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anaging disasters, especially those that are climate-induced,
calls for reducing vulnerabilities as an essential step in reducing impacts (1–8). Exposure to environmental risks is but one
component of potential for disasters. Social, political, and economic processes play substantial roles in determining the scale and
kind of impacts of hazards (1, 8–12). “Disasters triggered by natural hazards are not solely influenced by the magnitude and frequency of the hazard event (wave height, drought intensity etc.),
but are also rather heavily determined by the vulnerability of the
affected society and its natural environment” (ref. 1, p. 2). Thus,
disaster planning and relief should address vulnerabilities, rather
than returning a system to its previous condition following a disaster event (6).
Using archaeologically and historically documented cultural
and climate series from the North Atlantic Islands and the US
Southwest, we contribute strength to the increasing emphasis on
vulnerability reduction in disaster management. We ask whether
there are ways to think about climate uncertainties that can help
people build resilience to rare, extreme, and potentially devastating climate events. More specifically, we ask whether vulnerability to food shortfall before a climate challenge predicts the scale
of impact of that challenge. Our goal is both to assess current understandings of disaster management and to aid in understanding
how people can build the capability to increase food security and
reduce their vulnerability to climate challenges.
We present analyses of cases from substantially different regions and cultural traditions that show strong relationships between levels of vulnerability to food shortage before rare climate
events and the impact of those events. The patterns and details
of the different contexts support the view that vulnerability cannot
be ignored. These cases offer a long-term view rarely included in
studies of disaster management or human and cultural well-being
(for exceptions, see refs. 13 and 14). This long time frame allows us
to witness changes in the context of vulnerabilities and climate
challenges, responding to a call for more attention to “how human
security changes through time, and particularly the dynamics
www.pnas.org/cgi/doi/10.1073/pnas.1506494113

of vulnerability in the context of multiple processes of change”
(ref. 10, p. 17).
Approach
In this study, we focus on climate challenges that can impact food
security, one of the seven human securities identified by a United
Nations Human Development Report (15) (see also ref. 10) and
one of the core components of human well-being as identified by
the Millennium Ecosystem Assessment Board (16). Food security refers to “physical and economic access to basic food” (ref.
15, p. 27). Integral to our perspective is a multidimensional
conceptualization of food security as involving both the availability of food and access to that food (e.g., 17, 18). The capability of people to access food can be limited by structural and
social conditions (19, 20), as we identify in this study.
We use the concept of vulnerability to assess resilience of food
security to climate challenges. Resilience is the ability of a system
to absorb disturbances without losing its identity (21) and its
capacity to absorb perturbations or shocks while maintaining
essential structures and functions (22, 23). Vulnerability is “the
state of susceptibility to harm from exposure to stresses associated
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This paper identifies rare climate challenges in the long-term history
of seven areas, three in the subpolar North Atlantic Islands and four
in the arid-to-semiarid deserts of the US Southwest. For each case,
the vulnerability to food shortage before the climate challenge is
quantified based on eight variables encompassing both environmental and social domains. These data are used to evaluate the
relationship between the “weight” of vulnerability before a climate
challenge and the nature of social change and food security following a challenge. The outcome of this work is directly applicable to
debates about disaster management policy.

