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Highlights

e A study based on 140 rebellions and revolutions during the Little Ice Age

e Climate impacted livelihoods, causing poor harvests and higher grain prices
e Led to malnutrition, which increased people's vulnerability

e Climate did not generate crises but sowed the seeds for uprisings
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Abstract

The Little Ice Age (LIA) - lasting from ~1250 to ~1860 - was a long period of cooler, drier
conditions, characterized by increased climate instability. The most significant climate
extremes were more closely associated with interannual temperature variations or particularly
severe, isolated cold spells than with prolonged cold spells lasting many years. During this pre-
industrial phase of climate instability, many rebellions broke out, one of the most famous being
the French Revolution of 1789. A key question, however, relates to the precise and often
intricate role of climate in precipitating these widespread uprisings and rebellions that
profoundly reshaped human institutions, particularly in the European context. Using data for
solar activity, temperature, precipitation, volcanic forcing and the evolution of grain prices, we
compared and contrasted the occurrence of rebellions and revolutions across a wide
geographical area comprising Europe-Russia-Ottoman Empire with LIA climate and hazards.
We find that climate change primarily affected people's livelihoods by reducing harvests,
lowering food-resource availability and sharply increasing cereal prices. Climate therefore
played a major role in heightening population vulnerability by exacerbating one of the greatest
scourges: malnutrition. For the populace, this fuelled social anger towards political authorities
for failing to mitigate the impact of climate change. This study primarily reveals that
environmental causes did not generate social crises during the LIA but rather triggered a
cascade of environmental and human events that interacted, ultimately leading to highly
conflictual situations. The LIA serves as a warning to modern political systems, highlighting
the necessity to anticipate the consequences of current climate change to mitigate its impact on

societies and prevent social unrest and conflict.
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1. Introduction

Historians have long observed the relationship between the environment and civilizations,
particularly how environmental pressures have interacted with societies, sometimes acting as
key forces that influenced or redirected their trajectory (e.g. White, 2011; Parker, 2013;
Camenisch and Rohr, 2018). Past and present disasters such as droughts (Edwards et al., 2022),
severe frosts (Camenisch et al., 2016), floods (Brazdil et al., 2010; Rohr, 2013; Kiss, 2018) or
crop failures (Flickiger et al., 2017) have regularly plunged populations into uncertainty and
chaos. Long-term shifts in the planet’s climatic conditions, coupled with short-term extreme
events, have driven flourishing societies to decline, wither or even collapse (Kaniewski et al.,
2018, 2019). Climate is never an isolated factor, but when combined with social, political or

even economic unrest, it can become a powerful catalyst for crises (Camenisch and Rohr, 2018).

A key example of the significant intersection between climate disruption and political upheaval
is the period up to the French Revolution of 1789 (Doyle, 1990). Climate pressure appears to
have been the spark that ignited the flames of the revolution. Around 1770, near the onset of
the Dalton minimum (lonita et al, 2021), a particularly cold period began in Europe (Wagner
and Zorita, 2005), devastating agricultural production. In 1775, severe grain shortages in
France, caused by successive years of poor harvests, triggered bread riots throughout the
kingdom (the Flour War; Bouton, 1993). The eruption of the Laki volcano in Iceland in June
1783 compounded the situation (Brayshay and Grattan, 1999). Across northern Europe, the
volcano radically modified the climatic conditions of the 1780s, making it extremely unstable.
After a prolonged period of cooling, the summer of 1783 unexpectedly became the hottest on
record (Edwards et al., 2022). The unusually warm weather triggered violent thunderstorms
accompanied by hailstones. The scorching summer gave way to an equally extreme winter with
severe frosts, followed by a warm spring that quickly melted the snow and ice, causing major
flooding (Doyle, 1990). These extremes set the weather pattern for years to come: dry,
scorching summers (Labuhn et al., 2016) interspersed with violent thunderstorms, followed by
bitter winter cold, snowstorms and freezing temperatures. These fluctuations wreaked havoc on
the lives of the French population, ruining harvests and creating a never-ending cycle of hunger,
poverty, stress, fear and hardship (Camenisch and Rohr, 2018). The damage caused by these
climatic hazards worsened the financial crisis that gripped the kingdom of France in the 1770s
and 1780s (Doyle, 1990). The years of climatic stress, financial instability and political conflict
brutally coalesced in 1788 and 1789. A severe drought in the spring of 1788 (Labuhn et al.,
2016) devastated staple crops, leaving them crippled and withered. On July 13", 1788, one of



