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1 Notes on the data taken from the Stan-
dard Cross-Cultural Sample

In two cases, we needed to revise the Standard
Polygamy Code (variable £861): for Toda, and

for Basseri.

The Toda were coded as 0 (“polyandry,”
even though Cultural Basis for Polygamy (vari-
able #860) is coded as 2 (“monogamy preferred
but exceptional cases of polygyny”); we thus
changed Standard Polygamy (variable §861) to
2 (“Monogamy preferred, but exceptional cases
of polygyny”) on basis of White [1], who refers

to exceptional cases of polygyny.

The Basseri have a missing value for variable
#861. From White [1] and Barth [2, page 107],
we coded (conservatively) Standard Polygamy
#1861 as 3 (“Limited polygyny <20% of mar-
ried males”) on the basis of: “wealthy herd own-
ers, with additional labor needs, frequently have
plural wives who extend a man’s fecundity in a
way that saps his wealth.” It could plausibly be
recorded as 4 (>20%) [2].

2 Wealth proxies

A possible concern related to the cross-cultural
compatibility of our estimates is that our ri-
val wealth proxies vary between populations
and productions systems—see Table 1 from the

main text. As such, it remains possible that vari-

ation in the wealth measures used is responsi-
ble for variation in our estimates. For exam-
ple, had we chosen a different rival wealth proxy
for a given population—e.g., the value of house-
hold items instead of land owned—we may have
obtained a different estimate of p, and hence
J, in that population. In cross-cultural projects
as wide-ranging as this one, however, there is
rarely a single variable that can be compared di-
rectly across populations—instead, we have re-
lied on ethnographic accounts to identify which
sources of wealth are most relevant to produc-
tion and reproduction in each society, and at-
tempted to build a cross-culturally comparable
data set by using the most locally relevant mea-

sures of wealth in each population.

Our proxy of rival wealth in foraging soci-
eties (weight) is especially problematic insofar
as it undoubtedly also captures important ele-
ments of non-rival wealth, such as health or for-
aging skill; however, our choice here is con-
strained by the very fact that foragers hold small
and relatively unvarying amounts of material
wealth. We therefore have little choice but to
treat weight as a proxy for access to material re-
sources. Little in our overall argument, however,
is affected by this methodological choice in for-

aging populations.

Among agriculturalists, the Polish sample is

notable for its relatively low Gini coefficient on



rival wealth (specifically, land). Similiar esti-
mates have been shown in other studies [3]. This
study site is situated in an area with poor soils
and long, hard winters, and the area was never
particularly well-suited for large-scale agricul-
ture for these reasons [4]. More than 80%
of farming households in the sample own land
that is classified in the lowest official grades
[4]. Most importantly, the population has a long
history of small-holder farming and a partible
inheritance system [4]. In concert, these so-
cial norm reduced plot sizes over time since
the late 1700s, and have likely contributed to
the smaller-than-typical Gini coefficient on rival

wealth.

3 Percent female polygyny at equilibrium

If a man marries n women, the non-rival wealth
available to each wife is g and the rival wealth

m—cn

available to each wife is ®—<*. Here, m refers
to the total rival wealth of a male, and c refers
to the cost of mating investment. In the Oh et
al. [5] model, each wife produces offspring as
a function of the wealth she has been provided
by the male, adjusted for the importance—~ and
p—of each type of wealth to fitness. The fitness,

w, of a male is then given by the effective num-

ber of wives acquired by the male multiplied by

their average fitness:

“w
m — nc
w= n’ -g“’(—)
~~ n

Effective \ v

number v
of wives Average fitness

per effective wife

The parameters v and p are constrained to
the unit interval reflecting the assumption—
strongly confirmed in our empirical estimates—
that the marginal fitness effect of additional
wealth of either type, while positive, is either
constant or diminishing as wealth increases.
Note that rival and non-rival wealth are mod-
eled as complementary inputs using a Cobb-
Douglas function. This assumption formalizes
the idea that having high non-rival wealth (like
farming skill) with limited material wealth (like
land, seed, and farming tools) is not as rele-
vant to fitness as having farming skill in the
presence of substantial amounts of such mate-
rial resources. In other words, the multiplica-
tive nature of the fitness function means that the
marginal fitness effect of each kind of wealth is
greater as the amount of the other kind of wealth
increases. The parameter )—which is key to our
proposed resolution of the polygyny paradox—
controls the extent of diminishing returns to in-
creasing number of wives for reasons unrelated
to the need to share a male’s rival wealth among
wives; a value of one indicates no such sources
of diminishing returns, and an increasing extent

of diminishing returns—reducing what we term



the effective number of wives below the empiri-
cally observed number n—is indicated by values

of ¢ falling farther below one.

