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Recent studies have shown strong temporal correlations between
past climate changes and societal crises. However, the specific causal
mechanisms underlying this relation have not been addressed. We
explored quantitative responses of 14 fine-grained agro-ecological,
socioeconomic, and demographic variables to climate fluctuations
fromA.D. 1500–1800 in Europe. Results show that cooling fromA.D.
1560–1660 caused successive agro-ecological, socioeconomic, and
demographic catastrophes, leading to the General Crisis of the Sev-
enteenth Century. We identified a set of causal linkages between
climate change and human crisis. Using temperature data and cli-
mate-driven economic variables, we simulated the alternation of
defined “golden” and “dark” ages in Europe and theNorthernHemi-
sphere during the past millennium. Our findings indicate that cli-
mate change was the ultimate cause, and climate-driven economic
downturn was the direct cause, of large-scale human crises in pre-
industrial Europe and the Northern Hemisphere.

climate-driven economy | Granger Causality Analysis | grain price

Debate about the relation between climate and human crisis
has lasted over a century. With recent advances in paleo-

temperature reconstruction, scholars note that massive social dis-
turbance, societal collapse, and population collapse often coin-
cided with great climate change in America, the Middle East,
China, and many other countries in preindustrial times (1–5). Al-
though most of these scientists believe that climate change could
cause human catastrophe, their arguments are backed simply by
qualitative scrutiny of narrow historic examples. More recent
breakthroughs came from research adopting quantitative ap-
proaches to all known cases of social crisis. These studies show that,
in recent history, climate change was responsible for the outbreak
of war, dynastic transition, and population decline in China,
Europe, and around the world because of climate-induced shrink-
age of agricultural production (6–15). However, the underlying
causal linkages from climate change to agricultural production and
various human catastrophes in history have not been addressed
scientifically. Hence, this climate–crisis relationship remains ob-
scure. Incomplete knowledge of the topic has led to criticism that
the notion of climate-induced human crisis neglects historical
complexities or relies on weak evidence of causality (16, 17).
To resolve this issue, we examined the climate–crisis causal

mechanism in a period that contained both periods of harmony
and times of crisis. Given that we addressed whether climate
change is a credible cause for large-scale societal crisis from the
macrohistoric perspective, macrohistoric and aggregate features
are privileged over microhisoric and individual ones; general
trends are preferred to particular moments or events; and broad
distinctions or geographical uniformities take precedence over
localized analyses. Because the General Crisis of the 17th Century
(GCSC) in Europe was marked by widespread economic distress,
social unrest, and population decline (18–21), we systematically
collected and tabulated all available historical data about climate,
agro-ecology, economy, society, human ecology, and demography
in Europe, A.D. 1500–1800. Sixteen variables were identified (Fig.
1 and SI Appendix.Materials and Methods I–XI) that facilitate our
exploration of specific causal mechanisms between climate change
and large-scale human crisis. We used five criteria to explore the
mechanisms scientifically: (i) a rational explanation of the re-

lationship can be given; (ii) a strong relationship exists between the
variables; (iii) there is a consistent relation between the causal
variable and the effect; (iv) the cause precedes the effect; and (v)
the use of the causal variable results in strong prediction (22). In
this study we took the following steps, which are in line with the
deductive route for scientific explanation:

i) We examined the response of all variables to climate change
at multidecadal to centennial scales. Based on the variable’s
response time to climate change, together with natural
laws and social theories, we identified the relationships
among the variables. According to these relationships, we
identified a set of causal linkages from climate change to
human crisis. Each stage of causal linkage was explained
fully (Criterion I).

ii) Correlation and regression tests were run to validate the
strength and consistency of the causal linkages (Criteria II
and III).

iii) Granger Causality Analysis (GCA) was used to validate the
time sequence of the causal linkages (i.e., whether cause
precedes the effect at an annual scale) (Criterion IV).

iv) The direct and ultimate causes of human crisis, identified via
statistical verification of the causal linkages, were used to
simulate the alternation of periods of harmony and crisis in
Europe and the Northern Hemisphere (NH) for earlier peri-
ods with scant historical records (Criterion V).

