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HIGHLIGHTS

e A new DPSIR-ESA Vulnerability Assessment (DEVA) framework for land-resource assessment is presented.
We broadly define a land-resource target system to include ecological resources and socioeconomic systems.
DEVA operationalizes the process of assessing the vulnerability of a target system to external stressors.

Six case studies provide examples of the key DEVA concepts and the seven DEVA steps.

ABSTRACT. Land resources are central to understanding the relationship between humans and their environment. We broadly
define land resources to include all the ecological resources of climate, water, soil, landforms, flora, and fauna and all the
socioeconomic systems that interact with agriculture, forestry, and other land uses within some system boundary. Understand-
ing the vulnerability of land resources to changes in land management or climate forcing is critical to developing sustainable
land management strategies. Vulnerability assessments are complex, given the multiple uses of the assessments, the multi-
disciplinary nature of the problem, limited understanding, the dynamic structure of vulnerability, scale issues, and problems
with identifying effective vulnerability indicators. Here, we propose a novel conceptual framework for vulnerability assess-
ments of land resources that combines the driver-pressure-state-impact-response (DPSIR) framework adopted by the European
Environment Agency to describe interactions between society and the environment, and the exposure-sensitivity-adaptive ca-
pacity (ESA) framework used by the Intergovernmental Panel on Climate Change to assess impacts of climate change. The
DPSIR-ESA Vulnerability Assessment (DEVA) framework operationalizes the process of assessing the vulnerability of a target
system to external stressors. The DEVA framework includes seven steps: (1) definition of the target system (land resource), (2)
description of internal characteristics of the target system (state), (3) description of target system vulnerability indicators
(adaptive capacity, sensitivity), (4) description of stressor characteristics (drivers, pressures), (5) description of stressor vul-
nerability indicators (exposure), (6) description of target system response to stressors (impacts), and (7) description of modi-
fications to target system or stressors (responses). In stating that they have applied the DEVA framework, analysts acknowledge
that they (1) have considered the full breadth of each DEVA element, (2) have made conscious decisions to limit the scope and
complexity of certain elements, and (3) can communicate both the rationale for these decisions and the impact of these decisions
on the vulnerability assessment results and recommendations.
The DEVA framework was refined during invited presenta-
tions and follow-up discussions at a series of special sessions
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with leading experts at two successive ASABE Annual Inter-
national Meetings. Six case studies drawn from the sessions
elaborate on the DEVA framework and provide examples of
the key concepts. The DEVA framework gives engineers, plan-
ners, and analysts a flexible new approach to apply a broad
array of useful tools for vulnerability assessment of land re-
source systems.

Keywords. Driver-pressure-state-impact-response (DPSIR)
framework, Exposure-sensitivity-adaptive capacity (ESA)
framework, DPSIR-ESA Vulnerability Assessment (DEVA)
framework, Land resource, Systems thinking.

ncreased demand for commodities produced from the
land, climate change, land degradation, land conver-
sion, and urbanization (Lambin et al., 2013) have in-
creased the demand for land resources (Lal, 2019) and
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increased the interactions between socioeconomic and eco-
logical processes (Estes et al., 2018). Land resources are cen-
tral to understanding the relationship between humans and
their environment (Rounsevell et al., 2012). However, few
studies fully describe or define land resources, stressors, and
their relationships. For example, a Google Scholar search on
“land resources definition” (18 November 2019) provided
only three studies that used the term. In its broadest defini-
tion, a land resource includes the environmental resources of
climate, water, soil, landforms, forests, pastures, and wildlife
on which agriculture, forestry, and other kinds of land use
depend within some system boundary (Young, 2000). In this
definition, a land resource includes abiotic aspects (such as
climate, topography, and soil mineralogy) and biotic aspects
(such as soil biota, vegetation, and fauna) that together de-
fine the state of the system. All biotic and abiotic compo-
nents of the land resource have an ecological dependency
and operate as a system. This definition notably leaves out
the critical and integral influence of socioeconomic pro-
cesses on the land resource. This definition also does not
provide for a narrow definition of land resources that in-
cludes fewer components within the scope of the broad def-
inition. The complex nature of land resources demands that
research into sustainable land-resource management use a
systems approach, i.e., interdisciplinary research that com-
bines multiple dimensions to understand the dependencies
among system components (Tripathi and Bhattarya, 2004).
The sustainable provision of goods and services depends
critically on managing land resources without damaging or
depleting the natural resource base (Reenberg, 2006). To
support the transition toward sustainable development, sci-
ence needs to inform how changes in the use of land re-
sources affect the environment and how this, in turn, feeds
back into human livelihood strategies or influences the vul-
nerability of people and places (Rounsevell et al., 2012).
Therefore, understanding the vulnerability of land resources
to changes in land management or climate forcing is critical
to developing sustainable land management strategies.