the most severe hailstorms in history struck France (Doyle, 1990). Grain shortages (an
estimated 20% drop compared to the harvest years 1774-1787; Labrousse, 1970; Neumann,
1977) sent prices skyrocketing. With all disposable income going towards bread (Lefebvre,
1954; Hufton, 1974), consumer demand for all other staples collapsed, sending the kingdom’s
already fragile economy into recession. In 1789, France was hit by the coldest winter in nearly
a century (Labuhn et al., 2016). The harsh winter froze an already starving population. Winter’s
deathly grip lasted for months, exacerbating the growing social crisis (Doyle, 1990). In the
summer, the frustrated and enraged populace rose up to storm the Bastille, marking the onset
of the French Revolution. The same summer, the Great Fear (July 22"-August 6, 1789) that
struck the French countryside was likely triggered by drought, storms and flooding that
destroyed much of the harvest. Subsequently, vast areas of France were ravaged by rural
rebellions. Mobs attacked castles and burned ancient feudal documents authorizing their work
for the lords. The Great Fear is considered as a rebellion shaped by climatic stress (Lefebvre,
1973).

The French Revolution took place during the LIA, spanning roughly from 1250 to 1860, a
period marked by a widespread temperature decline, evident from synchronous negative
deviations across a number of temperature-sensitive proxy records from the Northern
Hemisphere (Briffa, 2000; Jacobeit et al., 2001; Jones et al., 2001; Luterbacher et al., 2004;
Meyers and Pagani, 2006; Osborn and Briffa, 2006; Kuhlemann et al., 2008; Richter et al.,
2009; Wanner et al., 2022). However, this prolonged cooling was not consistent and uniform,
as periods of extreme cold were interspersed with warmer phases. While the average summer
temperature anomaly during this period is estimated to have been -0.36+0.4°C, colder
anomalies ranging from -1°C to -1.75°C interspersed with warmer anomalies peaking at 0.56°C
(Luterbacher et al., 2016; Wanner et al., 2022). The average PDSI has been estimated at -
0.47£1.47, but with several values ranging from -3.0 to -4.5 (severe to extreme drought; Cook
et al., 2015). Summer precipitation during the LIA shows strong variations, with the lowest
values corresponding to a reduction of 25% to 50% (Cook et al., 2015) compared to the current
situation (Marchi et al., 2020).

In Europe, the severe cold phases of the LIA significantly affected agriculture (e.g. Pfister and
Brazdil, 2006; Holopainen and Helama, 2009), had deep societal impacts (e.g. Camenisch and
Rohr, 2018), fuelled economic downturn (Collet and Schuh, 2018), favoured the spread of
epidemic and epizootic diseases (e.g. Campbell, 2016) and altered human mentalities (e.g.

Behringer, 1999). The LIA also revealed society's vulnerability to unpredictable events.
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Persecutions leading to lengthy witch hunts took place during this period, as a part of the society
held witches directly responsible for the high frequency of climate anomalies and their
consequences (Behringer, 1999; Oster, 2004; Pfister, 2007; Levack, 2015). The LIA clearly
represents a period in which climate change and major socio-political crises intertwined over

several decades.

Here, we focus on the rebellions and revolutions that took place in Europe-Russia-Ottoman
Empire (EROg) during the LIA. We tested the impact of declining solar activity, volcanic
forcing, climate change and shifts in bread prices as potential amplifiers of crises, in addition
to socio-political upheavals. We focused on the period 1570-1860, a crucial era that saw 140
episodes of rebellion and revolution across the EROE, spanning from the end of the Renaissance
to the rise of the Industrial revolution. The potential link between climate shifts, human
institutions, and political, economic and social destabilization has emerged as a critical area of
study. The United Nations has released an IPCC report described as a “code red for humanity”.
The report highlights that extreme weather, poor crop yields and low GDP are closely linked to

an increase in violence (IPCC, 2021).

2. Methods
2.1. Rebellions and revolutions

The rebellions-revolutions in EROg were extracted from the abundant literature (see Dataset).
The data considered in this study starts with the second rebellion of the Alpujarras (1569-1571,
Spain; e.g. Dominguez Ortiz and Vincent, 1993) and ends with the Second Italian War of
Independence (1859, Italy; e.g. Blumberg, 1990). We focused on the 1570-1860 period because
all phases of rebellion or revolution are well documented in the literature, ensuring statistical
robustness for the analyses. We used only the onset of each conflict as a reference point to
establish a consistent framework for analysis. The initial dataset was then smoothed using a 20-
yr moving average to highlight trends rather than individual conflicts. Long-term trends were
also evaluated, using a 200-year moving average and a polynomial model (Pvaie < 10°%; Fig. 1a)
with a Pvaiwe based on a F test - two-tailed with no adjustment, to assess how rebellions and
revolutions evolved over a longer time scale. These smoothed curves are crucial as they account
for local factors, such as political and social parameters, which vary across different locations

and countries. This approach moderates the emphasis on social causes behind the crises,



allowing for a primary focus on the environmental factors that link the rebellions and

revolutions together.

