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Introduction

Ageing, de®ned as the decline in survival probability and

fecundity with advancing adult age, is often viewed as

the evolutionary outcome of the declining force of

natural selection at older age (Medawar, 1952; Partridge

et al., 1999). Ageing can be due to the accumulation of

late acting deleterious mutations (Medawar, 1952;

Hamilton, 1966; Charlesworth, 1994), and/or due to

pleiotropy, as the result of constrained life-history

optimization (Williams, 1966; Charlesworth, 1994;

Partridge et al., 1999; Zwaan, 1999). For instance,

increased allocation of limited resources to reproduction

can be an important cause of senescence and later

mortality (Medawar, 1952; Williams, 1957; Kirkwood,

1981; Kirkwood & Rose, 1991; Teriokhin, 1998). Most of

the evidence for this phenomenon comes from experi-

ments showing the deleterious consequences of an

increase in reproductive effort on life span (Partridge &

Farquhar, 1981; Van Voorhies, 1992; Chapman et al.,

1995; Gems & Riddle, 1996; Prowse & Partridge, 1997;

Snell & King, 1997). Arti®cial selection on age at

reproduction showed the reverse effect that selection

regime favouring individuals that retained fecundity at a

later age resulted in populations with increased life spans

(Engstrùm et al., 1992; Zwaan et al., 1995; Partridge et al.,

1999). Data for higher organisms, e.g. mammals, have

until now been mostly lacking.

The hypothesis that investment in reproduction

reduces the resources available for somatic maintenance

has recently been tested in Homo sapiens by Westendorp &

Kirkwood (1998). Using 1200 years of genealogical data

on British aristocracy, they showed that the number of

progeny was small for women who died at an early age,

increased with the age of death, reached a plateau

through the sixth, seventh and eighth decades of life, and

was lower again for women who died at an age of

80 years or over. This relationship supported the expect-

ation that heavy investments in reproduction diverts

resources away from the maintenance and repair of cells,

with ageing and earlier death as results (Westendorp &

Kirkwood, 1998). For unknown reasons, the authors

found a virtually identical pattern among men.

Keywords:

comparative analysis;

Homo sapiens;

reproduction;

somatic maintenance;

spatial-series;

trade-off.

Abstract

A trade-off between reproduction and somatic maintenance and hence

survival is fundamental to life-history theory. We investigated the relationship

between female fecundity and longevity in Homo sapiens using data from 153

countries located all over the world. The raw correlation between life span and

fecundity was highly signi®cant with a negative trend. After longevity and

fecundity estimates were controlled for by confounding factors such as

historical (i.e. human ethnic groups), religious, geographical, socio-econom-

ical and parasitological components, we still observed a negative relationship

between the mean female fecundity and the mean longevity in a country.

These ®ndings support the hypothesis for the existence of a trade-off between

these two key life-history traits in humans, as also reported by a recent single

longitudinal study in England.
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As manipulative experiments on humans are uneth-

ical, the statistical search for congruent patterns offers

an alternative to understand variation in life-history

parameters among human populations. Fortunately,

there are considerable statistics on humans and their

activities, and other ways of detecting similar patterns

and of testing relevant hypotheses are possible. The aim

of the present paper is to assess the generality of this

trade-off among humans. We test whether the variation

of life-history parameters found in the study of British

aristocrats is also present across different human popu-

lations worldwide. After controlling longevity and

fecundity for possible effects exerted by historical,

spatial, economical and population patterns, we deter-

mined the relationship between longevity and fecundity,

using data from 153 countries located all over the

world.

Methods

Description of the data

Mean data on life expectancy, on infant mortality and on

fecundity were obtained for 153 countries from the

statistics of the 1992 World population data sheet (Jones,

1990).

