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Determinants of human population growth

Wolfgang Lutz* and Ren Qiang
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The 20th century has seen unprecedented growth of the human population on this planet. While at the

beginning of the century the Earth had an estimated 1.6 billion inhabitants, this number grew to 6.1

billion by the end of the century, and further significant growth is a near certainty. This paper tries to

summarize what factors lie behind this extraordinary expansion of the human population and what popu-

lation growth we can expect for the future. It discusses the concept of demographic transition and the

preconditions for a lasting secular fertility decline. Recent fertility declines in all parts of the world now

make it likely that human population growth will come to an end over the course of this century, but in

parts of the developing world significant population growth is still to be expected over the coming decades.

The slowing of population growth through declining birth rates, together with still increasing life expect-

ancy, will result in a strong ageing of population age structure. Finally, this paper presents a global level

systematic analysis of the relationship between population density on the one hand, and growth and

fertility rates on the other. This analysis indicates that in addition to the well-studied social and economic

determinants, population density also presents a significant factor for the levels and trends of human

birth rates.
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1. FACTORS DRIVING PREVIOUS POPULATION

GROWTH

The broad outlines of the history of global population

growth are by now familiar. At the dawn of the agricultural

revolution (8000 years before present), total population

was about 250 000 (Cook 1962). It took all of human his-

tory (until 1800) for global population to reach one

billion—roughly today’s population of Europe and North

America combined. It took 130 years (until 1930) to reach

two billion. It took only 60 more years (1960) to reach

three billion. The fourth billion was reached between 1960

and 1975, the five billion mark was passed in 1987 and

the six billion mark was reached in 1999.

Less well appreciated are the facts that both the annual

growth rate and the annual absolute increment of world

population have passed their peaks and are expected to

continue to decline. The growth rate peaked at 2.1% per

year in the late 1960s and fell to 1.35% by 2000 (see table

1), and the annual absolute increment to population

peaked at about 87 million per year in the late 1980s and

was about 81 million at the end of the 20th century. This

does not mean, of course, that little further population

growth is to be expected; most mid-range population pro-

jections foresee future population rising to 8–10 billion by

the end of the 21st century.

As shown in table 1, the TFR (average number of chil-

dren per woman under a period perspective) declined

modestly in most parts of the world from 1950–1955 to
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1970–1975, then declined over the following 25 years with

a rapidity that was unimaginable in the 1960s. This

second period of decline was especially pronounced in

Asia, where TFR fell by more than two children per

woman (a statistic that is, however, heavily influenced by

a dramatic fertility decline in China during the 1970s).

One exception has been Africa, where fertility rates

remained well above six children per woman on average

through the late 1980s; since then, the beginnings of a

fertility decline have become apparent. Meanwhile,

regions such as Europe and North America that had

already achieved very low fertility by 1970–1975 saw these

rates persist or fall further.

During the 1950s and 1960s, reductions in mortality

resulting from the spread of modern hygiene and medicine

were even more significant than fertility declines. During

the period 1950–1955 (the first period for which estimates

are available), life expectancy was lowest in Africa

(38 years) and Asia (41 years), while it had already

improved significantly in Latin America (51 years). Over

the following 20 years life expectancy increased impress-

ively in all parts of the world. In Asia, by far the most

populous continent of the world, it increased by 15 years

over this short period. In Africa, it improved by 8 years,

although this increase was below the world average.

Improvements continued over the next 25 years to 1995–

2000, but at a somewhat slower speed, with Asia, Latin

America and Africa (even with AIDS) seeing substantial

improvements.

These trends in fertility and mortality resulted in differ-

ent patterns of population growth in different parts of the

world. In fact, the dominant feature of the global demo-

graphic landscape has been the contrast between the well-

off populations of Europe, North America and Japan and
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the poorer populations of Asia, Africa, the Middle East

and Latin America. The population of the MDCs is rela-

tively small (about 1.2 billion in 2000) and expanding very

slowly (0.3% per year) following a 46% increase since

1950 (see table 1). That of the LDCs is large (ca. 4.9

billion in 2000) and expanding rapidly (1.6% per year)

after increasing by a factor of 2.9 since 1950. As a conse-

quence, the share of today’s industrialized countries in the

world population decreased from 32% in 1950 to 20% in

2000 and is likely to decrease much more in the future.

In addition, despite the rapid changes in most LDCs,

inhabitants of MDCs on average live significantly longer

(life expectancy at birth for both sexes combined is ca.

