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Abstract A critical challenge in supporting climate change adaptation is improving
the linkage between climate-impacts and vulnerability research and public and
private planning and management decisions. We highlight the need for bottom-up/
top-down vulnerability assessment, bringing together bottom-up knowledge of ex-
isting vulnerabilities with top-down climate-impact projections, as a transparent
basis for informing decisions intended to reduce vulnerability. This approach can
be used to evaluate the likelihood of crossing identified thresholds of exposure,
and to evaluate alternative adaptation strategies based on their ability to reduce
sensitivity to projected changes in exposure and their robustness across uncertainty
in future outcomes. By identifying thresholds for which adaptive capacity is limited
in particular systems, adaptation and mitigation become complements where the
magnitudes of climate change at which such thresholds cluster can help to define
mitigation targets.

1 Adaptation and mitigation as complements rather than trade-offs

Rapid climate change is one of the widest reaching challenges modern society has
faced. Its physical, ecological, economic, political, cultural and ethical dimensions
have local, national, and global implications. Significant impacts resulting from rapid
climate change are already evident, and pose increasing risks for many vulnerable
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populations. Society faces immediate choices about how to reduce vulnerabilities,
despite inherent uncertainties about the path of future greenhouse gas emissions,
the response of the climate system, and the adaptive capacity of human and natural
systems.

There is growing worldwide momentum to address climate change by reducing
emissions significantly below current levels. But because of the inertia in social and
physical systems, the climate will continue to change significantly for decades, even
with aggressive global action to reduce emissions. As a result, society must also focus
on enhancing its capacity to adapt to current and future impacts that cannot or may
not be avoided. These adaptation strategies must be concurrent and complementary
with mitigation efforts because, over the long term, emissions reduction choices will
determine the severity of climate change, its impacts, and the degree of adaptation
required in the future. Mitigation is also essential for avoiding impacts that exceed
the capacity of human and natural systems to adapt effectively—rapid climate
change, unchecked, is virtually certain to exceed many coping thresholds.

Consequently we see mitigation and adaptation primarily as complements: we
must adapt soon to what is not easy or possible to be quickly mitigated and must
mitigate over time to prevent crossing too many thresholds or irreversibilities above
the coping capacity of key systems. The COP-15 Copenhagen Accord (UNFCCC
2009) has noted a target subjective threshold, above which further warming is
deemed unacceptable, of 2◦C above pre-industrial global surface temperatures.
This is about 1.2◦C above 2010 levels—a very challenging target, given that global
emissions are still growing year by year.

2 Scientist–stakeholder linkages to improve vulnerability and adaptation analyses

Decision makers are becoming more interested in obtaining understandable infor-
mation about climate change risks. In particular, planners and managers in various
sectors are expressing the need for climate information that can support adaptation-
related decision-making, provide straightforward estimations of uncertainty and is
tailored to specific user groups. Such knowledge is ideally co-produced through
sustained stakeholder–scientist interactions to develop information and tools in
forms that decision makers are more likely to incorporate into their decision making
processes or use as a basis for modifying those processes (Sarewitz and Pielke 2007;
McNie 2007; van Kerkhoff and Lebel 2006; Lemos and Morehouse 2005; Turnpenny
et al. 2004). More information about projected climate changes and potential impacts
does little on its own to alter on-the-ground decision-making processes or influence
public- or private-policy debates about how to handle risk (Rayner et al. 2005; Dessai
and Hulme 2004).

A study investigating climate change awareness and preparedness among coastal
managers in California reported that most managers do not use weather, climate,
or sea level rise data in current decision-making, and that managers wanted more
information on climate risks but only if provided in a form that fit “seamlessly”
into existing procedures (Moser and Luers 2008). Recommendations for adaptation
actions based on scientific research often fall short of providing information that
can be directly useful in on-the-ground decision making. For example, a study of
22 years of scientific literature on biodiversity conservation finds hundreds of calls for
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adaptation of conservation practices to address climate change, but few recommen-
dations with sufficient specificity to inform actual operations and implementation
schemes (Heller and Zavaleta 2009). They call for the development of concrete
strategies and case studies that illustrate how and where to link research agendas, con-
servation programs, and institutional practices. The key here is to link stakeholder
input and scientific output at all stages of the information transfer process, from
problem detection, to design, to format of the products, to implementation activities.