2.2. Solar activity

The solar activity dataset is the annual reconstructed sunspot numbers published by Solanski et
al. (2004). Long-term trends were calculated for sunspot numbers using both a 20-year and 200-
year moving average, along with a polynomial model (termed P. Model; Pyaie < 1073; Fig. 1a).
Variations in the rebellions-revolutions were contrasted with the solar activity, using a Kernel
density 2D model (with Gaussian as function). The two time-series were first transformed into
z-scores (Fig. 1b). We used z-scores as variance reduction is crucial for comparing and
contrasting different signals (such as solar activity and crises) on a consistent scale, enabling a

clearer focus on trends.

2.3. Temperatures, Precipitation, Palmer Drought Severity Index and cereal prices

The temperature dataset derives from the tree ring-based reconstructions of central European
summer temperature variability for the past 2500 years (Fig. Sla-b) published by Bintgen et
al. (2011). The precipitation dataset was extracted from the tree-ring reconstructed summer
wetness and dryness over Europe and the Mediterranean Basin during the Common Era (Cook
et al., 2015; Fig. S2a-b). The Palmer Drought Severity Index (PDSI) is derived from summer
reconstructions of the PDSI over Europe, North Africa and the Middle East (Cook et al., 2015;
Burnette, 2021; Fig. S3a-b). The European cereal price (wheat and barley) dataset is based on
numerous studies focused on four major cereals (wheat, barley, oats and rye; compiled in
Ljungquvist et al., 2022; Ljungqvist and Seim, 2024; Fig. S4a-b and Fig. S5a-b). A long-term

trend was calculated for each time series, using a 200-year moving average.

2.4. Statistical analyses

A cluster analysis (descending type) was conducted to generate a dendrogram, with the
branches representing the distances between the time series (Fig. 2a). The test was calculated
using Paired group as an algorithm and Correlation as the similarity measure. All the time-

series were first z-score transformed.



To create an integrative signal combining both environmental pressures and grain prices, a
principal component analysis (PCA) was conducted. The first principal component (PCA-AXis
1), which captures the maximum variance, was extracted and termed Environmental pressures
and increase in cereal grain prices (Fig. 2b). The harsh periods for populations - characterized
by increasing cereal prices, falling temperatures, reduced precipitation, a high drought index
and low solar activity - are associated with positive scores on PCA-Axis 1. In contrast, more
favourable periods, marked by falling cereal prices, rising temperatures and precipitation, a
lower drought index and more favourable solar activity are linked to negative scores (Fig. 2b).
The long-term trend was calculated using a 200-yr moving average and a polynomial model
(termed P. Model; Pyae < 103; Fig. 2b) with a Pyaie based on an F test - two-tailed, with no

adjustment.

The relationship between each environmental-economic parameter and the rebellions-
revolutions was carefully examined, comparing and contrasting each time series with the
identified crises. The same process was applied to each parameter. The curves, showing the
relationship between environmental-economic parameters and rebellions-revolutions, were first
presented with a 200-yr moving average added for clarity. The link between each
environmental-economic parameter and rebellions-revolutions was then tested, ranking the
environmental-economic parameter values in ascending order and retaining the associated
rebellion-revolution scores. Next, we added bar charts to explore the evolution of rebellions
and revolutions at a defined study step for each environmental-economic parameter. A
polynomial model (termed P. Model; Pyaie < 1073; Fig. 2b) with a Pyaie based on a F test - two-
tailed with no adjustment, was then inserted. This process was applied for temperatures (Fig.
Sla-b), precipitation (Fig. S2a-b), PDSI (Fig. S3a-b), wheat (Fig. S4a-b) and barley (Fig. S5a-
b).

The time-series was then separated into «rebellions» and «revolutions» and z-score
transformed. Each dataset was smoothed using a 20-yr moving average. The link between the
environmental pressures - increases in cereal grain prices (PCA-Axis 1) and rebellions or
revolutions (z-scores) was also tested, ranking the PCA-AXxis 1 scores in ascending order and
retaining the associated rebellion or revolution scores (Fig. 3a and 3b respectively). A 3-year
moving average was first calculated for the rebellion and revolution time-series (termed trend).