75 years, versus 63 years in LDCs) and have fewer chil-

dren (TFR is 1.6, versus 3.1 in LDCs).

The widely varying historical experiences of the differ-

ent regions of the world have also left a strong imprint

on the age structure of their populations. In Africa, age

distribution is typical of a rapidly growing population,

showing larger and larger cohorts in the young age groups.

There are more than twice as many children under age 5

than adults aged 20–25, four times more than those aged

40–45 and 10 times more than the elderly aged 65–70. In

Western Europe the pattern is completely different: the

number of women aged 60–65 approximately equals the

number of children under age 5, while the largest age

groups are those between 30 and 40. The age pyramid is

narrower at the bottom due to the very low levels of fer-

tility since the 1970s; at the same time, declining mortality

rates have widened the top by increasing the size of older

age cohorts.

The narrowing of population pyramids at the bottom

(from low fertility) and widening at the top (due to

extended longevity) is called ‘population ageing’. The two

components are referred to as ageing ‘from the bottom’

and ‘from the top’. Population ageing is an enormously

important social phenomenon, especially in relation to the

uncertain future of pension and health care systems. Age-

ing will continue in MDCs and has already started in

LDCs. Just as the speed of mortality improvements accen-

tuated the implications of demographic transition for

population growth rates, the speed of LDC fertility decline

will accentuate the ageing phenomenon. Both trends are

part of the secular change called demographic transition.

The demographic transition began in MDCs in the late

18th century and spread to LDCs in the last half of the

20th (Notestein 1945; Davis 1954, 1991; Coale 1973).

The conventional ‘theory’ of demographic transition pre-

dicts that, as living standards rise and health conditions

improve, first mortality rates decline and then, somewhat

later, fertility rates decline. Demographic transition

‘theory’ has evolved as a generalization of the typical

sequence of events in what are now MDCs, where mor-

tality rates declined comparatively gradually beginning in

the late 1700s and then more rapidly in the late 1800s

and where, after a lag of 75 to 100 years, fertility rates

declined as well. Different societies experienced transition

in different ways and today, various regions of the world

are following distinctive paths (Tabah 1989). Nonethe-

less, the broad result was, and is, a gradual transition from

a small, slowly growing population with high mortality and

high fertility to a large, slowly growing population with

low mortality and low fertility rates. During the transition
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Figure 1. Birth and death rates in Mauritius since 1871.

Grey line, crude death rate; black line, crude birth rate.

(Source: Mauritius Central Statistical Office.)

itself, population growth accelerates because the decline

in death rates precedes the decline in birth rates.

On a theoretical level there are two different ways to

explain demographic transition. One views the fertility

decline as a direct response to the mortality decline. This

so-called ‘homeostasis argument’ stresses that societies

tend to find an equilibrium between births and deaths.

When death rates decline due to progress in medicine and

better living conditions, the equilibrium is disturbed and

the population grows unless birth rates adjust to the new

mortality conditions and also start to decline. The fact that

fertility tends to decline many years after mortality may

be explained by a perception lag. The other view assumes

that modernization of society acts as a joint driving force

of declining mortality and fertility. Fertility decline lags

mortality decline, according to this view, because fertility

is more strongly embedded in the system of cultural norms

and therefore changes more slowly than mortality relevant

behaviour. The historical record of Europe—where fer-

tility sometimes declined simultaneously with mortality

and population growth was generally much lower than in

today’s high fertility countries (Coale & Treadway 1979;

Coale & Watkins 1986)—gives more support to the

second explanation. But the two arguments are not neces-

sarily mutually exclusive.

Figure 1 illustrates the demographic transition in Maur-

itius, a developing country that has good records for birth

and death rates for more than a century. Up to around

World War II, birth and death rates show a pattern of

strong annual fluctuations, due mostly to diseases and

changing weather conditions, which are typical for ‘pre-

modern’ societies. Whenever birth rates are consistently

above death rates, the population grows, as was the case

in Mauritius during the late 19th century. After World

War II, death rates on Mauritius declined precipitously

due to malaria eradication and the introduction of Euro-

pean medical technology. Birth rates, on the other hand,

remained high or even increased somewhat due to the bet-

ter health status of women (a typical phenomenon in the

early phase of demographic transition). By 1950 this had

resulted in a population growth rate of more than 3% per

year, one of the highest at that time. Later, birth rates

declined, with the bulk of the transition occurring during

Phil. Trans. R. Soc. Lond. B (2002)

the late 1960s and early 1970s when TFR declined from

more than six to less than three children per woman within

only 7 years, probably the world’s most rapid national fer-

tility decline. It happened on a strictly voluntary basis and

was a result of high female educational status together

with successful family planning programmes (Lutz 1994).