3 Bottom-up/top-down vulnerability assessment

A critical challenge is improving the linkage, particularly in the context of adaptation,
between climate-impacts and vulnerability research and public and private planning
and management decisions. Toward that end, we highlight the need for bottom-
up/top-down vulnerability assessment, bringing together bottom-up knowledge of
existing vulnerabilities in the context of current decision making processes with top-
down climate-impact projections. This approach joins scientists with stakeholders to
identify and focus on key issues of concern: namely, stakeholder-assessed thresholds
of climate change vulnerability that could well be exceeded in the future, and
thus require attention in setting adaptation priorities in advance. Identifying key
thresholds that could be exceeded requires drawing on vulnerability assessments
for specific places or for specific sectors or groups to determine relevant thresholds
(the bottom-up part), and assessing the likelihood of exceeding these thresholds by
performing an analysis of existing archives of climate model projections produced
under alternative emissions scenarios (the top-down part).

Most climate-impact assessments are “top-down.” They are based on the output
of global climate models driven by alternative scenarios for future global greenhouse
gas emissions, land use patterns, demographic trends, policy choices, and economic
and technological change. They examine projected changes in specific climate vari-
ables and their implications for ecological and social systems. The obvious uncer-
tainty inherent in those socio-economic-development scenarios that drive future
emissions is compounded by an additional set of uncertainties associated with the
physical climate system. This includes uncertainties in the response of the climate
system to increasing greenhouse gas concentrations or land use changes, the limited
capacity of current global climate models to reproduce regional scale patterns with a
high degree of confidence, and the resultant common use of various downscaling
techniques to produce finer resolution projections. These downscaling methods
still rely on the coarse-scale-global-model projections, and results are sensitive to
the downscaling method employed (e.g., Maurer and Hidalgo 2008). Downscaled
projections generally produce a wide range of projected changes in local climate
conditions, particularly those beyond mean temperatures. In other words, there are
two fans of uncertainty that jointly determine vulnerability and impacts: (1) human
activities that create disturbances to the land and air, and (2) the response of the
climate system to such drivers of change, that response being a property of the
coupled human-natural system (e.g., Liu et al. 2007).

Most top-down impact studies use the range of greenhouse gas emissions asso-
ciated with alternative future scenarios to project changes in climate and biophys-
ical variables, but these studies often do not consider the implications for future
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vulnerability of the alternative socio-economic trends associated with each scenario,
and the resulting implications for projected impacts. The linkage between vulnera-
bility and development pathway is recognized, as it is highlighted, for example, in the
Intergovernmental Panel on Climate Change Fourth Assessment Report Working
Group II Summary for Policymakers (IPCC 2007), but beyond making this linkage,
the literature is sparse. Vulnerability is often defined in terms of three components:
exposure, sensitivity, and adaptive capacity (e.g., Adger et al. 2007; Adger 2006;
Smit and Wandel 2006). Exposure refers to the nature and degree to which a system
experiences stress (e.g., the frequency and intensity of heat waves in a given location,
or the level of the sea). Sensitivity refers to the degree to which a system is affected
or modified by that exposure, and varies across different regions, populations, and
sectors (e.g., differences in sensitivity to heat waves across age groups or populations
with differing access to air conditioning or coasts that are steep and have little area
exposed to rising sea levels versus very flat coastlines that are highly sensitive to sea
level rise). Adaptive capacity refers to the ability of a system to adjust to change, in
terms of expanding the range of impacts with which it can cope, making modifications
in ways that reduce its sensitivity to the changes, or both. Thus, increasing adaptive
capacity can reduce sensitivity, and thereby reduce vulnerability.

Exposure is reduced primarily by mitigation. In general terms, there is a rela-
tionship between vulnerability to climate events and the development status of a
nation (e.g. per capita GDP, access to education, life expectancy; IPCC 2007; Patt
et al. 2009). In this way, the differences in social and economic trends associated with
alternative future scenarios influence the vulnerability of socio-ecological systems.