Results
Responses to Climate Change in Human Society. Our study period
covers both mild and cold phases of the Little Ice Age in the NH.
Based on the NH (Fig. 1A, red line) and European (Fig. 1A, black
line) temperature anomaly series, we divided our study period into
Mild Phase 1 (A.D. 1500–1559; average temperature = 0.43σ),
Cold Phase (A.D. 1560–1660; average temperature = −0.59σ),
and Mild Phase 2 (A.D. 1661–1800; average temperature =
0.24σ). TheCold Phase coincided with theGCSC. InMild Phase 2,
there was brief cooling in A.D. 1700 and A.D. 1750. To elicit the
real association between climate change and the cyclic pattern of
various variables, the variables with obvious long-term trends
(agricultural production index, grain price, real wages, body
height, and population size) were linearly detrended (23, 24).
Fluctuations of all agro-ecological, socioeconomic, human ecol-

ogical, and demographic variables corresponded very well with
temperature change and were in successive order. The variables of
the bio-productivity, agricultural production, and food supply per
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capita (FSPC) sectors responded to temperature change imme-
diately, whereas the social disturbance, war, migration, nutritional
status, epidemics, famine, and population sectors responded to the
drop in FSPC with a 5- to 30-y time lag. The adverse effect of the
two short-term, minor cooling episodes in Mild Phase 2 (Fig. 1,
blue dotted lines) alsowas reflected by the variables’fluctuations in
annual and decadal units, such as NH tree-ring width, grain yield,
grain price, and agricultural production index.
Cooling in the Cold Phase dampened agro-ecosystem output

by shortening plant growing seasons and shrinking the cultivated
land area (23). The ratio of grain yield to seed decreased along
with temperature decline (Fig. 1B, red line). Tree-ring width (a
variable of bio-productivity) also varied in response to temperature
change, decreasing rapidly in A.D. 1560–1650 (Fig. 1B, black line).
Grain yield links directly to agricultural production, which is rep-
resented by the agricultural production index. Although in the long
term the agricultural production index moved upwards with pop-
ulation size, it decreased or stagnated in a cold climate and in-
creased rapidly in a mild climate at the multidecadal time-scale
(Fig. 1C, black line).
Although agricultural production decreased or stagnated in

a cold climate, population size still grew. Hence, two variables of
FSPC—grain price and real wages of labor—changed consider-
ably, and economic crisis followed. Grain price is determined by
both demand and supply and is an important indicator of the
boom-and-bust cycle in an agrarian economy. The detrended grain
price (Fig. 1C, red line) was inversely correlated with every fluc-
tuation of the agricultural production index and temperature. Real
wages of labor (Fig. 1D, red line) varied inversely with grain price
and followed agricultural production and temperature change
closely. Given the low FSCP, famine became more frequent (Fig.
1D, black line), resulting in deteriorating nutritional status and
ultimately in reduced human body height (25). The average height
of Europeans followed temperature closely (Fig. 1F red line) and
declined 2 cm in the late 16th century. It increased slowly with
rising temperatures only after A.D. 1650.
Inflating grain prices and declining real wages bred unbearable

hardship in all walks of life, triggering many social problems and
intensifying existing social conflicts. Peaks of social disturbance
such as rebellions, revolutions, and political reforms followed ev-
ery decline of temperature, with a 1- to 15-y time lag (Fig. 1E, black
line). Many disturbances eventually developed into armed con-
flicts. The number of wars increased by 41% in the Cold Phase
(Fig. 1E, red line). Although the number of wars decreased in the
interval A.D. 1620–1650, these wars were comparatively more le-
thal and longer lasting (e.g., the Thirty Years War) (26). Annual
war fatalities from 1620–1650 were >12 times those in the period
A.D. 1500–1619 (Fig. 1G, red line).
More frequent and severe economic chaos, famine, social dis-

turbance, and war pushed people to emigrate. In Europe, migra-
tion (Fig. 1G, black line) peaked during A.D. 1580–1650,
overlapping exactly with the peak of social disturbance. This cor-
relation indicates that social conditions are imperative in driving
migration (27). Migration, coupled with individuals’ deteriorating
health caused by poor nutrition, facilitated the spread of epidemics
(7). The number of plagues peaked duringA.D. 1550–1670 (Fig. 1,
black line), reaching the highest level throughout the study period.
Population growth rate, which is codetermined by famine, epi-
demics, and war, fluctuated complexly. When peaks in war fatali-
ties and famine occurred during A.D.1620–1650, the annual
population growth rate (Fig. 1H, black line) dropped dramatically
from 0.4 to −0.3%. Population collapse occurred (Fig. 1H, red
line), and the European population dropped to its lowest point
(105 million people) in A.D. 1650.
In general, variables in European societies (except population)