If we consider only two classes of men, the
rich and poor, with the rich males being indexed
by r and the poor by p, then females can opti-
mize their reproductive success by pairing with
a (possibly married) rich male so long as the fol-

lowing condition is satisfied:

o—p—1
>y

(2)

Gy = < glm, —ncf'n
——— ~~

Fitness of singleton Fitness as one of n wives of a rich man

wife of a poor man

Egs. 1 and 2 determine the fitness of males
and females. Without loss of generality, we can
define m,, m,, and c in terms of units of m,,, and
likewise with g, and g,,. Then, from Eqgs. 1 and
2, one can use the Karush-Kuhn-Tucker condi-
tions to derive (see [5]) an analytic expression

for the equilibrium number of wives of the rich

men, n*,

mr(l - %)

Cc

*

n =

3)

if male demand is limiting, or if ¢, the cost of
bridewealth and mating investments, is such that
the market clears. If female supply is limiting,
and the market does not clear, then there is no

simple closed form solution for n*.

If we look at the of derivative of n* in Eq. 3

with respect to 9,

on*  m.p

o0} 02¢

“4)

we find that it is always positive. Thus, increas-
ing the extent to which female fitness is dimin-
ished by additional wives (i.e., decreasing 0),

drives down male demand for additional wives.

Determining the effect of greater diminishing
returns to additional wives (i.e., a lower value
of 9) when female supply is limiting is more
challenging. If female supply is limiting, the
value of n* implied by the polygyny threshold
inequality in Eq. 1.2 in the main text has no
closed form solution. To address this challenge
we proceed as follows. Suppose that the polyg-

yny threshold in Eq. 1.2 from the main text were

satisfied by an equality:

d—p—1

g;(mp — o) = g)(m, —nc)'n Q)]
Now, by differentiating the right-hand side of

Eq. 5 with respect to 9, we have:

d (g7 (my — nc)rn®=1=1)
a6

gin ™Y (m, — en)" log(n)

= (6)

The value g7n®=#=Y(m, — cn)*log(n) is pos-
itive so long as n > 1—which will always
be true if the prospective bride is to marry as

a co-wife—and m, > nc—which must also



be true if the original equality were satisfied.
Since this derivative is positive for all plausible
model parameters, a decrease in o will decrease
the prospective female’s fitness with the wealthy

man below what it was under the higher § value.

It is then apparent from Eq 6 that a lower 0
would, holding other terms constant, decrease
the supply of females to polygynous marriage.
A man who was just barely rich enough so that
an unpaired woman would choose to marry him
as wife number (n+1) under the initial §, would,
under the lower §, be unable to secure the un-
paired woman’s partnership. An increase in the
extent of diminishing returns to additional wives
(lower 0) therefore reduces both male demand

for, and female supply to, polygynous marriage.

Under the Oh et al. model [5], if at least
some women marry monogamously, and if Eq.
3 holds, then there is a closed form solution for

P at equilibrium, given by:

1-%)

P= s . 0 . m, - 9 (7)
O~ C
Sex  Fraction Wealth y
ratio ?r{arllecih {atio Conversion fact0£

TV
n*, wives per rich man

This follows from the fact that in a popula-
tion with /V,,, males and N females, and a given
n-polygyny level, n*, there will be §N,, males

who marry a total of NV,,,n* females. Percent

female polygyny is then:
ON,n* 1-£
P = D son = SHmT( ) (8)
Nf c

Note that Eqs 7 and 8 should be confined to
the unit interval, but this condition is not ap-
parent from the definition. Following the Oh et
al. model [5], we assume here that the param-
eters are such that at least some women marry
monogamously. If the parameters of the model
are such that P is greater than 1, it would im-
ply that all wives are predicted to have cowives.
Also following the Oh et al. model [5], we allow
n* to be a real value for analytical tractability. In

reality, n* would normally be an integer value.

4 An alternative definition of decreasing
fitness returns to increasing number of

wives

In the main text, we model decreasing returns
to increasing number of wives using a term, ¢,
directly on wife number. An alternative ap-
proach would be to assume that female’s bio-
logical and material contributions to reproduc-
tion are affected by number of wives. There
may be declining returns to female fitness which
depend on number of wives; for example, sexu-
ally transmitted inflections that lead to infertility

could cause diminished biological contributions



to fitness for all wives of a given male [6], if
polygyny enhances infection rates [7, 8]. Using
another version of the Oh et al [5] model, we can
define a rich male’s fitness as:

B ) Aﬂ/mr—nc” 9
e L)) @

Number v
1 TV

Fitness
per wife

of wives

where A gives the importance of each female’s
biological contribution to offspring production,
[, and « controls the extent to which additional
wives diminish a given female’s ability to re-
produce. When o = 0, this model reduces to
the Oh et al [5] model, but when o« > 0, addi-
tional wives diminish the fitness of other wives

for reasons other than dilution of rival wealth re-

sources.