In general, vulnerability assessments are complex, given
the multiple uses of the assessments, the multi-disciplinary
nature of the problem, limited understanding, the dynamic
structure of vulnerability, scale issues, and problems with
identifying effective vulnerability indicators (Adger et al.,
2004). Additionally, vulnerability is a theoretical concept
and difficult to measure directly (Tonmoy et al., 2014). Mak-
ing a theoretical concept operational requires providing
methods or procedures (an operation) for mapping the oper-
ations to observable concepts (Kim, 2015). The methods or
procedures are then called the operational definition, while
in the case of vulnerability, the operational definition is
called the methodology of a vulnerability assessment (Hin-
kel, 2011). The scientific information and knowledge in the
methodology later become part of a process in a much
broader decision-making system (Weaver et al., 2013). Due
to the complexity of both vulnerability assessment and land
resources (dual complexity), estimating the vulnerabilities of
land resources to changes in land management or climate
forcing is challenging but very important.

Modeling frameworks can be useful tools. However, a
single operational framework for vulnerability assessments
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likely will not be applicable both in general as well as for
specific applications (e.g., agriculture, water resources, pov-
erty, coastal regions). The European framework of driver-
pressure-state-impact-response (DPSIR) and the IPCC
framework of exposure-sensitivity-adaptive capacity (ESA)
are common tools. Many studies have used the DPSIR and
ESA frameworks either partly, fully, or in combination with
other frameworks for vulnerability assessment, often with
smaller boundaries of target system and stressors. For exam-
ple, the DPSIR and ESA frameworks were combined in sev-
eral studies addressing vulnerability of agriculture to climate
change in Black Sea catchments (Bér et al., 2015) and vul-
nerability of water resources to changes in climate and pop-
ulation in Kansas (Anandhi and Kannan, 2018). Previous
studies have also used econometric methods (using survey
information from questionnaires) or index-based methods
(using indicators) for vulnerability assessments (Deressa et
al., 2008). The index-based method is the most commonly
used approach in vulnerability assessment (Bér et al., 2015).
A good review of the frameworks used in vulnerability stud-
ies for agriculture and water resources can be obtained from
Anandhi et al. (2016) and Anandhi and Kannan (2018).

The common challenges in using the ESA and DPSIR
frameworks for vulnerability assessments of land resources
are:

e The scope (boundary) of the land resource system is

not clearly defined.

e Components of the vulnerability framework (e.g.,
exposure, sensitivity, adaptive capacity, driver, re-
sponse) are not clearly defined.

e The scope of the study does not capture the complex
nature of sustainable land-resource management
(i.e., lack of a systems approach).

e The vulnerability assessment is either too broad
(general frameworks applied universally for broad
vulnerability assessments) or too focused (specific
case studies, such as water resource vulnerability in
a river basin or vulnerability of sea turtles in south
Florida to changing climate) to provide useful guid-
ance for assessments applied to other regions, scales,
or objectives.

e  The frameworks are constantly evolving. There are
more than 25 derivative DPSIR-type conceptual
frameworks, and they are constantly evolving. A
good review can be obtained from Patricio et al.
(2016).

