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Abstract: Risks from human intervention in the climate system are raising concerns with respect to

individual species and ecosystem health and resiliency. A dominant approach uses global climate

models to predict changes in climate in the coming decades and then to downscale this information to

assess impacts to plant communities, animal habitats, agricultural and urban ecosystems, and other

parts of the Earth’s life system. To achieve robust assessments of the threats to these systems in this

top-down, outcome vulnerability approach, however, requires skillful prediction, and representation

of changes in regional and local climate processes, which has not yet been satisfactorily achieved.

Moreover, threats to biodiversity and ecosystem function, such as from invasive species, are in general,

not adequately included in the assessments. We discuss a complementary assessment framework

that builds on a bottom-up vulnerability concept that requires the determination of the major human

and natural forcings on the environment including extreme events, and the interactions between

these forcings. After these forcings and interactions are identified, then the relative risks of each

issue can be compared with other risks or forcings in order to adopt optimal mitigation/adaptation

strategies. This framework is a more inclusive way of assessing risks, including climate variability

and longer-term natural and anthropogenic-driven change, than the outcome vulnerability approach

which is mainly based on multi-decadal global and regional climate model predictions. We therefore

conclude that the top-down approach alone is outmoded as it is inadequate for robustly assessing

risks to biodiversity and ecosystem function. In contrast the bottom-up, integrative approach is

feasible and much more in line with the needs of the assessment and conservation community. A key

message of our paper is to emphasize the need to consider coupled feedbacks since the Earth is a

dynamically interactive system. This should be done not just in the model structure, but also in its

application and subsequent analyses. We recognize that the community is moving toward that goal

and we urge an accelerated pace.

Keywords: climate assessments; global climate modeling; environmental vulnerability; sustainability; risk

1. Introduction

The vulnerability of species and ecosystems to weather and climate continues to be
an important concern. Extremes of weather, for example, such as prolonged drought,
destructive hurricane landfalls, heat and cold waves can cause havoc and even alter the
biodiversity and function of entire ecosystems [1–3]. Indeed, movement of plant and
animal species has always been dynamic as the climate has changed over time. The change
from the Pleistocene to the Holocene is a recent example of how such profound changes
can occur (e.g., [4]). In the contemporary climate, human activity has become involved as a
major forcing of these changes. Examples of these forcings include the emission of CO2

Earth 2021, 2, 440–456. https://doi.org/10.3390/earth2030026 https://www.mdpi.com/journal/earth

https://www.mdpi.com/journal/earth
https://www.mdpi.com
https://doi.org/10.3390/earth2030026
https://doi.org/10.3390/earth2030026
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/earth2030026
https://www.mdpi.com/journal/earth
https://www.mdpi.com/article/10.3390/earth2030026?type=check_update&version=1


Earth 2021, 2 441

and other greenhouse gases and aerosols such as black carbon and nitrogen oxides into the
atmosphere from industrial, vehicular and land management sources, and the conversion
of land to agriculture or other human uses [5,6].

However, the focus on developing strategies for biodiversity conservation in response
to these forcings, which are in addition to forcings that have always occurred naturally (e.g.,
see [7,8]), has emphasized CO2 and other human greenhouse emissions-based impacts.
There are risks, however, in constraining what the actual threats to species and ecosystems
are. These threats are particularly important with mixed and managed ecosystems such as
in agriculture, urban areas, and many forest landscapes.

Hulme [9] outlines different narratives and framings of climate issues. In particular,
building off Hulme [9,10], we note two framings that have emerged and are used in the
community (see Figure 1). These are:

(1) 1st Framing–human greenhouse gas (GHG) emissions are the dominant human
climate change forcings;

(2) 2nd Framing–multiple anthropogenic forcings on climate, including GHG emissions,
but also land-use changes, and aerosol pollution, along with natural climate forcings
are all of first-order importance in affecting climate.

Figure 1. Schematic of framing of climate issue based on Hulme [9,10].

The Hulme [9] commentary highlights that “these two different provocations–two different
framings of climate change–open up the possibility of very different forms of public and policy
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engagement with the issue. They shape the response”. Polasky et al. [11] also urge a rethinking
of how to approach human intervention into the environment including the climate.