If we assume that male demand is limiting,

then n* can be written as:

o m(l= (at)
"= (1 = Xa) (10)

but there is no simple solution for the female
supply condition. If we look at the of derivative
of n* in Eq. 10 with respect to a:

on* B
Oa

B N
(1 = )2

(11)

we find that it is always negative. Increasing
the extent to which females’ biological contri-

butions to reproduction are diminished by addi-

tional wives, drives down male demand for addi-
tional wives. This model leads to the same qual-
itative findings as in the main analysis. Empiri-
cally, it is possible that polygyny might enhance
female reproductive rates (e.g., « < 0) [9], but
evidence for such an effect in humans is very

limited [10].

5 Visualizing model predictions as m, and 6

are varied

Here we present visualizations of the model pre-
dictions as m,. and 6 are varied for various val-
ues of o and ;. We hold the sex ratio constant at
1, and the cost of mating investment constant at
0.95. These figures demonstrate a few key facts:
1) polygyny is monotonically decreasing with
increases in the population density of the poor,
1 — 6, 2) the rival wealth Gini is non-monotonic
in the population density of the poor, 3) the ratio
of percent polygny to the wealth Gini is mono-
tonically decreasing with increases in the popu-
lation density of the poor, 4) both polygyny and
wealth inequality are monotonically increasing
with increases in m,, and 5) polygny is lower

when the value § — p is small.

[Figure 1 about here.]



6 On the ratio of percent female polygny to

the rival wealth Gini coefficient

In the main text, we state that the partial deriva-
tive of the Gini coefficient with respect to 0 is

negative whenever:

vm, —1

0 > (12)
m, — 1
To calculate this, we write:
8G(9, m7«> my
= -1 1
20 L+ (my — 1)) (13)

and then elvauate when the right-hand side of

Eq. 13 is less than 0.

From the main text, if male demand is limit-

ing, then percent female polygyny is given by:

P = sOM,(6 — p) 51 (14)

de
The Gini coefficient on rival wealth is given

by:
om,.

= =9 '

(15)
The ratio of percent female polygyny to
wealth inequality, P/G, is thus:

sOm,. (6 — p1) 5

Om,- o
Om,+(1-0) 4

(16)

so long as the parameters are such that 0 < P <

1. The derivative of Eq. 16 with respect to 6 is:

sm (0 — pu)

c(my, — 1)(0 — 1)2 17

This value is positive as long as 6 > p, m, > 1,
and s,c¢ > 0, which are fundamental assump-
tions of the model. As such, the ratio of per-
cent female polygyny to the Gini coefficient on
rival wealth is monotonic and decreasing as 6,
the fraction of rich males, decreases towards 0.
As wealth becomes concentrated by a small, rich
elite, there will be lower levels of polygny for a

given level of wealth inequality.

7 Estimating percent rich

In our theoretical model, we assume a dis-
crete two-class wealth distribution, but empiri-
cal wealth data typically have continuous distri-
butions. To measure percent rich, we consider
the rival wealth distribution, M, of a single pop-
ulation with N males, sorted in decreasing or-

der, and define the condition:

b's N
> My =6 My (18)
n=1 n=1

Then, for a given ¢ € (0,1), we can calculate
the minimum number of men in the population,
X, needed to satisfy the inequality. We can then
define the frequency of rich men, 6, as the fre-

quency of men in the upper ¢ percentile of cu-



mulative wealth in the population:

X
=2 19
N (19)
For our main analysis, we set ¢ =

{0.33,0.50,0.66}, yielding a measure of the
minimal percentage of men that own one third,
one half, or two thirds of the wealth in the popu-
lation. This mathematical formulation is similar
to identifying the point on a Lorenz curve that
intersects a horizontal line at ¢, and then drop-
ping a vertical line down from this intersection
point to the x-axis. We can then calculate 1 mi-
nus the distance between the intersection point
of the vertical line with the x-axis and the origin

to yield 6.

In the final, empirically motivated estimate—
¥ in the main text—we calculate the average
wealth of men with one and two wives, and de-
fine ¢ to be the percentage of men who have
more wealth than the average of these two num-

bers.

