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Scholars in many disciplines have used diverse methods and sources to establish
that, between the 15th and 18th centuries, a “Little Ice Age” considerably cooled
Earth's climate. In four particularly chilly periods—the Spörer Minimum, Grindel-
wald Fluctuation, Maunder Minimum, and Dalton Minimum—falling tempera-
tures both caused and reflected changes in atmospheric circulation that altered
regional patterns of precipitation. Many scholars have argued that weather in these
cold periods provoked or worsened regional food shortages, famines, rebellions,
wars, and outbreaks of epidemic disease, in ways that may have contributed to
mass mortality across the early modern world. More recently, some scholars have
contrasted the fates of societies or communities that were “vulnerable” to climate
change with those that were “resilient” or even consciously or unconsciously
adaptive in the face of the Little Ice Age. Overall, research that connects climatic
and social histories has suggested that human decisions, political structures, eco-
nomic arrangements, institutions, and cultures either magnified or mitigated the
impact of climate change on the societies of the early modern world.
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1 | INTRODUCTION

Midway through the 13th century, average annual temperatures across much of the Earth started to fall from the highs
they had reached in what was once called the Medieval Warm Period, but is now usually referred to as the Medieval Cli-
mate Anomaly (MCA). Tree rings, marine sediments, coral reef samples, ice cores, and many other “proxy” sources—all
of which register but do not directly record changes in climate—both reveal the decline and suggest its causes. Dust in ice
core layers betrays the existence of major volcanic eruptions in the tropics that released huge quantities of sulfur dioxide
into the stratosphere. This chemical compound quickly broke down into sunlight-scattering sulfur aerosols that prevailing
winds soon distributed across the globe. Volcanic dust veils sharply warmed the upper stratosphere, but cooled Earth's sur-
face for several years. Sunspot observations compiled by contemporary astronomers and cosmogenic radioisotopes left in
tree rings by high-energy cosmic rays also reveal that solar activity started a gradual decline at around the same time.
Computer model simulations, meanwhile, show that trends in Earth's orbit around the Sun lowered summertime solar
“insolation”—meaning solar energy that reaches Earth's surface—across the Northern Hemisphere (Grove, 2001; Lee,
Ahn, Yang, & Chen, 2004; Miller et al., 2012; Rigozo, Echer, Vieira, & Nordemann, 2001; Schmidt et al., 2011; Schurer,
Tett, & Hegerl, 2014; Sigl et al., 2015; Suiver & Quay, 1980; Thiéblemont, Matthes, Omrani, Kodera, & Hansen, 2015;
Usoskin, 2017; Zhong et al., 2011).1
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Falling solar activity and insolation, along with rising volcanic activity, led to so-called “external” climate “forcing” that
changed the amount of solar energy that left the Earth versus the amount that stayed. Average annual temperatures started to
decline, beginning in the Arctic, where expanding sea ice reflected more solar radiation than the dark water it replaced. That
triggered a positive feedback in which more ice led to more cooling, which led to more ice, more cooling, and so
on. Changes in oceanic circulation may have reinforced this trend to sustain a long-term drop in average annual temperatures
(Guillet et al., 2017; Lehner, Born, Raible, & Stocker, 2013).2

By some definitions, the 13th century marked the beginning of what many scientists and historians call the “Little
Ice Age” (LIA). Yet the greatest cooling was still to come. Early in the 15th century, the Sun entered a “Hallstatt millen-
nial solar minimum” that led to three periods of exceptionally low solar activity: the “Spörer Minimum” (1440–1530),
the “Maunder Minimum” (1645–1720), and the “Dalton Minimum” (1780–1820). All are named after astronomers who
identified periods of low solar activity by reconstructing sunspot observations. Across much of the world, three of the
four coldest periods of the LIA roughly coincided with these minima, which scientists once blamed for the cooling. More
recent scholarship has suggested that catastrophic volcanic eruptions at tropical latitudes were more important triggers,
especially when they happened in quick succession and thereby cooled the oceans, which were slow to warm again. In
fact, the other great cold period of the LIA—the frigid “Grindelwald Fluctuation” or “Hyper-LIA” (1560–1,630)—
transpired during a period of relatively high solar activity and reached its chilliest point only in the wake of the Nevado
del Ruiz (1595) and then Huaynaputina (1600) volcanic eruptions (Figure 1) (Cole-Dai et al., 2013; Eddy, 1976; Eddy,
1977; Jiang & Zhentao, 1986; Miyahara et al., 2004; PAGES2k Consortium, 2017; Sigl et al., 2015; Stoffel
et al., 2015).

Short-term cooling caused by such eruptions may have triggered “internal” or “chaotic” climate feedbacks that altered
regional patterns of atmospheric and oceanic circulation and thereby sustained cold temperatures in many parts of the world.
Reconstructions that revealed clear trends from the MCA to the LIA in some of the most important circulation systems—
such as the Atlantic Meridional Overturning Circulation (AMOC), which transports warm, salty water to the northern Atlan-
tic Ocean—have for the most part been revised in ways that now show no significant century-scale variations. However,
new reconstructions still reveal decade-scale fluctuations in atmospheric and oceanic circulation that undoubtedly contributed
to regional cooling during the coldest phases of the LIA. In any case, globally the coldest stretch of the LIA started in the
15th century and lasted until the 19th, and the coolest century of all was the 17th, which was bookended by the Grindelwald
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FIGURE 1 Tree growth anomalies relative to the 1000–1099 CE average (blue) with a 30-year running average (black), and European and Arctic summer
temperature anomalies relative to the 1961–1990 average (red) over the past millennium (Adapted using data in Sigl et al. (2015))
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Fluctuation and the Maunder Minimum. Some definitions of the LIA therefore include only its chilliest centuries, but even
these incorporate the warm decades that divided the period's coldest phases (Lund, Lynch-Stieglitz, & Curry, 2006; Rahm-
storf et al., 2015; Wanamaker Jr et al., 2012; White, 2014).

The combination of both external and internal forcing lowered average annual temperatures across the Northern Hemi-
sphere by at least half a degree Celsius during the coolest periods of the LIA. Yet different parts of Earth's atmosphere, bio-
sphere, hydrosphere, and cryosphere all respond at different rates to different kinds of forcing, and patterns of oceanic and
atmospheric circulation change of their own accord—like all complex systems, which never rest in perfect equilibrium—in
ways that either compounded or mitigated the influence of external forcing on regional scales. As a result, the cooling of the
LIA unfolded on somewhat different timescales, and primarily affected different seasons, from continent to continent. During
the Spörer Minimum, Asia and South America probably endured the deepest and longest-lasting cooling, while chilly tem-
peratures did not last as long and, on average, did not get as cold in Europe, Antarctica, and the Arctic. Average temperatures
in Australasia and perhaps North America, meanwhile, remained relatively warm. The chilliest stretch of the Grindelwald
Fluctuation cooled almost the entire globe, although Europe and eventually the Arctic were particularly cold while tempera-
tures in Antarctica may not have varied much from their long-term averages. Cooling in the Maunder Minimum again
affected most of the world, yet again Antarctica was unusually warm. Later, North America and the Arctic experienced the
brunt of the Dalton Minimum, while average temperatures in South America remained relatively warm for the beginning of
the period. The regional differences and various causes of LIA cold periods have led scholars to propose slightly different
timespans for each one (Gagen et al., 2016; Luterbacher et al., 2016; PAGES 2K Consortium, 2013; Trouet et al., 2013).

The LIA, like present-day global warming, involved much more than gradual changes in average annual temperatures.
Shifting oceanic and atmospheric circulation patterns that reflected and helped cause temperature trends altered prevailing
winds and in turn precipitation averages and extremes from region to region. During particularly cold periods in the LIA, the
recurrence of strong El Niño events, the southward movement of the Intertropical Convergence Zone (ITCZ), the persistence
of a negative North Atlantic Oscillation (NAO), and many other circulation changes all increased the regional likelihood of
either catastrophic droughts or torrential rains. In coastal areas, some of the most important developments involved changes
in the frequency, severity, and prevailing wind directions of powerful storms. In many places, particularly at high latitudes in
the Northern Hemisphere, the chilliest parts of the LIA also led to less predictable year-to-year weather. The broadest defini-
tions of the LIA—the ones that begin in the 13th or 14th centuries—therefore see it as an age of unpredictable meteorologi-
cal extremes, rather than universal or uninterrupted cooling (Moreno-Chamarro, 2016; Moreno-Chamarro, Zanchettin,
Lohmann, Luterbacher, & Jungclaus, 2017; Ortega et al., 2015; Trouet et al., 2009; White, 2014; Yang & Jiang, 2017).