Large-scale climate-based assessments typically built on the 1st framing (in which
human greenhouse gas emissions are the most significant threat) is one approach. In
contrast, the 2nd framing considered at the local and regional scale, climatic changes due to
land use/land management, aerosol forcing, and other human interventions, however, can
be comparable, stronger than, or counter the effect from greenhouse gas emissions based
on forcing alone. An example of significant land-use transformation is due to urbanization.
While the urban heat island (UHI) is a small fraction of global mean temperatures as
reviewed, for instance, in [12]; at the regional scale UHI impacts on temperature can be an
order of magnitude higher than the large-scale climate change effect from added GHGs for
the corresponding period (e.g., [13,14]).

Other land-use changes, in addition to the urban effect, can similarly have effects on
regional climate that are at least as large as from added GHGs (e.g., [8,15–25]). Niyogi [22],
for example, reported on increasing heavy rains in India with resulting alterations in
hydroclimate due to changes in land use and land cover.

Our paper, therefore, recommends broadening the assessment of environmental
vulnerability beyond risks from the addition of greenhouse gases to the atmosphere.
When the latter is presumed to be the dominant threat, yet other risks may be as large or
larger, policy responses will be misdirected and effective approaches to environmental
sustainability missed.

2. Terminology

Before discussing an improved framing, we need to make sure our terminology is
precise. First, weather is generally understood to be short term variations in atmospheric
quantities such as temperature, humidity, precipitation, cloud cover, radiation, and winds.
Time periods extend from today out to a couple of weeks, and at most, a season. Weather
models have the advantage that thousands of observations are inserted into the models
at frequent intervals in order to constrain any drift of the models from reality [26]. The
model forecast skill can also be straightforwardly and every day validated against what
actually occurred.

Climate has two definitions. The first definition is that the climate is the long-term
weather statistics of specific geographical locations. The issue though is what is meant by
“long-term” (i.e., what time interval is the forecast for)? Weather prediction itself involves
statistics such as the U.S. National Weather Service forecasts of daily precipitation totals,
daily maximum and minimum temperatures, for instance. The U.S. Climate Prediction
Center provides seasonal forecasts as probabilities of mean temperature (or precipitation)
falling into the most likely of three classes based off 30-year observed climatology (such as
1981–2010)–either above–near–or below normal (median). While for infrastructure design
a 100-year frequency is used for planning purposes- even if such a long period of record is
not available [27].

In terms of threats to species and ecosystems, a broader definition of climate is often
needed. The inclusive definition of climate is that it is the coupled ocean-atmosphere-
land-cryosphere-human system. It involves physical-biological-geochemical interactions
including interfacial fluxes across the different mediums. With this inclusive framing
“climate” means the climate system. This was the definition adopted in [28] and illustrated
schematically in Figure 2.
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Figure 2. The climate system, consisting of the atmosphere, oceans, land, and cryosphere. Important state variables for

each sphere of the climate system are listed in the boxes. For the purposes of this report, the Sun, volcanic emissions, and

human-caused emissions of greenhouse gases and changes to the land surface are considered external to the climate system

(adapted from [8] by Olusola Festus, University of Missouri Kansas City).

This schematic also shows why the second framing from Hulme [9] in which there is
a diverse range of first-order human climate forcings is a better way to characterize the
range of threats. Indeed, defining climate in this manner is just recognizing that the Earth’s
environment is a human-influenced ecological system. On Earth, there is no “physical
climate” by itself. The terms “climate” and “ecology” are the same thing except viewed
and framed from the physical and the biological communities, respectively.

Rial et al. [29] and Sveinsson et al. [30] present examples demonstrating that the
Earth’s climate system is highly nonlinear, that inputs and outputs are not proportional,
that change is often episodic and abrupt, rather than slow and gradual, and that multiple
equilibria are the norm. This highlights the need to add value beyond using global models’
scenarios to frame social and environmental risks to ecosystem health. Peters et al. [31], for
instance, shows that the ecological system has spatial nonlinearities which result in critical
environmental thresholds. Thus what may be an appropriate mitigation response for one
spatial scale of a disturbance may not be transferable to a different spatial scale. Moreover,
the global model multidecadal regional predictions of changes in climate statistics are not
showing needed skill (e.g., [32,33]). Moreover, despite the limited skill reported by the
IPCC [33] in Chapter 11, results are presented for multidecadal time periods in Chapter
12 [33] and Annex I [33] and are used by the impact community as if they have skill. This is
misleading as the model predictions have not demonstrated the needed skill. Even on the
global scale, skill in predicting changes in the global averages shows limited skill [34,35].
The large-scale outcomes are also sensitive to issues raised with respect to the forcings
from emissions [36–38]. As shown in [36] for example, IPCC baseline scenarios have
over-projected CO2 emissions.