8 Historical agricultural populations

To identify additional agricultural populations
with which we could test for a decreasing
frequency of rich males relative to other sub-
sistence modes, we searched in Fochesato and
Bowles [11, Table 15]. This table compiled

papers mentioning Gini coefficients on wealth

in historical populations. We searched each
table entry until the 1500s. Open access papers
were scanned for Lorenz plots, or data that
could be used to generate them. We then used
the Lorenz curves to graphically estimate the
minimum fraction of males that possess the
upper ¢ percent of cumulative wealth in each
population.  The populations added in this
supplementary analysis are listed in Table 1.
Our analysis is robust to inclusion or exclusion
of the two populations where income rather

than wealth estimates were provided.

[Table 1 about here.]

We replicate Fig. 6 from the main text in Fig.
2. We find that our results in the this supple-
mentary analysis are qualitatively similar to our
findings in the main analysis, but our confidence
intervals are now much narrower in support of

our predictions.

[Figure 2 about here.]

9 Estimating wealth elasticities

To estimate the importance of rival wealth and
wives to reproductive success in each popula-
tion, p, we use a Cobb-Douglas function, which

implies that the log of predicted reproductive



success in male ¢, Ay, is given by:

log(Ap) = By, + B2 log(Ex)

+ B3 1og (W) + Bipiy,a log (M + mpip)
(20)

where each male’s exposure time to risk of re-
productive success (i.e., number of years lived
in the age range between 13 and 60 years) is
given by Ej;, rival wealth is given by W};, and
number of marriages is given by Mj;. The vec-
tor [ gives the unknown parameters unique to
the population, p, of individual 7. Note that the
parameter 7 is equal to O if Mj; > 0, and is
defined as 7p,;; € (0,1)—a parameter to be
estimated—otherwise. This method allows men
with no wives to produce offspring. Note that
7)) represents the effective exposure to mating
chances outside of marriages in population p,
and is constrained by fiat to be less than the mat-
ing chances inside a marriage. Eq. (20) is thus
an empirically estimable approximation to the
male reproductive success function described in

the theoretical model of the main paper.

The function for reproductive success, R, is
then defined using a Negative Binomial outcome

distribution:

Rm ~ Negative Binomial(A[i]B[p(i)], B[p(i)]>
2D
where the term Ay By, defines the shape pa-

rameter of a Gamma distribution, and By, de-

fines the inverse scale parameter.

Our measurement of reproductive success is
motivated by historical evidence that number
of children born predicts number of grandchil-
dren [12], making the former a proxy measure
of fitness. Our proxies for reproductive success
vary somewhat across populations; for example,
some data contributors report number of living
children, some report number of children surviv-
ing to at least age five, while others report chil-
dren surviving to reproductive age. Typically,
survival to age 5 is used in comparative studies
of reproductive success in the developing world
[13], because most mortality occurs prior to the
fifth birthday; mortality after the fifth birthday
is generally low. While best estimates of fitness
are drawn from multigenerational data [12, 14],
studies of contemporary demography are lim-
ited by their very nature as contemporary and
must rely on slightly noisier proxy measures of

fitness.

Rival wealth holdings are estimated using
one or two proxy measures, ]\7[[1-,1] and M[i,g].
If we have only a single proxy measure, then:
My = M[i,l]- To convert two wealth proxies
into a single kind of rival currency, we integrate

endogenously estimated shadow prices, ¢, into



Eq. (20):

My = Mgy + St M2 (22)
In cases where the vectors containing M[m} or
M, [i,2 contain zeros, we add a small constant. In
the case of foragers, where weight was used as a
proxy for wealth, we subtract a constant slightly
less than the minimum weight value in order to
yield a reasonable location for the zero of the

wealth vector.
The shadow price parameters are given log-

normal priors:

S ~ Log Normal(0, 1) (23)

The parameters controlling reproduction out-
side of marriages are given uniform priors on the

unit interval:

fip ~ Beta(1,1) (24)

The inverse scale parameters are given weak

but proper, positive-constrained priors:

By, ~ Cauchy(0,5)T]0, ] (25)

where the symbol 7'[0, ] indicates truncated sup-

port > 0.