reacted linearly to temperature change at the multidecadal time

Fig. 1. Responses of different variables in human society to climate change in
Europe, A.D. 1500–1800. (A) NH temperature anomaly (8C, red line) and Europe
temperatureanomaly (σ, black line). (B) Ratioofgrain yield to seed (red line)and
NH extratropical tree-ring widths (black line). (C) Detrended grain price (Ag/L,
red line) and detrended agricultural production index (black line). (D) Detren-
dedwage index (σ, red line) andnumber of famine years per decade (black line).
(E) Number of wars (red line) and magnitude of social disturbances (black line).
(F) Detrendedhumanheight (in cm, red line) andnumberofplagues per decade
(black line). (G) War fatality index (red line) and number of migrations per
quarter century (black line). (H) Detrended population size (in millions, red line)

and population growth rate (%, black line). All data are smoothed by 40-y
Butterworth low-pass filter. The blue shading represents the crisis period
(Cold Phase), and the blue dashed line represents short-term cooling.
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scale (Fig. 1 and SI Appendix, Table S1). Some variables, however,
responded exponentially to cooling inA.D. 1620–1650.We further
examined the time-series of those variables and found that, after
cooling, population pressure rose after A.D. 1560 (the agricultural
production index declined, and annual population growth was
∼0.4%) to the point that a significant reduction of population size
was necessary to ease food strain in Europe. The triggers of pop-
ulation collapse were war and famine. After A.D. 1618, many
large-scale wars and famines occurred in Europe. The war fatality
index was 20 times higher than the A.D. 1500–1617 average and
persisted at a similar level for the next 32 y (Fig. 1G, red line).
During A.D. 1618–1649,∼10 million people perished in wars (26).
Humans have served as both producers and consumers in

Earth’s ecosystem since the Agricultural Revolution. During great
wars and famines, death rates exceeded birth rates, causing sub-
stantial reduction of the agricultural production workforce. Also,
collapse of agricultural production infrastructure caused by wars
left behind massive damage to carrying capacity and sustainability
(8). Consequently the role of the human population as a producer
became less significant. Although the temperature and grain yield
in A.D. 1600–1620 and A.D. 1620–1650 were similar, in 1621 the
feedback effect of population collapse brought about a 13% re-
duction in agricultural production, which had stagnated for ∼50 y.
Such a huge decrease caused an exponential increase in grain price
(+200%), famine (+250%), war fatality (+1,350%), social dis-
turbance (+100%), migration (+250%), and other population
checks. On the other hand, real wages, body height, and epidemics
remained at the same level, and the number of wars dropped
slightly (Fig. 1). This complex relationship between agricultural
production and population size continued until A.D. 1650, when
temperature and thus agricultural production increased.
At the end of the Cold Phase there was an augmentation of

agricultural production that, together with a population slump, led
to a rise in FSPC and the recuperation ofmost of European society
afterA.D. 1660. This datemarks the end of theGCSCand the start
of the Enlightenment era. The mild climate in the 18th century
created human ecological harmony, leading to a speedy economic
and population recovery in Europe. Although the short cooling in
A.D. 1700 and A.D. 1750 caused minor fluctuations in grain yield,
real wages, grain price, famine, war, social disturbance, and mi-
gration, its impact was not strong enough to cause general crisis
and population collapse (Fig. 1).