Dessai and Hulme (2004) distinguish between assessments based on biophysical
(top-down) versus social (bottom-up) vulnerability. As noted by these authors and
others (e.g., Moser 2006), these approaches provide complementary information.
Comprehensively assessing vulnerability to rapid climate change requires an inte-
gration of both approaches. Detailed bottom-up studies are necessary to provide
understanding of the structural, institutional, psychological, financial, legal and other
mechanisms, and cultural norms of impacted sectors, communities and management
systems. In addition, studies are needed of the capacity and constraints, and access to
coping mechanisms of those impacted in responding to changing climate conditions,
and the influences of non-climatic stressors interacting with climate change (Tribbia
and Moser 2008; Rayner et al. 2005).

Thus, the challenge is to develop integrative methods and to employ the resulting
knowledge in order to inform decision-making (e.g., Vogel et al. 2007; Thomalla
et al. 2006). We reiterate that this challenge necessitates direct partnerships between
stakeholders and scientists, social scientists performing vulnerability assessments and
climate scientists making explicit what is known and not known regarding the climate
system response to given scenarios of development, and providing that climate
information in a form relevant to aiding the interactions between decision-makers
and scientists over time. Such partnerships can increase understanding of a system’s
response to climatic stress and identify potential intervention points for managing
vulnerabilities.

An approach to link scientists with stakeholders having expertise related to
specific regions, sectors or populations, what we have coined bottom-up/top-down
vulnerability assessment, requires at a minimum the three following steps. First,
assess historical and current exposure and sensitivity to a wide range of climatic
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conditions and resulting impacts, both experienced (e.g. property damage or loss of
life) and perceived (e.g. heightened sense of danger, loss of public trust). Second,
assess existing adaptive capacity and existing decision making processes (e.g. how
fast or the extent to which policies or behavioral practices changed in response to
climatic stresses) and the extent to which communication pathways allow a free flow
of information. These steps together provide indicators of thresholds of exposure
that would prove challenging for a particular system to adapt to, and thus provide
a basis for defining current, and potential future, vulnerability thresholds associ-
ated with climatic exposure. In some cases, existing scientific research or decision
maker/stakeholder experts may already have identified such thresholds. In other
cases, such information may not yet be available. Third, integrate this information
with future climate change projections and associated socio-economic development
pathways. Ensembles of projections that reflect uncertainty in future climate change
under specified emissions scenarios (across global climate models and downscaling
methods) can be employed to construct probability distributions of relevant climate
variables (exposure) and calculate likelihoods of crossing thresholds of exposure.
Finally, this information can be combined with the development pathways associated
with those specified emissions scenarios in order to examine how both exposure and
sensitivity may change over time, and thus how vulnerability thresholds based on
climatic exposure may change in the future.

To summarize, bottom-up analysis of concerning thresholds can be mapped
against the databases of top-down models driven by high, medium and low emissions
scenarios in order to estimate the likelihood of crossing these stakeholder-defined
local thresholds as a function of emissions scenario. Finally, pathways for future
development associated with these emissions scenarios can be incorporated to
estimate changes in future vulnerability that may affect these stakeholder-defined
thresholds. In this way planners can estimate the likelihood of changes outside of
their estimated coping ranges, and can do this as a function of emissions scenario and
development pathway, thereby providing the opportunity to consider adaptation and
mitigation decisions in complementary terms. For example, if there were a clustering
of such bottom-up thresholds being breached by some given degree of warming, that
would help to define a mitigation level for the complementary nature of mitigation
and adaptation actions.

Our bottom-up/top-down vulnerability assessment provides a transparent basis for
vulnerability assessment and informing decisions intended to reduce vulnerability.
This, in turn, could benefit numerous planning and management decisions by im-
proving linkages with climate change research. Alternative adaptation strategies can
be identified through this process and evaluated based on their ability to reduce
sensitivity to projected changes in exposure, and their robustness across uncertainty
in future outcomes. In addition to biodiversity conservation mentioned above,
examples of other impacted sectors include water supply infrastructure planning and
water resource management that will be affected by changes in water availability
and quality, coastal protection in areas threatened by sea level rise and intensifying
storm surges, cropping and agricultural management practices affected by changing
temperature and precipitation patterns, wildfire regimes in various regions, and
disaster preparedness with risk management for more frequent and intense heat
waves, heavy storms, and other extreme events. This type of bottom-up/top down
linked analysis can also be used to examine the vulnerability of specific communities
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or population groups rather than sectors, such as indigenous peoples in the Arctic or
high mountains, or women in farming communities in developing countries.

