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7KH K\SRWKHVLV WKDW SRSXODWLRQ SUHVVXUH FDXVHV LQFUHDVHG
ZDUIDUH KDV EHHQ UHFHQWO\ FULWLFL]HG RQ WKH HPSLULFDO JURXQGV
%RWKVWXGLHVIRFXVLQJRQVSHFLILFKLVWRULFDOVRFLHWLHVDQGDQDO\VHV
RI FURVVFXOWXUDO GDWD IDLO WR ILQG SRVLWLYH FRUUHODWLRQ EHWZHHQ
SRSXODWLRQGHQVLW\DQGLQFLGHQFHRIZDUIDUH,QWKLVSDSHUZHDU
JXHWKDWVXFKQHJDWLYHUHVXOWVGRQRWIDOVLI\WKHSRSXODWLRQZDUIDUH
K\SRWKHVLV 3RSXODWLRQ DQG ZDUIDUH DUH G\QDPLFDO YDULDEOHV DQG
LIWKHLULQWHUDFWLRQFDXVHVVXVWDLQHGRVFLOODWLRQVWKHQZHGRQRWLQ
JHQHUDOH[SHFWWRILQGVWURQJFRUUHODWLRQEHWZHHQWKHWZRYDULDEOHV
PHDVXUHGDWWKHVDPHWLPH WKDWLVXQODJJHG :HH[SORUHPDWKH
PDWLFDOO\ ZKDW WKH G\QDPLFDO SDWWHUQV RI LQWHUDFWLRQ EHWZHHQ
SRSXODWLRQDQGZDUIDUH IRFXVLQJRQLQWHUQDOZDUIDUH PLJKWEHLQ
ERWK VWDWHOHVV DQG VWDWH VRFLHWLHV 1H[W ZH WHVW WKH PRGHO SUHGLF
WLRQVLQVHYHUDOHPSLULFDOFDVHVWXGLHVHDUO\PRGHUQ(QJODQG+DQ
DQG 7DQJ &KLQD DQG WKH 5RPDQ (PSLUH 2XU HPSLULFDO UHVXOWV
VXSSRUWWKHSRSXODWLRQZDUIDUHWKHRU\ZHILQGWKDWWKHUHLVDWHQ
GHQF\ IRU SRSXODWLRQ QXPEHUV DQG LQWHUQDO ZDUIDUH LQWHQVLW\ WR
RVFLOODWH ZLWK WKH VDPH SHULRG EXW VKLIWHG LQ SKDVH ZLWK ZDUIDUH
SHDNV IROORZLQJ SRSXODWLRQ SHDNV  )XUWKHUPRUH WKH UDWHV RI
FKDQJH RI WKH WZR YDULDEOHV EHKDYH SUHFLVHO\ DV SUHGLFWHG E\ WKH
WKHRU\SRSXODWLRQUDWHRIFKDQJHLVQHJDWLYHO\DIIHFWHGE\ZDUIDUH
LQWHQVLW\ ZKLOH ZDUIDUH UDWH RI FKDQJH LV SRVLWLYHO\ DIIHFWHG E\
SRSXODWLRQ GHQVLW\.H\ ZRUGV SRSXODWLRQ ZDUIDUH G\QDPLFV
QRQOLQHDUIHHGEDFNORRSVPDWKHPDWLFDOPRGHOV
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The argument that increasing population pressure should lead to
more warfare has been made by many social scientists. Malthus
(1798), for example, saw war as one of the common consequences
of overpopulation along with disease and famine. More recently,
the assumption of causal connection between population growth
and warfare has served as one of the foundations of the ‘warfare
theory’ of state formation (Carneiro 1970; 2000: 182–186;
Ferguson 1984; 1990: 31–33; Harner 1970: 68; Harris 1972; 2001:
92; Johnson and Earle 2000: 16–18; Larson 1972; Sanders and
Price 1968: 230–232; Webster 1975).
Other anthropologists, on the other hand, express doubts regarding this relationship (Cowgill 1979: 59–60; Redmond 1994;
Vayda 1974). For example, Wright and Johnson (1975: 284)
pointed out that in South-West Iran by the end of the Uruk Period
population declined at the same time as conflict increased. Similarly, Kang (2000: 876) suggested that periods of intensive warfare
in protohistoric Korea coincided with underpopulation or depopulation, rather than overpopulation. Finally, a cross-cultural test performed by Keeley (1997: 117–121, 202) did not confirm the existence of any significant positive correlation between the two variables under consideration. The cumulative weight of this critique
apparently influenced Johnson and Earle to drop the mention of
population pressure as a major cause of warfare in pre-industrial
cultures from the second edition of their book (2000: 15–16).
We repeated Keeley's test using the Standard Cross-Cultural
Sample database (STDS 2002). The result of this test (Figure 1)
would appear to drive the final nail in the coffin of the hypothesis
that growing population leads to increased conflict. As we argue in
this paper, however, such a conclusion is unwarranted. Our argument is as follows. Both population numbers and warfare intensity
are dynamic variables, that is, they change with time. Furthermore,
these two variables are dynamically interlinked. Population growth
may or may not lead to increased warfare, but warfare certainly has
a negative effect on population growth. A more sophisticated version of the population-warfare hypothesis, therefore, would propose that population and warfare are two aspects of a nonlinear
dynamical system, in which population growth leads to increased
warfare, but increased warfare in turn causes population numbers
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to decline. One possible outcome of such interaction may be sustained oscillations in which the two dynamic variables cycle with
the same period, but phase-shifted with respect to each other (for
a nontechnical explanation of the significance of phase shifts, see
Turchin 2003b). The theory of nonlinear dynamical systems tells
us that we should not necessarily expect a positive linear correlation between the two variables measured at the same time (that is,
non-lagged). In fact, depending on the dynamical details of the interaction we may observe a weak positive, a weak negative, or
simply no correlation. Thus, in order to empirically test the population-warfare hypothesis we need to use a somewhat more sophisticated approach, which is the subject of this article.
This paper is organized as follows. First, we illustrate our main
theoretical point, sketched in the previous paragraph, with an ex-ample from non-human population dynamics. Second, we present
a general theoretical framework for understanding the interaction
between population density and incidence of warfare, and discuss
two specific models, one tailored to prestate (and pre-chiefdom)
societies, the other appropriate for agrarian states. Third, and most
important, we present empirical tests of model-derived predictions
addressing historical dynamics in early modern England, Han and
Tang China, and the Roman Empire.
Throughout this paper our primary focus is on internal war. In
small-scale stateless societies internal warfare occurs between
culturally similar groups, and we expect that population dynamics
will most directly affect this type of conflict. External war, by
contrast, reflects the characteristics not only of the society studied,
but also of its alien adversary. In larger-scale societies, such as
agrarian states and empires, internal war refers to conflicts ranging
from insurrections and revolts affecting a significant proportion of
state territory to periods of full-blown state collapse and civil war.
The external wars waged by empires appear to have been determined by causes rather different from population pressure. In fact,
most historical empires were continuously involved in external
warfare aimed at territorial conquest. Furthermore, agrarian empires usually waged external wars with relatively small professional armies. External war mostly affected populations inhabiting
borderlands, and had little effect on the demography of central areas. As a result, the negative demographic impact of external war
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(1)