with environmental and social change and from the absence of
capacity to adapt” (ref. 24, p. 268). Turner and colleagues (9)
identify exposure, sensitivity, and resilience as key components of
vulnerability. Our study focuses specifically on Turner et al.’s dimension of sensitivity. We examine conditions that impact the
capability of people to maintain food security, including both
availability and access. Vulnerability to climate challenges is mediated by institutional structures (23) (see also refs. 11 and 25) that
are constantly changing and impacting people’s capabilities to
avoid declines in food security.
Disaster managers are especially concerned with vulnerabilities, the preconditions that lead climate challenges such as
droughts, floods, and extreme cold conditions to become disasters, recognizing that it is at the interface of environmental and
social conditions that disasters occur (9, 12, 13, 26). Our research
builds on arguments that resilience to the impacts of climate
(and other) challenges can be built by reducing vulnerabilities
(2–6, 9, 12). However, people “tend to push the risk spectrum
toward catastrophic events occurring with increasing probability”
(ref. 14, p. 8).
To explore the relationship between vulnerability, food security, and the impacts of climate challenges, we quantify social and
climate conditions in seven centuries-long sequences. First, we
identify 13 points in our climate sequences that are rare and
extreme. We then quantify the extent of vulnerability to food
shortfall for the period immediately preceding each climate
event. Finally, we identify the conditions following each climate
event in terms of major social changes and declines in food security, specifically food shortage. We compare these conditions
with the vulnerability before each climate challenge to consider
the role of vulnerabilities in the impact of climate challenges.
The Cases
Archaeological and historical cases are used to examine the role
of vulnerability in climate impacts. Two features of the cases are
particularly important. First, each is a long record of coupled
social and environmental change, with data on demography,
social institutions and traditions, food economies, political relations, and climate conditions. This long-term record documents
the contexts and impacts of climate challenges. Building robustness to climate challenges is a daunting task complicated by
limitations of current and recent experience on scenarios of
possible challenges and solutions (14, 27). Long historical sequences provide series of known changes in human–landscape–
climate interactions that represent a set of completed experiments
in human ecodynamics (12, 28–31). We use these sequences to
identify when rare climate events occurred, what the vulnerability
load was before each event, and the scale and type of changes
following each climate challenge. This requires a window in time
much longer than is usually available from contemporary experiences (see also refs. 14 and 27), although local and traditional
knowledge offers some perspective on vulnerability to long-term
or rare processes (32).
Second, the cases are from very different regions of the world—
the arid, warm deserts of the US Southwest and the subarctic
region of the North Atlantic Islands. Patterns in one region or
impacts of one type of climate challenge may be informative only
for that region. The cases we compare are from different climate
regimes, physiographic regions, cultural traditions, and historical
contexts. Patterns evident in this diverse database indicate relationships between vulnerability and the impacts of extreme climate
events that have import for resilience planning and disaster
management generally.
North Atlantic. The North Atlantic cases include Norse occupa-

tions in Iceland (33, 34), Greenland (35), and the Faroe Islands
(36) beginning in the late 9th to late 10th centuries and extending
into the 18th century, except in Greenland, depopulated by the