Anthropologists, geographers, historians, and paleoclimatologists have now established that decade- and century-scale
climate changes during the LIA brought weather over hours, days, weeks, or months that influenced communities and civili-
zations the world over. Because the local or regional manifestations of global climate changes were diverse, they posed dis-
tinct challenges and offered unique opportunities for societies that were at least equally diverse. From the onset of the LIA,
the characteristics of some societies, and the circumstances they faced, exacerbated the socioeconomic and political impact
of changes in prevailing weather that threatened the lives and livelihoods of their citizens. These “vulnerable” societies con-
trasted with more “resilient” societies that, for diverse reasons, either successfully coped with the LIA or thrived by exploit-
ing new regional weather patterns. In the final centuries of the LIA, some societies—particularly in northern Europe—grew
more resilient to climate change. Yet many others—especially those at the periphery of expanding European empires—
remained vulnerable, and in some cases grew more vulnerable (Endfield, 2014).

2 | THE LIA AND HUMAN HISTORY: METHODOLOGY AND EARLY SCHOLARSHIP

Scholars in many disciplines pioneered early histories of the LIA that typically blamed climate change and only climate change
for events and trends that really had many other possible causes. Such determinism lingered longest in work that lined up evi-
dence for past climatic shocks with archeological, and in some cases oral historical, evidence for catastrophic declines in
population and social complexity in nonliterate societies. Among academics, historians were especially skeptical of such
research, owing partly to the tendency among historians to emphasize complexity, contingency, and the distinctiveness of par-
ticular times, places, and peoples; and partly to the still-pervasive attitude among historians that people make their own history,
irrespective of natural forces (Claiborne, 1973; McCann, 1991; McNeill, 2010b; Utterström, 1955; Webster, 1979).3

Already in 1959, Annales historian Emmanuel Le Roy Ladurie introduced a new kind of climate history that avoided
speculation and established only those relations between climate and history that could be clearly documented and quantified.
In 1971, meteorologist Hubert Lamb established the Climatic Research Unit (CRU) at the University of East Anglia, in part
to develop accurate reconstructions of past climate change that could then be convincingly linked to episodes in human his-
tory. Over the course of the 1980s, Christian Pfister, a Swiss historian who also trained as a geographer, pioneered new ways
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of integrating scientific and historical evidence of past climate change. A wave of scholarship inspired by Le Roy Ladurie,
Lamb, and Pfister, coupled with the growing precision of interdisciplinary climate reconstructions, the rising popularity of
environmental history, and perhaps especially the increasingly obvious present-day consequences of global warming, have
convinced many historians that the LIA played a major role in early modern history. Historians now publish alongside arche-
ologists and paleoclimatologists in multi-author, interdisciplinary reconstructions of human responses to past climate change
(Le Roy Ladurie, 1959; Le Roy Ladurie, 1967; Le Roy Ladurie, 1971; Pfister, 1980; Brazdil et al., 2005, p. 402; Martin-
Nielsen, 2015; Lamb, 1965; Lamb, 1979; Lamb, 1995).

Nevertheless, scholars face daunting methodological challenges when trying to connect climate changes—such as the
ones of the LIA—to human history. Many present extreme examples of the challenges inherent in discerning just about any
kind of causality in the human past. The thorny issue of connecting trend to event, for example, bedevils many genres of his-
tory, but is particularly vexing when the trend unfolds globally, takes centuries, and exclusively involves the natural world,
while the event takes place locally, over hours or days, and takes shape through the split-second decisions of individual peo-
ple. Yet it is often by prompting human responses to short lived but severe weather that climate change most dramatically
influenced military, political, or cultural history (Tilly, 1984).

Even scientists armed with supercomputers and big data gathered by thousands of weather stations and dozens of satellites
can only with difficulty establish all the distinct relationships that connect, for example, present-day global warming to the
destruction caused by a major hurricane (World Weather Attribution, n.d.). Scholars who link human and climatic histories face
an even more formidable challenge. Historians of the LIA, for instance, must draw on a combination of textual evidence and
paleoclimate reconstructions, often while working in multidisciplinary teams, to establish a clear picture of how global and
regional climate changes influenced the frequency of particular kinds of local weather. To compensate for the possibility that cli-
mate change did not cause a local weather event that influenced a particular sort of human activity, they must also consider many
relationships between similar weather events and similar human actions. Ideally, they should also consider the different probabil-
ities inherent in establishing different links in the chain between gradual and global climate changes and immediate
and local human affairs. It is much easier to establish that a particular weather event shaped the course of a naval battle, for
example, than it is to determine that a regional shift in the frequency of such weather events influenced the course of a war, or
registered the influence of decade-scale climate change. Even when links between climate change and human affairs seem
plainly obvious, historians must guard against assuming that the LIA determined how people behaved or thought. Clearly, some
environmental manifestations of climate compel people to act or not act—there was little chance of sailing through the Canadian
Arctic in the LIA, for example—but overall it is better to think of at least moderate climate change as a force that either expands
or limits the options available to people in different situations (Pfister, 2007b, p, 44; Salvesen, 1992; Jones, 2000).

Even when scholars carefully navigate issues of scale and causality, they must still cope with the reality that fine-grained
reconstructions of past climate changes can undergo revisions as scholars collect and interpret new data. Usually, such revi-
sions do not change the big picture—they are unlikely to call into question the existence of a global LIA, for instance—yet
they can alter state of the art knowledge about climate and weather at local or short-term scales that would have mattered for
human history (Ortega et al., 2015). Some of the most detailed and nuanced histories of social responses to the LIA are
therefore precisely those most likely to require future revision. While braving these messy problems, anthropologists, geogra-
phers, and historians can console themselves with the realization that the most accurate views of the past are often the hardest
to reconstruct. The natural world did not always keep detailed records of its activities, but it still had an important part to
play in the human story.

3 | DEARTH, DEATH, AND DECLINE IN THE LITTLE ICE AGE: QUESTIONS AND
CONTROVERSIES

Most scholars who have considered the human consequences of past climate changes have investigated how shifts in the
mean or variability of regional weather undermined subsistence strategies and thereby provoked starvation in different socie-
ties. The scholarship on famine can be roughly divided into two camps. The first emphasizes what John Brooke has framed
as “endogenous” decisions or arrangements internal to societies that left them vulnerable to climate change. It draws on at
least two distinct schools of thought: one that grew out of the deductions of Thomas Malthus, who held that population
trends cannot keep up with food availability, and another that emerged from the much more recent work of economists
Amartya Sen and Robert Fogel, who both blamed human mismanagement for food shortages. The second camp that connects
climate change to food shortages has focused instead on “exogenous,” or what Philip Slavin calls “environmentalist,” climate
triggers or catalysts, which can overwhelm the adaptive capacities of agro-economies if sufficiently severe or unexpected
(Brooke, 2015; Fogel, 1991; Malthus, 2013; Sen, 1981; Slavin, 2016).
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Scholarship on the LIA increasingly unites these warring camps, although recent works in climate history have, with
notable exceptions, leaned more towards exogenous explanations (Diamond, 2011).4 Scientists have long ago determined
that even modest fluctuations in average spring and summer temperatures can cause major delays in plant and animal phenol-
ogy (i.e., life cycles), even in temperate regions. Growing seasons and in turn average agricultural production therefore fell
sharply during regionally frigid, dry, or torrentially wet years of the LIA, with many of the worst impacts coming at high lat-
itudes and altitudes. Cold temperatures and precipitation extremes in autumn and especially winter could also wreak havoc
on livestock and staple crops in the following spring and summer. Especially frigid winter weather, for example, inflicted
cold injuries on plants, while prolonged freezing delayed phenology and worsened energetic stress for many but not all plants
and animals. Ecosystems endured changes in their energy and water balance, which in turn altered the web of interactions
between organisms on and within different trophic levels. If temperatures plunged well below zero, winter seeds buried in
the ground and even poorly insulated stores of food or beer were vulnerable, while ice in harbors and off the coast prevented
emergency food imports from arriving by water (Rötzer & Chmeilewski, 2001; Chielewski & Rötzer, 2002; Gordo & Sanz,
2010; Williams, Henry, & Sinclair, 2015; Parker, 2013, p, 18).5

Pfister has shown that European farmers could and did adapt to gradual temperature and precipitation trends by, for
example, planting crops that thrived in or at least successfully endured new weather patterns. Rye fared better in cold temper-
atures than wheat, for example, while spelt dealt better with heavy rain than rye. Yet not all cultures or environments could
accommodate new crops—Chinese rice fields, for example, could hardly be replaced en masse—and new crops were not
necessarily as profitable or productive as those they replaced. Moreover, as Jan de Vries first pointed out, it was particularly
hard for farmers to adequately prepare for the unpredictable swings in year-to-year and decade-to-decade weather averages
characteristic of LIA cold periods. Even farmers who planted diverse crops suffered catastrophic losses during cold snaps,
torrential rains, or droughts. Many communities and societies across the early modern world could cope with a single harvest
failure, but repeated failures amid frigid, dry, or very wet weather sent food prices soaring and quickly provoked famine and
starvation. To survive, famine victims used up all their assets, called in all their favors, and in many cases migrated from
rural communities in ways that left some permanently destitute (Camenisch et al., 2016, p. 2115; de Vries, 1980; Parker,
2013, p. 20; Pfister, 2007a, p. 203).