3. Human Intervention in the Climate System

Examples of human intervention into the climate system include human emissions of
CO2, other greenhouse gases, and aerosols, deposition of these aerosols on land and ocean,
land cover change and land management practices, discharge of effluent into rivers, lakes
and oceans; introduction of invasive species; and agricultural and engineering manage-
ment [5]. These human forcings not only affect the radiative fluxes in the climate system,
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but also have biogeochemical effects, such as from nitrogen deposition, the biological effect
of added CO2, and hydroclimatic changes such as inundation and altered seasonal hydrol-
ogy through dams or irrigation, and regional policies such as investment in renewable
energy etc. Most of the risks faced by species and ecosystems are regional and local, and
only weakly connected to a global average of any metric including a global annual mean
surface temperature anomaly. Figure 3 illustrates the process flow that is outlined in the
climate system shown in Figure 2.

Figure 3. Conceptual framework of climate forcing, response, and feedbacks under present-day climate conditions.

Examples of human activities, forcing agents, climate system components, and variables that can be involved in climate

response are provided in the lists in each box from [28].

4. Top-Down Assessment of Vulnerabilities

Many assessments and research studies typically start from a GCM-based and down-
scale to regional and local impacts (e.g., [39–42]). The broad framework builds on the
projection of climate decades into the future (in which the assessments refer to climate
change or projected climate). This is the outcome vulnerability approach illustrated on the
left panel of Figure 4.

For the top-down approach, Figure 5 illustrates the generally used starting point
using global climate models to assess and predict human-caused climate change. Radiative
forcing is the driving effect used to project the resultant response of the climate. However,
there are large uncertainties even in this global-averaged forcing [36]. Regional variations
in this radiative forcing and their effects are not properly considered. This top-down view
is illustrated in how [45] is structured. The three-volume report, which is summarized
in [45], starts with the Working Group 1 report of the IPCC which focuses on the global
scale with the title “Climate Change 2013: The Physical Science Basis”. The following two
volumes build substantively based on the conclusions of the first volume and have the titles
AR5 “Climate Change 2014: Impacts, Adaptation, and Vulnerability” and “AR5 Climate
Change 2014: Mitigation and Climate Change”. They extensively use information from the
first report to assess vulnerabilities (those two IPCC follow-on reports focus on the outcome
vulnerability approach with only a few exceptions). Also, the 2013 IPCC report [33] is
titled the “Physical Science Basis” of climate change. However, as discussed in this paper,
it is necessary to look beyond the physical component of the climate system as part of the
Earth system. Figure 5 also illustrates how global forcing is translated to regional and local
environmental impacts (represented by “other impacts” in the figure). Starting with the
global atmospheric or global atmospheric-ocean models, this is a top-down perspective
where the large-scale forcing dictates the environmental impact. Often, regional dynamic
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or statistic models [46] are used to downscale the global model information to scales useful
to the environmental impacts community (e.g., [47]).

Figure 4. Framework depicting two interpretations of vulnerability to climate change: (left) outcome

vulnerability and (right) contextual vulnerability. Adapted by D. Staley from the works of [43,44].

Figure 5. Conceptual framework showing how radiative forcing fits into the climate policy framework

from [28].

This is the procedure used, for example, by the U.S. National Assessment where
regional impacts were defined for much of the 21st century based on this downscaling [48].
This approach is useful as “what if” sensitivity model studies. Examples include assessing
the broad framework and relative importance of different forcings and comparing the
results across different assessments (e.g., [49,50]).