2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1506494113

Norse in the 15th century. Data derive from decades of climate,
historical, and archaeological research by the North Atlantic
Biocultural Organisation (NABO; www.nabohome.org) (SI Appendix, section 2), which promotes international and interdisciplinary research collaboration. Recurring research themes have
been colonization and interactions of human–environmental impact,
climate change, and early globalization that have produced remarkably different outcomes on the millennial scale (e.g., 34, 37–40).
US Southwest. The cases from the US Southwest are all indigenous occupations of what is now Arizona and New Mexico
during the 10th to 16th centuries. Data derive from research
teams within the Long-Term Vulnerability and Transformation
Project (LTVTP; ltvtp.shesc.asu.edu) that conduct field research
in the Zuni (41, 42), Salinas (43), Mimbres (44, 45), and Hohokam (46, 47) archaeological regions. LTVTP researchers examine the relationships between vulnerabilities in the social and
ecological realms and the magnitude and scale of social–ecological transformations (48), comparing long sequences of
change and stability. These sequences illustrate the extent to
which short-term strategies create vulnerabilities that play out
over time.
These archaeological and historical sequences are not sources
of “lessons” as much as they are sources of information on how
decisions and actions created vulnerabilities and how these vulnerabilities played out over time under different challenges [see
also Turner and Sabloff (13) for the Classic Maya; Tainter (27)
for problem solving and collapse in the Roman Empire; and
Butzer (26) for a collection of historical studies]. This research
posits that existing vulnerabilities to food shortages can be triggered by rare climate challenges, for which planning and anticipation are difficult. Planning that includes a focus on keeping
vulnerabilities low can contribute to resilience to unanticipated
(or unpredictable) climate challenges (9).

Results and Discussion
Rare Climate Challenges. Across seven regions, four in the pre-

hispanic US Southwest and three that are Norse occupations of
the North Atlantic Islands, various kinds of climatic records are
used to identify rare climate challenges with considerable potential to result in “disaster.” For the US Southwest, we identified dry periods (droughts) in annual tree-ring proxy records of
precipitation and streamflow (SI Appendix, section 1). Dry periods decreased the productivity of the resources people relied
on for food. Climate conditions associated with each case are
represented by separate climate reconstructions that begin between 436 and 879 C.E. The rare climate challenges identified in
Table 1 (fourth column) are the longest (15–23 y in duration)
and rarest (they had not occurred for at least 456 y) dry periods
of the 10th through 16th centuries, and most are the longest in
each reconstruction. Although dry periods were common in the
region, the challenges to the food security of farmers were likely
unprecedented during these long and rare dry periods. For the
North Atlantic, challenges are rare extremes or regime changes
for climate systems that involve cold temperatures, sea ice, and/
or storminess (Table 1, fourth column). Proxy records of temperature, sea ice, and storminess are used to identify climate
challenges during the period 900–1900 C.E. (SI Appendix, section 1).
These proxy records have strong spatial coverage but relatively
poor chronological resolution relative to the US Southwest. Extreme events were identified by both large (at least one sigma)
deviation from the previously experienced long-term mean and
uniqueness—the event was not experienced in the previous 200 y.
Climate regime change (e.g., the onset of the so-called Little Ice
Age) events were prioritized if they were the first experienced
deviation from the previous normal, even if subsequent larger
deviations occurred. Events had to be recognized in two proxy
Nelson et al.