To address some of these challenges, an invited technical
session titled “Vulnerability Assessment of Land Resources
for Sustainable Agricultural Development” was organized at
the 2016 and 2017 Annual International Meetings of the
American Society of Agricultural and Biological Engineers
(ASABE) and synthesized at the 2018 Annual International
Meeting. The invited presentations were given by a group of
multi-disciplinary professionals (engineers, agronomists,
soil scientists, and climate scientists) who shared case stud-
ies, lessons learned, overviews of cutting-edge technologies
and design strategies, and best practices aimed at improving
land-resource sustainability through vulnerability assess-
ments. This multi-disciplinary approach through a series of
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Figure 1. Enhanced vulnerability assessment with the DPSIR-ESA Vulnerability Assessment (DEVA) framework, showing traditional (pre-
DEVA) and enhanced (post-DEVA) vulnerability assessment scope and complexity.

talks opened avenues to explore climate and land-use
stressors important for vulnerability assessments. This ar-
ticle reviews and synthesizes the talks and the multiple dis-
cussions that followed, and develops a new integrated
DPSIR-ESA Vulnerability Assessment (DEVA) frame-
work for land resources assessment.

The DEVA framework is an important innovation for
vulnerability assessments that represents a major re-evalu-
ation of the known concepts: land resources and stressors
(fig. 1). Consideration and description of the seven DEVA
elements allows analysts to fully and systematically define
the scope of the assessment. Limitations of scope within an
element or exclusion of one or more elements are im-
portant to recognize, as they will limit the predictive power
of the assessment and the robustness of the recommenda-
tions. In stating that they have applied the DEVA frame-
work, analysts acknowledge that they (1) have considered
the full breadth of each DEVA eclement, (2) have made
conscious decisions to limit the scope and complexity of
certain elements, and (3) can communicate both the ra-
tionale for these decisions and the impact of these deci-
sions on the vulnerability assessment results and recom-
mendations.

THE DEVA FRAMEWORK

The proposed conceptual model of the DEVA framework
(fig. 2) uses a novel systems approach to operationalize the
theoretical concept using indicators. The enhanced model is
evolved from Anandhi et al. (2016) and Anandhi and Kan-
nan (2018) to take a broader view of the target system, stress-
ors, and overall scope of the assessment. The hypothesis in
the conceptual modeling of the DEVA framework is that
there is a target system, and it is vulnerable to external stress-
ors. In this article, the target system (ovals in fig. 2) is iden-
tified as a land resource, and the external stressors (dotted
stars in fig. 2) can be changes in land use, climate forcings,
or other external changes. Additional descriptions of the tar-
get system and external stressors are discussed in the various
steps:

1. Definition of the target system: land resource.

2. Description of internal characteristics of the target sys-

tem (state).

. Description of target system vulnerability indicators
(adaptive capacity, sensitivity).

. Description of stressor characteristics (drivers, pres-
sures).
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Figure 2. Proposed conceptual model of the DPSIR-ESA Vulnerability
Assessment (DEVA) framework as applied to land resources.

5. Description of stressor vulnerability indicators (expo-

sure).

6. Description of the target system response to stressors

(impacts).

7. Description of modifications to the target system or

stressors (responses).

In this article, the target system is comprised of internal
elements, and those elements are defined by characteristics
(dotted circles within the ovals in fig. 2). Stressors are exter-
nal to the target system and are also defined by characteris-
tics (dotted stars in fig. 2). Representation of the land re-
source can include multiple elements, including biophysical
(BP), economic (E), social (S), and their combination
(BPES). When the target system is exposed to stressors, the
impacts are represented as changes in the characteristics
(shape and color) of the target system elements (disfigured
circles in fig. 2), representing changes to BP, E, S, and
BPES. Each element responds differently (or not at all) to a
stressor. The arrows represent the overall direction of pro-
cesses in the conceptual framework as well as the direction
of movement or time.