A necessary condition for using the top-down approach is that the global climate
models provide skillful forecasts of changes in climate statistics on the regional and local
scales for the time period of interest. It is important to emphasize that it is the changes that
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must be skillfully predicted. Current and recent historical climate statistics and changes
over time in these statistics from the climate models in hindcast runs should be compared
with local observed climate data records and reanalyses products such as ERA-5 and JMA-
55. The concept and value of reanalyses are discussed in [51]. A necessary condition to
use the climate model as robust predictions for future decades is a demonstrated ability to
predict, in hindcast runs, the observed longer-term changes in the climate statistics in the
reanalyses. While not a complete test of skill (as input data such as vegetation distribution
are prescribed and parameterizations in the models are tuned to today’s climate), they are
an essential test.

The Earth’s ecosystems exist in the oceans and on land. While land covers less than
30% of the Earth’s surface, its effect on climate through biophysical and biogeochemical pro-
cesses, and thus on ecosystem function, can be disproportionally large [52]. Thunderstorms,
for example, predominantly occur over land (by a 10:1 ratio; e.g., see Figure 10 in [15]).
This preference for deep convection over land is because energy for deep cumulus clouds
is typically larger over land as diurnal solar heating typically creates larger surface heat
fluxes during daylight which fuels the intensity of these storms as discussed in Appendix
A of [51]). It has also been shown [53,54] that much of the energy transported upwards in
the tropics and then poleward, occurs because of these deep-convective thunderstorms
which are the starting point for the major, global-scale, circulation cells such as the Hadley
and Walker cells. These studies demonstrated that 1500–5000 thunderstorms, which they
refer to as “hot towers”, are the conduit to transport heat, moisture, and wind energy to
higher latitudes. Since these thunderstorms occur mostly over land, any change in their
spatial patterns due to land use/land-cover change, including vegetation or anthropogenic
aerosols would be expected to have global climate consequences (e.g., [55]). Indeed, this
human-caused change in thunderstorm patterns caused by the diverse regional climate
forcings identified in this paper may have a greater effect on the climate system and
ecosystem function beyond the radiative effect of doubled CO2 [56,57].

Thus the current top-down approach adopted by use of GCMs to provide predictions
of changes in environmental (climate) conditions in the coming decades has to overcome
their lack of robust regional prediction skill as well as to include a more accurate represen-
tation of regional and local processes including all important human climate forcings. The
challenge, therefore, is to develop an alternative or complementary approach to assess risk
to environmental resources, including species health and ecosystem function.

The ecological community has been recognizing this shortcoming. For instance, Lawler
et al. [58] writes “uncertainty in projected climate change impacts is one of the greatest
challenges facing managers attempting to address global change”. Kittel et al. [59] write
“[h]igh uncertainty in the future of regional climates and ecosystems presents a challenge to the
conservation of biodiversity and landscapes”.

5. Bottom-Up Assessment of Vulnerabilities

A new vulnerability bottom-up paradigm was proposed in [60] to identify critical
vulnerabilities in key resources and then seek optimal adaptation and mitigation strate-
gies. (Figure 4 right side in—the contextual vulnerability perspective). The vulnerability
paradigm, as applied to the Earth system, is a more inclusive approach than only focusing
on the global model predictions for ecosystem impact studies. Kittel [61] concludes that
“biodiversity is vulnerable to changing climate conditions across its breadth and depth—that is
to say, altering composition, structure, and function of species genetics and populations and of
communities, ecosystems, and landscapes.” As he writes this vulnerability is “highly interwoven
across these levels and across temporal and spatial scales, as well as being context dependent”.

There are examples of the ecological community recognizing need for a bottom-up
view when considering land-use change impacts [62] and using the Driver-Pressure-State-
Impact-Response (DIPSR) method and related frameworks (e.g., [63,64]) to complement
the multi-decadal climate predictions.
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The environmental and human-caused threats extend well beyond long-term changes
in weather statistics including extremes. The framework for the contextual vulnerability
assessment approach provides a local and regional perspective, in contrast to starting with
the global climate models which is a top-down approach from a global perspective.