A linear model (Pvaie < 1073; Fig. 3a-b) was then calculated (with the associated R?).



2.5. Volcanic forcing

The volcanic forcing dataset derives from the sulphate-sulphur dioxide concentration records
(Fig. 4a-b) published by Kobashi et al. (2017) and Marshall et al. (2025). The two signals,
deriving from different sources, were z-score transformed, averaged and smoothed using a
LOESS approach to incorporate the 25" and 75" percentiles as indicators of maximum
probability. The long-term trend was calculated using a 200-yr moving average and a
polynomial model (termed P. Model; Pyaie < 1073; Fig. 4a) with a Pyaie based on an F test - two-
tailed, with no adjustment. The signal was then compared and contrasted with the rebellion-
revolution scores (Fig. 4a). The link between volcanic forcing (average scores) and rebellions-
revolutions was then tested, ranking the volcanic forcing values in ascending order and retaining
the associated rebellion-revolution scores. The resulting dataset was smoothed using a LOESS
curve in order to incorporate the 25" and 75" percentiles as indicators of maximum probability
(termed +10; Fig. 4b).

2.6. Data availability

The data supporting our results are provided as Supplementary data to this article.

3. Results
3.1. A solar influence

The potential link between the number of rebellions and revolutions in the EROg and solar
activity is crucial, as solar energy directly influences the Earth’s climate. When the time series
are juxtaposed, it becomes evident that periods of declining solar activity (1625-1715, 1737-
1765, 1785-1840; Fig. 1a) are chronologically correlated with a strong increase in the number
of rebellions-revolutions. The peaks in recorded conflicts occurred from 1789 to 1832 (with
maximum values at 1.43-1.44 conflicts per year), a period when the sunspot number (annual
value with a moving average of 20-year) dropped from 138 to 9 in less than 20 years (from
1784 to 1803). Analysing long-term trends, the two curves show an inverse evolution from
1570 to 1860, with this pattern becoming particularly pronounced between 1785-1840,
suggesting a correlation between these two signals. This relationship is illustrated by the 2D
Kernel density model, which shows that periods of lower solar activity (fewer sunspots) are

associated with a high concentration of crises and vice versa.
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3.2. Multiple sources of pressure

Key pressures such as temperature fluctuations, precipitation levels, drought periods and cereal
price trends were considered as critical factors that probably had a significant impact on
populations and could be quantitatively analysed. The first factor to consider is temperature as
the LIA is defined by numerous episodes of severe cold. Three particularly cold phases appear
to have been of major importance with regard to the evolution of rebellion-revolutions: (i) the
1587-1619 (called Cold Europe; Easton, 2021), (ii) 1665-1720 (Maunder Minimum; Usoskin
et al., 2015) and (iii) 1789-1852 (the Dalton Minimum; Wagner and Zorita, 2005; Fig. S1a).
During these three phases, the number of rebellion-revolutions increased significantly, with a
very pronounced intensification during the Dalton Minimum. When the number of rebellions
and revolutions is compared with temperature trends, a strong concentration of conflicts is
observed during periods of pronounced negative temperature anomalies (substantial anomalies
between -0.6 and -0.7°C are associated with an average of 0.72+0.09 rebellions-revolutions per
year; Fig. S1b). Focusing on precipitation (Fig. S2a) and PDSI (Fig. S3a), although the
correlation is less pronounced than with temperature, the data suggest an increase in rebellions
and revolutions during periods of severe water deficits. The increase in the number of
rebellions-revolutions seems clearly associated with a marked reduction in precipitation (Fig.
S2b) as well as lower PDSI values (higher drought scores; Fig. S3b). Low April-to-June
precipitation (150-200 mm) is linked to an average number of rebellions-revolutions of
0.63+0.05 per year (Fig. S2b), negative PDSI (-0.6 to -0.5) to an average number of 1.2+0.02
per year (Fig. S3b). Regarding the evolution of cereal prices (wheat and barley), the increase in
conflicts appears to be closely linked to sharp fluctuations in the cost of living, particularly
during periods of significant price surges. Whether for wheat (Fig. S4a) or barley (Fig. S5a),
the prices of these two cereals, staples used for bread and food, have had a significant impact
on populations. The highest average number of rebellions-revolutions is associated with
elevated wheat prices (up to 1.16+0.02 rebellions-revolutions per year; Fig. S4b) in addition to

high barley prices (up to 0.95+0.13 rebellions-revolutions per year; Fig. S5Db).