DEFINITIONS AND PERSPECTIVES
The target system, stressors, and intended uses of the vul-
nerability assessment define the complexity required in the
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conceptual framework. It must include essential components
while excluding extraneous components. The conceptual
framework simplifies the target system, stressors, and their
interactions but still allows the effects of important scenarios
to be represented in the target system response. We describe
a seven-step process to develop a conceptual framework for
a land-resource vulnerability assessment. Included in the de-
scription are the important factors to consider, how choices
in each step affect the quality of the overall vulnerability as-
sessment, and how decisions made in early steps impact later
steps. The following sections describe considerations for
each step of the framework in a way that can be adapted to
different settings, situations, and scales, and recognizes that
specific decisions must be made on a case-by-case basis.

LAND RESOURCE TARGET SYSTEM
Defining the Target System

Definition of a target system for the purposes of a specific
vulnerability assessment is a critical step. It is important to
define the spatial, temporal, and functional boundaries that
will be considered internal to the target system. Spatial
boundaries define the areal extent of the system under con-
sideration. The boundary may be defined by land ownership,
political or other social units, agricultural or ecological re-
gion, or some other area of interest. Temporal boundaries
define the time periods representing native, baseline, current,
and future periods for the assessment. Depending on the
analysis, it may be important to define a period of time that
represents pre-settlement or native conditions, which may
differ depending on the stakeholder viewpoint. Some other
baseline-condition time period might be relevant for com-
parison to other scenario time periods. Current conditions
may represent a snapshot based on conditions today or some
near-past period, depending on the availability of data to de-
fine the period or the need to span a natural system cycle.
The future period often depends on the planning time hori-
zon but may also be determined by the availability of realis-
tic forecasts for stressors or system states. Functional bound-
aries define the important elements, processes, and states
within the system under consideration. The nature of inter-
actions within the system or with stressors may make some
elements more important than others to include when defin-
ing the system. Similarly, some processes or states may be
more important than others to include or define for under-
standing how or to what degree elements are interrelated
within the system or with stressors.

Definition of the target system impacts how the analysis
is structured, how the results are presented, and perhaps how
the land is valued. For example, placing value in the land
rather than in products from the land may affect the structure
of the system or what is considered internal to the system.
The definition of land resources varies depending on the spe-
cific target land resource system being described and the
goals of the vulnerability assessment. A narrow definition of
the land resource (fig. 3) may include only the physical ge-
ography or soil elements but exclude biological components
of the carbon cycle or climatic elements, despite their close
relationship to the physical geography and soil elements of
the land. This approach simplifies the description of the
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A narrow definition may include just one or two
components as internal to the system. Only a limited
number of components are needed or useful in
understanding risk in the vulnerability assessment.
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A broad definition includes multiple or all these components. Allows
a more complex representation of system responses to a greater
variety of external changes. It includes all elements in vulnerability
assessment proposed in this study.

Figure 3. Definition of the target system for DEVA land resource vul-
nerability assessment.

state, adaptive capacity, and sensitivity of the system and fo-
cuses on a limited number of elements in the vulnerability
assessment. This narrow definition might be appropriate to
help understand the risk of various land-use changes to the
sustainability of a soil-resource base of a region; in this case,
crop type, land-use practices, climate, and other components
would all be considered external to the system.

The definition of the land resource is broadened when it
considers biotic elements produced by the land as internal to
the system. Relationships between biotic elements and abi-
otic elements can be represented explicitly, which increases
the flexibility of the assessment to consider a broader range
of stressors. This also allows biotic elements to be consid-
ered as part of the land resource, and thus part of the eco-
nomic value of the land.

A broad definition of a land resource system at a particu-
lar location and time may include physical, chemical, bio-
logical, climatic, economic, and social functional elements
(fig. 3). This explicit representation allows a more complex
representation of system responses to a greater variety of ex-
ternal changes. Expanding on the definition of Young
(2000), we propose that, broadly defined, a land resource in-
cludes all the ecological resources of climate, water, soil,
landforms, flora, and fauna, and all the socioeconomic sys-
tems that interact with agriculture, forestry, and other land
uses within some system boundary.