The vulnerability focus is on the resource of interest; in this paper it is ecosystem func-
tion including species diversity and health. The challenge is to use resource specific models
and observations to determine thresholds at which negative effects occur associated with
this resource. Changes in the environment from added CO2 and other greenhouse gases,
represent a subset of the threat. Moreover, the climate system itself can be significantly
altered by changes such as due to urbanization or agricultural practices and of other land
management. There are multiple, nonlinear interactions between the forcings as shown by
the dashed lines in Figure 6.

Figure 6. Schematic of the relation of ecosystem contextual vulnerability to the spectrum of the

environmental forcings and feedbacks. The arrows denote nonlinear interactions between and within

natural and human forcings from [65].

One of the approaches to assess vulnerability is through stakeholder participation and
by querying the impact community about their experience of effects due to current weather
and longer term (climate) trends and variability, and their thresholds for deleterious effects.
Also what adaptation and/or mitigation strategies are (or could be) performed to reduce
this vulnerability?

These questions for the stakeholders can be framed more explicitly as follows:

(1) Why is this resource (e.g., ground water) important? How is it used (e.g., drinking, ir-
rigation, industry)? To what stakeholders (e.g., agrobusinesses, ecological restoration)
is it valuable?

(2) What are the key environmental (e.g., rainfall change) and social variables (e.g., ground
water pumping) that influence this resource?

(3) What is the sensitivity of this resource to changes in each key variable at different
time and space scales? In terms of time scales, this includes, but is not limited to,
the sensitivity of the resource to environmental variations and changes on short
(e.g., days), medium (e.g., seasons), and long (e.g., multidecadal) timescales. Space
scales include habitats, landscapes, water basins and migratory ranges.

(4) What changes (thresholds) in these key variables would have to occur (and at what
scale) to result in a negative (or positive) response to this resource? What is the
available natural (e.g., riparian zoning) and management (e.g., governance) tools for
resistance and resilience to these changes?
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(5) What are the best estimates of the probabilities for these changes to occur (at different
time scales; e.g., next 10 years; near 30 years etc.)? What tools are available to
quantify the effect of these changes, and over what time frame? Can these estimates
be skillfully predicted?

(6) What actions (adaptation/mitigation) can be undertaken in order to minimize or over-
come the negative consequences of these changes (or to optimize a positive response)?

(7) What are specific recommendations for policymakers and other stakeholders in light
of these assessments?

Note that the above seven questions provide an example of the prescriptive pathway
for adopting the vulnerability framework. Kling et al. [66] and Ordonez [67] have taken
steps in this direction by highlighting the need to analyze the interaction between vul-
nerability paradigms when defining suitable conservation, management, and adaptation
strategies. Pielke Jr. [68] recommends a framing of the policy response as the following: If
a science issue has value consensus and low uncertainty and if it is connected to policy,
then the scientist should serve as “science arbitrator”. If the issue is not connected to policy,
the scientist works a “pure scientist”. However, if the issue does not have value consensus
and/or has significant uncertainty, then the scientist can serve as an “issue advocate” if they
argue for a particular reduction in scope of the issue or as an “honest broker” if the scientist
presents to the policymakers the suite of uncertainties.

Moss et al. [69] summarize the approaches that have been used to create scenarios for
climate change research and assessment for the IPCC reports. They discuss a sequential ap-
proach (their Figure 3; reproduced here as Figure 7) where socio-economic scenarios are the
starting point and then these are fed into emission scenarios, then radiative scenarios and
climate model scenarios and finally impact, adaptation, vulnerably studies (the outcome
vulnerability approach). They also present (their Figure 4; reproduced here as Figure 8)
what they refer to as the parallel process which begins with identification of radiative forc-
ing characteristics that support modeling of a wide range of possible future climates. They
then split into two pathways–one on socio-economic emission scenarios, some of which are
consistent with the radiative forcing pathways they selected and others are independent of
those results, and a second pathway with climate scenarios. Then they merge the climate
model and socio-economic scenario pathways. Finally, they assess impact, and adaption
and vulnerability studies. Despite these somewhat convoluted pathways, the approach
still invokes the outcome vulnerability approach, with a narrow view of what the future
could be.