A large and growing scholarship now connects subsistence crises partly caused or perhaps worsened by climate change
to episodes of intrastate or interstate violence. Social scientists and geographers, foremost among them David Zhang, have
used quantitative methods to uncover statistically significant correlations between cooling, precipitation changes, and conflict
in early modern Europe and Asia. Zhang and his collaborators have developed models to explain the causal links behind
these correlations, yet their conclusions should be considered provisional in character (for compelling examples of such
work, see Bai & Kung, 2010; Tol & Wagner, 2010; Zhang, 2007a, 2007b, 2010, 2011; Zhang et al., 2006; Zhang, Jim, Lin,
He, & Lee, 2005; Zhang & Lee, 2010). As de Vries and Slavin have explained, statistical approaches to past relationships
between climate change and conflict tend to assume that socioeconomic and cultural variables remained steady through time,
which of course they did not. Moreover, seemingly objective statistical methods actually hinge on subjective definitions of
war and interpretations of their beginnings and endings. Yet war was particularly messy and open-ended across the early
modern world which makes it hard to distinguish between contemporary wars and other kinds of violence, or to determine
when they began and ended. (Degroot, 2018b; Slavin, 2016, p. 434).6 Historians such as Sam White and Geoffrey Parker
have pioneered very different qualitative approaches that largely draw on the surviving documentary record of literate socie-
ties to sketch probable connections between climate change, harvest failures, and conflict in the LIA. Such scholarship typi-
cally acknowledges the distinct circumstances and ideals behind different conflicts. Yet by different means it usually reaches
the same conclusion as quantitative studies. Once again, climatic shocks encouraged violence by undermining agriculture:
the key source of food, employment, and wealth for most early modern communities (Parker, 2013; White, 2011; Endfield &
O'Hara, 1997; Endfield & O'Hara, 1999).

Both starvation and war could cause the greatest mortality by provoking and then spreading outbreaks of epidemic dis-
ease. Biologists, geographers, and historians have stressed that epidemics spread in response to endogenous social relation-
ships, and that local peculiarities in mortality reflect distinct interactions between communities and ecosystems. Yet they
have also shown that many diseases afflict humans according to seasonal patterns, which means that epidemics respond to
exogenous weather events and trends (Dobson, 2003; McNeill, 2010a; see also: Newson, 1998). Since neither disease-
causing microorganisms nor the insects that some pathogens require for transmission can regulate their own internal tempera-
tures, warming trends can expand the range and accelerate the reproductive rates of both kinds of organism, which in turn
increases the virulence of many infectious diseases. Cooling trends can have the opposite effect, except if gradual changes in
regional precipitation or storminess provide wetter and therefore more welcoming environments for mosquito vectors, for
example, or if chillier temperatures affect human culture in ways that create comfortable environments—such as thick
clothing—for insect vectors near human bodies. Bigger, warm-blooded animals can be hosts for insect vectors or vectors
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themselves, and they are not quite as susceptible to changes in average temperature or precipitation. Still, climate change can
still alter their range or population, partly through its impact on plants and prey species (McNeill, 2010a; Patz, Campbell-
Lendrum, Holloway, & Foley, 2005; Semenza & Menne, 2009).

Human decisions could—and can—strengthen or weaken relationships between climate change and disease. In cold LIA
winters, for example, farmers across northern Europe usually spent more time in close quarters with livestock and therefore
rodents, which increased their odds of contracting a zoonosis: a disease capable of jumping between species. People in
diverse societies also introduced disease vectors to new environments, or altered environments in ways that made them com-
fortable habitats for those vectors. Shortages of nutritious food led to malnutrition that reduced the quantity of fat-storing
cells in human bodies. These cells produce the hormone leptin, which plays a key role in controlling the strength of the
human immune system. Malnourished bodies were therefore susceptible to infection, as well as diseases that afflicted the
digestive and respiratory systems. Plant and animal epidemics could be powerful causes of human malnourishment, and
therefore indirect factors behind human epidemics. Animal epidemics—called “epizootics”—not only reduced quantities of
meat and dairy consumables but also undermined the ability of farmers to plow and fertilize their fields, as well as clothe
themselves to better endure frigid winters. Cold, wet weather created favorable conditions for epizootics by rotting or reduc-
ing cereals or forage that animals usually consumed. The weather extremes of LIA cold periods therefore contributed not
only to an initial surge in food prices and, in some places, a corresponding rise in human malnourishment, but also to plant
and animal epidemics that led to even more severe shortages in the commodities people needed to stave off malnourishment,
infection, and ultimately death. Still, it should be emphasized that some pathogens easily killed even previously healthy and
well-nourished victims (Newfield, 2012; Camenisch et al., 2016, p. 2117; Lord et al., 1998).

Many scholars of the LIA now distinguish between more and less direct impacts of climate change on human history, in
ways that increasingly follow a familiar pattern. In a recent multi-author study, the first order impacts of climate change were
biophysical, impacting the growing season and health of plants. Second order impacts involved relationships between plant
growth, the price of different kinds of food, and economic performance in human societies and communities. These relation-
ships spilled over into others that deal with the impact of diseases on human and animal life, which responded to different
patterns of prevailing weather. Third order impacts concerned mortality—of animals and ultimately people—as well as social
responses that ranged from food regulation to riots and rebellions. Fourth order impacts involved cultural reactions, including
the persecution of vulnerable scapegoats for destructive weather (Camenisch et al., 2016, p. 2118; For similar models [and
there are many] see, for example: Pfister, 2007b, p, 40; Pfister, 2007a, p. 202; Stone et al., 2013; Zhang et al., 2011).

The trouble with such hierarchies of climate change impacts is that they do not quite capture the complexity of the rela-
tionships between weather and human affairs. The impact of climate on crops, for example, is not as direct as it appears, and
really has much to do with human practices that affect the productivity of soil, for example, or the choice of crops. The social
consequences of weather associated with climate change can actually be more direct if, for example, storms make it impossi-
ble for a fleet to take to sea during a war. Culture, meanwhile, structured and reflected all human (and indeed some animal)
responses to climate change. These examples reveal the familiar danger, to historians, of applying grand theory or explana-
tory models to the seemingly boundless complexity of the past (Campbell, 2016).7

Still, there are ways to broadly conceptualize the ways in which climate change influenced pre-industrial societies. From
the 15th through the 18th centuries, the LIA unfolded in an era of “organic economies,” in which human and animal muscles
joined technologies such as sails or mills to harness energy only recently released by the sun. Most people lived off the land,
in dispersed communities that had little to trade with one another. Energy stocks—whether bound up in biomass or water,
peat or wood—were usually slight. In this context, climate change led to weather that altered both the total quantity and the
quality of energy that communities in organic economies could use. Societies that coped well with the chilliest phases of the
LIA often did so because they used energy in distinct ways, stockpiled it for periods of dearth, drew it to themselves from
afar, or all three (Brazdil et al., 2005, p. 403; Landers, 2003; see also: Degroot, 2018a).

Given the compelling ties that link past climate changes to flows of energy and in turn famines, wars, and outbreak of
disease, narratives that trace the human consequences of the LIA usually privilege “declensionism” (where everything seems
to get worse) or “catastrophism” (where history takes shape through disasters rather than gradual changes). This focus on cri-
sis is not without merit, since scholars have by now found many examples of social disasters partly caused, or at least wors-
ened, by extreme weather in the chilliest decades of the LIA (Brooke, 2015, p. 6).

4 | CRISIS AND CONFLICT IN THE EARLY LIA

If the names of the solar minima that coincided with the LIA are used to refer to cold periods—not just stretches of low solar
activity—then the Spörer Minimum in Europe began with the frigid winters—but surprisingly warm summers—of the 1430s.
Chronicles, accounting books, and other 15th-century texts suggest that, in the 1430s, chilly winters and possibly (in some
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places) wet summers helped cause crop failures across England, France, Germany, Italy, and parts of the vast Holy Roman
Empire. In some respects, many European communities were well positioned to deal with food shortages. Successive waves of
plague had by then sharply reduced the continent's population, which in most places raised living standards for the survivors
and ended farming on marginal land. Yet by the early 15th century, a growing deficit of precious metals led to worsening price
deflation and played a role in sharply shrinking overseas trade. Meanwhile, soldiers plundered the countryside in wars that
stretched across Europe, forcing refugees to flee to the relative safety of town walls and sharply increasing grain prices. In this
context, crop failures triggered, in part, by disastrous weather sent food prices soaring even higher and led to widespread
regional famines that could not easily be relieved with emergency grain imports. Chronicles and manorial accounts suggest
that epidemic and epizootic diseases spread amid cold, wet weather in the 1430s, although neither source sheds light on the
pathogens behind these diseases (Brázdil & Kotyza, 2000; Camenisch, 2015; Camenisch et al., 2016, p. 2116).