We also note, however, that this approach may not reveal important thresholds
of vulnerability related to future conditions with no analog in the past or present.
Emerging risks posed by nonlinearities in the climate system, rates of change in
climate conditions faster than those experienced in the past, and novel combinations
of stressors are likely to reveal “surprises,” vulnerabilities not or not fully foreseen
based on past experience (see, e.g., Schneider et al. 2007).

4 Vulnerability: internal “versus” external framing

Climatic Change, owing to its interdisciplinary approach across a broad spectrum
of problems and disciplines related to climate, has been a major player in building
the extensive body of literature characterizing the impacts of climate change, as
well as research related to improving the understanding of how and to what extent
climate change research can inform mitigation and adaptation strategies to respond
to climate risks. However, with a few notable exceptions, that body of literature
has been focused primarily on either top-down or bottom-up analysis. One of the
exceptions is Dessai et al. (2004) who argued:

There are therefore at least two contrasting perspectives on dangerous climate
change, what we term ‘external’ and ‘internal’ definitions of risk. External
definitions are usually based on scientific risk analysis, performed by experts,
of system characteristics of the physical or social world. Internal definitions
of danger recognize that to be real, danger has to be either experienced
or perceived—it is the individual or collective experience or perception of
insecurity or lack of safety that constitutes the danger. A robust policy response
must appreciate both external and internal definitions of danger.

They provided a figure (Fig. 1 below) to characterize the dichotomy between inter-
nal and external approaches, in this context, to defining what constitutes “dangerous
anthropogenic interference” with the climate system.

Our approach owes much to this creative framing of the vulnerability debate, and
builds from it. As we have argued, we accept this established recognition of the lack
of integrated efforts between stakeholders, policymakers, managers on the ground
and natural and social scientists. Our extension of this concern is to connect the
bottom-up (within both the external and internal-like levels in the Dessai and Hulme
framing) to define thresholds of concern and then to map these to the existing top-
down literature in climate modeling to estimate the likelihoods that such stakeholder
defined thresholds could be exceeded. We acknowledge how the literature advancing
over time in Climatic Change has provided an excellent base to build such a bottom-
up/top-down framework.

5 Examples of scientist–stakeholder linkages

To further illustrate these ideas, we present two examples where this approach might
be applied.
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Fig. 1 Components of external and internal definitions of dangerous climate change. From Dessai
et al. (2004)

5.1 Biodiversity conservation and managed relocation

Biodiversity is highly vulnerable to climate changes. However, species are diffe-
rentially vulnerable, and some even could take advantage of climate changes up to
a point. This makes managing species to avoid the irreversibility of extinction more
difficult. All living organisms are affected both directly and indirectly by climatic
factors, such as temperature and precipitation. In general, species occur in areas
where they expend the least amount of energy to stay alive. As such, temperature
affects and may also limit the ranges of many species (Root 1988a, b). Consequently,
as species are exposed to higher temperatures due to rapid warming, those that are
most sensitive to temperature change (e.g., those in the foothills of mountains or
with the poleward boundary of their range limited by temperature) should be able
to adapt by shifting up in elevation or poleward, assuming that the habitat through
which they must move is not too hostile (e.g., a small mammal on an island can
rarely cross the ocean to get to another hospitable habitat, or a reptile cannot easily
walk across factories, freeways and other features of urban settlements). An elegant
example has it origin in the early 1900s when Joseph Grinnell recorded species along
several altitudinal transects in the Sierra Nevada mountain range. Repeating those
transects in the early 2000s, Tingley et al. (2009) found that 48 out of 53 (90%)
bird species have indeed shifted up significantly in elevation, which allowed them
to remain within their thermal niche.

An increase in average global temperature of only 0.6 to 0.8◦C, since the begin-
ning of the 20th century, has already caused many plants and animals to adapt—
demonstrating that they are indeed sensitive to seemingly small changes in climate.
Since 1990 locational shifts at the northern boundary of the ranges of various plants
was noted by the National Arbor Day Foundation. Knowing when to plant particular
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species in a given location is key for this Foundation. They found that the 1990
USDA Plant Hardiness Zone Map, which historically has been used to determine
planting dates, needed to be updated to be reliable due to the warming of the globe.
Hence, they redrew the map themselves (Fig. 2). A comparison of the 1990 and 2006
maps reveals that the hardiness of plants has obviously changed significantly over the
intervening 16 years.