Because of the still very young age structure of the Mauri-

tian population, current birth rates are still higher than

death rates and the population is growing by ca. 1% per

year despite fertility around replacement level (i.e. two

surviving children or TFR somewhat above 2.0,

depending on mortality conditions).

Empirically observed trends in all parts of the world

have overwhelmingly confirmed the relevance of the con-

cept of demographic transition to LDCs (Tabah 1989;

Cleland 1996; Westoff 1996; United Nations 2001). With

the exception of pockets where religious or cultural beliefs

are strongly pro-natalist, fertility decline is well advanced

in all regions except sub-Saharan Africa, and even in that

region many signs of a fertility transition can be perceived.

In South East Asia and many countries in Latin America,

fertility rates are on par with those in MDCs only several

decades ago, and in several countries such as China, Tai-

wan and Korea, fertility is at sub-replacement levels.

The biggest difference between the demographic tran-

sition process in what are now MDCs and LDCs has been

the speed of mortality decline. Mortality decline in Eur-

ope, North America and Japan came about over the course

of two centuries as a result of reduced variability in the

food supply, better housing, improved sanitation and,

finally, progress in preventive and curative medicine. Mor-

tality decline in LDCs, by contrast, occurred very quickly

as a result of the application of Western medical and pub-

lic health technology to infectious, parasitic and diarrhoeal

diseases since World War II. Life expectancy in Europe

rose gradually from about 35 years in 1800 to about

50 years in 1900, 66.5 years at the end of World War II

and 74.4 years in 1995. In LDCs, it shot up from

40.9 years at the end of World War II to 63 years in 2000.

The increase that took MDCs about one and a half cen-

turies to achieve came to pass in LDCs in less than half

a century. As a result of the speed of the mortality decline,

populations in LDCs are growing three times faster today

than did the populations of the present MDCs at the com-

parable stage of their own demographic transition.

Studies of the factors influencing changes in fertility

must begin with the proximate determinants of fertility:

(i) age at marriage (or beginning of sexual activity); (ii)

prevalence and effectiveness of contraception; (iii) preva-

lence of induced abortion; and (iv) duration of postpartum

infecundability, especially due to breast feeding

(Bongaarts & Potter 1983). Fertility decline must come

through changes in one or more of these four proximate

determinants.

The adoption of contraception has been the principal

source of fertility decline in LDCs. However, how couples

adopt contraceptive practices is a function of many influ-

ences. The spread of contraceptive practice is a diffusion

process consisting of stages of awareness, information,

evaluation, trial and adoption. All of these stages consist

of actions undertaken in social networks, leading to path

dependence and the persistence of heterogeneity between

sub-populations (Kohler 1997). Coale (1973) lists three
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‘preconditions’ required for fertility decline. First, fertility

must be regarded as being within the realm of conscious

choice. Often, this marks a fundamental change in the way

individuals view their lives and their families (Lockwood

1997; Van de Walle 1992); for example, people may

change from having a fatalistic attitude toward fertility to

making procreation an object of their life-course planning.

Yet, in most demographic transitions, fertility regulation

was already practised during the pre-transition phase,

albeit more for spacing than for limiting the final number

of children (Mason 1997). Therefore, second, there must

be objective advantages to lower fertility. Third, accept-

able means of fertility reduction must be at hand. These

three preconditions for a lasting fertility decline suggest

three parallel strategies to foster the transition from high

to low fertility.

(i) Emphasize universal basic education to bring fer-

tility increasingly into the realm of conscious choice.

Modern mass media may also exert an important

influence. These strategies are also likely to bring

about attitudinal and cultural change.

(ii) Pursue changes in socioeconomic variables, mostly

neoclassical economic costs and benefits arising

from variables such as child labour, female partici-

pation in the modern-sector labour force, support in

old age, etc. Changes in the ‘value’ of children also

impact on couples’ desired family size.

(iii) Invest in reproductive health and the availability of

family planning services, including maternal and

child health programmes that reduce infant mor-

tality. Help women match their desired and actual

number of children by focusing on the unmet need

for family planning.