Figure 7. This figure depicts a linear chain of causes and consequences of anthropogenic climate change. Scenarios

are developed on the basis of this sequence and handed from one research community to the next. From [69] with an

edited caption.
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Figure 8. Scenarios began with the identification of radiative forcing characteristics that support modelling of a wide range of

possible future climates. Representative concentration pathways (RCPs) are selected from the published literature to provide

needed inputs of emissions, concentrations, and land use/cover for climate models. In parallel with development of climate

scenarios based on the RCPs, new socio-economic scenarios (some consistent with the radiative forcing characteristics used

to identify the RCPs and some developed to explore completely different futures and issues) are developed to explore

important socio-economic uncertainties affecting both adaptation and mitigation. Using a variety of tools and methods, such

as pattern scaling, the new socio-economic scenarios are integrated with the new climate scenarios. This framing is used to

provide insights into the costs, benefits, and risks of different climate futures, policies, and socio-economic development

pathways. From [69] with an edited caption.

As Kittel [61] writes “inherent limitations in predicting outcomes of vulnerability’s complex
dynamics, coupled with uncertainties in future forcings, make it difficult at best to anticipate specific
consequences”. This paper presents a framework to handle uncertainty which includes
qualitative scenarios of climatic and ecological change based on expected as well as less
probable but plausible futures not tied to specific model projections, as one approach. The
recommendations are summarized as:

(1) Expert synthesis of established knowledge, providing an opportunity to gain insights
into the resistance and resilience of species and systems to a changing climate and,
based on this, to devise strategies to reduce or cope with this risk.

(2) Scenario (“what if”) planning gives us the means to not rely on climate and eco-
logical model projections for systems whose complexities are inherently difficult to
simulate; rather, scenario planning gives us a framework with which to envision
consequences to biodiversity across a broad spectrum of plausible futures (including
conceivable ‘surprises’).

(3) A “no-regrets” goal (consider spectrum of plausible risks) guides us to implement
climate-adaptive strategies which benefit current conservation needs by also decreas-
ing species and system vulnerabilities to the suite of other threats.

(4) Adaptive management (permit short-term adjustments as knowledge is gained) pro-
tocols give conservation programs the flexibility to adjust strategies to changing
conditions and advances in our understanding.

Included in such a framing, of course, has to be the recognition that climate change
is not an external forcing to the ecosystems of the world, but is an integral and intimate
component involved in the dynamics of the highly nonlinear interconnected climate sys-
tem [28,70].

Marland [18], for instance, writes “climate mitigation policies do not generally incorporate
the effects of . . . changes in the land surface on the surface albedo, the fluxes of sensible and latent
heat to the atmosphere, and the distribution of energy within the climate system. Changes in these
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components of the surface energy budget can affect the local, regional, and global climate. Given
the goal of mitigating climate change, it is important to consider all of the effects of changes in
terrestrial vegetation and to work toward a better understanding of the full climate system”.

Thus the climate system and the Earth’s ecosystem are, as previously noted, just two
terms for the same thing. The Gaia concept was introduced by Lovelock and Margulis [71]
to recognize this multiple interfacial connections between the biological, chemical, and
physical components of the Earth. The contextual vulnerability approach permits the
proper assessment of risks associated with this intimately coupled system.

6. Examples of Application of the Bottom-Up Paradigm to Assess Vulnerability

As an example, one of the authors (Pielke Sr.) challenged Charlie Vorosmarty [72]
at a UNESCO meeting in Paris to assess whether population growth or the changes in
climate predicted by the global models was the greater threat to potable water supplies.
This consequently led to the paper Vorosmarty et al. [73] which stated, “We conclude that
impending global-scale changes in population and economic development over the next 25 years
will dictate the future relation between water supply and demand to a much greater degree than will
changes in mean climate”.

This examination of risk from the point of perspective of the resource (e.g., potable
water), is a much more robust approach than seeking to assess threats starting from a global
model perspective and then downscaling to regions and localities. As reported in Pielke
et al. [15] we tested this approach for a specific community located in Larimer County,
Colorado, where agriculture is a major local industry. Selected examples of this community
were polled in early summer 2004 using a five-category scale with respect to their impact
of a long-term precipitation drought in this area. The four groups that provided input were
Anheuser-Busch, Fort Collins Municipal Water, Grant Family Farms, and Dryland Farming.
Despite very similar long-term temperature and precipitation in this area, the impacts on
the different sectors were quite diverse. The major problem identified was the uneven
distribution of the available water which, by Colorado water law, is based on water rights
determined by seniority. This example illustrates that access to water involves more than
climate, and also involves laws and regulations that are complex in their own right [74].
With a bottom-up perspective, the distribution of agricultural and other impacts across a
community can be explicitly considered, and objectively confirmed, as a more inclusive
and accurate assessment of the local impacts. Then the fundamental question becomes
about seeking ways to mitigate and/or adapt to the threats to these local resources. This
can then be a more societally and environmentally beneficial approach than only relying
on the results of downscale to the local region from a global climate model.