Perspectives on the Target System

Definition of the land resource system can have major
ramifications on an assessment. For example, in a land re-
source system described by one expert, it was well known
that both the irrigation water source (surface water or
groundwater) and the irrigation method (flood, sprinkler,
drip) had large impacts on the simulated effects of irrigation
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on soil moisture, field runoff, and groundwater table depth
(Leng et al., 2017), each of which were important system re-
sponses in this vulnerability assessment. If the target system
was defined as the soil root zone, then flood irrigation would
have the lowest crop water use efficiency, as it increases re-
charge to groundwater and increases runoff, which are both
considered losses to the target system, resulting in reduced
root zone soil moisture for the crops per unit of water ap-
plied. However, if the target system was defined more re-
gionally to include the alluvial aquifer and diversion canals
used for irrigation, then water use efficiency would be de-
fined by the broader system definition, and crop evapotran-
spiration would be the only system loss for all irrigation
sources. Thus, the target system definition would have a ma-
jor influence in defining water use efficiency and interpret-
ing differences among flood, sprinkler, and drip systems in
this vulnerability assessment.

LAND RESOURCE SYSTEM STATE
Defining the System State

Once the target land-resource system is defined, the state
of the system must be defined for a given place and time.
From a systems perspective, the state represents the charac-
teristics of various internal biophysiochemical elements nec-
essary to describe land resources, the relationships among
internal elements, and how the target system interacts with
external stressors and external land-resource systems. It is
important to consider that (1) the characteristics of many el-
ements vary continuously and anisotropically (i.e., they ex-
hibit an uneven distribution) in three-dimensional space and
time, (2) the elements interact with stressors or other external
land-resource systems (e.g., geology, aquifers, cultural re-
sources, other elements associated with the land resource
that are not internal to the system definition, or other adja-
cent land-resource systems external to the land-resource sys-
tem being considered), and (3) the characteristics can be
measured non-exhaustively at specific locations and time pe-
riods (Grunwald and Barak, 2003). The state may also define
the characteristics of important elements (e.g., weather, soil,
plant, and animal characteristics) that determine the biophys-
ical production potential of the land-resource system (Bin-
draban et al., 2000).

In the narrow definition of land resource focusing on soil
elements (fig. 3), the current characteristics and the value of
the soil would be defined by the system state. The state can
represent the current condition of the land resource. Here,
time and location can be vague or fuzzy when the current
conditions are not clearly defined or described. An example
characteristic that might be defined would be the crop output
for a given soil unit.

A broader system definition including biotic elements
would allow the current land resource state to represent ag-
ricultural production as a function of other internal system
elements and processes. The system state would focus on de-
fining the characteristics of important elements and describ-
ing how the state (such as the economic value of the crops
grown within the system) changes when stressed by external
influences, such as climate change, new cropping patterns,
or removal of land from a region’s agricultural base. Because
these changes could also affect other elements of the system
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(such as soil properties, water availability, crop types and
distributions), the processes that would interactively affect
crop value are also represented within the system.

A broad system definition (fig. 3) requires defining the
characteristics and interactions of a broad array of elements.
This broad definition explicitly recognizes the spatial and
temporal interactions of the elements within the system
boundary and time period. A broad definition allows the key
system elements to explicitly represent the system’s re-
sponse to change, which allows the system characteristics
and resulting utility of the land resource to directly represent
how the system changes in response to stressors.

A limitation of this approach is that some of the system
changes are considered external factors or stressors (e.g.,
land use change or climate change) and are defined outside
the system. For example, for a system state that defines a
relationship between soil and land-resource economic
productivity elements but does not include changes in cli-
mate-soil interactions, any new soil characteristics resulting
from climatic change must be estimated externally and pro-
vided to the system; the system is too simplistic to represent
the relationship between changes in climate and soil directly.