where N and P are population densities of prey and predators, respectively. The first equation says that prey population will increase
exponentially in the absence of predators (the term aN), but the pres-

dN
aN  bNP
dt
dP
cNP  dP
dt

We begin by presenting an ecological example illustrating how the
simple-minded approach relying on linear correlation between nonlagged dynamic variables can be very misleading. Our main motivation in using a non-human example is that the basic dynamical
concepts are non-controversial, being well established in the ecological literature.
The population interaction between predators and their prey is
one of the most common mechanisms underlying population cycles
(Turchin 2003a). The simplest model for predator-prey systems
was proposed by Alfred Lotka and Vito Volterra in the 1920s
(Lotka 1925; Volterra 1926):

An ecological illustration of dynamical interactions
characterized by lags

THEORY

was usually weak, with the exception of infrequent episodes of
complete military disasters resulting in the enemy overrunning
core areas of the vanquished state. To summarize, the main hypothesis driving this paper is that there is an endogenous dynamical
relationship between population dynamics and internal warfare; we
treat external warfare as an exogenous variable driven by factors
outside our modeling framework. We should also stress that we do
not assume that the interaction between population and warfare is
the only process that affects the two variables. Real societies are
complex systems, and both population numbers and warfare are affected by many other variables, which we treat as exogenous in our
modeling framework. The relative strength of the interaction, which
we model explicitly, and other – exogenous – factors becomes an
empirical issue, to which we will return in the Discussion.
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ence of predators reduces prey's rate of growth (the term – bNP).
The more predators there are, the more prey they kill and the
slower prey will increase. Too many predators will result in
a negative population growth rate for prey. The second equation
says that the more prey there are, the faster will predators increase
(the term cNP). The mechanism is simple: predators need to kill
and eat prey in order to produce offspring. In the absence of prey
(N = 0) predators decline at an exponential rate (the term – dP).
Dynamics predicted by this model are illustrated in Figure 2a.
Figure 2b presents the same data as a scatter plot of P against N.
The startling result is that there is no correlation between predator
and prey density – the regression line is almost perfectly flat. How
can that be, since we have explicitly modeled the positive effect of
prey density on predators? The answer lies in the fact that predators cannot increase instantaneously in response to high prey numbers – it takes time to give birth to more predators who will eat
prey and make even more predators, and so on. In other words,
predator population responds to increased prey numbers with a lag.
Furthermore, when predators are abundant, they rapidly kill prey
off and start starving themselves. But again it takes time for
predator population to decline to low numbers. As a result, the
positive effect of prey on predator numbers, a mechanism that we
have explicitly built in the model, is hidden from us when we use a
simple-minded approach of correlating the two variables. But this
does not mean that we cannot empirically detect the effect of prey
numbers on predators; we just need a better approach.
One way to detect the mechanisms underlying the observed
dynamics is to focus not on the structural variables themselves
(such as N and P in the Lotka-Volterra model) but on the relationships between the rates of change and the structural variables. For
a variety of theoretical and practical reasons, population ecologists
usually analyze the rate of change of log-transformed population
densities (Turchin 2003a: 25, 184). Define the predator rate of
change (on the logarithmic scale) as ¨X(t) = X(t+1) – X(t), where
X(t) = log P(t) is the log-transformed density of predators. Plotting
¨X(t) against prey density N(t), we observe a perfect linear and
positive relationship (Figure 2c). This should not be surprising,
since ¨X(t) is an estimate of dP/(Pdt), and this quantity is linearly
related to N by model assumption (see the second Lotka-Volterra
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In this section we extend the insights from the ecological example
with a simple mathematical model of internal warfare in stateless
societies. Note that we do not propose that the ecological mechanism of predator-prey interaction is of any direct relevance to understanding the dynamics of human societies. Rather, the basic insight has to do with nonlinear dynamics, and is equally applicable
to planetary orbits, predator-prey cycles, and, as we hope to show
later, the interaction between population dynamics and internal
warfare. As we stressed earlier, we focus on internal war (in nonstate societies, small-scale warfare between culturally similar
groups), because we expect that population dynamics will most
directly affect this type of conflict.
The model has two state variables: N, population density, and
W, warfare intensity (or frequency). To construct the equation for
N we first assume that in the absence of war population will grow
logistically. Second, death rate due to warfare is assumed to be directly proportional to warfare frequency. In fact, by appropriately