The cluster analysis, which incorporates all the environmental and economic proxies, reveals
two main groups (Fig. 2a). The first group includes temperature, precipitation, PDSI and solar
activity. The second group is associated with cereal prices. This distribution is consistent with
the cultivation of cereals. When solar activity, temperature, precipitation and PDSI increase,
the cultivation of cereals is favoured, yields (supply) increases and therefore the price drops.

Conversely, during harsh periods, the yields fall sharply and cereal prices increase significantly.
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When performing PCA on this dataset, the first group is characterized by negative scores on
the first principal component (PCA-Axis 1), while the second group exhibits positive values
(Fig. 2b). PCA-Axis 1 was then compared and contrasted with the number of rebellions-
revolutions. The phases marked by an intensification of crises are all chronologically correlated
with harsh climatic periods and high grain prices. The most severe environmental and economic
conditions, which probably contributed to the significant rise in rebellions and revolutions, were
recorded between 1775 to 1845, with peaks at 1.4 rebellions-revolutions per year (years 1798
and 1842; Fig. 2b). Focusing on the last part of the sequence (1830-1860), while environmental
pressures and grain prices remained high and impacted the population, this period seems less
marked by LIA climate-stress conflicts than by 19" century (liberal) ideological revolutions,
even if climate had still a background misery effect.

3.3. Rebellions and revolutions

When rebellions and revolutions are separated into two datasets and their number compared
and contrasted with environmental and economic data, a significant linear relationship emerges
between the occurrence of more severe environmental and economic conditions and the
increase in rebellions (Fig. 3a) and revolutions (Fig. 3b). PCA-AXxis 1 scores are linearly
correlated with the number of rebellions (R? of 0.76) and the number of revolutions (R? of 0.71),
with the higher PCA-Axis 1 scores linked to the higher numbers of conflicts in both cases, even
if the conflict corresponds to a violent protest demanding the restauration of previous, normal,
conditions (rebellions) or a violent upheaval aimed at transforming the normal conditions

(revolutions).

3.4. The role of volcanic forcing

As climate variability during the last millennium has been affected by the effects of large-
magnitude volcanic eruptions, we compared the evolution of rebellions-revolutions with a
volcanic proxy deriving from two datasets (Kobashi et al., 2017; Marshall et al., 2025). The
three main phases of high rebellions-revolutions are recorded during periods when the influence
of volcanic activity was enhanced (Fig. 4a). The highest peak in sulphate-sulphur dioxide
concentration, recorded between June 1783 and February 1784 during the eruption of the Laki

volcano (Brayshay and Grattan, 1999), coincides with the surge in crises that would later
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culminate from 1788 to 1798 (1 to 1.4 rebellions-revolutions per year). Each phase of increased
rebellions and revolutions recorded since 1560 appears to be chronologically linked to volcanic
activity, suggesting that volcanic eruptions have been a significant environmental forcing,
intensifying political and social crises (Fig. 4a). When increasing concentrations of sulphate-
sulphur dioxide are compared with the evolution of rebellions-revolutions, a correlation
emerges between high concentrations and a significant number of conflicts (up to 1 conflict per
year for the highest scores of the volcanic proxy; Fig. 4b).

4. Discussion
4.1. The interplay between social-political causes and environmental factors

While every rebellion or revolution is rooted in social and political causes, often shaped by
decisions made by human institutions, environmental pressures appear to have played a crucial
role in exacerbating crises over the past 500 years (Zhang et al., 2011). It has been suggested
that the historical complexity and weak evidence of causality make it difficult to conclude that
crises were, even partially, climate-induced (Butler, 2007; Salehyan, 2008). To address this
issue, we focused not on a single conflict but on all the rebellions-revolutions that impacted the
EROEe. While each conflict is linked to local, regional or national historical and social causes,
analysing these within a broader global framework allows us to better assess the human factors
behind these rebellions and revolutions, focusing only on the elements that can affect
populations on a large spatial scale. By focusing on long-term trends, environmental factors
may seem decisive in triggering crises, even if they are not the origin of rebellions and

revolutions, nor of their evolution.