This framework suggests that if two of the three precon-

ditions are already met, the introduction of the third may

trigger a rapid fertility decline. In the previously described

case of the rapid Mauritian fertility decline, the young

female population was already literate and large families

were increasingly perceived as an economic burden. The

strong and strictly voluntary family planning campaign

that strengthened the negative perception of high fertility

and provided efficient family planning services that were

even supported by the influential Roman Catholic church

(supporting only the ‘natural’ ones) then triggered the pre-

cipitous fertility decline. In some other countries huge

investments in family planning were virtually without

effect because one of the other two preconditions was

not met.

2. EXPECTED FUTURE POPULATION GROWTH

The human population can be projected for several dec-

ades with rather high accuracy because most of the people

who will be alive in 20–30 years have already been born,

and we know their cohort size. All long-term global popu-

lation projections employ the cohort-component method.

Initial populations for countries or regions are grouped

into cohorts defined by age and sex, and the projection

proceeds by updating the population of each age- and sex-

specific group according to assumptions about three

Phil. Trans. R. Soc. Lond. B (2002)

components of population change: fertility, mortality

and migration.

Development of this approach was the major innovation

in the evolution of projection methodology. It was first

proposed by the English economist Edwin Cannan (1895)

and was then reintroduced by Whelpton (1936), for-

malized in mathematical terms by Leslie (1945) and first

employed in producing a global population projection by

Notestein (1945). Prior to the mid-20th century, the few

global population projections that had been made were

based on extrapolations of population growth rate applied

to estimates of the total population of the world (Frejka

1994). Since Notestein’s 1945 projection, the cohort-

component method has become the dominant means of

projecting population and has remained essentially

unchanged. The real work in producing projections lies

not in refining the mechanics of the model itself, but in

estimating population size and age structure in the base

period and in forecasting future trends in fertility, mor-

tality and migration.

Fertility has the greatest effect on population growth

because of its multiplier effect—children born today will

have children in the future, and so on. Both the projected

pace of fertility decline and the assumed eventual fertility

level are important in determining trends in population

size and age structure. The two factors also interact—the

lower the assumed eventual fertility level, the more

important the pace of fertility decline becomes to pro-

jected population size (O’Neill et al. 1999). Mortality pro-

jections are typically based on projecting life expectancy

at birth. Projections of mortality must specify how the dis-

tribution of mortality over different age and sex groups

may change over time. Changes in mortality at different

ages have different consequences for population growth

and age structure. When child and infant mortality

decline, for example, a greater proportion of babies will

survive to adulthood to have their own children and con-

tribute to future growth. Mortality declines among the

older population have a more short-term effect on popu-

lation growth because the survivors are already past repro-

ductive age.

Future international migration is more difficult to pro-

ject than fertility or mortality. Migration flows often reflect

short-term changes in economic, social or political factors,

which are impossible to predict. And, since no single,

compelling theory of migration exists, projections are gen-

erally based on past trends and current policies, which

may not be relevant in the future.

Projection results can be produced in one of two forms:

as a set of scenarios or, more recently, as probability distri-

butions. Population projections according to alternative

scenarios, called variants in some cases, show what the

future population would be if fertility, mortality and

migration follow certain paths. The common practice by

many statistical offices and the United Nations (UN)

Population Division is to define high and low variants (in

addition to the median variant), which are based on alter-

native fertility assumptions and are supposed to cover a

‘plausible range’ of future population trends. Such a defi-

nition of variants is not only imprecise but also disregards

the significant uncertainties associated with future mor-

tality and migration trends, and is inconsistent when infer-

ences are being made from national ranges to a global
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Figure 2. Forecast distributions of world population sizes. The error bar refers to the 95% interval as given by the National

Research Council (2000) on the basis of an ex-post error analysis.

range (National Research Council 2000). While the

ranges given by the high and low variants are therefore

not very useful, the medium variants are usually taken as

best-guess forecasts; they reflect the current thinking

about the most likely future trends.

In 1996, the first probabilistic forecasts of the world’s

population using stochastic birth, death and interregional

migration rates were published, based on information as

of 1990–1995 (Lutz et al. 1996, 1997). These forecasts

have recently been updated with the most recent data and

analysis (National Research Council 2000) as well as an

improved methodology (Lutz et al. 2001). Owing to the

recent acceleration of fertility declines and worsening

HIV/AIDS conditions, the new forecasts are lower and

show a higher probability that the world’s population will

stop growing over the course of this century.