A model of internal warfare in stateless societies

equation). Another fruitful approach is to plot one variable against
lagged values of the other. For example, if we were to plot P(t)
versus N(tí20), we would observe a positive relationship, because
the peaks of predator density follow prey peaks with a delay of
about 20 years.
We illustrate the theoretical ideas discussed above with a real
data from a natural ecosystem (Figure 3). The data document
population oscillations of prey, a caterpillar that eats needles of
larch trees in the Swiss Alps, and its predators, parasitic wasps.
The caterpillar population goes through very regular population
oscillations with the period of 8í9 years. Predators (here measured
by the mortality rate that they inflict on the caterpillars) also go
through oscillations of the same period, but shifted in phase by two
years with respect to the prey (Figure 3a). Almost 95% of variation
in caterpillar numbers is explained by the model based on wasp
predation (Turchin 2003a), but when we plot the two variables
against each other we see only a weak, and negative correlation
(Figure 3b). If we plot predators against the lagged prey numbers,
then we clearly see the positive correlation (Figure 3c).
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(2)

aN 2  bW

(3)

The term bW in (3) is the rate at which combatants are willing
to forget and forgive past injury. It is proportional to W, because
high warfare intensity causes greater degree of war fatigue, and
therefore greater willingness to de-escalate conflict.
An alternative assumption about hostility initiation is that
elevated warfare frequency causes each tribe to send out more
war parties. The encounter rate leading to initiation of new conflict, then, will be proportional to the product of population density and warfare intensity (not to population density squared, as in

dW
dt

The dynamics of W are governed by two processes. First, we
assume that population density causes warfare by increasing the
encounter rate between individuals belonging to different groups
(‘tribes’). If each tribe sends out foraging parties of a certain size,
then the total number of foraging parties is proportional to N.
A single party will encounter other parties at the rate also proportional to N. The total number of encounters per unit of time, then,
will be proportional to N 2 (the product of total foraging parties and
encounter rate per party). Let us assume that each encounter may
initiate hostility with a certain fixed probability. Thus, the rate of
hostility initiation is aN 2, where a is the proportionality constant.
Second, we assume that the intensity of warfare, in the absence
of hostility initiation events, declines gradually at the exponential
rate b. This assumption reflects the ‘inertial’ nature of warfare: war
intensity cannot decline overnight, even if all objective reasons for
it have ceased to operate. In fact, the single most frequent reason
for going to war in stateless societies is revenge (McCauley 1990: 9;
Wheeler-Nammour 1987). Putting the two processes together we
have the following equation:

dN
dt

scaling W we can redefine it as the annual warfare death rate,
leading to the following equation:
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aWN  bW

(4)

In large agrarian states (‘empires’) the relationship between population dynamics and internal warfare will be strongly affected by

A model of population dynamics – internal warfare
in agrarian empires

We note that the two alternative versions of the populationwarfare model, eqns (2) and (3), or (2) and (4), respectively, are
structured in a way that is very similar to the Lotka-Volterra predation model. The second model, in particular, differs from the
Lotka-Volterra model only in that the population equation has an
extra density-dependent term (1–N/K). This should not be surprising, since some historians have already drawn explicit comparisons
between warfare and predation (McNeill 1982). We stress again,
however, that we do not justify our model by crude analogy with
predator-prey interactions; instead we derived it using arguments
from first principles.
Mathematical analysis of the two models indicates that they
have very similar dynamical behaviors. In particular, both models
are characterized by a single equilibrium that is stable for all values
of parameters. However, the approach to the equilibrium is oscillatory (Figure 4a). When we plot warfare frequency against population density (Figure 4b), we see a slightly negative, but essentially flat regression line, even though the relationship is completely deterministic. The reason is the same as in the ecological
example: high W reflects high N with a lag. When W is high, N
cannot remain at a high level: extra mortality resulting from war
will result in a population decline. Hence, the periods of significant
population growth should coincide with the periods of relatively
low warfare frequency, while increase in warfare will lead to
population decline, and we will not see a clean correlation between
N and W. The appropriate approach for analyzing these data is by
focusing on the rates of change. In the model, the population rate
of change is affected by warfare negatively, while the warfare rate
of change is positively related to population density.

dW
dt

the previous formulation). This assumption leads to the following
equation describing the rate of change of W:
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(5)

where r0 = c1c2 is the ‘intrinsic rate’ of population growth, and parameter K is now seen to be the ‘carrying capacity’ (Gotelli 1995).
State resources, S, change as a result of two opposite processes: revenues and expenditures. If the state collects a fixed proportion of surplus production as taxes, then revenues equal
c3ȡ(N)N, where ȡ(N)N is the total surplus production (per capita

dN/dt = r0N(1 – N/K)

and then modify it by assuming that the per capita rate of population increase is a linear function of the per capita rate of surplus
production, r = c2ȡ(N). Putting together these two assumptions, we
arrive at the logistic model of population growth:

dN/dt = rN

Here c1 is some proportionality constant, and K is the population size at which surplus equals zero. Thus, for N > K, the surplus
is negative (the population produces less food than is needed to
sustain it). To derive the equation for N we start with the exponential form (Turchin 2003a):

ȡ(N) = c1(1 – N/K)

the coercive capacity of the state to impose internal peace, and this
factor needs to be taken into account. The model that we discuss
here is an extension of the mathematical theory of state collapse
discussed in Turchin (2003c: Ch. 7) that incorporates the interaction between N and W modeled with eqns (2í3) in the previous
section. Note that the model developed here describes the dynamics of agrarian states, in which the overwhelming majority of inhabitants engage in agriculture.
Let N(t) be the number of inhabitants at time t, S(t) be the accumulated state resources (which we can measure in some real
terms, e.g., kg of grain), and W(t) the intensity of internal warfare
(measured, for example, by extra mortality resulting from this type
of conflict). To start deriving the equations we assume that the per
capita rate of surplus production, ȡ, is a declining function of N
(this is Ricardo's law of diminishing returns) (Ricardo 1817). Assuming, for simplicity, a linear relationship, we have
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(6)

aN 2  bW

aN 2  bW  D S (7)