Table 1. Rare climate challenges, vulnerability scores, and total vulnerability load
Vulnerability scores for each variable

US SW

Z
S
M1
M2
H1
H2
G1
G2

Kind of challenge

1133
1335
1127
1273
1338
1436
1257
ca. 1310

Extreme dry
Extreme dry
Extreme dry
Extreme dry
Extreme dry
Extreme dry
NA
Extreme cold
RC: colder system, increasing
sea ice
G3
ca. 1421
RC: stormier, extreme cold
I1
1257
Extreme cold
I2
ca. 1310
RC: colder system with
sea ice
I3
1640
Extreme cold, sea ice
greatest extent
F
1257
Extreme cold
Mean vulnerability score for each variable

V1 V2 V3 V4 V5 V6 V7 V8

T

1
1
2
1
2
3
1
1

2
2
2
2
2
2
2
3

2
1
3
1
2
3
2
2

2
3
4
1
4
4
2
3

2
2
2
2
2
2
1
1

1
4
2
1
4
4
3
4

1
1
2
1
4
4
3
3

1
3
1
1
3
3
2
2

12
17
18
10
23
25
16
19

1
1
2

4
1
1

3
2
2

4
1
1

2
1
1

4
2
2

1
2
2

3
2
2

22
12
13

2

1

3

2

2

2

2

2

16

2
1
2
2
2
3
2
2
16
1.5 1.9 2.2 2.5 1.7 2.8 2.2 2.1

F, Faroes; G, Greenland; H, Hohokam; I, Iceland; M, Mimbres; NA, North Atlantic; RC, climate regime change;
S, Salinas; T, total vulnerability load; US SW, US Southwest; V1, available food; V2, resource diversity; V3, resource
depression; V4, connection; V5, storage; V6, mobility; V7, equal access; V8, barriers; Z, Zuni.

records to confirm a climate challenge. Some events were unprecedented in Norse experience on the North Atlantic Islands.
Vulnerability Loads. How vulnerable were people to shortfall in
food supply, given the configuration of social and environmental
conditions, before each identified climate challenge?
We quantify the “load” of vulnerability to food shortage before these climate challenges using eight variables grouped into
two domains: (i) population–resource, which has to do primarily
with the overall availability of food relative to population size;
and (ii) social institutions and practices, which have more to do
with access to food including through social and economic
structures (Table 2). With this characterization, we identify the
kinds of conditions contributing to vulnerability and the overall
load of vulnerability for each case. By load, we mean the extent
to which each variable contributed to the likelihood that people
might experience impacts from climate challenges (for a related

approach, see ref. 50). We used a qualitative ranking of the state
of each variable to quantify its contribution to the vulnerability
load (Table 1, Right). The rankings ranged from no contribution
(1) to substantial contribution (4) to vulnerability. Codes of 2
and 3 capture conditions that were minor (2) to more substantial
(3) but not as strong as the ends of the continuum. Coding was
based on expert knowledge of case leaders using evidence from
archaeological and historical records (SI Appendix, section 2).
The vulnerability load for a case is represented by the “total” of
these scores (Table 1, Far Right); a score of 8 indicates no vulnerability presented by any of the variables, whereas a score of 32
indicates strong contributions from all variables to the total
vulnerability load.
Differences in the mean contribution of the variables to the
vulnerability load illustrate the importance of social institutions and
issues of access to food in managing vulnerability (Table 1, Bottom).

Table 2. Variables contributing to vulnerability load to food shortage
Vulnerability variables
Population–resource
conditions
Availability of food
Diversity of available,
accessible food
Health of food resources
Social conditions
Connections
Storage
Mobility

Equal access
Barriers to resource areas

Nelson et al.

Evidence for vulnerability

Insufficient calories or nutrients
Inadequate range of resources responsive
to varied conditions
Depleted or degraded resources, habitats

Limited connections with others experiencing
different conditions
Insufficient, inaccessible storage
Inability to move away from challenging
food conditions
Unequal control and distribution of land, water,
and food resources
Physical barriers limiting access to
key resource areas

Value of variable for resilient food system

Balance of available resources and population
size reduces risk of shortfall
Diverse portfolio reduces risk, increases options (9)
Healthy habitats contribute to managing
risk and change (26, 49)
Social networks expand access to food and land (26)
and are sources for risk pooling (49)
Stored foods reduce risk in times of shortage
Movement to alternative places, landscapes,
and social groups offers potential for addressing
resource shortfall through access to food/land (49)
Equal access avoids challenges to coping and adaptive
capacity in disaster risk management
Lack of barriers enhances capability of people to provision
themselves with food
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Region Case Initiation date, C.E.