Another example is the relative risks from changes in regional and local climate as
contrasted with invasive species [75–77]. Examples of destructive invasive species include
the chestnut blight, Cogongrass (Imperata cylindrica), and Dutch elm disease to name just a
few. These invasives not only affect individual species but can alter entire ecosystems, such
as the chestnut blight that decimated American chestnut (Castanea dentata), a dominant
deciduous tree in the northeast USA prior to the 20th century. While changes to local climate
are certainly a threat and have caused extinctions (e.g., [78]), so far such a widespread loss
of a species by changes in global average surface temperature increase and its consequences
to the local climate alone has not been shown. On the local scale, land-use change and
invasive species are the larger threat at present [76].

Fires are another factor that can certainly be exacerbated by weather extremes and
long- term changes in weather patterns, but forest management including fire suppression
over the years has played a major role; for instance, in the devastating fires in the western
USA in recent decades. Fires in the eastern USA almost eliminated red spruce (Picea rubens)
from the higher elevations of the Appalachians in the late 19th century [79].

Another example of the contextual vulnerability assessment is the paper by Romero-
Lankao [80] who concluded in a study of the literature that urban vulnerability is dominated
by epidemiological studies and top down assessments, but that inherent urban vulnerability
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and urban resilience approaches (the contextual vulnerability) are what is required in order
to illuminate a more complete set of drivers of urban vulnerability.

Other papers that present a contextual framing include Cross et al. [81] who write that
their “framework is based on the premise that effective adaptation of management to climate change
can rely on local knowledge of an ecosystem and does not necessarily require detailed projections of
climate change or its effects”. Dawson et al. [82] propose a framework that uses information
from different sources to identify vulnerability to species; a methodology they state is
also applicable to ecosystems, habitats, ecological communities, and genetic diversity,
whether terrestrial, marine, or freshwater. Rykala and Dabrowska [83] discuss a risk assess
associated with groundwater in a region with a municipal landfill in which they consider a
spectrum of issues including the security system, spatial planning and an assessment of
the impact of other variables on groundwater due to terrain and weather conditions.

The cooling or warming of freshwater presents a diverse and conflicting range of
risk to fisheries and agricultural food production systems. In the Mekong River basin,
hydropower dams have been cooling rivers systematically by a few degrees [84], which is
a completely non-greenhouse gas driven phenomenon. On the other hand, shallow lakes
such as the Tonle Sap Lake in Cambodia (representing the world’s largest inland freshwater
fisheries system) have been warming over the last many decades that is attributed to global
average warming [85,86]. In both cases, the cooling or warming can be driven by the same
agricultural water needs of stakeholder farmers.

Dams provide irrigation water for agricultural production while also pushes cooler
water downstream through hydropower generation [87]. Deforestation of land on the other
hand for use in developing agricultural land raises water temperature in rivers [88]. The
risk this human activity presents to the agricultural community is probably minimal in
the short-term, yet for the fisheries, such thermal changes can have profound impact on
fish biodiversity, fish catch, timing of spawning and the relative abundance of native and
invasive species [87]. All this has a consequential impact on livelihood–in Cambodia, 80%
of protein diet comes from fish in Tonle Sap lake, which offers a major source of income
to millions [89]. In this particular case, there is clearly an interplay and even a countering
effect between the more global phenomenon of warming due to greenhouse gas emissions
(Hulme’s Framework #1) and the more local-regional drivers of land cover change and
water management, that is not well understood (Hulme’s #2). Yet, a better understanding
needs to be achieved which is possible by adopting the bottom-up vulnerability approach
and a strong stakeholder engagement campaign [90].