Figure 2 shows the distribution of simulated world

population sizes over time for these newest forecasts pro-

duced by IIASA. The median value of these projections

reaches a peak around 2070 at 9.0 billion people and then

slowly decreases. In 2100, the median value of the projec-

tions is 8.4 billion people with the 80% prediction interval

bounded by 5.6 and 12.1 billion. There is about a 60%

chance that the world population will not reach 10 billion

before 2100. There is around an 85% chance that the

world’s population will stop growing before the end of the

century. In 2100, there is around a 15% chance that the

world’s population will be lower than it is today.

How do these results compare with other recent fore-

casts? Up to 2045 the IIASA median trajectory is almost

identical to the forecasts of the World Bank (2000), the

US Bureau of the Census (2000), and the medium variant

of the UN (2001). Only the UN long-range projections

provide forecasts to the end of the century. The most

recent UN medium variant (United Nations 2001) is

inserted in figure 2 as a thin white line. After an almost

identical trend to 2050, the UN forecasts show a virtually

constant world population, while the IIASA median

begins to decline during the second half of the century.

The difference is essentially due to the UN’s assumption

that after 2050 fertility in all countries will be at replace-

ment level, even in countries where it is already signifi-

cantly below that level. It also assumes that countries

Phil. Trans. R. Soc. Lond. B (2002)

which are still above replacement will never go below

replacement fertility. The IIASA projections do not share

this assumption, as discussed below.

If we define the end of population growth slightly less

literally and take it to correspond to population growth of

0.1% per annum or less, then the UN medium population

projection also shows the end of population growth during

the second half of the century. Their medium scenario

shows world population growth first falling below 0.1%

around 2075. Their timing of the end of world population

growth is consistent with IIASA’s.

Therefore, the general point that the world’s population

growth is coming to an end does not depend on whether

or not the world’s fertility rate falls below or remains at

the replacement level. Either way, at the end of the 21st

century world population growth will probably be over.

But whether the population will reach a peak and decrease

or just remain virtually stationary does depend on it.

The key determinant of the timing of the peak in popu-

lation size is the assumed speed of fertility decline in the

parts of the world that still have high fertility. On this issue

there is a broad consensus that fertility transitions are

likely to be completed in the next few decades (National

Research Council 2000). For the eventual size of the

population and the question of whether or not world

population will begin a decline by the end of this century,

the key variable is the assumed level of post-transitional

fertility. The thorough review of the literature on that sub-

ject by the National Research Council (2000) states that

‘fertility in countries that have not completed transition

should eventually reach levels similar to those now

observed in low fertility countries’ (p. 106). The IIASA

assumptions of long-term sub-replacement fertility are

consistent with this view.

Table 2 shows the median population sizes and associa-

ted 80% prediction intervals for the world and its 13

regions, as defined in Lutz (1996, pp. 437–439). It indi-

cates major regional differences in the paths of population

growth. While over the next two decades the medians are

already declining in Eastern Europe and the European

portion of the former Soviet Union, the populations of

north Africa and sub-Saharan Africa are likely to double.

In Western Europe (including Turkey) and North
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America, future changes will depend not only on fertility

and mortality but also significantly on migration volumes.

This adds to the uncertainty ranges of future population

sizes, with the median starting to decline in Western Eur-

ope over the next two decades and continuing to increase

in North America.

The projections show that the China region and the

South Asia region, which in 2000 have approximately the

same population sizes, are likely to follow very different

trends. Owing to an earlier fertility decline, the China

region is likely to have around 700 million fewer people

than the South Asia region by the middle of the century.

This absolute difference in population sizes is likely to be

maintained over the entire second half of the century and

illustrates the strong impact of the timing of fertility

decline on eventual population size (O’Neill et al. 1999).

3. POPULATION DENSITY AND HUMAN FERTILITY

In the demographic literature there has been surpris-

ingly little systematic analysis on the question of the

relationship between population growth rate and human

fertility level on the one hand, and population density on

the other. As described in the previous section, the study

of fertility determinants has largely been focusing on

social, economic and even cultural factors influencing

reproductive behaviour. Since human fertility, especially

under the condition of conscious family planning during

the later parts of the demographic transition, is seen pri-

marily as socially determined, ecological factors (such as

population density), which are prominent in animal ecol-

ogy, have played little or no role in demographic analysis.

However, population density need not operate only

through direct biological mechanisms; perceived popu-

lation density may also be an important psychological

determinant of fertility.