The final ingredient is the feedback loop from W to N. High W
has a negative effect on demographic rates (birth, mortality, and
emigration). In addition to this, internal warfare reduces the productive capacity of the society – fearful of attack, people cultivate
only a fraction of productive area, near fortified settlements
(a historical example is the movement of settlements to hilltops in
Italy after collapse of the Roman Empire [Wickham 1981]). The
strong state suppresses internal warfare, and thus allows the whole
cultivable area to be put under cultivation. Second, states often invest in increasing the agricultural and general productivity by constructing irrigation and transportation canals, roads, and flood control structures. Intense internal warfare results in deterioration and
outright destruction of this productivity-enhancing infrastructure.
We model both effects of W, on the demography and on the
productive capacity. First, the demographic effect is modeled by

dW
dt

The presence of state should have a restraining effect on the
intensity of internal war. We model this process by assuming that
W declines at the rate proportional to state resources, S. Adding
this assumption to the equation for W we have:

dW
dt

where ȡ0 = c1c3 is the per capita taxation rate at low population
density and ȕ the per capita state expenditure rate.
Internal warfare intensity, W, in the absence of state is assumed
to be governed by equation identical to (3):

dS/dt = ȡ0N(1 – N/K) – ȕN

rate multiplied by population numbers), and c3 the proportion of
surplus collected as taxes. State expenditures are assumed to be
proportional to the population size. The reason for this assumption
is that as population grows, the state must spend more resources on
the army, police, bureaucracy, and public works. Putting together
these processes we have
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aN 2  bW  D S
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Dynamics of Model (8) are illustrated in Figure 5a. At the beginning of a cycle, both population (N) and state resources (S)
grow. Increasing S suppresses internal warfare, with the result that
the carrying capacity K(W) increases to the upper limit kmax. At the
same time, extra mortality due to warfare declines to zero. As a result,
N increases rapidly. However, at a certain population size, Ncrit,
well before N approaches kmax, the growth of state resources ceases
(the cause of this will be explained in the following paragraph),
and S begins to collapse at an increasing rate, rapidly reaching 0.
State collapse allows internal warfare to grow, and it rapidly
reaches its maximum level. This means that K(W) decreases, and
mortality increases, leading to a population density collapse.
Population decline eventually allows S to increase again, S suppresses W and another cycle ensues.
The mechanics underlying the relationship between N and S
are illustrated in Figure 6. The rate of change of S is determined by
the balance of revenues and expenditures. When N is low, population increase results in greater revenues (more workers means more
taxes). The growth in state expenditures lags behind the revenues,
and state's surplus accumulates. As N increases further, however,
the growth in revenues ceases, and actually begins to decline as
a consequence of diminishing returns on agricultural labor. However, the expenditures continue to mount. At population density

All variables are constrained to nonnegative values.

dW
dt

dS
dt

dN
dt

assuming an extra mortality term proportional to W (this is analogous to the derivation leading to Eqn 2). Second, we assume that
K, the carrying capacity, is negatively affected by warfare: K(W) =
kmax – cW. Putting together all these assumptions we have the following equations:
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0DWKHPDWLFDOWKHRU\GHYHORSHGDERYH\LHOGVWZRNLQGVRIJHQHUDO
LQVLJKWV)LUVWLWWHOOVXVWKDWZHVKRXOGQRWH[SHFWDVWURQJSRVLWLYH
FRUUHODWLRQEHWZHHQSRSXODWLRQQXPEHUVDQGZDUIDUHLQWHQVLW\ VR
FLRSROLWLFDO LQVWDELOLW\  ,Q RWKHU ZRUGV SHUIRUPLQJ WKHVH FRUUHOD
WLRQVLVWKHZURQJZD\WRWHVWWKHRU\6HFRQGWKHWKHRU\VXJJHVWV
ZKDWZRXOGEHWKHULJKWZD\RIWHVWLQJLWEHFDXVHLW\LHOGVVWURQJ
TXDQWLWDWLYH SUHGLFWLRQV 7KH WKHRU\ VD\V WKDW SRSXODWLRQ QXPEHUV
DQG LQWHUQDO ZDUIDUH LQWHQVLW\ VKRXOG RVFLOODWH ZLWK ORQJ SHULRGV
UDQJLQJIURPRQHWRWKUHHFHQWXULHVGHSHQGLQJRQSDUDPHWHUYDO
XHV DQGWKDWWKHVHWZRYDULDEOHVVKRXOGEHSKDVHVKLIWHGZLWKUH
VSHFWWRHDFKRWKHU)XUWKHUPRUHWKHUDWHRIFKDQJHRISRSXODWLRQ
QXPEHUVVKRXOGEHQHJDWLYHO\DIIHFWHGE\ZDUIDUHZKLOHWKHUDWHRI
FKDQJHRIZDUIDUHVKRXOGEHSRVLWLYHO\DIIHFWHGE\SRSXODWLRQ7R
WHVW WKHVH SUHGLFWLRQV ZH QHHG G\QDPLFDO GDWD ± WLPHVHULHV PHDVXUHVRIERWKSRSXODWLRQDQGLQWHUQDOZDUIDUH6XFKLQIRUPDWLRQLV