For the full set of 13 cases, two social domain variables—connections and mobility—contribute more to the vulnerability load than
do any other variables, as indicated in the mean scores shown across
the bottom of the table. In contrast, lack of an adequate food supply
(V1) rarely contributed much to vulnerability.
This pattern is consistent with issues identified by disaster
managers, who emphasize that social factors and insufficiencies
in aid-related resources limit their abilities to reduce vulnerabilities before extreme climate events (3, 6). Governments and
nongovernmental organizations (NGOs) are often loath to allocate or raise funds to change conditions when the general
population is not actually experiencing food shortfalls. As a result, disaster management is often oriented toward recovery and
response to crises that may have been avoided or reduced had
prior vulnerabilities been addressed.
Social Change Following Extreme Climate Challenges. Were climate
challenges followed by major social change? Fig. 1 (Left) shows
the relationship between vulnerability load before a climate event
and the extent of social change following that event. The distribution of vulnerability loads for the cases is plotted in ascending
order, with colors indicating whether social changes followed the
shock. “Transformation” (red) refers to circumstances of both
considerable population decline and disappearance of key social
institutions and structures (51). “Substantial change” (orange) indicates changes in social institutions and structures without demographic decline. These rankings are based on evidence of change
in household and village form and count, change in community
structures, and historical records describing the scale and magnitude of change (SI Appendix, section 3).
Little change occurred only at low levels of vulnerability load;
transformation occurred where vulnerability loads were quite
high. Substantial change occurred across the spectrum of vulnerability loads.
The end of the Norse occupation in Greenland (Greenland 3),
the population decline and end of a cultural tradition in Mimbres

(Mimbres 1), and the depopulation and institutional collapse in
the Hohokam area of central Arizona (Hohokam 2) exemplify
transformation. In Greenland, the eastern settlement was abandoned by the Norse around 1450 (35). The challenges to people in
Greenland were many, including radical decreases in food security
and isolation from their original northern European homeland.
Norse settlement of Greenland ended shortly after the shock we
list as Greenland 3, either because the last settlers died or people
found their way off the island at that time (52).
In the Mimbres case, nearly everyone left their village settlements during a severe and long drought event that began in 1127.
People had depleted riverine habitats in some parts of the region
(53), decreased the abundance of artiodactyls (54, 55), and
damaged some upland soils through farming (56). In addition,
external relations with other Southwestern groups appear to
have been severely limited (57). Nelson and colleagues (30) have
estimated that roughly three-quarters of the population (ref. 30,
figure 4) migrated away, and Mimbres traditions evident in many
material domains ceased.
The Hohokam canal irrigation systems in central Arizona were the
largest in pre-Columbian North America. By the mid-1400s, thousands of people had emigrated from these systems and large associated settlement clusters, leaving little visible archaeological trace of
villages or settlements (51). Some may have died from malnutrition
at some villages (46, 58) but most moved away, leaving an all but
unpopulated center that once had supported many thousands.
Food Shortage Following Extreme Climate Challenges. Was each
climate event followed by food shortage? Fig. 1 (Right) shows the
relationship between vulnerability to food shortage before an event
and the experience of food shortage following each event. Coding of
the experience of food shortage was based on evidence from
skeletal analysis of humans and animals, paleoethnobotanical
analysis, and historical documents (SI Appendix, section 3). “None”
(green) indicates no evidence of shortage; “some” (orange) indicates some food shortage for all people or substantial shortage for

Fig. 1. Social changes and food conditions following climate challenges.
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Summary and Recommendations
This analysis of historically and archaeologically documented cases
from substantially different regions and cultural traditions shows a
consistent relationship between the load of vulnerability to food
shortage before a challenging climate event and the scale of impact
following that challenge. Major social changes and food shortfall
followed climate challenges in the cases with the highest existing
vulnerability loads. Social change and food shortage were less often
experienced and were never extreme in the cases with lowest vulnerability. The pattern is consistent across different regions of the
world experiencing substantially different climate conditions—the
role of vulnerability cannot be ignored.
Our stated goal was to assess current understandings of disaster
management and to aid in understanding how people can build
capability to increase food security and reduce their vulnerability
to climate challenges. Our analysis suggests several points in this
regard that are well-understood in the risk management community even though changes to vulnerability remain elusive and disasters grow more common (2, 3, 5).
i) Strategies for coping with climate challenges should include
focus on the reduction of vulnerabilities, which disaster managers and others identify as an essential step in reducing impacts (1–8). The climate events we document were truly
unanticipated, yet in those cases with low vulnerability loads
we find little or no evidence for major impacts. What are often
Nelson et al.