We use a multi-level model to estimate the

elasticity parameters:

Bp) ~ Multivariate Normal(©, €2) (26)

The elements of © are given weak priors:

© ~ Normal(0, 5) 27)
The covariance matrix, €2, is defined as:
) = Diag(o)pDiag(o) (28)

where the elements of o have weak but proper,

positive-constrained priors:

o ~ Cauchy(0, 5)T0, | (29)

10 Age-adjustment

In order to use all cohorts of the adult male pop-
ulation, relevant measures—wives and wealth—
are age-adjusted to represent their predicted val-
ues at the age of 60 years. To age-adjust wealth,

we model:

M[i,l} ~ Gamma(exp(a[p(i)vu + (30)

(i) 2) 10g(Epw)) Zip(iys Zip(iy)

An estimate of completed wealth, M[M] is
then:

M[i,l] = M[i,l] + Qi 31

10



where:

Qi) ~ Gamma(e®r().1 (B2 —

) Z1p(i))> Z1p(i)))

(32)
X[p(i),2]

Ey
Note that £ = 60 gives the maximum possi-

ble exposure time to risk of acquisition. As

~

such, the first term in Eq. 31, M, gives
how much wealth has been acquired by ex-
posure time FEp;), and the second term, Q[i,ll’
gives an estimate of the additional wealth that
will be acquired between times Lj; and E.
This model adjusts the estimates of a wealth
proxy for exposure-time associated structuring
of both mean and variance. Further, this ad-
justment method propagates uncertainty in the
predicted quantity of wealth that will be ob-
tained by younger men. We use the same model
structure for the other wealth proxy and wives.
The completed wealth proxies are combined us-
ing the estimated shadow prices. The percent
rich and percent female polygyny measures pre-
sented in the main paper are based on the com-
pleted wealth and wife estimates. See model

code for additional details.

11 Model fit

Model fit was checked using Stan’s 7 and ef-
fective sample size measures. Additionally, we
checked traceplots from a sample of model pa-

rameters, finding both chains to have settled in

11

the same posterior region. Both chains mixed

well. See Fig. 3.

[Figure 3 about here.]

12 Replication and open science

Interested readers can replicate our analy-
sis using the model code and data included
at: https://github.com/ctross/
publications/polygynypuzzle. Anal-
ysis is conducted using R [15] and rstan

[16].
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Figure 1: Visualization of model predictions. We assume that male demand is limiting and that
s = 1land ¢ = 0.95. We vary 6 from O to 1. The colors represent m,. values of: 2.5, 3.5, 5.5, 9.5,
17.5, and 33.5, as black shifts to purple. Note that values in the last frame are only displayed for
parameter combinations in which 0 < P < 1.
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Figure 2: Frequency of rich males. Frames (a), (b), and (c) illustrate the minimal fraction of men
who possess the upper ¢ percent of cumulative wealth in the population. We see that wealth in
agricultural populations is disproportionately possessed by a significantly smaller fraction of the
population than in horticultural or even agropastoral societies. Values plotted in the legends show
the mean difference (and 90% confidence intervals) in the frequency of rich males between the
focal subsistence type and agricultural populations. For example, in frame (a) the estimate of the
mean frequency of rich males in horticultural populations was 0.10 (90%CI: 0.08, 0.13) higher
than the corresponding mean estimate in agricultural populations.
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Figure 3: Traceplots from a random sample of model parameters.
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Table 1: A sample of historical agricultural and/or material wealth limited populations. The numer-
ical columns reflect the value of the frequency of rich males, 6, when the value of ¢, the cumulative
wealth owned by the rich class, is set at various values.

Year Site 0,0=033 6,0=050 6,0=0.66 Source Figure Proxy

5100 BCE HamangialandIl  0.04 0.10 0.16 Figure 4 Value of grave goods
4800 BCE Hamangia III 0.04 0.10 0.20 Figure 4 Value of grave goods
4550 BCE Hamangia IV 0.05 0.10 0.18 Figure 4 Value of grave goods
4350 BCE  Varnal 0.07 0.13 0.23 Figure 4 Value of grave goods
4350 BCE  Varna II and III 0.02 0.05 0.09 Figure 4 Value of grave goods
321 BCE  Athens 0.02 0.05 0.16 Figure 2 Estimated wealth
116 BCE  Hermopolite 0.02 0.03 0.06 Figure 1 Land

150 Roman Empire 0.03 0.13 0.37 Figure 3 Income

1000 Byzantium 0.02 0.19 0.42 Table 7 Income

1258 Italy 0.05 0.09 0.17 Table 1 Wealth

1498 Italy 0.05 0.09 0.17 Table 1 Wealth

1511 Italy 0.07 0.12 0.20 Table 1 Wealth

1540 Quauhchichinollan  0.06 0.19 0.36 Supp. Data Land

1540 Huitzillan 0.05 0.18 0.36 Supp. Data Land
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