Statistical Verification of Causal Linkages Between Climate Change
and Large-Scale Human Crisis. Cooling triggered a chain of
responses in variables pertaining to European physical and human
systems. All 16 of the variables we identified are categorized into
11 sectors according to the response time of variables to cooling,
together with natural laws and social theories related to different
variables. Five of these sectors contain two variables with the same
properties (e.g., the variables “NH temperature” and “European
temperature” belong to the climate change sector). We then
identified a set of causal linkages among the 11 sectors, demon-
strating how climate change brings about general human crisis
(Fig. 2 and SI Appendix, Text section 1).
In the set of causal linkages, climate change and associated

bio-productivity fluctuation are revealed as the ultimate cause of
economic, social, human ecological, and demographic problems.
If the climate change and bio-productivity sectors are dis-
regarded, various linkages within the human system seem to be
driven endogenously by population growth. The concept of
a population-driven human system is prevalent among social
scientists, demographers, and economists (28, 29), but ignoring
the impact of climate forces on human systems may lead to false
conclusions. Although the causal linkages in Fig. 2 are theoret-
ically reasonable, the strength, consistency, predictability, and
time sequence of the linkages should be verified statistically
before any definite conclusions are drawn.
We cross-correlated the 16 variables (Materials and Methods)

to validate the strength of the set of causal linkages in Fig. 2. All
120 cross-correlations were statistically significant (P < 0.05),

and 116 of them were highly significant (P < 0.001) (SI Appendix,
Table S2). Patterns of the correlations reveal the following:

i) Correlation between temperature data and a variable in
another sector became weaker as the sector’s distance from
climate change increased. For instance, the sector’s distance
for climate change → bio-productivity vs. climate change →
population showed a distance decay effect indicating that
the impact of climatic forcing was partially offset by human
adaptation or natural factors.

ii) Compared with the NH temperature variable, the European
temperature variable was better correlated with other vari-
ables, because, aside from NH temperature and NH tree
ring variables, all other variables are for Europe only.

iii) The causal linkage from the climate change sector to the
bio-productivity sector (e.g., European temperature and
grain yield variables) was comparatively stronger.

iv) The variables Population size and Population growth rate
had weaker correlations with other variables because they
were determined by multiple variables. The strength of as-
sociation among different sectors is shown in Fig. 2.

We also used multiple regression analysis to validate the con-
sistency and predictability of the causal linkages shown in Fig. 2
(Materials and Methods). In regression models, the independent
variables were time and causal variables, and the dependent vari-
able was the “effect” variable. For example, in the relation Euro-
pean temperature→ grain yield, European temperature is a causal
variable, and grain yield is the effect variable. Time (t) presumably
represents technology and/or capital accumulation. An attempt
was made to eliminate the trend from the dependent variable
(effect variable) using parabolic (t and t2), squared (t2), and cubic
(t3) terms (23). The various detrending procedures did not affect
the regression results significantly, and all the elasticity of the effect
variable in response to the change in the causal variable was sta-
tistically significant (SI Appendix, Table S3). The causal relation-
ship between variables/sectors was statistically valid when the
effect of societal development was controlled.

Fig. 2. Set of causal linkages from climate change to large-scale human
crisis in preindustrial Europe. The terms in bold black type are sectors, and
terms in red type within parentheses are variables that represent the sector.
The thickness of the arrow indicates the degree of average correlation,
which is calculated from SI Appendix, Table S2.
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We further validated the time sequence and predictability of the
causal linkages in Fig. 2 by using GCA (SI Appendix, Text section
2). Via GCA, the causal relationship between variables is con-
firmed only if the cause precedes the effect in time and the causal
series contains special information that could better explain and
forecast the series being caused (30). The causal linkages in Fig. 2
boiled down to these relationships: Climate change → bio-pro-
ductivity → agricultural production → FSPC; FSPC → social dis-
turbance → war; FSPC → famine → nutritional status; FSPC,
social disturbance, war, and famine→migration; nutritional status
and migration → epidemics; war, famine, and epidemics → pop-
ulation; population → agricultural production; and population →
FSPC. Our GCA results show that all null hypotheses of these
linkages were rejected (13 linkages with P < 0.01 and 4 linkages
with P < 0.05), implying that causal relationships between climate
change and human crisis are statistically valid (Table 1 and SI
Appendix, Text section 2.1).
Because the alternation of periods of harmony and crisis in

Europe followed variations in FSPC (Figs. 1 and 2), we suggest
that FSPC is a key sector bridging climate change and human
systems. Because FSPC is codetermined by agricultural pro-
duction (supply) and population size (demand), it can be epito-
mized by grain price (the ratio of supply to demand). We used
GCA to test whether grain price is the direct cause of all social
and human ecological crises. Grain price was the Granger-cause
of social disturbance, war, migration, epidemics, famine, and
nutritional status (five linkages with P < 0.01 and one linkage with
P < 0.05) (Table 2 and SI Appendix, Text section 2.2). Hence,
grain price could be taken as an indicator and direct cause of
conditions of harmony or crisis in preindustrial Europe.