called “natural disasters” were avoided by maintaining conditions, especially social conditions, that kept vulnerability low (9).
ii) Supporting the work of many others (1, 8–12), our analysis
demonstrates that social factors are substantial contributors
to vulnerability. Although researchers and managers recognize the role of social conditions, management of food security may address simply the availability of food resulting from
population–resource balance. We can err in our management
of food security by assuming that in contexts of adequate food
availability there is no vulnerability to food shortage. Attention to social conditions that create vulnerabilities to food
shortage is essential in resilience to climate challenges.
iii) As many have noted (e.g., 8, 9, 11–14), disasters are not
inevitable; they are the result, in large part, of human-made
conditions. The concept of natural disaster is unfortunate
because it removes focus from the social conditions that
set the stage for disasters to be triggered by various challenges. Our diverse cases suggest that human-created vulnerability can influence the outcome of climate challenges in
many environmental, cultural, and historical contexts.
iv) Disaster relief should include addressing vulnerabilities,
rather than returning systems to previous conditions (6). We
recognize that change from untenable conditions is difficult
(64). However, Kinver (3), reporting on responses to famine,
notes consistent evidence that early action is cheaper.
Debates about disaster management, responses to climate
shocks, attainment of human securities, and resilience to uncertainty rarely benefit from long time spans over which to
evaluate claims. Our analyses offer a long-term view that allows
assessment of full cycles of coupled social–ecological systems.
Our work demonstrates that at the lowest and highest levels of
vulnerability load, impacts are felt from climate challenges in
different climate and social contexts. The pattern of outcomes
from this cross-case study of different cultures, traditions, times,
and environments underscores the critical need for reducing
vulnerabilities to food shortfall to avoid the actual experience of
shortage and painful social changes. And this, we hope, can help
move discussions and actions forward.
Materials and Methods
Climate reconstructions and identification of climate challenges used an array
of data sources and techniques (SI Appendix, section 1). The climate challenges identified in the US Southwest are the longest and rarest dry periods
during the focal period. To represent climatic conditions for each case, we
selected annually resolved tree-ring precipitation and streamflow reconstructions closest to the primary settlement areas of each case. Each reconstruction was smoothed with a centered 9-y-interval moving average to
identify trends in the data obscured by year-to-year variation inherent in
most arid regions. Years in the first quartile of the distribution of interval
averages of each reconstruction were classified as dry periods. For each
identified dry period, we calculated the number of years since a dry period
of equal or greater duration had occurred. The dry periods classified as rare
climate challenges had not been experienced by people or the arid environment they relied on for at least 456 y.
The climate challenges identified in the North Atlantic include cold
summer temperatures, increased sea ice occurrence, and increased storminess. These were identified from ice cores, marine cores, lake sediments, and
glaciological records. Extremes are identified as extended (>3-y) deviations
greater than 1 SD from the mean from ice core and multiproxy climate reconstructions. Climate reconstructions from global circulation models were
used to identify additional large-magnitude cooling events due to volcanic
forcing. Due to the relatively poor chronological and spatial resolution of
these datasets, we only considered a climate event significant if it was observed in more than one record. Although the chronology is not as precise as
we would like for the regime shift scenarios, change would have been rapid
in both human and environmental terms. The multiyear climate extremes
identified in both regions decreased the productivity of resources people
relied on and increased the risk of food shortages. We can infer from
our current knowledge of artic and subarctic ecological systems (e.g., the
impact of summer temperatures on reducing growing-season length) and
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some people; and “substantial” (red) marks those cases with substantial shortage for all.
No shortage (green) following climate events is evident in six
cases. Among those cases, Mimbres 1 and Greenland 2 offer
perspectives on disaster management. In the Mimbres 1 case,
most of the regional population emigrated, which reduced the
local population to a level that avoided food provisioning issues
but which had dramatic impacts socially—the transformative
change noted above. In the Greenland case, people shifted toward substantial reliance on marine mammals (59–61), narrowing their diet by focusing on a resource that was abundant at that
time. However, this narrowing of diet increased vulnerability to
shortfall, which was realized just over a century later when the
Norse occupation of Greenland ended just after the climate
challenge we label as Greenland 3 (35, 62). In both cases, food
shortage was avoided but at a high cost.
In 7 of the 13 cases, food shortage is evident at some level
(yellow or red). The three Iceland cases at the lower end of the
vulnerability load spectrum were contexts of persistent hunger.
Climate challenges increased the extent of hunger but never to
extreme levels for the whole population. Vulnerability to food
shortfall remained low throughout, perhaps because people were
aware and responsive to the reality that hunger was a constant
challenge. These low vulnerability loads may have played a role
in preventing extreme shortages following climate challenges.
Streeter and colleagues (63) have noted that Icelandic society
was consistently resilient to an array of challenges, bouncing back
from plagues, conflicts, and difficult climate conditions.
The three cases with the highest vulnerability loads (Fig. 1,
Lower Right) all have evidence of food shortage. Hohokam 1 is a
period, beginning in 1338, when there is some evidence of food
shortage for one segment of the population in central Arizona
(46). By the second dry period, Hohokam 2, beginning in 1436,
nearly everyone had left the massive irrigation systems. We interpret this as evidence of substantial food shortage, because it
resulted in the disuse of a massive irrigation system and large
amounts of previously cultivated land. The Greenland shock that
began in 1421 coincides with the end of the Norse occupation in
Greenland, which has been attributed to a variety of challenging
conditions of which access to the key food resource—off-shore
seals—is but one (62).