Most people in 15th-century Europe adhered to a “peccatogenic” worldview, in which most misfortunes reflected God's
just punishment for human sin. A related concept—that of the “sin economy”—held that deficits in a community's virtue,
which invited punishment, could be addressed by curbing ostensibly sinful behavior and atoning through prayer or fasting.
Alternatively, communities could violently purge a religious, ethnic, or gender minority widely associated with demonic cor-
ruption. In the wake of bad harvests across the Holy Roman Empire, the Romani and vulnerable women (and some men)
accused of being witches were persecuted for conjuring weather that scholars today associate with LIA cold periods in central
Europe. Witch-hunts raged with particular fury across the empire because its decentralized court system rarely allowed the
accused to appeal their convictions to a higher authority. Moreover, Jews, exempt from Christian prohibitions on usury and
facing widespread employment discrimination, found roles as bankers in many towns that left them vulnerable to accusations
of profiteering during subsistence crises. As food prices climbed across the Holy Roman Empire in the 1430s, many were forc-
ibly exiled from their communities (Camenisch et al., 2016, p. 2118; Davis, 1973; Jörg, 2008; Parker, 2013, p. 2013).

The first great cold period of the LIA served as a catalyst for crises well beyond Europe. After around 1438, average
annual temperatures across Ming China declined sharply until roughly 1456, whereupon they fluctuated before settling in for
a prolonged cold spell that endured from approximately 1477 until 1536. The Ming Dynasty had embarked on a series of
grand public works projects in the warm beginning of the 15th century. It established a new capital at Beijing, renovated the
Grand Canal linking the Yellow and Yangtze rivers, and financed the far-flung maritime expeditions of Admiral Zheng
He. Yet now shorter growing seasons reduced rice and wheat harvests across China and therefore tax yields to Beijing.
Meanwhile, bullion production in China and imports through present-day Vietnam fell sharply. Together, these trends mauy
have encouraged the retrenchment of Ming ambitions. (Dreyer, 2007).8

In China, chilly temperatures in the 15th century repeatedly coincided with persistent droughts and locust plagues.
Together, these calamities contributed to the worst food shortages and famines across Ming China. Populations that had
expanded rapidly amid bumper crops in earlier warmer, wetter periods now fell sharply. In the 1540s alone, severe famines
and accompanying outbreaks of disease repeatedly afflicted Shanxi and Shaanxi in northwestern China; Jiangbei and Huguang
in central China, and wealthy Zheijiang on China's eastern coast. Dearth may have also provoked conflict over sparse
resources both within Ming territories and between the empire and its neighbors, including the warlike pastoral societies north
of the Great Wall. Warm, wet conditions had previously allowed for rapid expansion of horse herds in present-day Mongolia,
creating necessary conditions for the expansion of the Mongol Empire. Now, droughts may have brought desperation to the
Mongol grasslands. Landmark droughts may have motivated the Mongol invasion of China in 1448–1449, as well as subse-
quent raids that only gradually lost momentum in the face of internal divisions among and within the Mongol Khanates. Both
abundance and dearth in Mongolia could spell trouble for neighboring China (Atwell, 2002; Brook, 2010, p. 54, 59; Brooke,
2015, p. 439, 445; Gou et al., 2015; Pederson, Hessl, Baatarbileg, Anchukaitis, & di Cosmo, 2014; Shen, Wang, Hao, &
Gong, 2007; Tong, Qiang, Deming, & Yijin, 2006; Yin et al., 2017; Zhang, 2010; Zheng, Wang, Ge, Man, & Zhang, 2006).

Cold, dry weather in the Spörer Minimum also provoked famines and perhaps outbreaks of epidemic disease in North
and Mesoamerica. Both tree ring evidence and 16th-century manuscripts drawn from earlier pictorial codices reveal that the
worst drought of all afflicted the Aztec Empire from at least 1452 to 1455. Owing perhaps to the eruption of the Kuwae cal-
dera in present-day Vanuatu, late summer and autumn frosts ruined maize harvests, while drought set the stage for ferocious
dust storms. Famine led to starvation and, if surviving accounts are to be believed, even the combined horrors of cannibalism
and the scavenging of human corpses by wild animals. The drought was only the worst of many that coincidentally began in
the Aztec year “One Rabbit,” which launched 52-year calendar cycles. The Aztec belief that One Rabbit years were cursed
probably reflected real experience with drought, especially in the Spörer Minimum. In any case, droughts likely left commu-
nities and societies across the Americas vulnerable to Spanish depredations in the early 16th century (Stahle et al., 2011;
Stahle, Fye, Cook, & Griffin, 2007; Therrell, Stahle, & Soto, 2004).

The warmer decades that followed the end of the Spörer Minimum were fleeting, and cooling resumed in the 1560s.
Diverse sources from around the world—ones that allow detailed study of both correlation and causation—show that empires
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stretched to their financial and logistical limits by the demands of war would again find themselves vulnerable to cold snaps
and droughts. In the sprawling Ottoman Empire, the Sultanate directed an “imperial ecology” that involved the circulation of
resources and people on a vast scale. Settlers extended the periphery of the empire and sent flows of grain, cattle, timber,
and other natural resources towards the imperial core in Istanbul. Yet from the beginning of the Spörer Minimum, the Middle
East started drying, and over the course of the 15th century population growth around semiarid farmland left many peasants
precariously dependent on a single winter crop of wheat or barley. Then, in the bitterly cold 1590s, the Eastern Mediterra-
nean endured a landmark drought that repeatedly ruined harvests across the Ottoman Empire. In 1592 and 1595, epidemic
outbreaks—likely of bubonic plague and anthrax—spread through refugees fleeing to Istanbul, where thousands ultimately
fell sick. Meanwhile, the Sultanate embarked on its “Long War” with the Austrian Habsburgs. Owing to the introduction of
new firearms, new tactics, and new fortifications, wars in Europe increasingly turned on grueling sieges and the logistical
challenges of supporting them. To support this costly kind of war, Istanbul demanded ever-greater quantities of grains, fruits,
sheep, and other commodities from the beleaguered countryside (Kaniewski, van Campo, & Weiss, 2012; White, 2011,
p. 143; see also: Lionello, 2012).

Agricultural prices in the Ottoman Empire soared as shortages caused by drought, epidemics, and war added to the infla-
tionary pressures of a “price revolution” driven in part by Iberian imports of bullion from the New World. Under these cir-
cumstances, official requisitions of agricultural goods, based on outdated prices, amounted to little more than theft. Even
farmers who did not starve or succumb to disease were often ruined, and many gathered in gangs that eventually coalesced
into rebel armies. Nomadic tribes previously forced into mountainous or desert fringes of the empire's eastern provinces now
surged back into hollowed-out agricultural lands. By the end of the Grindelwald Fluctuation, the Ottoman Empire had lost
between a quarter and a third of its population. The empire in the late 16th century may have teetered on the brink of a Mal-
thusian disaster, yet it took a sudden shift in the environmental conditions that supported its economy—not to mention a
series of disastrous political decisions—to provoke a major crisis (White, 2011, p. 238).

In sub-Saharan Africa, oral traditions and surviving documents suggest that, beginning in the 1560s, the densely popu-
lated region around the Zambezi and Save rivers endured severe droughts, occasional floods, repeated locust plagues, fam-
ines, and outbreaks of epidemic disease. By then, Portuguese merchants, missionaries, and government officials had seized
control of much of the southeastern coast of Africa, and increasingly penetrated into the interior. The shrinking but still-
powerful Mutapa state resisted Portuguese incursions owing in part to the flow of grain harvests from diverse agricultural
hinterlands to the capital, Zvongombe. This imperial ecology shielded the Mutapa from famines that weakened the Zambezi
Tonga chiefdoms. To escape starvation, many in these chiefdoms sold themselves or their children to the Portuguese in
exchange for food security. Like the Ottoman Empire, however, the Mutapa polity began to unravel in the 1590s, when
droughts set the stage for poor harvests that coincided with and perhaps worsened an outbreak of smallpox, which in turn
exacerbated social instability amid a costly war with nearby Maravi chiefdoms. Portuguese soldiers ultimately helped Mutapa
troops repulse Maravi incursions, but only in exchange for access to land and mineral resources that had previously strength-
ened the Mutapa state (Hannaford & Nash, 2016; Miller, 1982, p. 21; Newitt, 1995; Webb, 1995).