Data on life expectancy and infant mortality were used

to calculate longevity (life expectancy of females of

different ages). To calculate life span expectations at

different ages having only data on life span expectation at

birth, L0, and infant mortality, M0 (the number of deaths

per 1000 births during the ®rst year of life), we had to

make assumptions concerning the structure of human

mortality. We supposed that human mortality is com-

posed of three components: infant mortality, m0, de®ned

by the equation

eÿm0 � 1ÿ M0=1000� �
and acting only during the ®rst year of life; environ-

mental mortality, me, assumed to be constant for all

ages but not for different countries; and physiological

mortality, mph, assumed to depend on age, t, in

accordance with the law of Gompertz (Gompertz,

1825)

mph � AeBt

with parameters assumed, for all countries, to be equal to

the typical values of A � 0.00001 and B � 0.1 obtained

when ®tting demographic data (e.g. Gavrilov & Gavrilova,

1984). These assumptions lead to the following expres-

sions for probabilities p0, p1, p2, ¼, pt of surviving the

forthcoming year at ages 0,1, ¼, t

p0 � eÿm0 ; p1 � eÿmeÿAe2B

; . . . ; pt � eÿmeÿAeBt

which, in their turn, lead to the following probabilities l0,

l1, l2, ¼, lt of surviving from age 0 to the ages of 1, 2, ¼,

t + 1 years:

l0 � p0 � eÿm0 ;

l1 � l0p1 � eÿm0ÿmeÿAeB

;

l2 � l1p2 � eÿm0ÿ2meÿAeBÿAe2B

;

lt � ltÿ1pt � e
ÿm0ÿmetÿ

Pt

u�1

AeBu

:

Using the above equations, we ®nd for the life span

expectation at birth

L0 �
X1
t�0

lt � eÿm0 �
X1
t�1

e
ÿm0ÿme tÿ

Pt

u�1

AeBu

This equation was used to ®nd the environmental

mortalities, me, for each country (values of L0 and m0

being known from our data and values of A and B being

set to their typical values). The values of me for females

ranged from about 0.0005 for Switzerland to about 0.02

for Chad.

With all the parameters in the above equation for L0

now known, we can calculate the life span expectations

at different ages. For this we used the equation of full

expectation (e.g. Mangel & Clark, 1988) in which the

total life span at birth can be presented as the weighted

sum of conditional expectations of life of those who

survived up to age t and those who did not:

L0 � ltÿ1Lt � �1ÿ ltÿ1�L<t:

Hence

Lt � lÿ1
tÿ1 L0 ÿ 1ÿ ltÿ1� �L<t� �

where

L<t �
Xtÿ1

u�0

lu:

For example, concerning the life span expectation at

1 year (L1), we obtain

L1 � 1ÿ M0

1000

� �ÿ1

L0 ÿ M0

1000
1ÿ M0

1000

� �� �
:

Note, that in this particular case the estimate of L1 does

not depend on our speci®c assumptions concerning the

exact values of parameters A and B in the Gompertz's

equation (L0 and M0 are supposed to be known from the

real data). For consistency, we used only values of life

expectancy at 1 year (L1), but other estimates (i.e. L5,

L10, L15) yielded similar results.

Fecundity (log-transformed) refers to the average

number of children born to a woman during her lifetime,

i.e. this estimate is only based on the fecundity of females

who reached reproductive age and thus it is not in¯u-

enced by childhood mortality. In addition, an analysis of

life-history data should take into account the

environmental conditions affecting both longevity and

reproduction (Stearns, 1992; Westendorp & Kirkwood,

1998). Consequently, we considered in our analysis

historical (i.e. human ethnic groups), geographical,
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socio-economical, religious and parasitological compo-

nents, since these factors are by virtue in¯uencing

parameters on human survival and fecundity (Jones,

1990; Anderson & May, 1991).

Data for population geography were obtained from the

1992 World population data sheet (Jones, 1990). We

considered four demographic or economic parameters for

each country: (i) total population (in number of people

per country), (ii) total population growth (per 1000

people), (iii) population density (number of people per

km2) and (iv) per capita gross national product (GNP in

US$ per year). These four variables were log-trans-

formed.

Disease occurrences in the 153 countries were com-

piled from two international health care data bases,

i.e. the Centers for Disease Control and Prevention

(Atlanta, USA at http://www.cdc.gov/) and the World

Health Organization (Geneva, Switzerland at http://

www.who.int/). We collected data for a set of 16

categories of human diseases known to affect human

survival (i.e. typhoid, hepatitis A, hepatitis B, malaria,

schistosomiasis, ®lariosis, meningococcosis, yellow fever,

dengue fever, cholera, trypanosomiasis, dracunculosis,

chagas disease, lyme disease, cutaneous leishmaniosis

and visceral leishmaniosis). Based on this information,

we calculated the disease load as the total number of

diseases for each country.