documentary records [e.g., high rates of livestock mortality on Inuit farms
associated with cold weather (65)] that these climate events would have had
significant consequences and could be considered “shocks.”
Calculation of vulnerability load used historical, archaeological, and
paleoethnobotanical data (SI Appendix, section 2). We used a qualitative
ranking of the state of each variable to quantify the contribution of each to
the “vulnerability load.” These rankings represent expert knowledge based
on empirical evidence for each case (SI Appendix, section 2). Experts were
assembled and participated together in coding.

Conditions following challenges were coded from empirical historical and
archaeological data for social change and change in access to food (SI Appendix, section 3).

1. Birkmann J (2007) Climate change & vulnerability: Challenges for spatial planning and
civil protection. Forum DKKV/CEDIM: Disaster Reduction in Climate Change (Karlsruhe
University, Karlsruhe, Germany).
2. Few R, Osbahr H, Bouwer LM, Viner D, Sperling F (2006) Linking Climate Change
Adaptation and Disaster Risk Management for Sustainable Poverty Reduction:
Synthesis Report (VARG, Washington, DC).
3. Kinver M (April 5, 2013) Chatham House report: Famine risks are badly managed. BBC
News Science & Environment.
4. Matthew RA, Barnett J, McDonald B, O’Brien KL, eds (2010) Global Environmental
Change and Human Security (MIT Press, Cambridge, MA).
5. O’Brien G, O’Keefe P, Rose J, Wisner B (2006) Climate change and disaster management. Disasters 30(1):64–80.
6. O’Brien K, et al. (2008) Disaster risk reduction, climate change adaptation and human
security. GECHS Report 2008:3.
7. Thomalla F, Downing T, Spanger-Siegfried E, Han G, Rockström J (2006) Reducing
hazard vulnerability: Towards a common approach between disaster risk reduction
and climate adaptation. Disasters 30(1):39–48.
8. Turner BL, II, et al. (2003) Illustrating the coupled human-environment system for
vulnerability analysis: Three case studies. Proc Natl Acad Sci USA 100(14):8080–8085.
9. Turner BL, II, et al. (2003) A framework for vulnerability analysis in sustainability
science. Proc Natl Acad Sci USA 100(14):8074–8079.
10. Barnett J, Matthew RA, O’Brien KL (2010) Global environmental change and human
security: An introduction. Global Environmental Change and Human Security, eds
Matthew RA, Barnett J, McDonald B, O’Brien KL (MIT Press, Cambridge, MA), pp 3–32.
11. Hewitt K (1983) The idea of calamity in a technocratic age. Interpretations of Calamity:
From the Viewpoint of Human Ecology, ed Hewitt K (Allen & Unwin, Boston), pp 3–32.
12. Hewitt K (1997) Regions of Risk: A Geographical Introduction to Disasters (Longman,
Essex, UK).
13. Turner BL, II, Sabloff JA (2012) Classic Period collapse of the Central Maya Lowlands:
Insights about human-environment relationships for sustainability. Proc Natl Acad Sci
USA 109(35):13908–13914.
14. Dearing JA, Braimoh AK, Reenberg A, Turner BL, van der Leeuw S (2010) Complex land
systems: The need for long time perspectives to assess their future. Ecol Soc 15(4):21.
15. United Nations Development Program (1994) Human Development Report 1994
(Oxford Univ Press, New York).
16. Millennium Ecosystem Assessment Board (2005) Living Beyond Our Means: Natural
Assets and Human Well-Being. Available at www.millenniumassessment.org.
17. Barrett CB (2010) Measuring food insecurity. Science 327(5967):825–828.
18. FAO, IFAD, and WFP (2014) The State of Food Insecurity in the World 2014: Strengthening the Enabling Environment for Food Security and Nutrition (FAO, Rome).
19. Sen A (1999) Development as Freedom (Anchor, New York).
20. Sen A (2005) Conceptualizing and measuring poverty. Poverty and Inequality, eds
Grusky DB, Kanbur R (Stanford Univ Press, Palo Alto, CA), pp 30–46.
21. Folke C (2006) Resilience: The emergence of a perspective for social-ecological systems
analyses. Glob Environ Change 16(3):253–267.
22. Holling CS (1973) Resilience and stability of ecological systems. Annu Rev Ecol Syst 4:1–23.
23. Holling CS, Gunderson LH (2002) Resilience and adaptive cycles. Panarchy:
Understanding Transformations in Human and Natural Systems, eds Gunderson LH,
Holling CS (Island, Washington, DC), pp 25–62.
24. Adger WN (2006) Vulnerability. Glob Environ Change 16(3):268–281.
25. Burton I, Kates RW, White GF (1993) The Environment as Hazard (Guilford, New York).
26. Butzer KW (2012) Collapse, environment, and society. Proc Natl Acad Sci USA 109(10):
3632–3639.
27. Tainter JA (2000) Problem solving: Complexity, history, sustainability. Popul Environ 22(1):3–41.
28. Costanza R, et al. (2007) Sustainability or collapse: What can we learn from integrating the history of humans and the rest of nature? Ambio 36(7):522–527.
29. Dearing JA (2011) Learning from the past. Global Change 77:16–19.
30. Nelson MC, Kintigh KW, Abbott DR, Anderies JM (2010) The cross-scale interplay
between social and biophysical context and the vulnerability of irrigation-dependent
societies: Archaeology’s long-term perspective. Ecol Soc 15(3):31.
31. van der Leeuw S, et al. (2011) Toward an integrated history to guide the future. Ecol
Soc 16(4):2.
32. Berkes F, Colding J, Folke C (2000) Rediscovery of traditional ecological knowledge as
adaptive management. Ecol Appl 10(5):1251–1262.
33. Vésteinsson O, McGovern TH (2012) The peopling of Iceland. Nor Archaeol Rev 45(2):
206–218.
34. McGovern TH, et al. (2007) Landscapes of settlement in northern Iceland: Historical
ecology of human impact and climate fluctuation on the millennial scale. Am
Anthropol 109(1):27–51.
35. Arneborg J (2008) The Norse settlements in Greenland. The Viking World, eds Brink S,
Price N (Routledge, New York), pp 588–597.