Not only are plants and animals shifting north and up in elevation throughout the
US, but species are also changing their phenology, or the timing of life events, such
as blossoming flowers or laying eggs. In the beginning of the 21st century, species
around the globe were found to be overwhelmingly (80%) changing in the manner
expected with global warming (Root et al. 2003). Studies continue to find significant
responses of species to warming in the last century (Parmesan 2006), and the number
of studies making recommendations for how resource managers should adapt their
practices to maintain biodiversity in the face of these changes has grown rapidly
(Heller and Zavaleta 2009). Unfortunately, most of those studies are not providing
the decision makers with the type of information they need to manage species
in peril (Heller and Zavaleta 2009). This is exactly where a bottom-up/top-down
vulnerability assessment is needed. Using climate models projections (top-down)
with observations on species responses (bottom-up) will better allow managers
to understand species changes in a manner that helps them invoke appropriate
management.

As the globe continues its rapid warming (with temperature increase likely to be
uncomfortably larger over the 21st century), a considerable fraction of plants and
animals around the globe may not be able to adapt quickly enough on their own,
and their survival may require direct human intervention. For example, species on
low-lying islands threatened by rising sea levels may only avoid extinction if moved
by humans to alternative suitable habitats. Those species that managers are able to
be relocate into more hospitable areas will likely need careful management to ensure
they get established in the new habitat (Richardson et al. 2009). In the authors’ value
system, which we believe is shared by a large fraction of humanity, we do not want
many species to go extinct (the final irreversibility). However, the sheer number of
species needing help compared to the limited resources societies typically allocate to
conservation and restoration will not allow us to save all species.

Indeed saving all species is impossible, even if managers understood how and
what to do for every species, which is obviously impossible. The resources needed
for managed relocations of species are not only monetary, but also include factors
such as improving our understanding of how and when to intervene, and how to
relocate and successfully maintain particular species. Additionally lacking for an
effective and comprehensive effort to save as many species as possible is people
power to carry out the work, political will to finance support for such learning and
management, and other factors still to be identified. An unfortunate message from
this for managers and decision makers is that species conservation efforts need to
be prioritized, something that we are doing to a considerable extent already (e.g.
funds allocated to help get species off the US endangered species list, the order in
which land is acquired for conservation, and the space provided in zoos and botanical
gardens).

When species do go extinct it is frequently not due to a failure of one particular
factor—a particular manager or management scheme. Most failures, however, can
be traced to not having sufficient resources to deal with the ever-growing number
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a)   1990 USDA Hardiness Zones 

b)  2006 arborday.org Hardiness Zone Map 

Fig. 2 Comparison of 1990 USDA Hardiness Zone Map and 2006 Arbor Day Foundation revision.
1990 map after USDA Plant Hardiness Zone Map, USDA Miscellaneous Publication No. 1475,
Issued January 1990. 2006 map copyright by The National Arbor Day Foundation, available at:
http://www.arborday.org/media/zones.cfm

http://www.arborday.org/media/zones.cfm
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of species in distress. What we must do is focus on those that we can save and not
risk them by siphoning off resources for other species less likely to be protected
by feasible interventions. This is exactly what is already occurring because of the
very fact that we, for example, prioritize the species on the endangered species list
because funding or another factor is not available to do what is needed for all at-risk
species. Some species, however, have been managed in a manner that increased their
abundances to the extent they are no longer considered endangered. That is a handful
of species out of a depressingly long list endangered species. While considering such
horrific choices to “triage” species, protection efforts for a species are clearly a value
judgment about which species are “valuable enough” to get the investments for
protection or “less valuable” and thus lower priority for attention. The proposals
for scientific criteria to aid in making these sorts of judgments have already been
suggested (Richardson et al. 2009). These include a variety of social and ecological
issues as can be seen in Table 1 from Richardson et al. (2009).

The examples used to illustrate this proposed decision-making process explained
by Richardson and co-authors (2009) are formulated from hypothetical stakeholders
and published information about a few species of concern, for which the quality of
the information about the likelihoods of outcomes are based on sparse data and little
formal analysis. For this model to be applied in practice and used for making high-
stakes conservation decisions, a bottom-up/top-down vulnerability assessment, such
as the method described above, will greatly help produce the range of information,
quantified with the appropriate levels of certainty, needed to assess the categories
listed in the table.