EMPIRICAL CASE-STUDIES

N = Ncrit, the revenues and expenditures become (briefly) balanced.
Unfortunately, population continues to grow, and the gap between
state's expenditures and revenues rapidly becomes catastrophic. As
a result, the state quickly spends the accumulated resources. When
S becomes zero, the state is unable to pay the army: the state collapses and internal warfare begins to increase.
The model makes specific predictions about the dynamic interaction between its variables. Because it is difficult to see the trajectory in the three-dimensional space (with axes defined by the
state variables N, S, and W), let us define an index of sociopolitical
instability as the difference between W and S. Thus, instability
grows directly with internal warfare intensity and inversely with
state strength. Plotting model-predicted trajectory in the population –
instability phase space, we see that it traces a periodic attractor
(Figure 5b). Again, there is no positive correlation between nonlagged population and instability. Instead, the correlation is slightly
negative, and it captures a very small proportion of variance. This
general insight, that the interaction between population dynamics
and internal warfare (instability) results in coupled oscillations of
the two variables, has been tested with a variety of models, including those that explicitly incorporate class structure (see Chapter 7 of Turchin 2003b).
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Our best data set comes from late medieval – early modern England, 1450í1800. Population dynamics of England between 1540
and 1800 have been reconstructed by Wrigley and co-authors
(Wrigley et al. 1997; Wrigley and Schofield 1981) using parish
records of baptisms, burials, and marriages. This is probably the
most accurately known population trajectory in the world prior to
1800 (our analysis stops at 1800 because it was roughly at this date
when England made the agrarian-industrial transition, and our theory is specifically focused on agrarian societies). The data for
1450í1530 was taken from Hatcher (1977). To measure sociopolitical instability we compiled all instances of civil war and rebellion
during 1450í1800 using the list of Tilly (1993) for the period of
1492í1800, supplemented by Sorokin (1937) for the pre-1492 period and cross-checking with the Encyclopedia of World History
(Stearns 2001). A crude, but serviceable index of instability was
then constructed by assigning ones to each year in civil
war/rebellion, and zeros to all other years. To obtain a more continuously varying measure of instability we smoothed the data with
an exponential kernel using bandwidth h = 50 y.
7KH GDWD LQGLFDWH WKDW EHWZHHQ WKH ODWH ILIWHHQWK FHQWXU\ DQG
 (QJODQG ZHQW WKURXJK VHYHUDO SKDVHV LQ ZKLFK SRSXODWLRQ
JURZWKDQGVRFLRSROLWLFDOLQVWDELOLW\ZHUHLQLQYHUVHUHODWLRQVKLSWR
HDFKRWKHU7KHUHZHUHWZRSHULRGVRIHQGHPLFFLYLOZDU WKH:DUV
RIWKH5RVHVRIWKHODWHILIWHHQWKFHQWXU\DQGWKHUHYROXWLRQDU\SH
ULRGRIWKHVHYHQWHHQWKFHQWXU\ GXULQJZKLFKSRSXODWLRQVWDJQDWHG
RUHYHQGHFOLQHG )LJXUHDE 7KHUHZHUHDOVRWZRSHULRGVRI

Testing dynamical predictions of the theory
with the English data

KDUGWRFRPHE\EXWZHZHUHDEOHWRORFDWHDQXPEHURIGDWDVHWV
YDU\LQJ LQ WKHLU DFFXUDF\ DQG GHJUHH RI UHVROXWLRQ 1RW VXUSULV
LQJO\DOOHPSLULFDOFDVHVWXGLHVGHDOZLWKVWDWHVRFLHWLHV LWLVSRV
VLEOHWKDWDUFKDHRORJLFDOGDWDRQQRQVWDWHVRFLHWLHVZLOOHYHQWXDOO\
UHDFK WKH GHJUHH RI WHPSRUDO UHVROXWLRQ QHFHVVDU\ IRU WHVWLQJ RXU
WKHRU\EXWDWWKLVSRLQWLQWLPHZHDUHQRWDZDUHRIDQ\ VXFKGD
WDVHWV  :H VWDUW ZLWK WKH EHVW GDWD FRPLQJ IURP ODWH PHGLHYDO±
HDUO\PRGHUQ(QJODQGWKHQFRQVLGHUDQFLHQWDQGPHGLHYDO&KLQD
DQGILQDOO\WKH5RPDQ(PSLUH2XUDQDO\WLFDODSSURDFKLVGHWDLOHG
LQ(QGQRWH
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We used data on population dynamics reported by Zhao and Xie
(1988), and subsequently used by Chu and Lee (Chu and Lee
1994). Zhao and Xie provide estimates of population at irregular
intervals; to obtain data sampled at 10-y intervals we interpolated
their data with a smoothing exponential kernel (bandwidth = 10 y).
Data on sociopolitical instability were taken from Lee (1931), who
reported incidence of internal war at 5-y intervals. We smoothed
Lee's curve with an exponential kernel (bandwidth = 20 y) and resampled at 10-y intervals, to bring it in line with population series.
Both data sets begin with the Han dynasty and continue to the
twentieth century. We focused on two periods: 200 BCE – 300 CE,
roughly corresponding to the Han dynasty, and 600 – 1000 CE
(roughly corresponding to the Tang dynasty). We excluded the
300 – 600 period of political disunity when population estimates
are extremely tenuous. The analysis of the post-1000 period is
complicated by non-stationarity of population dynamics, and is
pursued elsewhere (Korotayev, Malkov, and Khaltourina 2006;
Turchin and Nefedov, in prep).
'XULQJWKH:HVWHUQ+DQSHULRG %&(±&( SRSXODWLRQ
LQFUHDVHGIURPWRPOQ+RZHYHULQWKHILUVWKDOIRIWKHILUVW
FHQWXU\ &KLQD H[SHULHQFHG VWDWH FROODSVH DQG UDSLG JURZWK RI LQ
WHUQDO ZDUIDUH LQFOXGLQJ D JUHDW SHDVDQW LQVXUUHFWLRQ  7KH UHVXOW
ZDVWKHORVVRIDWOHDVWKDOIRIWKHSRSXODWLRQ WKHFHQVXVRI&(
IRXQGRQO\POQSHRSOH'XUDQG 7KHVHFRQGF\FOHZKLFK
RFFXUUHGGXULQJWKH(DVWHUQ+DQSHULRG ±&( ZDVYHU\

Han China

internal stability (roughly, the sixteenth and the eighteenth centuries) during which population grew at a rapid pace. In the phaseplot, the observed trajectory traced out a cycle (Figure 7c). Timeseries analysis of these data3 provides strong evidence for reciprocal influences of population and instability on each other (Table 1).
In fact, a simple linear time-series model explains a remarkable
85í93 % of variance. Furthermore, the signs of the estimated coefficients (all highly statistically significant, see Table 1) correspond
to those predicted by the theory: instability has a negative effect on
population, while population has a positive effect on instability.
The very tight relationship between the rate of population growth4
and instability is illustrated in Figure 7d.
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Tang China
Data on population and internal war for China between 600 and
1000 were analyzed in exactly the same way as the previous period. The observed dynamics were similar: both variables went
through sustained oscillations, with warfare lagging behind population density (Figure 9). Again, coefficients associated with reciprocal feedbacks between population and instability were of the correct sign and are all highly statistically significant (Table 1). The
coeficients of determination associated with the fitted time-series
models were 0.63í0.64, suggesting that about two-thirds of variance in population numbers and political instability were explained
by the feedback effects between the two variables.