36. Arge SV, Sveinbjarnardóttir G, Edwards KJ, Buckland PC (2005) Viking and Medieval
settlement in the Faroes: People, place, and environment. Hum Ecol 33(5):597–620.
37. Adderley WP, Simpson IA, Vésteinsson O (2008) Local scale adaptations: A modeled
assessment of soil, landscape, microclimatic and management factors in Norse homefield productivities. Geoarchaeology 23(4):500–527.
38. Dugmore AJ, Keller C, McGovern TH (2007) Norse Greenland settlement: Reflections
on climate change, trade, and the contrasting fates of human settlements in the
North Atlantic Islands. Arctic Anthropol 44(1):12–36.
39. Simpson IA, et al. (2002) Soil limitations to agrarian land production in premodern
Iceland. Hum Ecol 30(4):423–443.
40. Thomson AM, Simpson IA, Brown JL (2005) Sustainable rangeland grazing in Norse
Faroe. Hum Ecol 33(5):737–761.
41. Kintigh KW, Glowacki DM, Huntley D (2004) Long-term settlement history and the
emergence of towns in the Zuni area. Am Antiq 68(4):432–456.
42. Peeples MA, Schachner G, Kintigh KW The Cibola/Zuni Region. The Oxford Handbook
of Southwest Archaeology, eds Mills BJ, Fowles S (Oxford Univ Press, Oxford).
43. Spielmann KA, ed (2011) The Salinas province: Archaeology at the edge of the Pueblo
world. Archaeol Southwest 25(2).
44. Hegmon M (2002) Recent issues in the archaeology of the Mimbres region of the
North American Southwest. J Archaeol Res 10(4):307–357.
45. Nelson MC, Hegmon M, Kulow S, Schollmeyer KG (2006) Archaeological and ecological perspectives on reorganization: A case study from the Mimbres region of the
US Southwest. Am Antiq 71(3):403–432.
46. Abbott DR, ed (2003) Centuries of Decline During the Hohokam Classic Period at
Pueblo Grande (Univ of Arizona Press, Tucson, AZ).
47. Ingram SE (2010) Human vulnerability to climatic dry periods in the prehistoric U.S.
Southwest. PhD dissertation (Arizona State University, Tempe, AZ).
48. Nelson MC, et al. (2012) Long-term vulnerability and resilience: Three examples from archaeological study in the southwestern US and northern Mexico. Surviving Sudden Environmental Change, eds Cooper J, Sheets P (Univ Press of Colorado, Boulder, CO), pp 193–217.
49. IPCC (2012) Summary for policymakers. Managing the Risks of Extreme Events and
Disasters to Advance Climate Change Adaptation: A Special Report of Working
Groups I and II of the Intergovernmental Panel on Climate Change, eds Field CB,
et al. (Cambridge Univ Press, Cambridge, UK), pp 3–22.
50. Me-Bar Y, Valdez F, Jr (2005) On the vulnerability of the ancient Maya society to
natural threats. J Archaeol Sci 32(6):813–825.
51. Torvinen A, et al. Transformation without collapse: Two cases from the American
Southwest. Beyond Collapse: Archaeological Perspectives on Resilience, Revitalization,
and Transformation in Complex Societies, ed Faulseit RK (Southern Illinois Univ Press,
Carbondale, IL).
52. Lynnerup N (1998) The Greenland Norse: A Biological-Anthropological Study. Man &
Society 24, Meddelelser om Grønland (Comm Sci Res Greenland, Copenhagen).
53. Minnis PE (1985) Social Adaptation to Food Stress: A Prehistoric Southwestern
Example (Univ of Chicago Press, Chicago).
54. Schollmeyer K (2009) Resource stress and settlement pattern change in the eastern Mimbres area, southwest New Mexico. PhD dissertation (Arizona State University, Tempe, AZ).
55. Cannon MD (2001) Large mammal resource depression and agricultural intensification:
An empirical test in the Mimbres Valley, New Mexico. PhD dissertation (University of
Washington, Seattle).
56. Sandor J, Gersper PL, Hawley JW (1990) Prehistoric agricultural terrace and soils in the
Mimbres area, New Mexico. World Archaeol 22(1):70–86.
57. Hegmon M, Nelson MC (2007) In sync, but barely in touch: Relations between the Mimbres
region and the Hohokam regional system. Hinterlands and Regional Dynamics in the
Ancient Southwest, eds Sullivan AP, Bayman J (Univ of Arizona Press, Tucson, AZ), pp 70–96.
58. Van Gerven DP, Sheridan SG, eds (1994) The Pueblo Grande Project, Volume 6: The
Bioethnography of a Classic Hohokam Population (Soil Syst Publ Archaeol, Phoenix).
59. Arneborg J, Lynnerup N, Heinemeier J (2012) Human diet and subsistence patterns in
Norse Greenland AD c.980–AD c.1450: Archaeological interpretations. J North
Atlantic 3(Special):119–133.
60. Enghoff IB (2003) Hunting, Fishing and Animal Husbandry at the Farm Beneath the
Sand, Western Greenland. Man & Society 28, Meddelelser om Grønland (Danish Polar
Center, Copenhagen).
61. McGovern TH (1985) Contributions to the paleoeconomy of Norse Greenland. Acta
Archaeol 54:73–122.
62. Dugmore AJ, et al. (2012) Cultural adaptation, compounding vulnerabilities and
conjunctures in Norse Greenland. Proc Natl Acad Sci USA 109(10):3658–3663.
63. Streeter R, Dugmore AJ, Vésteinsson O (2012) Plague and landscape resilience in
premodern Iceland. Proc Natl Acad Sci USA 109(10):3664–3669.
64. Abel N, Cumming DHM, Anderies JM (2006) Collapse and reorganization in the socialecological systems: Questions, some ideas, and policy implications. Ecol Soc 11(1):17.
65. Madsen CK (2014) Pastoral settlement, farming, and hierarchy in Norse Vatnahverfi,
South Greenland. PhD dissertation (University of Copenhagen, Copenhagen).

6 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1506494113

ACKNOWLEDGMENTS. This research is funded by National Science Foundation (NSF) Dynamics of Coupled Natural and Human Systems BCS-1113991;
NSF Arctic Social Science Research Coordination Network (RCN) ARC1104372; and NSF Polar Programs Science, Engineering, and Education
RCN 1140106. The Amerind Foundation and the Santa Fe Institute hosted
working group meetings for this collaboration.

Nelson et al.