Simulation of Periods of Harmony and Crisis in Europe and the NH.
Grain price. Based on the above findings, we used a longer grain
price series to simulate the alternation of conditions of harmony
and crisis in Europe further back in time. To eliminate the effect
of long-term inflation upon the market price of grains, real grain
price was used (SI Appendix, Text section 3). We found that real
grain price followed temperature change inversely (Fig. 3A).
When the GCSC began in A.D. 1560, real grain price was 0.2.

Therefore, we set a real grain price = 0.2 as the general crisis
threshold. The periods in which real grain price was >0.2 or <0.2
represent periods of crisis or harmony, respectively. With that
threshold, our simulated crisis periods were A.D. 1264–1359 and
A.D. 1559–1652, consistent with the time spans of the Crisis of the
Late Middle Ages and the GCSC, as delimited by historians. In

both crisis periods, real grain price was driven up by population
pressure (i.e., steady population growth over a long period),
bringing about demographic collapses at later stages. Each de-
mographic collapse lasted for ∼30 y. The collapse of the 14th
century started in A.D. 1315 when the Great Famine began. Our
simulated periods of harmony (A.D. 1360–1558 and A.D. 1653–
1800) coincided with the prosperous Renaissance and Enlight-
enment eras (SI Appendix, Text section 4.2) (21, 31, 32).
The complex relationship among temperature, real grain price,

agricultural production, population size, and social conditions
during the period is illustrated clearly in Fig. 3B. The finding
echoes the key notion ofMalthusian theory (33):Whenpopulation
size overshoots agricultural production, human misery follows.
Malthus (33) argued that rapid population growth was the cause of
human misery. Our findings, however, indicate that the misery in
fact was triggered by climate-induced agricultural decline. Mal-
thusian theory emphasizes increasing demand for food as the
cause, whereas we found the cause to be shrinking food supply.
Temperature. Although the alternation of harmony and crisis
tracked fluctuations in the real grain price in preindustrial
Europe, GCA results show that temperature change was the
Granger-cause of real grain price (SI Appendix, Text section 2.3),
because agricultural production was climate dependent at the
time. Indeed, temperature change is the ultimate cause of human
catastrophes, in that it affects first agro-economy and then
people’s livelihood.
We used a European temperature series as another indicator of

conditions of harmony or crisis to simulate the “golden” and
“dark” ages in Europe over the past millennium. We set tem-
perature = −0.1σ (according to the 100-y smoothed European
temperature series) as the general crisis threshold. The periods in
which temperature was lower than −0.1σ or greater than −0.1σ
represent dark ages and golden ages, respectively. With that
threshold, the dark ages we calculated were A.D. 1212–1381 (the
Crisis of Late Middle Ages) and A.D.1568–1665 (the GCSC),
whereas the golden ages were the 10th to 12th centuries (the High
Middle Ages), the late-14th to early 16th centuries (the Re-
naissance), and the late-17th to 18th centuries (the Enlighten-
ment) (SI Appendix, Text section 4.1), largely in agreement with
time intervals delimited by historians (SI Appendix, Text section
4.2). The mild cooling in Europe in the late 18th and 19th cen-
turies brought about an upsurge in prices, social disturbance, war,
and migration, but not demographic crisis, because of social buf-
fers such as cross-continental migration, trade, and industriali-

Table 1. GCA for each of the linkages shown in Fig. 2 (SI Appendix, Text section 2.1)

Causal linkage (null hypothesis) F P

Climate change does not Granger-cause bio-productivity 207.485 0.000*
Bio-productivity does not Granger-cause agricultural production 7.440 0.007†

Agricultural production does not Granger-cause FSPC 9.834 0.002†

War does not Granger-cause population 391.805 0.000*
Epidemics does not Granger-cause population 103.054 0.000*
Famine does not Granger-cause population 155.736 0.000*
Population does not Granger-cause agricultural production 5.731 0.017‡