5.2 Coastal management and climate change

Coastal populations are highly sensitive to climate changes and sea level rise.
Erosion, storm events, flooding, and saltwater intrusion into groundwater, estuaries,
and septic systems persistently threaten people, property, flora and fauna. Ten
percent of the world’s human population lives along a coastline that is less than 10 m
above sea level. Even so, coastal areas have some of the fastest rates of urbanization
(McGranahan et al. 2007). This development puts high numbers of people at risk,
and limits the adaptive capacity of wetland and other coastal ecosystems to migrate
inland and cope with sea level rise. Habitat loss results in further vulnerability
because coastal ecosystems provide numerous services to communities (e.g. atten-
uating waves and flooding associated with storm events, food, carbon sequestration,
pollutant regulation). Recent studies in the US with coastal managers highlight
that awareness of climate change impacts, tools and resources to plan accordingly,
as well as the institutional capacity to adapt are scarce (Moser and Luers 2008).
In developing nations, these resources are even scarcer, though economically poor
populations may have access to coping strategies, such as flexibility in resource use,
social structures and mobility, which may provide resilience (Adger 1999; Berkes and
Jolly 2001).

A recent report by the San Francisco Bay Area Conservation and Development
Commission (SFBCDC) outlines a number of governance limitations to adaptation,
institutional practices, and specific knowledge gaps that create vulnerability along
shores (SFBCDC 2009). Adjacent to the Bay, a great deal of valuable infrastructure
is built at sea level, on reclaimed marshland, including roads, ports, airports, and
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commercial and residential buildings. It is argued that current insurance practices
act to encourage development in risky floodplains where risk is increasing due to
climate change and not decreasing as was thought in the past due to various human

Table 1 Ecological and social considerations for evaluating individual cases of managed relocation
(MR), wherein the goal is to prevent the loss of a species or population

Ecological criteria Social criteria

Focal impacta

Likelihood of outcome: Likelihood and consequence of outcome:
Extinction Cultural importance of the target and its

community (e.g., Is the target a flagship
or iconic species? Is the historic integrity
of the community important?)

Decline in geographic distribution Equity of the impact on particular
groups of people

Decline in abundance within Concerns about the harm to individual
geographic distribution organisms subjected to MR

Indirect effects of decline on community Financial loss whether focal unit declines
members and community composition in abundance or goes extinct

Consequence of outcome:
Uniqueness (phylogenetic, functional, etc.)
Geographic distribution (common versus

rare; small versus large range)
The potential for reversibility (e.g., if no

action were taken and the species went
extinct in the wild, are there ex situ
individuals available for population
reestablishment)

Collateral impactb

Likelihood of outcome: Likelihood and consequence of outcome:
Decline or extinction of native species Cultural importance of the target and its

in recipient region community (e.g., Is the target a flagship
or iconic species? Is the historic integrity
of the community important?)

Decline or loss of ecological functions Equity of the impact on particular
in recipient region groups of people

Concerns about the harm to individual
organisms subjected to MR

Financial loss whether focal unit declines
in abundance or goes extinct

Consequence of outcome:
Uniqueness of affected focal units
Geographic distribution of affected focal units
Effect on existing conservation efforts
Degree to which effects are reversible (e.g.,

whether the focal unit could be easily
controlled or managed once established
in the recipient region)
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Table 1 (continued)

Ecological criteria Social criteria

Feasibilityc

Degree to which the target can be captured, Economic cost
propagated, transported, transplanted,
monitored, or controlled

Availability of appropriate sites for translocation Legal or regulatory obstacles (permits, etc.)
that would hinder or restrict the capacity
to conduct MR

Sustainability of MR in achieving Regulations or laws that facilitate MR
conservation objectives (e.g., whether MR
for a given focal unit would need to be
performed iteratively to match changes in
environmental conditions)

Acceptabilityd

NA Willingness to accept potentially irreversible
consequences (cultural, aesthetic,
or economic)