Of the few studies addressing this question in very dif-

ferent settings, most scholars found a significant negative

relationship between human population density and the

birth rate. In cross-national studies, Adelman (1963),

Beaver (1975), Cutright & Kelly (1978), Heer (1966) and

Janowitz (1971) found such relationships after controlling

the level of urbanization, economic development and

other background variables. The negative relationship

between density and fertility also has been observed for

smaller units, i.e. Ohio counties in 1850 (Leet 1977),

townships in Taiwan (Collver et al. 1967) and rural areas

in Mexico (Hicks 1974). Hermalin & Lavely (1979)

described the evolution of Taiwan’s agriculture and fer-

tility from a variety of sources using historical information

and data, and concluded that the observations were

reasonably consistent with theories of rural fertility that

propose tenure and inheritance, land availability and capi-

tal-output ratios as crucial variables. Firebaugh (1982)

studied 22 farm villages in Punjab, India, between 1961

and 1972. Correlation coefficients for pooled data show

crude birth rates to be inversely correlated with density,

agricultural production, female literacy, the percentage of

certain castes and trend variables. Estimated density

effects are statistically significant although not very large.

Yasuba (1962) analysed the fertility ratios of states in the

USA for the period 1800 to 1860. His principal result was

that the most important factor associated with fertility dif-



Human population growth W. Lutz and R. Qiang 1203

6

5

4

3

2

1

0

–1

6

5

4

3

2

1

0

–1

6

5

4

3

2

1

0

–1

6

5

4

3

2

1

0

–1

6

5

4

3

2

1

0

–1

0

50

200 400 600 800 1000 1200 2000 4000

100 150 200 250 300

10 20 30 40 50 60 20 30 40 50

50 100 150 200 250 300 350 400 450 500

60 70 80 90 100 110 120 130 140

p
o
p
u
la

ti
o
n
 g

ro
w

th
 r

at
e 

(%
)

population density (arable land) (< 25 persons km
_2: 34)

population density (arable land) (50–100 persons km
_2: 20)

population density (arable land) (25–50 persons km
_2: 15)

population density (arable land) (100–200 persons km
_2: 20)

population density (arable land) (>200 persons km
_2: 36)

p
o
p
u
la

ti
o
n
 g

ro
w

th
 r

at
e 

(%
)

p
o
p
u
la

ti
o
n
 g

ro
w

th
 r

at
e 

(%
)

p
o
p
u
la

ti
o
n
 g

ro
w

th
 r

at
e 

(%
)

p
o
p
u
la

ti
o
n
 g

ro
w

th
 r

at
e 

(%
)

Figure 3. Bivariate relationship between population growth rate (average annual growth rate calculated from five-year intervals;

United Nations 2001) and population density in five groups, according to 1960 density, 1960–2000. (Note: population growth

rate lagged by five years.) Each line corresponds to the time-series of one country.

ferences and trends was population density—the higher

the density, the lower the fertility ratio.

Against the background of this rather diverse set of

studies, most of them several decades old, the following

analysis is, to our knowledge, the first systematic study on

the basis of international time-series and also using differ-

ent density measures.

This analysis is also of particular relevance to the

assumptions of long-term fertility levels in different parts

of the world in the above-described IIASA population pro-

jections. As an alternative to the substantively unfounded

assumption of universal convergence toward replacement

fertility, those projections assume that long-term fertility

in a region within a given range of fertility rates will

depend on the population density in that region. The fol-

lowing analysis provides a broader empirical basis for

this assumption.

When studying the possible association between popu-

lation growth rates, fertility and population density, it is

not immediately clear which density measure should be

applied. The usual measure of dividing the total popu-

lation of a country by its total area gives a measure of

general space, of ‘elbow room’ so to speak, but it also

includes areas of desert and tundra that are not appropri-

ate for agriculture; therefore, one may be interested in

considering the potentially arable land of a country rather

than the total surface area. In the following analysis we

study both density indicators independently, named

Phil. Trans. R. Soc. Lond. B (2002)

‘population density’ and ‘population density (arable land)’

in the tables and figures. For the latter case we excluded

six Middle Eastern desert states because they greatly dis-

tort the picture with almost no arable land and rather sig-

nificant populations mostly due to oil revenues. As the

following results show, the two different measures of

population density do not produce qualitatively much dif-

ferent patterns of association. The best density variable

that one would like to measure in its impact on fertility

is perceived density based on perceived living space as it

influences behaviour, but we do not know of any data on

this. The two density measures applied here cover pre-

sumably two important determinants of this perceived

density and therefore in combination seem to be an

acceptable proxy.

