurtado’s
model because they were the only investigators to calculate fitness (r values) as
a function of age in traditional populations. We did not recalculate r values for
the Ache and !Kung; they were reproduced from Hill and Hurtado’s plot (1996:
368-370); the problem is a typo in our Figure 3, which is missing a 0 and shows
incorrect r values for the Ache on the y-axis (r = 0.32 should read r = 0.032).
The r values for the 'Kung calculated by Hill and Hurtado and reproduced in our
paper seemed realistic to us too.

We think that there is a problem with the idea that Becker and colleagues’
Eq. (2) is the correct one: It is just another simplified version of the Euler-Lotka
model that cannot be applied to ethnographic data sets. The original equation re-
quires a different survival curve (/,) and fertility function (m,) for each a-specific
subpopulation, but no small-scale society can provide large enough cohorts for
each a. For this reason both Eqs. (1) and (2) use a single /. and m (H ) based on all
women and thus do not provide the same or “correct” r values as the Euler-Lotka
equation. We do not oppose using Eq. (2), but we would not have comparable
data on the Ache and !Kung. Becker et al.’s other suggestions are equally unfea-
sible. Calculating r with partial derivatives succumbs at the first reality check: The
Euler-Lotka equation is never used in the continuous (integral) version and can
be analytically solved for r only under special conditions (Stearns 1992), and to
our knowledge, adaptive landscapes have never been applied to wild populations
of mammals. As for the almost similar values of r between the ages of 14 and 18,
Eqgs. (1) and (2) do not come with confidence intervals and P values, and for this
reason we cannot estimate how statistically significant the differences are between
a values among the studied populations.

Becker et al. (2010) argue that “from an evolutionary perspective, one may
be skeptical about considering a strategy that leads to population extinction as
optimal.” There are two problems here. First, negative r values are not part of the
pygmy life history strategy. In the long term, population growth in both slow-
and fast-living mammals must oscillate around O (otherwise they either grow in-
definitely or go extinct). The difference is that fast-living groups require higher
fertility to compensate for higher adult mortalities. The negative r values for the
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Aeta may simply reflect a picture of the demographic moment of this population;
contrary to higher fertility and early reproduction, a negative r value is not an
adaptation and cannot last indefinitely. Some pygmy groups, like most Andaman
islanders, and other populations with tall statures, such as the Fuegians, went
extinct; other pygmies, such as the Philippine Agta, seem to be oscillating around
r = 0. Second, selection works mostly on individuals rather than on populations.
Figure 3 in Migliano et al. (2007) shows that  is less negative at & = 16 than at o
= 26. Thus, if negative rates persisted among the Aeta, fast-reproducing women
would go extinct last.

Although Becker et al. (2010) promised to “suggest alternative trade-offs
that can be used to explain Migliano’s results on more reliable bases,” we wonder
what views they hold on the evolution of pygmies. Back to the question: Why are
pygmies so short? Migliano’s hypothesis did not put an end to the debate, as new
data and analyses are still needed. However, the general approach to the study
of pygmy body size has clearly changed between the time of Diamond’s (1991)
paper and the recent review by Perry and Dominy (2009). Migliano’s three re-
cent publications (Migliano 2005; Migliano et al. 2007; Walker et al. 2006) have
suggested a testable life history approach; future steps would include obtaining
data from other short-stature populations from the Americas and Oceania, produc-
ing better-quality life tables and growth curves (especially for African pygmies),
using a single fitness measure (7 values or survivorship to age o) to allow for
interpopulation comparisons, and testing alternative hypotheses (such as thermo-
regulation and locomotion in forests) through correlations between phenotypic
variations and their effect on individual reproductive fitness.
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