similar to the first, but the population collapse was even more catastrophic. Note that two oscillations during the five centuries correspond very well to model-predicted periodicity. What is remarkable is that the index of internal warfare frequency oscillated with
the same period, but shifted in phase with respect to population
density (Figure 8a).
The trajectory in the NíW phase plot goes through two cycles
(Figure 8b). Subjecting these data to the same analysis as the English data, we find that time-series models resolve a smaller proportion of variance (which is not surprising, because these data, and in
particular population numbers, were measured with less accuracy
than the English ones). Nevertheless, the coefficients of determination fall in the 0.4–0.8 range (Table 1), a very respectable result
for what are quite imperfectly measured data. Coefficients associated with reciprocal feedbacks between population and instability
are of the correct sign and are all highly statistically significant
(Table 1).
The time-series analysis, therefore, strongly suggests that
population and instability are dynamically linked. Yet, if we regress log-transformed W(t) on N(t) (the variables plotted in Figure
8b) we find that the relationship is slightly negative. It is statistically significant (F = 4.78, P < 0.05), but explains very little variance (R2 = 0.09). Regressing the rate of change of W on N, however, we obtain a very different result: a simple linear model resolves 72% of variation (Figure 8c), and we now can see that
population numbers have a strong positive effect on the warfare
rate of change.
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Testing the results with cross-validation
2QH SRWHQWLDO REMHFWLRQ WR WKH DQDO\VHV ZH SHUIRUPHG LV WKDW WKH\
UHTXLUH VPRRWKLQJ RI GDWD WKLV LV SDUWLFXODUO\ UHOHYDQW WR VRFLR
SROLWLFDO LQVWDELOLW\ ZKHUH WKH UDZ GDWD DUH GLVFUHWH HYHQWV 
6PRRWKLQJ LQWURGXFHV DXWRFRUUHODWLRQV EHWZHHQ VXFFHVVLYH REVHU
YDWLRQVZKLOHVWDQGDUGVWDWLVWLFDOWHVWVDVVXPHWKDWGDWDSRLQWVDUH
LQGHSHQGHQWRIHDFKRWKHU)XUWKHUPRUHVPRRWKLQJPD\LQIODWH5
WKXVRYHUHVWLPDWLQJWKHHQGRJHQHLW\ LHVLJQDOQRLVHUDWLR RIWKH

Population history of the Roman Republic and Empire remains
a highly contentious topic (Scheidel 2001). Archaeological data,
however, begins to throw light on this obscure aspect of Roman
history. Recently Lewit (1991) integrated the results from numerous archaeological sites within the Western Empire, and argued
that there were two periods of settlement expansion and two periods of settlement abandonment (Figure 10a). Data on internal warfare in the Roman Empire was published by Sorokin (1937). Plotting the population and warfare data together (Figure 10b) we observe a very interesting pattern. The first century BCE, which was
a period of transition between the Republic and Empire, was characterized by intensive internal warfare. During the first half of the
Principate (the Early Roman Empire), after internal warfare subsided, population exhibited a long period of sustained growth. The
population peak was achieved around 200. During the third century, however, the Empire was convulsed by a series of internal
wars, which were accompanied by population decline. Another
period of stability and population growth occurred during the first
half of the Dominate (the fourth century). After the decline and fall
of the Roman Empire in the West, population decreased. Note that
Sorokin's index of internal warfare underestimates the extent of
actual sociopolitical instability during the fifth century, because he
treated barbarian invasions as external warfare.
The estimates of population dynamics are the least satisfactory
in this case, and therefore we fitted the time-series model only to
instability. Despite the inadequacies of the data, the qualitative dynamics of the variables are clearly consistent with the pattern predicted by the theory: the effect of population index on instability is
statistically significant (Table 1).

The Roman Empire
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DISCUSSION
2XU PDLQ FRQFHSWXDO DUJXPHQW LV WKDW SRSXODWLRQ DQG LQWHUQDO 
ZDUIDUH DUH G\QDPLFDO YDULDEOHV WKH\ FKDQJH ZLWK WLPH DQG FDQ
DIIHFW HDFK RWKHU 7KXV LQ RUGHU WR DQDO\]H SRVVLEOH UHODWLRQVKLSV
EHWZHHQWKHVHYDULDEOHVZHQHHGWRXVHWKHDSSURDFKHVGHYHORSHG
ZLWKLQ WKH QRQOLQHDU G\QDPLFV WKHRU\ ,Q WKLV SDSHU ZH XVHG ERWK
PRGHOLQJDQGHPSLULFDODSSURDFKHV7KHPRGHOVWKDWZHGHYHORSHG
KHUH VXJJHVW WKDW WKH G\QDPLF IHHGEDFNV EHWZHHQ SRSXODWLRQ
JURZWK DQG LQWHUQDO ZDU RU PRUH JHQHUDOO\ VRFLRSROLWLFDO LQVWD
ELOLW\  VKRXOG FDXVH FRXSOHG RVFLOODWLRQV LQ WKHVH YDULDEOHV ZLWK
SHDNVRIZDUIDUHLQWHQVLW\IROORZLQJSHDNVRISRSXODWLRQQXPEHUV
'HSHQGLQJ RQ PRGHO VWUXFWXUH DQG SDUDPHWHU YDOXHV RVFLOODWLRQV
FDQ HLWKHU DSSURDFK D VWDEOH HTXLOLEULXP DV LQ )LJXUH   RU FRQ
WLQXHLQDVXVWDLQHGIDVKLRQ DVLQ)LJXUH ,QSUDFWLFHWKHGLIIHU
HQFH EHWZHHQ RVFLOODWRU\ VWDELOLW\ DQG VXVWDLQHG F\FOHV LV QRW SDU
WLFXODUO\ LPSRUWDQW EHFDXVH WKH DFWLRQ RI H[RJHQRXV IRUFHV ZLOO
SUHYHQWWUDMHFWRULHVIURPFRQYHUJLQJWRDVWDEOHSRLQW RUIROORZLQJ
WKHOLPLWF\FOHYHU\SUHFLVHO\ VRWKDWLQERWKFDVHVZHVKRXOGRE
VHUYHVRPHZKDWQRLV\VXVWDLQHGF\FOHV7KHJHQHUDOUHVXOWVDERXW