To correct for common history, we used the human

group phylogeny based on the work of Cavalli-Sforza

(1997), which we coded as categorical variables (Draper

& Smith, 1981). We considered the eight largest divisions

of ethnic groups: I: Africans and Nilotics (except native

people from the Maghreb), II: Europeans (including

people from the Middle East), III: Indians, IV: Mongols,

Japanese and Koreans, V: American Indians, VI: Papua-

New Guineans, VII: Melanesians, VIII: Mhongs, Khmers,

Thais, Filipinos, Indonesians and related tribes. Further-

more, we considered ®ve main groups of religion: I:

Moslem, II: Christian±Jewish; III: Hindu; IV: Shinto; V:

Animist, and we assigned a category when at least 50%

of the inhabitants belonged to one major religion. Other

independent variables were considered for each country:

belonging to the Northern or Southern Hemisphere

(coded 0/1), to an island or a landmass (coded 0/1), to

a continent, its average position in degree of latitude and

longitude and its total surface area (km2).

Statistical procedure

To model the relationship between female life span and

explanatory variables across the 153 countries, we used a

general linear model (GLM). Minimal models were

selected with a backward elimination procedure. At each

iteration, the variable showing highest partial correlation

with the dependent variable was included into the model

only if its correlation was signi®cant at the 5% level (Zar,

1996). We used the tolerance option with a value of 0.05

which protects against constructing highly multicolinear

models tending to generate unstable coef®cient estimates

(Wilkinson et al., 1992). A similar procedure was per-

formed to model the relationship between fecundity and

the explanatory variables across the 153 countries. Then,

we plotted residual values of fecundity against residual

values of life span and calculated their correlation. All

statistical analyses were performed using Systat 8.0,

Evanston, IL, USA (Wilkinson et al., 1992).

Results

Mean (�SD) female life span was 67.3 � 10.9 years

(range: 40±83, n � 153). Mean fecundity (�SD) calcula-

ted from untransformed data was 4.2 � 1.9 (range: 1.3±

8.3, n � 153), and from log-transformed data was

1.34 � 0.26 (range: 0.26±2.11, n � 153). The raw corre-

lation between life span and fecundity was highly

signi®cant and negative across countries (n � 153,

r2 � 0.70, y � 14.13 ± 0.15x, F � 385.41, P < 0.001),

thus indicating that women in rich countries tend to

have fewer children and live longer. Results from GLM

modelling show that female life span and fecundity were

signi®cantly in¯uenced by socio-economic, historical and

disease parameters (Tables 1 and 2). Each model was

highly signi®cant (Table 1, R2 � 0.77, n � 153, F � 53.1,

P < 0.001; Table 2, R2 � 0.83, n � 153, F � 43.1,

P < 0.001). Spatial autocorrelation estimates were near

zero (Table 1, ®rst-order autocorrelation � 0.086 and

Table 2, ®rst-order autocorrelation � 0.193).

Residual distributions for female life span and fecun-

dity were not signi®cantly different from normal

Table 1 Summary of general linear model of female lifespan at

1 year (L1) vs. signi®cant explanatory variables. Parameter

estimates, degrees of freedom (d.f.), F-ratio and associated prob-

ability (P) are given for each signi®cant explanatory variable. For

ethnic groups, the dummy variables and their corresponding

parameter estimates are illustrated. Results were obtained after a

step-down backward elimination procedure with the tolerance

option set at 0.05. The ®nal model was highly signi®cant (R2 = 0.77,

n = 153, F = 53.10, P < 0.001). Interaction terms which could

potentially affect life span variability were not signi®cant.

Parameter

estimates d.f. F-ratio P

Diseases )0.833 1 14.101 0.000

GNP (log) 3.165 1 60.541 0.000

Ethnic group

I 1.597

II )0.981

III 1.294

IV )1.250

V 5.710

VI )7.340

VII )0.710

VIII 1.680 7 6.848 0.000
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distributions using Kolmogorov±Smirnov's D statistic

(one-sample test, P > 0.05 in both cases) and marginally

signi®cant when applying Lillifors' test (d.f. � 153,

P � 0.048 for life span; d.f. � 153, P � 0.045 for fecun-

dity).