For this analysis, time-series data from 1960 to 2000

(in five-year steps) have been collected for 187 countries

mostly derived from international sources (World Bank

2001; United Nations 2001; and see FAO statistical data-

bases at http://apps.fao.org/subscriber/). These data

include population size, the different population densities,

annual population growth rates, total fertility rates, as well

as female labour force participation rates, female literacy

rates, urban proportions, GDP per capita in constant US$

and a food production index. Figure 3 depicts these data

on the bivariate relationship between population density

(arable land) (on the horizontal axis) and population

growth rates (on the vertical axis). The lines connect the
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data of individual countries over time. In order to be able

to discover some possible patterns among this massive

amount of data, the figure sorts the countries according

to their population density in 1960 into five groups ran-

ging from the lowest with less than 25 persons per square

kilometre to the highest of above 200 persons per square

kilometre. Aside from some country-specific peculiarities,

the graph does not show any clear bivariate association

between the two variables within each of the five groups,

neither cross-sectionally nor over time. By comparing

across groups, however, it is evident that the average

population growth rate is lower for countries with higher

density.

Figure 4 plots the same country grouping of the time-

series but replaces population growth rates with total fer-

tility rates on the vertical axis. Here, a much clearer

pattern of association appears. As population density

increases over time the mean number of children tends to

become lower. Also, when comparing across groups, it is

quite apparent that countries with higher population den-

sity have on average much lower fertility rates. Why is the

picture so different with respect to the fertility rates than

with respect to population growth rates? To interpret this

we have to be aware of the fact that even in a population

closed to migration, population growth rate is determined

by three factors: fertility, mortality and population age

Phil. Trans. R. Soc. Lond. B (2002)

structure. Of these three, only fertility is directly a conse-

quence of changing individual behaviour; therefore, only

fertility can reflect possible psychological reactions to

increasing population density. During the process of

demographic transition, mortality is typically positively

correlated with fertility. As mortality rates go down and

life expectancy increases, fertility rates also go down. This

mortality decline counteracts the negative impacts of a fer-

tility decline on population growth rate because more

people stay alive, thus contributing to a higher population

size. It is also worth noting that since the advent of mod-

ern preventive medicine and hygiene, human population

density does not seem to have a positive association with

the level of mortality as one might infer from animal ecol-

ogy and considerations of carrying capacity. If there is an

association, it seems to be a negative one, with urban areas

almost universally showing lower mortality rates than rural

areas. This even seems to hold in some of the most pol-

luted megacities because the generally much better access

to health facilities in urban areas seems to outweigh the

negative environmental impacts.

It is worthwhile to have a closer look at this apparently

strong bivariate relationship between density and fertility

because it might not really reflect a causal relationship,

but rather could be due to some other developmental vari-

ables in the background, such as level of income or level
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of education that might simultaneously lead to lower fer-

tility and make higher population densities possible. For

this reason tables 3, 4 and 5 give sets of multiple

regressions that study the relationship of population

growth and fertility to population density while controlling

some of the other social and economic variables measured.

To get a more differentiated picture and to avoid serial

autocorrelation, the regressions are given separately for the

seven points in time and separately for the subset of

developing countries, in order to rule out the possibility

that the bipolarity between developed and developing

countries dominates the appearing pattern. A perception

lag of five years has been assumed between the explana-

tory and the dependent variables, i.e. the independent

variables listed for 1960 are being related to fertility and

population growth in 1965, and so on. The calculations

shown here are based on giving equal weight to all coun-

tries. Additional calculations based on a weighting of the

countries by their population size yielded qualitatively

similar results and are given in electronic Appendix A

available on The Royal Society’s Publications Web site.

The results of these 28 multiple regressions cannot be

discussed in detail here, but a few general conclusions can

be drawn. In almost all regressions for the fertility rate,

female literacy seems to be the single most important fac-

tor. This is consistent with the large body of literature on

fertility determinants and with the theoretical foundations

of the process of demographic transition described above.

The tables show that the relationship of female literacy to

the total fertility rate is more pronounced than that to the

growth rates across all points in time. The urban pro-

portion also has a consistent negative association with fer-

tility (the higher the degree of urbanization, the lower

fertility) but is not always statistically significant. GDP per

capita only shows a significant negative coefficient with

fertility during the 1960s on the global level, while it is

insignificant with a variable sign in all the other

regressions. With respect to population growth rates (table

3), the pattern and even the signs of the coefficients are

much less consistent over time and are statistically insig-

nificant in general. This has to do with the fact that

changes in total population size are also influenced by

mortality and migration, which tend to have less consist-

ent associations with density. As a piece of background

information, figures 5 and 6 plot the bivariate relationships

of income and female literacy to the total fertility rate. The

comparison of the two figures impressively confirms the

view that female literacy is a much more straightforward

and almost linear covariate (and determinant) of declining

fertility than GDP per capita, where the picture is very

mixed.