dynamical process (on the other hand, observation errors bias the
endogeneity estimate downward). The most powerful way to address these and other potential statistical problems is crossvalidation.
We approached cross-validation by splitting each data set into
two equal parts, and then fitting the regression model to the earlier
part to predict the latter one, and vice versa. The accuracy of prediction was quantified with the coefficient of correlation between
the observed and predicted values (see Supplementary Material for
other details).
Cross-validation analysis (see Table 1) showed that including
dynamical feedbacks in the models makes them capable of accurately predicting out-of-sample data (that is, data that were not used
in estimating model parameters). Most correlations between predictions and observations were over 0.8, and only one was not statistically significant (the only non-significant result was, not surprisingly, for the Roman Empire, the least accurately measured
data set). Thus, cross-validation strongly indicates that the relationships detected in our statistical analyses are real.
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coupled N íW oscillations is a robust one and does not depend too
much on details of model assumptions. Basically, oscillations ensue if both population and warfare are ‘inertial’ variables, and one
of them has a positive effect on the other, while the other has
a negative effect on the first.
The theoretical result, discussed above, is interesting and suggestive but no more than that in the absence of empirical tests. As
we acknowledged in the Itroduction, real societies are extremely
complex systems, and both population numbers and warfare are
affected by a multitude of other variables (that are exogenous to
the models that we discussed in this paper). The empirical issue is
whether the coupled interactions between population and warfare
generate a strong enough signal to be detected among the ‘noise’ of
all other factors acting on societies. Our empirical analyses of historical data suggest that the signal is indeed quite strong, at least in
the three or four case studies for which we could find the necessary
data. Results of time-series analyses indicate that in all cases but
one more than half of variance in population dynamics and warfare
intensity was explained by the interaction between these two factors, and in some cases R2 approached the 0.8í0.9 range (see Table 1).
In other words, the interaction between population and warfare was
the dominant mechanism determining the dynamics of these two
variables in the empirical case studies.
7KLV HPSLULFDO UHVXOW UXQV FRXQWHU WR WKH SUHYDLOLQJ PRRG
DPRQJ DQWKURSRORJLVWV ZKR FXUUHQWO\ WHQG WR GHHPSKDVL]H WKH
FDXVDOFRQQHFWLRQEHWZHHQSRSXODWLRQJURZWKDQGZDUIDUH VHH,Q
WURGXFWLRQ  &RQFHUQV UDLVHG E\ HDUOLHU ZRUNHUV KRZHYHU ORRN
PXFK OHVV FRPSHOOLQJ LQ WKH OLJKW RI WKHRUHWLFDO DQG HPSLULFDO UH
VXOWVLQWKLVSDSHU7KXVREVHUYDWLRQVE\ERWK:ULJKWDQG-RKQVRQ
DQG .DQJ WKDW SHULRGV RI LQWHQVLYH ZDUIDUH LQ VRXWKZHVW ,UDQ DQG
.RUHD FRLQFLGHG ZLWK SRSXODWLRQ GHFOLQHV LV SUHFLVHO\ ZKDW RXU
PRGHOVSUHGLFW VHHIRUH[DPSOH)LJXUHD )XUWKHUPRUH.DQJ V
GDWDRQWKHLQFLGHQFHRIZDUIDUHLQWKH6LOOD.LQJGRPVXJJHVWVWKDW
LWV UHFXUUHQFH ZDV F\FOLFDO SHDNV LQ WKH VHFRQGWKLUG ILIWK DQG
VHYHQWK FHQWXULHV LQWHUVSHUVHG ZLWK SHDFHIXO IRXUWK VL[WK DQG
HLJKWK FHQWXULHV .DQJ  )LJXUH   ,Q RWKHU ZRUGV ZDUIDUH
UHFXUUHG DSSUR[LPWHO\ HYHU\ WZR FHQWXULHV D SHULRGLFLW\ ZKLFK LV
SUHFLVHO\ZKDWRXUPRGHOVSUHGLFW$V.DQJQRWHGDWOHDVWVRPHRI
WKHSHULRGVRILQWHQVHZDUIDUHFRLQFLGHGZLWKSRSXODWLRQGHFOLQHV
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It would be interesting to determine whether population grew during the peaceful periods (which is what the theory predicts).
An interesting data set (which is, in a sense, a mirror image of
the Korean case because we have good data on population dynamics, but only fragmentary information on warfare intensity) comes
from Mesa Verde, Colorado (Figure 11). Frequency distribution of
dates when houses were built on Wetherill Mesa suggest that the
population there went through four oscillations with the average
period of 200 years (ACF signifcant at P < 0.05 level). At least two
periods of population decline, the tenth and the fourteenth centuries, were clearly associated with intensive warfare in the archeological record (Varien 1999).
In conclusion, quantitative time-series analysis of several empirical case-studies, ranging spatially across the breadth of Eurasia
and temporally over two millennia, suggests that the mathematical
theory does an excellent job of capturing dynamic relationships
between population dynamics and sociopolitical instability, at least
in those cases where we could find appropriate data. Significantly,
more precise data resulted in better-resolved relationships (compare the English to the Roman data). It should be stressed, however, that there is one special attribute of all case studies that we
analyzed: they all are characterized by a high degree of ‘endogeneity’, and thus it should be easier to detect feedbacks between different variables interacting within these dynamical systems. For
example, early modern England was largely insulated from other
European states by virtue of its insular position. By contrast, preliminary analysis of the medieval cycle in England reveals a much
greater impact of exogenous forces: the effects of the Black Death
on population dynamics, and of the cross-channel involvement in
French affairs on the rise of instability5. The Roman and Chinese
empires were largely ‘closed’ military-political systems by virtue
of their size and lack of significant rivals6. In cases involving noninsular medium-sized states and empires, therefore, we would expect to find the relationship between population dynamics and sociopolitical instability to be partially obscured. Despite these caveats, one remarkable finding here was that strong dynamical feedbacks can be detected at all in the historical record. This result has
broad implications for the anthropological study of history, sug
gesting that historical societies can be profitably analyzed as dynamical systems.
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X(t) = a0 + a1X(t–Ĳ) + a2Y(t–Ĳ) + İt