4.2. Climate change impacts on societies

Climate change has long impacted populations with sometimes complex conseguences,
aggravated and amplified by human responses and local political structures and decisions
(Slavin, 2016; Kaniewski and Marriner, 2020; Robbins Schug et al., 2023). Sometimes climatic
pressures are such that humans, although endowed with behavioural elasticity, are unable to
cope (deMenocal, 2001). As an example, over the past 800 years, the most severe drought in
the southwestern United States lasted about 22 years, between 1572 and 1593 (Cook et al.,

2000). These dry conditions persisted until the early 17" century, as far south as the Virginia
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coast (Stahle et al., 1998). Based on a 700-year tree-ring chronology from northeastern Virginia,
the intervals 1587-1589 and 1606-1612 were identified as the driest periods of the past 700
years (Stahle et al., 1998; White, 2019). In 1587, the first English colonists arrived and settled
in Virginia (Roanoke Island - Carolina Outer Banks). This group of settlers was nicknamed the
Lost Colony because it had completely disappeared by the time the supply ships returned four
years later. Initially attributed to poor planning and insufficient supplies, the failure of the
colony is now explained by a severe drought, which began just as these settlers arrived (Stahle
etal., 1998; White, 2019). In 1586, a settler described a drought that withered Native American
maize. During the following year, colonists were unable to obtain maize from indigenous
communities (by threats or barter), and they therefore suffered famine (White, 2019). A larger
colony was then established in 1607 at Jamestown, Virginia, and the settlers were also severely
affected. Within 25 years, more than 80% of the population died, mainly from malnutrition
(Stahle et al., 1998; deMenocal, 2001). In this particular case, drought acted as the trigger for
the crisis, highlighting the vulnerability of these populations to this environment. Johnson
(2011) also strengthened this observation. By contrasting natural disasters with the
conventional chronology of socio-political and economic events in Caribbean colonial history,
it emerges that certain key events can be seen as the consequences of the ecological crisis and
measures for disaster relief. The widespread adoption of free trade in the Americas in 1778 was
catalysed by the recognition of the harsh realities of food shortages and the needs of local
settlers, who were reeling from a series of natural disasters. Climate-induced environmental
crises and the slow response of imperial authorities played an inextricable role in the rise of

revolutionary ideas in 18"-century Caribbean (Johnson, 2011).

4.3. Climate-induced malnutrition

In the EROE area, our study suggests that during the second half of the last millennium, climate
played a key role in exacerbating political and social crises. Climate alone did not cause
recurrent famines during the LIA, but rather it was the severity of food shortages, which evolved
into famines based on decisions made by human institutions, as Slavin (2016) has suggested,
in a different context. Temperature, particularly extreme cold weather, and long- to medium-
term droughts are among the most critical factors affecting populations (McMichael, 2012). It
has been shown that human health is modulated by climate change (Haines et al., 2006).
Previous studies have moreover demonstrated that climate change has important health-related
consequences because it can weaken afflicted populations by inducing food shortages,
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malnutrition and even starvation (Patz et al., 2000; Ben Avri et al., 2011). Chinese imperial
archives documenting epidemics over the past eight centuries attest to the importance of climate
in the mechanism of contamination. During the LIA, 881 epidemics were recorded in China.
This database indicates that during colder periods (with temperatures below the 1300-1850
average), the probability of an epidemic or a major epidemic was respectively 35% and 40%
higher than during warmer periods (McMichael, 2012). In the EROk area, the spread of plague
has also recently been linked to climate instability during the LIA, when populations were
already struggling with food shortages and malnutrition (Kaniewski and Marriner, 2020).
Climate change did not directly trigger the emergence of the scourge but it facilitated

subsequent outbreaks by weakening the EROEg population.

The primary cause of the widespread weakening of populations, which led to most of the
recorded revolts, was malnutrition, exacerbated by poor decisions made by human institutions
under pressure from climate-related factors (cf. Chu et al., 1994; Pfister and Brazdil, 2006;
Zhang et al., 2007; Degroot, 2018; Xiao et al., 2018). The weakening of populations also
depends on how social relations and power dynamics shape human-climate interactions (Carey,
2012). In this context, during the LIA, successive episodes of food shortages were translated
into famine (cf. Appleby, 1980; White, 2020), without the political powers taking effective
measures (social and economic) to mitigate the impact of climate change on societies and help
the population during the most difficult periods. Escalating grain prices due to climate-induced
poor harvests, and the associated malnutrition (even blights), pushed rural-urban dwellers to
revolt against the ruling institutions and political structures as attested by the French Revolution
(Doyle, 1990). The devastating famine of the 1590s in northern Italy demonstrated that several
consecutive years of harsh weather coupled with strong demographic pressure on limited
resources, were the key drivers of the crisis (Alfani, 2011). Demographic trends are a crucial
factor because the availability of food resources is directly tied to the number of people
dependent on these resources (Slavin, 2016). Goldstone (1991) further suggested that
revolutions were the result of ecological crises occurring when political, economic and social
institutions remained inflexible and were overwhelmed by the cumulative pressure of
population growth on limited available resources, emphasizing the necessary balance between

consumption and resources.