Willingness to support action
Trust and acceptance of ecological

information
Aesthetic, cultural, and moral attitudes

toward focal and collateral units
Concern that a focal unit’s protection will

restrict land in the recipient region from
being managed or developed

Willingness to support new laws and policies
that encourage or enable MR

This list is illustrative, not exhaustive, and will vary by case and stakeholder group. Additional criteria
would be needed to consider MR if the goal was to replace a species complex or ecological function
that had been lost from a system. In the case of focal and collateral impact, risk is measured by
the likelihood of an outcome times the consequence of that outcome. Table from Richardson et al.
(2009)
NA not applicable
aImpact on focal unit and its community from climate change and exacerbating effects of MR
bEffect of focal unit in recipient region
cConstraints on or opportunities for MR
dSocietal willingness to pursue MR

built protections, such as levees. This is in part because US Federal Emergency
Management Agency flood risk maps, which are used to set insurance premiums
and guide development of shoreline protections, are based on historic observations,
without yet integrating changes in flood risk from projected sea level rise and climate
change. The shoreline around the Bay is highly fragmented by different jurisdictional
agencies, and no regional agency has a mandate to protect the Bay from sea level
rise. Ironically, SFBCDC, the one state agency with a regional scope operates under
a mandate to ensure the Bay does not shrink beyond what was lost as of 1965, but
they have no mandate to let it grow larger.
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This vulnerability assessment for the San Francisco Bay Area was enabled in part
through top-down impacts research, much of which was supported by the California
government. Knowles (2009) presents high-resolution maps of the San Francisco Bay
Area highlighting areas vulnerable to inundation from sea level rise under one future
scenario, from which SFBCDC was able to begin assessment and identify bottom-up
constraints to adaptation (e.g. lack of mandates, inaccurate depiction of risk, lack of
stakeholder awareness). This assessment, however, is limited in key ways.

Knowles acknowledges that the analysis does not provide quantification of the
future risk of inundation. Further, the analysis does not examine the likelihood of
crossing stakeholder-defined thresholds of vulnerability across future scenarios and
modeled responses of the climate system, nor does it incorporate changes in risk
as a result of alternative adaptation strategies. Taking these additional steps can
help to make transparent what levels of risk to the public good are inherent in
alternative management and development decisions, and can help to provide clear
rationale for prioritization of policy changes. Further, this process will no doubt
expose major technical and social uncertainties, and tensions arising from separate
attention to mitigation and adaptation. For example, urbanized estuaries like the San
Francisco Bay have mitigation mandates to prevent sprawl and reduce transportation
footprints, thus encouraging development near the already congested Bay, while at
the same time adaptation options highlight the need to conserve and restore coastal
habitat to protect existing communities from sea level rise and climate changes.

6 Going forward

The extra work of translating projected changes in climate variables into relevant,
sector specific information is critical given the often extreme monetary and staffing
constraints, institutional inflexibility, and limited knowledge and technological ca-
pacity of decision makers (Moser and Luers 2008; Rayner et al. 2005). Such managers
face significant challenges in their jobs without factoring in climate change, as the
literature has clearly indicated, but even when aware of climate change-induced
threats of increased vulnerability, these managers often do not have the information
they perceive they need to alter their strategies in response to these risks.

Here we have proposed that scientists work with such managers and stakeholders
to define the kinds of exposure thresholds they would find difficult for their particular
system to adapt to (and thus, potential “dangerous” thresholds of vulnerability),
and then have climate scientists point out the relative likelihood of exceeding such
thresholds given a range of emissions resulting from alternative land-use, and social,
technological and economic futures.

If, as noted earlier, these thresholds clustered about a particular temperature
increase level above present, that would also serve to inform the mitigation debate
about avoiding “dangerous” climate changes. In this sense, we argue that adaptation
assessment becomes a complement to mitigation planning, not simply a trade-off
as it so often framed in the economics literature. Furthermore, stakeholders and
managers informed about the likelihood of various exceedences of adaptive capacity
could better identify key challenges and prioritize actions.

Climatic Change was originally set up 100 volumes ago to be a principal venue for
the publication of just such interdisciplinary analyses, and has and will, of course,
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be very welcoming to any efforts that attempt to advance our knowledge of the
internal–external or bottom-up/top-down analyses that are likely to prove crucial
to the reduction of vulnerability of human and natural systems as climate change
intensifies.
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