How does population density—under both definitions

used here—come out as an explanatory variable in this

multivariate setting? Again the relationship is much

stronger and more statistically significant in the case of

fertility as the dependent variable, although the signs are

consistently negative for both fertility and the growth rate.

When explaining the level of fertility, population density

comes out second in importance after female literacy, yet

still well ahead of the traditionally studied factors: female

labour force participation, income, urbanization and food

security. This strong negative effect of population density

on the level of fertility five years later is statistically sig-
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Figure 6. Bivariate relationship between GDP per capita

(constant 1995 US$) and total fertility rate in 55 developing

countries (same countries as in figure 5 with available

income data), 1960–2000. Each line corresponds to the

time-series of one country.

nificant in almost all years, both at the global level and

among the sub-group of developing countries. When com-

paring the results for the two definitions of density (see

tables 4 and 5), the one based on arable land turns out to

be slightly less significant than the one based on total area.

In order to understand better the possible effects of

population density on human fertility, more research is

needed in terms of studying both these associations and

sub-national scales, and in terms of understanding better

the possible mechanisms of causation. For the former,

table 6 gives a simple correlation analysis for the 30 prov-

inces of China, which also confirms the above-described

associations at a sub-national level for the world’s most

populous country, which has seen dramatic fertility

declines over the past three decades. While the corre-

lations between density and fertility are consistently high

over time, the relationship to the growth rate is also affec-

ted by changing patterns of inter-provincial migration.

As to the possible mechanisms of causation, direct bio-
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Table 6. Correlation coefficients between population density (under three different definitions) and the TFR as well as population

growth rate (lagged by five years) in China’s 30 provinces (numbers of provinces in parentheses), 1970–1990.

(Sources of data: Yin Hua & Lin Xiaohong 1996; Population Census Office under the State Council et al. 2001; Fischer et

al. 1998.)

variable 1970 1975 1980 1985

population density–population growth

rate �0.764∗∗ (30) �0.294 (30) �0.103 (30) �0.346∗ (30)

population density–TFR �0.581∗∗ (28) �0.587∗∗ (28) �0.556∗∗ (30) �0.529∗∗ (30)

population density (potential cultivated

land)–population growth rate �0.629∗∗ (29) �0.160 (29) �0.004 (29) �0.339∗ (29)

population density (potential cultivated

land)–TFR �0.474∗∗ (28) �0.460∗∗ (28) �0.477∗∗ (29) �0.479∗∗ (29)

population density (currently cultivated

land)–population growth rate �0.746∗∗ (29) �0.254 (29) �0.019 (29) �0.316∗ (29)

population density (currently cultivated

land)–TFR �0.532∗∗ (28) �0.536∗∗ (28) �0.501∗∗ (29) �0.522∗∗ (29)

∗ p � 0.05; ∗∗p � 0.01.

logical factors such as decreasing fecundability due to

‘density stress’ are rather unlikely candidates for the

human population, especially in a technologically

advanced stage of development. Instead psychological fac-

tors, such as perceived living space, may play a role. An

earlier study (W. Lutz, personal communication) ident-

ified a clear ‘island factor’ in the onset of fertility declines,

i.e. the fact that in otherwise comparable socioeconomic

settings, small islands—where the spatial limitations are

obvious—began their fertility transitions earlier. But even

with respect to contemporary European fertility levels, it is

conspicuous that the very-low-density regions of northern

Scandinavia have significantly higher fertility than the

high-density areas of central and southern Europe. This

clearly needs further investigation.

In conclusion, we have shown that the process of demo-

graphic transition has led to unprecedented growth in the

human population, but will also lead to significant popu-

lation ageing and the likely end of world population

growth. What will determine human population growth in

the very long run, once the momentum of the demo-

graphic transition-induced population growth comes to an

end? This is an open question at this point. Biological and

ecological factors will clearly be very important for the

future human life span and health, but they may also play

an increasingly important role with respect to human fer-

tility.

The section on past population growth draws partly from

O’Neill et al. (2001). The section on future trends draws partly

from Lutz et al. (2001).
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