Our study suggests that temperature and drought, both directly related to variations in solar
activity and sometimes intensified by volcanic activity, were major drivers of crises. However,

their primary impact was on the population's core resilience: agricultural harvests. By sharply

13



driving up grain prices, this led to malnutrition and weakened populations, making them more
vulnerable to plagues. This engendered social anger towards political authorities for not taking
decisions to mitigate the impact of climate changes on populations. Crises during the LIA were
not caused by a single environmental factor but rather by a cascade of environmental and human
events that interacted cumulatively and generated highly conflictual situations. This study
suggests that climate becomes a catalyst for chaos only when political powers respond
incoherently to deteriorating living conditions, failing to make key decisions to support their
populations. This, in turn, exacerbates social tensions and increases the number of vulnerable

people during hardship.

In the context of the LIA, the term polycrisis (Lawrence, 2024) may be appropriate because
rebellions and revolutions have occurred when rapid triggering events (here harsh climate and
bad harvests) combined with slow-onset tensions (socio-political) and caused systems to
deviate from their established equilibrium and plunge them into an unstable and detrimental
state of disequilibrium. Three causal mechanisms can link conflicts during the LIA: (i) the
existence of common tensions across a broad geographic scale, (ii) domino effects, and (iii)
feedbacks related to a disruption of an initial socio-political system spilling over its boundaries
and disrupting other systems. These three mechanisms have the capacity to connect multiple
systems across the EROE and produce synchronized crises.

4.4. Why did England not experience a revolution?

England is an interesting counter example because it did not experience a revolution like those
seen elsewhere in continental Europe during the late 18" and early 19" centuries. We posit that
England’s absence of a major revolution this time reflects a unique convergence of political,
economic, social and geographical factors combined with an effective use of overseas colonies

that served as safety valves for internal pressures.

First, politically, the constitutional settlements achieved after the revolutions of the 1640s and
the Glorious Revolution of 1688-89 reconfigured state power by curtailing absolute monarchy
and establishing parliamentary supremacy. These earlier revolutions, themselves shaped by
external climatic stresses during the Little Ice Age (for instance, the severe conditions that
affected the English Civil War and the “east wind” which enabled Price William’s Dutch army
to land safely in 1688) created an institutional framework in which dissent could be managed

without a return to widespread insurrection (Pincus, 2009; Parker, 2013; Degroot, 2018).
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England had already curtailed royal power and established the supremacy of Parliament
(Tridimas, 2021), unlike France which had an absolute monarchy until 1789 (Swann and Félix,
2013). This system of parliamentary government and constitutional monarchy allowed for some
degree of political expression and reform. Furthermore, England generally tolerated a higher
degree of freedom of the press and association (Ghanem, 2023), allowing discontent to be

voiced and organized without necessarily escalating into revolutionary movements.

Second, economically and technologically, England lay at the heart of the Industrial Revolution
and industrialized earlier than much of Europe (Wrigley, 2018). This process created new jobs,
classes and wealth, reducing the likelihood of mass starvation or total economic collapse, which
often fueled unrest elsewhere (Fagan, 2002). Furthermore, the 18th-century Agricultural
Revolution (and associated its technological innovations) significantly improved food
production and yields, and mitigated the worst effects of climate-related crop failures (Overton,
1996). Beyond these economic benefits, Davis and Feeney (2017) have stressed that England’s
stability was further secured by its overseas colonies. These colonies in North America,
Australia, New Zealand and even Ireland helped to absorb excessive population growth and
diffused elite competition by offering alternative opportunities in settlement, trade and colonial
administration. The colonial dimension operated as an effective demographic and fiscal safety
valve. Mass emigration not only relieved domestic labour market pressures but also provided
pathways for elite ambitions to be channeled into administrative and military roles abroad. This
dual function of emigration and settler-colonialism helped prevent the accumulation of
pressures that could incite radical mobilization at home and contrasted sharply with the
experience of continental European nations where lower emigration rates left domestic
grievances to worsen. In this way, the expanding empire was not a mere byproduct of British
power but an integral part of its strategy to manage internal stresses and preclude revolutionary

outcomes.