To the west, in present-day Angola, droughts and harvest failures likely encouraged waves of migration into the Kasanje,
Matamba, Ovimbundu, and Humbe polities. Many refugees assumed the low status of “guests” or “slaves,” which made
them inviting targets for slave-selling kings, and in turn European merchants. To the north, alternating droughts and floods
expanded the range of the deadly tsetse fly deep into the sprawling Songhai Empire. Then, in 1590, a spell of wet weather
briefly opened a path through the Sahara Desert from Morocco to Timbuktu, the Songhai capital. Morrocan soldiers
equipped with European firearms exploited the passage to sack the city. The Songhai Empire quickly disintegrated into small
kingdoms that could each muster scant resistance to European slavers (Brooke, 2015, p. 442; Fenske & Kala, 2015; Hanna-
ford & Nash, 2016, p. 374; Miller, 1982, p. 29; Webb, 1995).

In much of sub-Saharan Africa, the extreme year-to-year variability of the early Grindelwald Fluctuation therefore wors-
ened or helped provoke disasters both for established states and for small groups of farmers or hunters struggling to survive
on marginal land. By 1600, erratic weather gave way to a long cooling, drying trend that would endure across most of Africa
for the rest of the LIA. Particularly cold years in African slave-trading ports—most of which clustered along the “Slave
Coast,” on the western shores of the continent—correlated significantly with steep increases in the number of slaves trans-
ported by European ships. The correlation was strongest in sub-humid and dry savannah regions, where even modest cooling
could sharply increase agricultural yields and, to a lesser extent, diminish the disease burden of malaria or trypanosomiasis.
Once the European slave trade had firmly established itself across much of coastal Africa, agricultural disruptions did not
increase the flow of slaves to the New World by sending desperate people into the clutches of slave raiders, but rather under-
mined the efficient operation of what had become slave economies. The cooling trend that began in the Grindelwald Fluctua-
tion may have therefore imperiled many communities in Africa precisely because it benefited local agriculture (Fenske &
Kala, 2015; Hannaford & Nash, 2016, p. 374).
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As European merchants and soldiers worsened the most destructive consequences of climate change in Africa, the coun-
tries to which they claimed allegiance suffered, too. The strengthening of continent-straddling trade networks provided many
regions with some protection against large-scale famine. Nevertheless, grain prices soared and regional famines still broke
out when cold snaps or precipitation extremes ruined harvests at the same time that militaries plundered farmland, imposed
exorbitant taxes, or disrupted trade (Bauernfeind & Woitek, 1999).8 High grain prices repeatedly provoked protests that
quickly turned their ire on existing sources of discontent and occasionally worsened food shortages. In the 1560s, for exam-
ple, war in the Baltic halted imports of rye and wheat to the Low Countries. Surging grain prices inspired riots that deepened
schisms between Protestants and Catholics, and set the stage for a rebellion that temporarily sent food prices spiraling even
higher (Noordegraaf, 1985; see also: Degroot, 2018a).

Similar scenes played out across Europe. Beginning roughly with the onset of the Grindelwald Fluctuation, famine, out-
breaks of bubonic plague, and rebellion beset the Grand Duchy of Moscow, opening the empire to invasion and contributing
to the death of perhaps a quarter of its population. Frosts and droughts in late spring or early autumn, which helped cause
some of the Muscovy famines, may in fact have impeded the spread of plague by killing the rodents that carried its vectors.
At the same time, isolation measures adopted by Muscovite authorities worsened subsistence crises, and in turn the malnutri-
tion that increased the deadliness of the plague. Across Europe, alternating floods and droughts towards the end of the Grin-
delwald Fluctuation contributed to famines and plague outbreaks that played a role in depopulating the countryside of
Spanish Habsburg possessions across Europe. When Madrid, embroiled in grueling wars in Lombardy, the Low Countries,
and the Holy Roman Empire, demanded ever more military recruits and taxes from Portugal, Castile, and Catalonia, the Cat-
alans rose in bloody revolt. Meanwhile, as weather extremes compounded and helped cause the hardships of war across
Europe, peasants found scapegoats in “witches” with even greater fervor than they had in the Spörer Minimum (Bell, 2008).9

Owing perhaps to a warming trend and certainly to the distracting influence of the Reformation, witchcraft persecutions had
fallen in the wake of that earlier cold period. But beginning in the 1560s, pogroms raged with unprecedented violence across
central Europe. Because many women and men found themselves accused of conjuring exactly the kind of weather that
became more common or more severe in the Grindelwald Fluctuation, witchcraft has been called the distinctive crime of the
LIA in Europe (Behringer, 1999, 2010; Eaton, 1977; Pfister, 2007b, p. 37).

Meanwhile, Europeans struggled to colonize the New World. Ptolemaic geography had wrongly convinced them that lati-
tude and climate were synonymous. They struggled to make sense of the continental climate of eastern North America,
which usually brought hotter summers, colder winters, and different precipitation patterns than could be expected at the same
latitude in Europe. The Grindelwald Fluctuation compounded these extremes, often with disastrous consequences for
European settlers and indigenous communities alike. Cooling seems to have been especially severe in and around present-
day Florida, where frigid temperatures frequently coincided with long-lasting droughts. Such weather repeatedly undermined
already precarious Spanish, French, and English attempts to set up colonies along the coast. Starvation and outbreaks of epi-
demic disease either killed settlers outright, or provoked bloody wars with nearby indigenous communities that rarely surren-
dered their dwindling stores of food. Sedimentary proxy sources, shipwrecks, and Spanish colonial records also hint that the
frequency of hurricanes surged during the Grindelwald Fluctuation. These great storms—previously unknown in Europe—
repeatedly wrought havoc on coastal settlements and the fleets sent to resupply them (Burn & Palmer, 2015; García-Herrera,
Gimeno, Ribera, & Hernández, 2005; Trouet, Harley, & Domínguez-Delmás, 2016; White, 2015, p. 550, 2017).

Farther up the coast, European colonizers fared little better. After English privateers settled on the thin soils of Roanoke
in 1585, for example, they soon endured a landmark drought and ultimately abandoned their colony amid a violent storm.
The first settlers to Jamestown had the misfortune of arriving during some of the chilliest and driest weather of the entire
LIA in that region. The James River withered and grew saline, crops failed time and again, and starving, shivering colonists
endured a probable outbreak of typhus. Feuds broke out with the neighboring villages of the Powhatan confederacy over the
sparse resources that remained. Many colonists died, some resorted to cannibalism, and all the survivors briefly abandoned
Jamestown in 1610. Far to the north, English attempts to find a passage to Asia through the frigid waterways of present-day
Canada ran into sea ice that expanded and thickened across much of the Arctic, beginning in the closing years of the 16th
century (Blanton, 2000; Degroot, 2015a; Stahle, Cleaveland, Blanton, Therrell, & Gay, 1998; White, 2017, p. 110).

Across the Americas, a cruel, circular relationship may have connected the depredations of European settlers; the disrup-
tion, transformation, and ultimate depopulation of many indigenous societies; and the cooling of the Grindelwald Fluctuation.
First, frigid, dry, or stormy weather ruined harvests and hampered hunting in ways that repeatedly provoked conflict over
dwindling resources. Occasionally, violence broke out between indigenous nations, but along the coast Europeans were
involved in ways that often culminated in genocidal recriminations. Second, bitterly cold weather and long-lasting
droughts—broken in some places by violent rains and flooding—set the stage for outbreaks of epidemic disease. In some
cases, malnutrition undoubtedly worsened the toll of virgin soil epidemics imported from Europe, such as smallpox, measles,
or mumps. In others, disease apparently native to the Americas afflicted indigenous populations but largely spared
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Europeans. In the decades around the onset of the Grindelwald Fluctuation, for example, hemorrhagic fevers killed millions
across present-day Mexico. In central and southern America, Spanish soldiers and settlers forced survivors of such calamities
into new settlement patterns or grueling forced labor. They disrupted traditional ways of life and social metabolisms by
appropriating land and either intentionally or accidentally unleashing plants and animals that multiplied exponentially. Econ-
omies collapsed, cultures frayed, and the death toll mounted (Acuna-Soto, Stahle, Therrell, Griffin, & Cleaveland, 2004;
Bacci, 2003, 2006, 2011; Stahle, Cleaveland, & Therrell, 2002; see also: Miller, 2007).