We fitted a linear time-series model to the data:
(A.1)

¨X(t) = a0 + (a1–1) X(t–Ĳ) + a2Y(t–Ĳ) + İt

(A.2)

The compound annual growth rate (CGR) was taken from Table A.9.1 of
Wrigley (1997) and smoothed using the 25-year running average suggested by
Wrigley et al. Note that CGR is also known as the realized per capita rate of

4

The analysis of the English data is somewhat complicated by the nonstationarity of population and instability data. We detrended population series by
dividing it with estimated carrying capacity, K(t), so that X'(t) Ł log [N(t)/K(t)],
where K(t) is assumed to be proportional to the average wheat yield for the time t.
Instability data were detrended by calculating Y'(t) = Y(t) – (a0 + a1t), where a0
and a1 are parameters of linear regression of Y(t) on t.

3

(and an analogous model for Y(t)), where X(t) = log N(t) and Y(t) = log W(t) are
log-transformed population and internal war index, ai parameters to be estimated,
and İt an error term, assumed to be normally distributed (Box and Jenkins 1976).
The time delay was Ĳ = 30 y, which approximates the human generation length (but
similar results were obtained with an alternative choice of Ĳ = 20 y).
Note that although we used the classical approach of Box and Jenkins, in which
the dependent variables are X(t) and Y(t), we have also redone all analyses by using
the rates of change of X and Y as the dependent variables. This approach yields very
similar results. In fact, statistical tests of reciprocal effects of variables on each other
are identical in the two models. This can be seen by substituting the definition of
¨X(t) = X(t) í X(tíĲ) into Equation (A.1), as a result of which we obtain

2

The result in Figure 1 is based on the Standard Cross-Cultural Sample
(Murdock and White 1969). POPULATION DENSITY CODES: 1 = < 1 person
per 5 sq. mile; 2 = 1 person per 1–5 sq. mile; 3 = 1–5 persons per sq. mile; 4 = 1–
25 persons per sq. mile; 5 = 26–100 persons per sq. mile; 6 = 101–500 persons per
sq. mile; 7 = over 500 persons per sq. mile. WARFARE FREQUENCY CODES:
1 = absent or rare; 2–4 = values intermediate between ‘1’ and ‘5’; 5 = occurs once
every 3 to 10 years; 6–8 = values intermediate between ‘5’ and ‘9’; 9 = occurs
once every 2 years; 10–12 = values intermediate between ‘9’ and ‘13’; 13 = occurs every year, but usually only during a particular season; 14–16 = values intermediate between ‘13’ and ‘17’; 17 = occurs almost constantly and at any time
of the year. DATA SOURCES. For population density: Murdock and Wilson 1972,
1985; Murdock and Provost 1973, 1985; Pryor 1985, 1986, 1989; STDS 2002.
Files STDS03.SAV (v64), STDS06.SAV (v156), STDS54.SAV (v1130). For warfare frequency: Ross 1983, 1986; Ember and Ember 1992a, 1992b, 1994, 1995;
Lang 1998; STDS 2002. Files STDS30.SAV (v773, v774), STDS78.SAV (v1648–
50), STDS81.SAV (v1748–50). STATISTICAL TEST of association between
population density and warfare frequency: Rho = 0.04, p = 0.59.
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Fig. 1. Relationship between population density and warfare
frequency in the Standard Cross-Cultural Sample. Scatterplot with fitted
Lowess line. For details of the test, see the Endnote 1.
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(b) The scatterplot of relationship between P and N; the straight line is
regression.

(a) Temporal dynamics of prey (solid curve) and predator (broken
curve) predicted by the Lotka-Volterra model with parameters a = 0.02, b =
0.02, c = 0.025, and d = 0.1.
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3

(a) Population oscillations of the caterpillar (solid curve) and predators
(broken curve).
(b) A scatter plot of the predator against the prey. The solid line is the
regression. Broken lines connect consecutive data points, revealing
the presence of cycles.
(c) A scatter plot of the predator against prey lagged by two years.

Fig. 3. Population dynamics of the caterpillar (larch budmoth) and its
predators (parasitic wasps).
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(b) Same trajectory in the phase plot.

(a) A typical trajectory predicted by the model (2–3).
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Fig. 5. Dynamics predicted by the Model (8)
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(b) The trajectory in the phase space of population and sociopolitical in
stability (defined as the difference between S and W, see text).

(a) Temporal dynamics of population numbers (N), state strength (S),
and warfare intensity (W).
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Fig. 7
(a) Population of England, 1450–1800. The broken line indicates less accurately measured data prior to 1540.
(b) Sociopolitical instability in England, 1450-1800. Bars: years in civil
war or rebellion. Curve: yearly data smoothed by an exponential kernel with
bandwidth of 50 y.
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(d) Relationship between the per capita rate of population growth and
sociopolitical instability in England, 1540–1800.

(c) Phase plot (both population and instability are detrended).
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Fig. 8. Analysis of the Han Chinese data.
(a) Population and warfare trajectories.
(b) The trajectory in the population-warfare phase space.
(c) The relationship between the warfare rate of change and population
density.
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Fig. 10
(a) Relative proportions of excavated settlements occupied during each
period in Roman provinces of Britain, Belgica, South and North Gaul, Italy,
and South and North Spain.
(b) Population index, constructed by averaging occupation indices in Figure 9a (solid line) and the index of internal warfare (dotted line).
(c) The relationship between the rate of change of internal war and
population index. Solid curve: a fitted quadratic regression (broken curves:
95 % confidence intervals).
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Fig. 11. New houses built on Wetherill Mesa
(Mesa Verde area of Colorado, USA) from 600 to 1300 CE.
The inset: autocorrelation function indicates a statistically
significant periodicity of 2 centuries. Data from (Varien 1999).
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