Such stakeholder engagement is currently happening in some sectors–for example in
flood and flash flood forecasting in Asian monsoon-dominated river basins [91,92]. The
timing and peak level of floods appear to be undergoing a shift due to the combined effects
of regional warming, land cover change (deforestation, urbanization) and water manage-
ment (upstream dam release). The forecasting of such floods are now being successfully
visualized in terms of inundation extent at the local scale [92]. This allows stakeholders to
know how far the ‘water’ may spread so that different stakeholders can apply their own
definition of risk and its tolerance (such as a farming community interested in delayed
sowing or early harvesting and a fisheries community anticipating their fish catch). Such
translation of stakeholder input to climate information has been demonstrated to be of
more value to the agricultural community while dealing with risks from climate variability
and change [93,94].

Generalizing from Kittel’s [61] recommendations, the contextual vulnerability ap-
proach can be summarized as: (i) monitoring and historical analysis, (ii) apply multiple
planning horizons, (iii) expect surprises—scenario planning, (iv) revisit goals and strategies,
i.e., adaptive management. and (v) incorporate model predictions into planning to develop
scenarios, but only if robust demonstration of their skill has been shown. The Kittel paper
writes that in the contextual vulnerability approach, there is a framework for handling
uncertainty in an optimal manner while devising strategies to support the adaptive capacity
of species and systems. Stemming from these recommendations, planning decisions are
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facilitated by the integration of expert knowledge, scenario planning, a no-regrets goal,
and adaptive management.

7. Discussion

As documented in this paper, the threats to biodiversity and other aspects of ecosystem
function involve much more than the alteration of climate from added CO2 and other
GHGs. A focus on just that threat is risking suboptimal and inappropriate mitigation and
adaptation responses. In this paper we urge the adoption of the inclusive regional/local
focus on risks. With such an approach one can develop the ‘best’ responses to preserve the
health of ecosystem dynamics. This concept even applies with respect to how we assess
public health. Lang and Rayner [95] for example, define ecological public health as a
framing which integrates the physical aspects (e.g., climate), biological, social, and cultural
aspects of public health. They propose such an ecological public health framework as a
holistic approach coupling public health science to public health actions.

The large uncertainty that exists for representing human management decisions,
including land use and transformation, would likely trump the process scale advances
that are being made and represented in the models based on the outcome vulnerability
paradigm. Management decisions, such as irrigation, planting dates for agroecosystems
or the change in the mobility and green infrastructure within urban ecosystems are often
locally undertaken and not adequately documented for models to explicitly consider as
part of the downscaling and outcome vulnerability assessment.

The effects of climatic extremes on the ecosystem are also intimately tied in with
adaptation measures that are undertaken by the community in anticipation or in tandem
with the occurrence of the event. An example is the effect of drought on crop productivity.
In a downscaled model, changes in drought forcing through meteorology/hydrology alone
would result in lowering of yields. However, more often than not, the agrocommunity
alters it practice for planting date, type of variety, and undertakes local measures to try and
minimize the loss. These adaptive features also are not currently adequately considered
and would need to be a research priority.

8. Conclusions

We thus conclude that the contextual bottom-up approach helps bracket the range
of uncertainties and risk [32]. It would permit better planning for unexpected threats
such as the cold wave disaster in Texas in February 2021 which was a combination of an
extreme weather event (cold, ice storms) and failure of planning for such scenarios (energy
infrastructure winterization). The disaster due to the desiccation of most of the Aral Sea
from the diversion of rivers that naturally flowed into it is an example of more serious and
even permanent damage to the environment in that region due to management decisions
by the Soviet Union that did not consider all the negative impacts [96]. The bottom-up
approach provides a broad methodology involving integration across the spectrum of risks
to social and environmental resources. Uncertainties can be folded into this integration.
The outcome top-down approach, in contrast, will magnify the effects of uncertainties as
the information is progressively downscaled to regions and localities and thus reduce the
likelihood of developing effective strategies for dealing with future risks.

A key message of our paper is to emphasize the need to consider coupled feedbacks
since the Earth is a dynamically interactive system. This should be done not just in the
model structure, but also in its application and subsequent analyses. We recognize that the
community is moving toward that goal and we urge an accelerated pace.
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