Third, in the social realm, it could be argued that England offered greater opportunities for
social advancement compared to the more rigidly stratified societies of continental Europe.
Research suggests that the expansion of the middle class and increased opportunities in a rapidly
industrializing economy fostered a greater degree of fluidity than in many continental
counterparts, where traditional aristocratic structures remained more entrenched, leading to
sentiments of resentment amongst the populace (Kaelble, 1984). Furthermore, wars with France
(1790s-1815), particularly the Napoleonic wars, fostered patriotism and a desire to avoid

internal division while facing a foreign enemy (Van Beurden, 2015).
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Finally, the geography of the British Isles meant that England benefited from a
geomorphological barrier against the rapid spread of revolutionary movements across borders,
a "domino effect" that was frequently observed in continental Europe, such as during the 1848
revolutions (Rapport, 2008) or the recent Arab Spring of the early 2010s (Lynch, 2016). This
isolation provided a degree of protection from revolutionary fervor that could easily spill over

landlocked borders.

4.5. Lessons for the present

This study demonstrates that societies and institutions can be resilient in the face of climate
insecurity if agricultural systems can adapt to emerging pressures and challenges (development
of climate-resilient crops; Dhankher and Foyer, 2018; Kopéc, 2024), if health systems have the
capacity to protect populations against climate risks (sustainable health-care facilities; Corvalan
et al., 2020) and if urban development promotes planning and design of public spaces aimed at
climate change mitigation and adaptation, resulting in multiple co-benefits for human health,
while reducing social inequalities (Orsetti et al., 2022). The key is probably the implementation
of effective governmental measures to help populations cope with climate insecurity (Termeer
et al., 2011; Berrang-Ford et al., 2019). This would reduce the potential number of vulnerable
people, mitigate associated crises and enhance resilience to the negative effects in many areas.
Although the future evolution of climate remains uncertain, these measures would significantly
benefit the population and may help prevent the risks of major social unrest, similar to those
that played out during the LIA.

5. Conclusions

It seems rational to argue that climate change during the second half of the last millennium
acted as a trigger for severe food shortages that directly affected populations. The severity of
this impact varied depending on demographic pressure on food resources and the responses
provided by political institutions. During the LIA, climate change caused a significant decline
in harvests, leading to food shortages that directly impacted populations. The failure of
institutions to respond adequately exacerbated the crises, transforming food shortages into
famines, weakening populations and leaving them vulnerable to various scourges. It was this

combination of factors, combined with pre-existing political and social tensions, that gave rise
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to rebellions and revolts. The LIA serves as a wake-up call, highlighting how inadequate
adaptation to climate insecurity and the failure to mitigate the adverse effects of climate change
can lead to uprisings up against governing bodies.
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Figure 1. Solar activity versus the number of rebellions-revolutions. (a) Annually reconstructed
sunspot numbers plotted against the evolution of rebellions and revolutions. Long-term
trends depicted using a 200-year moving average and a polynomial model (termed P. Model;
Puaie < 107%). The periods of low solar activity are highlighted in light orange. (b) Variations
in the number of rebellions and revolutions compared with solar activity, based on a Kernel

density 2D model (with Gaussian as function).
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Figure 2. An integrated signal combining both environmental pressures and grain prices. (a)
Cluster analysis (descending type; Paired group as an algorithm and Correlation as the
similarity measure) showing the statistical distances between each time series. The loading
of each variable on PCA-AXxis 1 (positive versus negative loadings) is shown on the graph.
(b) PCA-AXis 1 scores plotted against the evolution of rebellions and revolutions. The long-
term trend is shown as a 200-yr moving average and a polynomial model (termed P. Model;
Puae < 10%). The periods of high pressures on populations (low solar activity, cooler
temperatures, drought and high grain prices) are shown in light blue.
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Figure 3. Rebellions and revolutions versus environmental pressures and grain prices. (a)
Number of rebellions plotted against the evolution of environmental pressures and grain
prices (PCA-AXxis 1 scores). The link is depicted by a linear model, with the R? indicated on
the graph. (b) Number of revolutions plotted against the evolution of environmental
pressures and grain prices (PCA-AXxis 1 scores). The link is also depicted by a linear model,
with the R? indicated on the graph.
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Figure 4. Volcanic activity versus the number of rebellions and revolutions. (a) Sulphate-
sulphur dioxide concentration (shown as a LOESS curve) plotted against the evolution of
rebellions and revolutions. Long-term trends are shown as a 200-year moving average and a
polynomial model (termed P. Model; Pvaie < 107%). The periods of high volcanic activity are
underlined in light orange. (b) Relationship between volcanic forcing and rebellions-
revolutions shown as a LOESS smoothing curve with maximum probability (termed +1o;
dark orange).
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