Population does not Granger-cause FSPC 67.664 0.000*
FSPC does not Granger-cause famine 10.307 0.000*
Famine does not Granger-cause nutritional status 2.139 0.009†

Nutritional status does not Granger-cause epidemics 2.345 0.004†

FSPC does not Granger-cause social disturbance 1.971 0.024‡

Social disturbance does not Granger-cause war 3.256 0.000*
Social disturbance does not Granger-cause migration 1.786 0.037‡

War does not Granger-cause migration 2.250 0.006†

FSPC does not Granger-cause migration 2.164 0.008†

Migration does not Granger-cause epidemics 1.835 0.031‡

*Significant at 0.001 level (2-tailed) (P < 0.001).
†Significant at 0.01 level (2-tailed) (P < 0.01).
‡Significant at 0.05 level (2-tailed) (P < 0.05).
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zation. Hence, the crisis that occurred in the early 19th century
(the Age of Revolution) was not a general one.
Periods of harmony and crisis in the NH are reflected by fluc-

tuations in population growth and the frequency of famine, epi-
demics, and war (SI Appendix, Text section 5). The NH
temperature and European temperature was highly correlated
(Fig. 4 A and B). The troughs of population growth (Fig. 4C) and
the peaks of various mortality factors (Fig. 4 D–F) in the NH co-
incided with a cold climate. In fact, the alternation of periods of
harmony and crisis in the NH corresponded to the alternation of
such periods in Europe. In addition, regression results indicate that
all the aforementioned variables were determined significantly by
temperature change (SI Appendix, Table S4). Just as in Europe,
temperature could be taken as the indicator of conditions of har-
mony or crisis in the NH in historical time. However, in the NH
warming also causedwidespread famine between the 11th and 12th
centuries (the Medieval Warm Period), because high temperature
caused drought in North Africa and Western Asia (34, 35). How-
ever, the warmth was not severe enough to engender global crises.

Discussion
In this study, all criteria for confirming the causal mechanisms
between climate change and human crisis were met. The alterna-
tion of historical golden and dark ages in Europe and the NH,

which often was attributable to sociopolitical factors (20, 21), was
indeed rooted in climate change. Climate change determined the
fate of agrarian societies via the economy (the ratio between
resources and population). Because the economy also interacts
with numerous social factors, scholars tend to rely on social factors
to explain human crisis. Although many individual, short-term
human crises are triggered by social problems, this effect does not
necessarily contradict our findings if we take differing temporal
and spatial scales into account. The crucial issue linking scale to
explanation is whether the variables used to explain a phenomenon
are themselves located at the same scale. Causal explanation and
generalization relevant to one scale regime are unlikely to be ap-
propriate at others (36). Although social factors may explain some
short-term crises in history, they cannot explain the synchronous
occurrence of long-term crises in different countries (in different
stages of civilization, culture, economic development, and re-
sources) across different climatic zones in the NH, nor can they
simulate the alternation of historical golden and dark ages. In fact,

Table 2. GCA of the relationship between grain price and various social and human ecological
crises (SI Appendix Text section 2.2)

Causal linkage (null hypothesis) F P

Grain price does not Granger-cause social disturbance 1.971 0.024*
Grain price does not Granger-cause war 5.060 0.000†

Grain price does not Granger-cause migration 2.164 0.008‡

Grain price does not Granger-cause epidemics 5.113 0.000†

Grain price does not Granger-cause famine 10.307 0.000†

Grain price does not Granger-cause nutritional status 3.970 0.000†

*Significant at 0.05 level (2-tailed) (P < 0.05).
†Significant at 0.001 level (2-tailed) (P < 0.001).
‡Significant at 0.01 level (2-tailed) (P < 0.01).

Fig. 3. Real grain prices and the alternation of periods of harmony and
crisis in Europe, A.D. 1200–1800. (A) European temperature anomaly (σ,
orange line), real grain price (Ag/L, bold black line), and the threshold of
general crisis (real grain price = 0.2, pink dotted line). (B) Agricultural pro-
duction index (orange line) and population size (in millions, green line).
European temperature, real grain prices, and agricultural production index
were smoothed by 40-y Butterworth low-pass filter. The light gray stripe
represents a period of general crisis (real grain price >0.2); the dark gray
stripe represents a period of demographic collapse.