Third, as tens of millions of Amerindians died, previously cultivated fields and woodlands gave way to dense rainforests.
The spread of these effective carbon sinks may have lowered atmospheric carbon dioxide concentrations by more than
15 ppm. If that fall was sufficient to cool the globe, then a positive feedback existed in the Americas between violence, epi-
demic disease outbreaks, and climate change. However, this third link in the chain is the most speculative. Reforestation in
the Americas—if it indeed occurred—coincided with deforestation in Asia, and cooling soils apparently absorbed more car-
bon from the atmosphere, with no human intervention required (Brooke, 2015, p. 441; Elvin, 2008; Kaplan et al., 2011;
Lewis & Maslin, 2015; Liebmann et al., 2016; Rubino et al., 2016; Ruddiman, 2005; White, 2017, p. 23).

5 | DEARTH AND DISASTER IN THE LATE LIA

After around 1630, much of the Northern Hemisphere and indeed the world enjoyed modest warming. Yet this broad trend
had many regional and local complexities that provoked diverse human responses. While proxy sources indicate that a brief
reprieve from the LIA warmed northern China, for example, central China—the heartland of the Ming Empire—endured
cooling that only deepened in the 1630s and 1640s. As average annual temperatures overall declined, weather also grew
more erratic from year to year, and the East Asian summer monsoon weakened. Droughts repeatedly stretched across the
Yellow River catchment and areas to the northeast, while floods broke out further south. Together, frost and precipitation
extremes ruined crops and provoked famines that caused particular distress in overpopulated provinces. According to Confu-
cian doctrine, the Ming Dynasty seemed to have lost the “mandate of heaven,” the divine favor that moderated the weather.
Deeply corrupt, riven by factional politics, undermined by an obsolete examination system for aspiring bureaucrats, and
scornful of martial culture, the regime could neither ease widespread starvation, nor confront the banditry it encouraged.
Severe droughts also afflicted neighboring Manchuria, whose tribes had recently united under a single chieftain. Whether
“pushed” in part by local dearth, or “pulled” by Ming weakness—or both—the Manchu chieftains opted to plunder
China, beginning in 1629 with a raid that broke through the Great Wall. While repeatedly distracted by food shortages in
Manchuria, they eventually seized China by capitalizing on the struggle between Ming and bandit armies (Brook, 2010,
p. 244; Chen et al., 2015; Fang et al., 2012; Ge, Hao, Zheng, & Shao, 2013; Parker, 2013, p. 142; Qian & Zhu, 2002; Wang
et al., 2016; Zhang et al., 2008).

Across much of the world, the chilly, erratic weather of the LIA, with its associated precipitation extremes, resumed only
with the onset of the Maunder Minimum. Once again, many communities and civilizations endured catastrophic food short-
ages. Tree ring proxies from the Himalayas suggest that average summer temperatures declined sharply across parts of the
Indian subcontinent, although spring temperatures may have increased modestly. Meanwhile, speleothem records reveal that
the Indian Summer Monsoon, which had been weak in the first half of the 17th century, strengthened until the late Maunder
Minimum, when its renewed weakening brought landmark droughts to western India. Archival sources indicate that droughts
were relatively infrequent in the Maunder Minimum, but grew more common towards the end of the 17th century
(Broadberry, Custodis, & Gupta, 2015; Dixit & Tandon, 2016; Krusic et al., 2015).

The Mughal Empire, who ruled much of the Indian subcontinent, had fostered the growth of an innovative, diverse rural
economy that reproduced severe social inequalities but, in most regions, yielded impressive agricultural surpluses. Yet when
the empire embarked on a long war with the burgeoning Maratha Empire, military elites started claiming more feudal land
grants than could be readily granted. Meanwhile, Maratha raids and Mughal retaliation drove many peasants out of the coun-
tryside. In this context, long-lasting droughts repeatedly overwhelmed the adaptive capacities of the Mughal rural economy.
Especially catastrophic monsoon failures in 1686–1687 and then 1702–1704 killed millions of peasants and impoverished
many Mughal officers. Nevertheless, the population of the Indian subcontinent as a whole continued to rise (Brooke, 2015,
p. 448; Parker, 2013, p. 410; Richards, 1990, 1997).

Across much of the Northern Hemisphere, volcanic eruptions made the 1690s the chilliest decade of the Maunder Mini-
mum. Few communities suffered greater hardships than those of northern Europe. In Scotland, frigid, wet, and unpredictable
weather ruined grain harvests in 1695, 1696, and 1698. As food prices climbed and famine raised the specter of starvation,
thousands of tenants and subtenants in rural estates consumed seeds they might have planted. Many died anyway, and many
more fled to Ulster, which remained free of famine. The desertion of the countryside sharply lowered agricultural and pasto-
ral production in 1697 and 1699, when warmer weather might have supported an adequate harvest. Food shortages provoked
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epidemics and epizootics that further depopulated rural regions. Emergency grain imports from the Baltic dried up as frosts
and floods destroyed crops across Finland and Sweden. In Finland, famished peasants resorted to eating toxic or unpalatable
foods, such as bark bread, which eventually led to intestinal blockages and diarrhea. By the summer of 1697, dysentery,
typhoid fever, and typhus had all spread among the malnourished. Famine, epidemic disease, falling birth rates, and migra-
tion together reduced the population as Scotland by as much as 15%, and of Finland by some 28%. In the Shetland Islands,
meanwhile, a sharp increase in the frequency of storms drove major sand incursions into the township of Broo, and encour-
aged its abandonment in the early 18th century (Bampton, Kelley, Kelley, Jones, & Bigelow, 2017; Cullen, 2010; Lappalai-
nen, 2014; Seppel, 2015).

Across much of the world, the 17th century was not only the chilliest of the LIA, but also the one in which atmospheric
and oceanic circulation patterns changed most profoundly. The timing could not have been much worse, since many societies
had grown increasingly vulnerable to any shift in the environmental conditions that sustained them. In empire after empire,
populations that had expanded in the 16th century depended on the cultivation of staple crops on marginally productive farm-
land. Capitals supported ever more expensive and destructive wars by draining meager surpluses hard-won from their rural
peripheries. When wars coincided with exceptionally cold, dry, or wet weather, then famine, starvation, epidemic disease,
and rebellion often followed. The rigidity or factionalism of imperial governments frequently compounded subsistence crises
and the instability they provoked, occasionally in ways that invited invasions by opportunistic neighbors. Beyond Eurasia,
European settlers, soldiers, and merchants worsened and in many cases exploited the challenges that indigenous communities
confronted amid destructive, unpredictable weather. Altogether, tens of millions of people died amid a wave of famines, epi-
demic outbreaks, rebellions, and wars that had little precedent in human history. According to Geoffrey Parker, this was a
“global crisis” that amounted to the most significant impact of the LIA on human history (Parker, 2013, p. xix; 2008; see
also: Parker & Smith, 1997).

However, as Paul Warde and other historians have pointed out, more scholarship is needed to identify exactly how broad
socioeconomic and demographic trends across the early modern world registered a host of local relationships between the
manifestations of climate change on the one hand, and the production and supply of food on the other. Moreover, neither the
elites behind most 17th-century revolts, nor the ordinary people who often took to the streets in protest, acted simply in
response to soaring food prices. Their motivations were often complex, rooted in causes that long predated the chilliest years
of the LIA. Still, a vast and growing interdisciplinary literature now links even modest climatic trends before, during, and
after the LIA to food shortages and socioeconomic disruptions. Climate change was surely not the sole or even the most
important cause for violence or indeed starvation in the 17th century. Yet it probably played a role in worsening existing
sources of instability and discontent in many communities and societies, one that historians have too often overlooked
(Cavert, 2017; Degroot, 2018a, p. 164; Warde, 2015).

In any case, average annual temperatures across much of the world recovered in the wake of the Maunder Minimum and
remained relatively warm for decades. Yet on a local or regional scale, bouts of bitterly cold weather occasionally recurred
for several consecutive years. Between 1739 and 1742, for example, a brief but profound shift in atmospheric circulation
across northern Europe brought some of the coldest winters of the LIA and long summer droughts to the continent's high lat-
itudes. Extensive ice halted winter transportation by water, which disrupted the supply of heating fuels such as coal, peat,
and wood. Drought led to grass and fodder shortages that provoked starvation in many livestock herds. Frost reached into
the shallow pits that Irish farmers had used to store their potato harvest, destroying the crop on which the Irish population
increasingly depended. Across Europe, cold weather and precipitation extremes delayed or ruined wheat harvests and sent
grain prices soaring. Malnutrition and poor hygiene in crowded winter cottages contributed to or worsened epidemics of
typhus and dysentery that the outbreak of war in northern Europe helped spread. Hypothermia, starvation, and especially dis-
ease exacted a high death toll, especially among the urban poor in the economic and political periphery of Europe. Govern-
ments in Scandinavia and Ireland, for example, could not draw on local granaries, emergency grain imports, or robust civic
welfare programs to ease high food prices and the disruptions they caused. Fortunately, the mortality crisis and the weather
that played a role in creating it eased within just a few years, when the warmer interlude between LIA cold phases resumed
(Engler et al., 2013; Post, 1984; Vanhaute & Lambrecht, 2011).