There was a negative relationship between residuals of

fecundity and residuals of female life span (Pearson's

correlation coef®cient: n � 153, r � ±0.27, P � 0.0012)

(Fig. 1), indicating that in countries where women had

more children the average life span was shorter, after

correction for the factors mentioned above.

Discussion

Variations of female life expectancy and of fecundity at a

broad scale are explained by numerous factors ranging

from socio-economical parameters to disease incidence,

geography and phylogeny. This analysis on spatial data

con®rms the trend in the temporal data for British

aristocrats (Westendorp & Kirkwood, 1998) and thus

support the hypothesis that human life histories involve

a trade-off between longevity and reproduction. As in

other species, humans who invest heavily in reproduc-

tion while young will, on average, pay for this repro-

ductive success with a shortened life span. The fact that

we do not observe in the ®rst part of the curve an

increase of fecundity with longevity as observed in

Westendorp & Kirkwood (1998) indicates that fecundity

is not constrained by short survival in the world. This

Table 2 Summary of general linear model of female fecundity vs.

signi®cant explanatory variables. Parameter estimates, degree of

freedom (d.f.), F-ratio and associated probability (P) are given for

each signi®cant explanatory variable. For religion and ethnic group

factors, the dummy variables and their corresponding parameter

estimates are illustrated. Results were obtained after a step-down

backward elimination procedure with the tolerance option set at

0.05 level. The ®nal model was highly signi®cant (R2 = 0.83,

n = 153, F = 43.11, P < 0.001). Interaction terms which could

potentially affect fecundity variability were not signi®cant.

Parameter

estimates d.f. F-ratio P

Diseases 0.026 1 5.284 0.023

GNP (log) )0.144 1 50.371 0.000

Religion

I )0.107

II 0.135

III 0.349

IV )0.335

V )0.042 4 2.549 0.043

Ethnic group

I 0.062

II )0.063

III )0.207

IV )0.177

V 0.132

VI 0.412

VII 0.236

VIII )0.271 7 12.793 0.000
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Fig. 1 Relationship between female fecundity

(SD � �0.21) and its corresponding life span

(SD � �4.32) at 1 year across a set of 153

countries (r � ±0.27, P � 0.0012).

Corresponding residual values were extracted

from models as illustrated on Tables 1 and 2.
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phenomenon seems normal here since, as opposed to

Westendorp & Kirkwood (1998) who used individual

data with a large variance, our study is based on mean

longevity and fecundity values. Thus, despite the use of

different kinds of data set (temporal vs. spatial data set

and individual vs. average values), congruent patterns of

life-history trade-offs are observed. All this study con-

cerns phenotypic correlations. However, the data set can

potentially address genetic differences as well, as indi-

cated by the signi®cance level of the ethnic group factor.

Further investigations would be necessary to assess this

point.

Life-history theory assumes that reproduction is costly

and competes with other activities of the individuals

(Roff, 1992; Stearns, 1992). However, the underlying

causes of a cost of reproduction often vary and are

dif®cult to distinguish (Erikstad et al., 1998; Polis et al.,

1998; Rose & Bradley, 1998; Telford & Webb, 1998). The

idea that parental care is costly is demonstrated in several

bird species. Individuals that raised an experimentally

enlarged brood have a longer reproductive interval

(Deerenberg et al., 1996) or are more sensitive to envi-

ronmental stress such as parasitism (e.g. Mùller, 1993,

1997; Norris et al., 1994; Richner et al., 1995).

Important questions remain, and we would like to

underline a potentially strong limitation in our study. In

most animals, life-history traits are strongly correlated

with environmental variables as the result of natural

selection. In this study on Homo sapiens, we have made

the important assumption that socio-cultural aspects are

absent, except maybe those invoked with religion, so that

human traits can be analysed exactly like the traits of any

animal species. However, as we know, socio-cultural

factors are important to understand a large range of

human features such as reproduction and are also

probably sensitive to general environmental conditions.

Although we believe that a substantial part of the

fecundity variation among humans explains a signi®-

cant part of the variability in their longevity through a

trade-off, we must be aware that such socio-cultural

parameters, because of their complexity, have been

neglected in this work and can potentially confound this

conclusion.
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