Fig. 4. Temperature change and the alternation of periods of harmony and
crisis in the NH during the past millennium. (A) European temperature
anomaly (σ). (B) NH temperature anomaly (8C). (C) NH annual population
growth rate (%). (D) Famine years in the NH (number of famine years per
decade). (E) Number of deadly epidemic events (malaria, plague, typhus,
measles, smallpox, and dysentery) per decade in the NH. (F) Number of wars
per year in the NH. All data were smoothed by a 100-y Butterworth low-pass
filter. Gray stripes represent periods of crisis in Europe as delimitated by
historians (SI Appendix, Text section 4.2).

17300 | www.pnas.org/cgi/doi/10.1073/pnas.1104268108 Zhang et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
27

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1104268108/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1104268108/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1104268108/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1104268108/-/DCSupplemental/sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1104268108


www.manaraa.com

climate-induced societal change can be measured at different
scales, whereas the magnitude of change depends upon the eco-
nomic impact of climate deterioration. Here we established the
underlying causalmechanisms between climate change and human
crisis at continental and hemispheric scales. We conclude that
climate change was the ultimate cause of human crisis in pre-
industrial societies. In addition, we identified climate-driven eco-
nomic downturn as the direct cause of human crisis. This result
explains why some countries did not undergo serious human crisis
in the Little Ice Age: Wet tropical countries with high land-car-
rying capacity or countries with trading economies did not suffer
a considerable shrinkage in food supply, nor did some countries,
such as New World countries with vast arable land and sparse
populations, experience substantial supply shortage.
Our findings have important implications for industrial and

postindustrial societies. Any natural or social factor that causes
large resource (supply) depletion, such as climate and environ-
mental change, overpopulation, overconsumption, or nonequitable
distribution of resources, may lead to a general crisis, according to
the set of causal linkages in Fig. 2. The scale of the crisis depends on
the temporal and spatial extent of resource depletion.

Materials and Methods
Data. We collected historic data on climate change, agro-ecology, economy,
society, human ecology, and demography in Europe to explore the specific
causal mechanisms that translate climate change into large-scale human crisis
(SI Appendix, Materials and Methods I–XI) and the NH (SI Appendix, Text
section 5). The data were extracted from the most recent and fine-grained
data archives according to our best knowledge. Our NH temperature series
was generated by arithmetically averaging the 12 most recent and author-
itative NH paleo-temperature reconstructions chosen by the Intergovern-
mental Panel on Climate Change (37) (in 8C, from the A.D. 1961–1990 mean).
Our European temperature series (in σ) was given by arithmetically aver-
aging two authoritative European temperature reconstructions (38, 39).

Because the two reconstructions were derived from different proxies and
were reconstructed by different methods, they were normalized to ho-
mogenize the original variability of the series before taking their arithmetic
average (SI Appendix, Materials and Methods I).

Verification of Strength, Consistency, and Predictability of Causal Linkages. We
used 16 fine-grained variables in this study (SI Appendix, Materials and
Methods I–XI). Using the variables’ response time to cooling (at multidecadal
to centennial scales), together with natural laws and social theories, we
identified a set of causal linkages from climate change to general crisis (Fig.
2). The strength of the linkages was examined by cross-correlation analysis,
and the consistency and predictability of the linkages were validated by
multiple regression analysis. In accordance with the procedure described by
Zhang et al. (7), all our variables were smoothed by a 40-y Butterworth low-
pass filter before correlation and regression analysis. This smoothing makes
our findings more appropriate within the context of climate–human studies.

Verification of Time Sequence and Predictability of Causal Linkages. We
adopted GCA to verify the time sequence and predictability of the causal
linkages at an annual scale. GCA has been used widely in business, economics,
sociology, psychology, politics, biology, andmedicine. It also is regarded as an
effective method to verify causal relationships in the social sciences (40, 41).
Before GCA, an Augmented Dickey–Fuller test was adopted to check the
stationarity of data. Any nonstationary data were subjected to first- or
second-level differencing. Then regressions were run (by controlling the
number of lags) to identify the causal relation (SI Appendix, Text section 2).
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