In the closing decades of the 18th century, the onset of the Dalton Minimum again lowered average annual temperatures
across much of the world. In 1783, eruptions from Mount Laki in Iceland provoked more short-term cooling in the Northern
Hemisphere than any volcanic explosion had in more than five centuries. Laki's hemispheric dust veil dimmed the Sun, dam-
aged plants, worsened respiratory diseases, and led many contemporary writers to complain of a persistent, sulfuric stench.
In Iceland, where the population had reached its premodern peak, persistent acid rain contaminated and killed grass, even
when Icelanders tried to wash it clean. Livestock, which along with fish accounted for the majority of the Icelandic diet,
starved or died from fluoride exposure. Persistent haze complicated fishing by making it hard to navigate along the Icelandic
coast. When sunlight converted Laki's sulfur dioxide into more than 200 million tons of stratospheric aerosols, surface
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temperatures plunged. Fodder depleted in the cold winter of the previous year quickly grew perilously scarce. By 1785,
nearly half of Iceland's cattle and horses, and perhaps 75% of its sheep, had died. A “famine of the mist” endured in Iceland
from December 1783 to the summer of 1785, and helped provoke yet another outbreak of epidemic disease. In just 3 years,
the island's human population fell by more than 20% (Brooke, 2015, p. 471; Demarée & Ogilvie, 2001; Demarée, Ogilvie, &
Zhang, 1998; Durand & Grattan, 1999; Grattan, Rabartin, Self, & Thordarson, 2005; Halldórsson, 2013; Sigl et al., 2015,
p. 546; Stothers, 1996; Thordarson & Self, 2003; Vasey, 1991; Witham & Oppenheimer, 2004).

6 | BEYOND CATASTROPHE: THRIVING IN THE LIA

Scholars have shown that the coldest periods of the LIA primarily influenced communities around the world by contributing
to harvest failures, famines, epidemics, and ultimately outbreaks of violence. Histories of these disasters have revealed that
even modest environmental variability can have profound consequences for every kind of society. Lately, some have drawn
on the theories of Nicolai Kondratiev and Joseph Schumpeter to reframe the crises of the LIA as episodes of “creative
destruction” that ultimately left communities more capable of weathering climate change. Yet because most scholars of the
past climate change browse through archives and search through ruins to find evidence of crisis, they have overlooked exam-
ples of societies that avoided or even profited from the calamities of the LIA. For historians in particular, omissions in docu-
ments that describe past weather can worsen this selection bias. Some provide detailed accounts of weather events, such as
storms, when they caused damage or death, but scarcely mention similar events that had little impact on lives and liveli-
hoods. Scholars seeking examples of societies or communities that successfully coped with the LIA must often read texts cre-
atively, in ways that fully appreciate both what is mentioned and left unmentioned (Brooke, 2015, p. 5; de Kraker, 2005).

Prosperity during the coldest stretch of the LIA could take one, two, or all of three forms. First, some communities
enjoyed characteristics that made them resilient in the face of climate change, either in ways that protected them from other-
wise destructive weather, or in ways that allowed them to bounce back with unusual speed. Some scholars have made sense
of such resilience by drawing on the work of Ester Boserup, which stresses the progressive history of innovation through
time. In any case, resilience to climate change can be easily incorporated within endogenous understandings of environmen-
tal history. Second, other societies consciously or unconsciously adapted to better endure or even exploit climate change,
either within or near their borders or far from home. Indeed, crisis in one community repeatedly provided opportunities for
another in the competitive environment of the early modern world. Some societies therefore prospered precisely because
others endured the global crisis of the 17th century. Such connections can be traced using both endogenous and exogenous
readings of environmental history. Third, a few societies relied on local environments that, for their purposes, became more
productive or useful as a result of climate change. Naturally, environmental histories that privilege exogenous forces lend
themselves to these relationships (Brooke, 2015, p. 7; Campbell, 2016, p. 132).

By changing their perspective, scholars have detected elements of societal resilience and even adaptation to climate
change in what once seemed like the clearest examples of crisis and collapse during the LIA. For instance, scientists, histo-
rians, and archeologists once believed that Norse settlements in Greenland, established during the mild MCA in the Arctic,
vanished because they failed to adapt to a chillier climate by replacing sedentary agriculture with hunting or trapping
(Diamond, 2011; Fagan, 2009; McGovern, 1980; Pearce, 1989). However, new research has shown that Norse settlers were
actually remarkably flexible, choosing diverse subsistence strategies to colonize very different environments across the North
Atlantic. Norse hunters from the northerly “Western Settlement” in Greenland regularly traveled hundreds of kilometers to
hunting grounds in Disko Bay. There, they killed walruses for ivory and hides, which sailors brought to European markets in
exchange for iron and other vital supplies. As the Arctic climate cooled in the 13th century, colonists in the more southerly
“Eastern Settlement” developed an irrigation system that increased their hay harvests. At the same time, Norse communities
lowered their dependence on agriculture by hunting more seals and caribou. While their new diet was vulnerable to periodic
shortfalls, it seems that the Norse in Greenland initially adapted well to a cooler climate. However, in the 14th century, Thule
communities migrating into Greenland increasingly competed with the Norse, and European tastes shifted away from walrus
ivory. In that context, climate changes that increased storminess, sea ice, and year-to-year weather variability likely contrib-
uted to the decline of the Greenlandic Norse by further disrupting trade and communal hunting activities. Both Norse settle-
ments in Greenland had disappeared by around 1450. Their initial endurance and eventual destruction reveals that
communities can be both highly resilient and vulnerable to climate change at the same time (Brewington et al., 2015; Camp-
bell, 2016, p. 206; D'Andrea, Huang, Fritz, & Anderson, 2011; Dugmore et al., 2013; Frei et al., 2015; Golding, 2011; Gol-
ding et al., 2015; Nelson et al., 2016; Paul Adderley & Simpson, 2006).

Some of the most striking examples of societies enduring and exploiting the LIA come from the hypothesized global cri-
sis of the 17th century. Few civilizations fared better than Japan under the Tokugawa shogunate, which grew richer, more
peaceful, and more populous as regional temperatures plunged in the Grindelwald Fluctuation and especially the Maunder
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Minimum. Cold oceanic and atmospheric air currents off northern Japan, and volcanic mountains across the rest of the archi-
pelago that clear cutting had badly eroded, left Japan unusually sensitive to climate change. Yet after uniting Japan, the
Tokugawa warlords pursued policies that collectively rendered the country more resilient to climatic shocks. They centralized
and demilitarized Japan by separating its warlike nobility, the samurai, from their rural sources of power, and by limiting the
ability of Japan's leading lords, the daimyo, to independently control their fiefdoms. With Japan at peace, a labor-intensive
“industrious revolution” swept across the Japanese countryside and drove a gradual increase in agricultural production.
Abundant food and falling taxation encouraged population growth, especially in growing urban centres. Yet female participa-
tion in the rural workforce, common acceptance of abortion and infanticide, and a custom of sending adolescents away from
their hometowns gradually reduced fertility rates so that the supply of food rarely exceeded demand. Meanwhile, the shoguns
networked Japan with highways and couriers, ensuring that the government in Edo could respond quickly and decisively to
dissent or rebellion. The dense road network also encouraged commerce within Japan just as the shogunate took steps to eco-
nomically and politically isolate the country from the rest of the world, although some commercial connections with China,
for example, clearly persisted. An inward-facing Japan therefore avoided wars and, with brief but devastating exceptions,
produced plenty of food during even the chilliest decades of the LIA. However, its prosperity came at a high cost. The sho-
gunate's relentless attempts to centralize and isolate Japan led to far-reaching censorship and bloody religious persecution.
Policies that perhaps inadvertently shielded Japan from the worst consequences of the LIA still provoked widespread misery
(Parker, 2013, p. 487; Saito, 2010; Totman, 1995; see also: Aono, 2015; Aono & Kazui, 2008; Drixler, 2013;
Hayami, 2015).

The most prosperous society of the 17th century—the Dutch Republic in its so-called “Golden Age”—also depended on
environments that were particularly sensitive to climate change. The bogs of the coastal republic subsided below sea level
after centuries of drainage, peat harvesting, and dairy farming. Shifts in atmospheric circulation and pressure brought devas-
tating storms to the Low Countries in both the Grindelwald Fluctuation and the Maunder Minimum. The most destructive
breached Dutch defenses against the sea and inundated many of the most densely populated parts of the republic. Cold,
long-lasting winters, meanwhile, froze the rivers and canals that Dutch merchants used to transport people or commodities
across the republic, and that Dutch soldiers used to keep hostile armies at bay. Yet overall, the coldest stretch of the LIA
offered more benefits than drawbacks for the republic. Atmospheric blocking over northern Europe and strengthening trade
winds probably quickened the passage of Dutch East India Company ships to Asia, while giving Dutch ships important
advantages in naval combat across the North Sea and English Channel. Outside of winter, torrential rains strengthened Dutch
defenses against invasion and increased the effectiveness of deliberate inundations that repeatedly thwarted sieges of Dutch
cities. Frost and precipitation extremes that ruined harvests elsewhere in Europe also benefited Dutch merchants, who domi-
nated the European grain trade and could sell stockpiled grain for handsome profits. Moreover, cooling sea surface tempera-
tures prompted a mass migration by herring from the Baltic Sea to the North Sea, where Dutch sailors established a thriving
fishery. Sea ice in the Arctic even redirected Dutch polar expeditions to the bowhead whale breeding grounds around the
island of Spitsbergen, and could have restricted the movement of whales in ways that made them easier to hunt (de Kraker,
2005; Degroot, 2015b; Fagan, 2000; Gottschalk, 1975, 1977; Lehodey et al., 2006; Pauling, Luterbacher, Casty, & Wanner,
2006; Sundberg, 2015; see also: Buisman & van Engelen, 2000, 2006; Pfister, 2007a, p. 205; see also: Degroot, 2018a).

There is some evidence that the Dutch either purposefully or unwittingly adapted to weather that became common across
the Northeastern Atlantic in one or both of the Grindelwald Fluctuation and Maunder Minimum. Merchants and city govern-
ments supplemented sailboat transportation networks with canals trafficked by horse-drawn barges that did not rely on the
wind and could therefore carry passengers according to dependable schedules. Dutch naval commanders opted to attack
English or French fleets only during easterly winds, which were frequent after the opening decades of the Maunder Mini-
mum. In all but the coldest winters, Dutch laborers and eventually icebreakers preserved open water in harbors, parts of
canals, and rivers that protected key cities. Inventors developed new firefighting technologies and methods, which municipal
governments quickly deployed to combat fires often caused by lightning strikes in storms, or by furnaces and candles in
chilly winters (Figure 2; Degroot, 2014; de Kraker, 2017; see also: Degroot, 2018a).

The society of the coastal republic in particular was also unusually resilient in the face of the LIA. Transportation net-
works took many forms and had many redundancies, which allowed travel through the republic in nearly all kinds of
weather. City dwellers in particular had diverse diets that protected them from shortfalls in any one staple crop. Extensive
but decentralized civic welfare programs insulated the urban poor against volatility in food prices. Most importantly, com-
merce and industry accounted for a remarkably large share of the Dutch economy, and in turn employment and household
wealth. Since most early modern societies depended on domestic, rain-fed agriculture for food, animal labor and by-products,
employment, and taxes, they were vulnerable to fluctuations in temperature or precipitation. Dutch commerce and industry
made the republic less vulnerable to these weather conditions, and more vulnerable to changes in the flow of wind and water.
The LIA affected the energy sources that powered much of the republic's economy in a different way than it did those that
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fuelled neighboring agricultural economies. The Dutch example suggests that studies which explore how societies thrived in
the LIA could leave behind the focus on agriculture that has dominated scholarship of past climate change (Curtis, Curtis,
Dijkman, Lambrecht, & Vanhaute, 2016; Dijkman, 2018; Unger, 1984).

Dutch scientists, engineers, and diarists tried to trace long-term changes in weather extremes, yet they probably did not
keep track of trends in weather averages. By contrast, settlers to New France did notice the warming trend that set in towards
the end of the Maunder Minimum. Some had blamed the thick forests of New France for the region's frigid winters, which
were much colder than those in Europe at the same latitude. Temperate forests do indeed create microclimates that leave
them somewhat chillier and perhaps cloudier than their surroundings, yet the cold temperature of Northeast Canada primarily
reflected the continental climate and the proximity of the frigid Labrador Current. As the Maunder Minimum waned, how-
ever, settlers decided that clear cutting and cultivation had civilized and thereby warmed New France. In at least one case,
awareness of a climate trend encouraged a false belief that human adaptation had made it possible (Chen et al., 1999;
Coates & Degroot, 2015; Kirkby et al., 2016; White, 2015, p. 558; Zilberstein, 2016).

Overall, in the late 17th century many European societes in particular grew more resilient to the worst consequences of
climate change. In many parts of Europe, depopulation eased the threat of Malthusian crisis, while an end to incessant reli-
gious wars and the spread of new agricultural practices permitted sustainable population growth. Strengthening states pio-
neered new civic welfare policies and imposed effective measures to contain the spread of plague and smallpox. A European
“industrious revolution” increased both the demand and supply of goods on the marketplace, and the resulting consumer rev-
olution encouraged the improvement of existing transportation networks. The rise of a “new philosophy” grounded in the sci-
entific method led to a new emphasis on empiricism and curiosity, so that memories of disasters inspired technologies that
could better confront the challenges imposed by destructive weather (Oberholzner, 2011; Pfister, 2011; Sundberg, 2015). Yet
the scientific revolution owed much to the fresh ideas flowing into Europe from the periphery of growing commercial and
colonial empires. Similarly, economic growth in Europe's most dynamic economies partly depended on world-straddling
trade networks, which expanded at a heavy human and economic cost to communities across the Indian Ocean, Africa, and
the Americas. Much of Europe coped with and adapted to the late Maunder Minimum and the Dalton Minimum at the
expense of societies far beyond the borders of the continent (Parker, 2013, p. 590, 599, 603, 616, 619, 620, 624, 627, 633,
635, 647; de Vries, 1976; de Vries, 1993, 2008).

7 | CONCLUSION: LIFE AND DEATH IN THE LITTLE ICE AGE

Scholars in diverse disciplines have established, first, that the LIA passed through four particularly cold periods between the
15th and 18th centuries; and second, that erratic but overall frigid weather, with associated precipitation extremes, had
largely destructive consequences for societies across the early modern world. Lately, some have found examples of societies
and communities that thrived in spite of, and in some cases partly because of, the chilliest phases of the LIA. Overall, studies

FIGURE 2 Jan van der Heyden's “Fire
Hose Book” depicts an urban fire kindled
by a storm in July 27, 1679
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that connect climate change to early modern history increasingly emphasize that people were rarely hapless victims in the
face of great environmental forces. Socioeconomic arrangements, cultural norms and practices, and individual decisions
always shaped the distinct influence of climate change on different societies. To explore these relationships, more scholars
have explicitly dealt with issues of scale and causality in their work.

In recent decades, scholarship on climate and society in the early modern centuries has therefore become richer, more
nuanced, and even more interdisciplinary, but there is still room for growth. The climate history of many places beyond
Europe and China, and particularly of indigenous communities that have left behind only oral histories and archeological
remains, remains in its infancy. Issues of gender, race, and to a lesser extent class have scarcely entered into the study of
past climate change, nor have scholars considered the economic consequences of the LIA by drawing on the latest theories
advanced by economic historians. Most importantly, there is a pressing need for more scholarship on societal resilience
and adaptation in the face of past climate changes. It is perhaps such work that could best help us prepare for a warming
world.
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NOTES
1Scientists still debate the extent to which changes in solar radiation influence Earth's climate. Many recent studies suggest a
slight but real relationship. See for example: Thiéblemont et al., 2015.
2In 1257, the biggest volcanic eruption of the 13th century affected average temperatures in ways that differed from region
to region: Guillet et al., 2017.
3For early, deterministic scholarship, see for example: Utterström, 1955.
4Jared Diamond wrote the best-known exception, although his work has not concentrated on past climate changes, see Dia-
mond, 2011.
5For a summary of ecosystem responses to changes in average winter temperatures, see Williams et al., 2015.
6For a longer critical analysis of quantitative correlation in climate history (and of the scholarship that connects past climate
change to conflict), see Degroot, 2018b.
7For a different, less hierarchical kind of model, see for example Campbell, 2016.
8Although this retrenchment had complex, sometimes highly personal, motivations.
8High precipitation in winter and chilly temperatures in autumn may have provoked especially high grain prices.
9Attitudes towards Jews may have been more complex. In the 16th century, many communities viewed them as a vehicle for
God's punishment—which included destructive weather—rather than a cause of such punishment.
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