Perspectives on the System State

One expert divided the target land-resource system into
individual land-use elements. Land uses included crop pro-
duction (dryland and irrigated for food, feed, and bioenergy
production), urban land use, pasture areas for animal produc-
tion, wetlands, and riparian gallery forests. Each land-use el-
ement had internal subprocesses that defined the element’s
response to change, and the land-use elements were defined
to highlight how the change affected each element individu-
ally. In a broader agricultural land-resource assessment, dry-
land and irrigated agriculture might be used as two aggre-
gated elements. The state (current conditions) would then be
defined and described for the aggregate element, and inter-
actions with other elements or stressors would represent ag-
gregate responses. In a more specific land-resource assess-
ment, individual crops, crop-soil combinations, or other
highly disaggregated elements might be defined, allowing
more specific, complex interactions with other elements or
stressors.

SYSTEM ADAPTIVE CAPACITY AND SENSITIVITY
Defining Adaptive Capacity and Sensitivity

In addition to defining the state of the land resource sys-
tem, it is important to understand and define how the system
elements respond to stressors. We define two types of re-
sponse: sensitivity and adaptive capacity. Sensitivity de-
scribes the overall response of a system or element to a
stressor. It is framed as the response (magnitude and direc-
tion) of the target system (or each element in that system) to
the stressor, either with or without adaptation. Adaptive ca-
pacity describes the adjustment of a system element to the
stressor whereby the element retains its original function
within the system. Adaptive capacity encompasses the sys-
tem’s biophysiochemical ability to respond to the stressor as
well as the ability of managers of the system to recognize
and manage or mitigate risk, plan and implementadaptation
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strategies, display financial and emotional flexibility to in-
corporate change, and even exhibit awareness of the stressor
and the need for adaptation (Briske et al., 2015). With this
definition, humans can be included as important elements of
a land-resource system and may act to either enhance or con-
strain the system’s adaptive capacity. Adaptive capacity and
sensitivity indicators provide a method to characterize how
system elements respond to stressors.

For the purposes of vulnerability assessment, it is critical
to differentiate between an adaptive system response and a
non-adaptive response. An adaptive system response to a
stressor may be subtle or extreme but does not represent a
fundamental change to a new system state or to a new func-
tional response relationship. That is, the system is fully re-
coverable. Many biophysical models used to simulate sys-
tem response to stressors inherently assume a fully adaptive
system, or that all sensitivity falls within the system’s adap-
tive capacity. The system responds to a stressor according to
a deterministic relationship, but the relationship is not al-
tered by acute or repeated exposure to the stressor. A non-
adaptive response indicates that the system state has changed
to a degree that it responds to a stressor in a fundamentally
different way. In this case, the analyst may simulate non-
adaptive responses by altering the system state to some pre-
sumed new state (and possibly new response functions) and
simulating the system response from the altered state. It is
also possible that the target system has an adaptive response
within a certain range, but the response becomes non-adap-
tive beyond this range. The system may also have multiple
equilibrium states, which can be determined by the nonlinear
dynamics of the system or by experiments.

Perspectives on Adaptive Capacity and Sensitivity

To represent abstract components that cannot be meas-
ured directly, sensitivity and adaptive capacity are repre-
sented using one or more proxy variables and/or indicators.
To represent sensitivity and adaptive capacity, changes in
these proxy variables and indicators can be correlated with
variables and indicators that represent the state. Adaptive
system response tends to be assumed in many system models
and vulnerability assessments due to the difficulty of explic-
itly simulating non-adaptive shifts. However, consideration
of non-adaptive system response may be the focus of a vul-
nerability assessment.

STRESSOR DRIVERS AND PRESSURES
Defining Drivers and Pressures

Stressors result from drivers that can be natural but are
often anthropogenic in origin. An anthropogenic driver is of-
ten a societal need for food, energy, water, or land resource
products or services. The driver creates a pressure on the
land resource in the form of a stressor. Stressors are de-
scribed by characteristics that represent the ways the stressor
affects the target system. Stressors can be abiotic (e.g., cli-
matic factors, such as heat, drought, or anoxia due to satu-
rated soil conditions), biotic (e.g., pest factors, such as insect
infestations, foliar diseases, or overgrazing), or land use
(e.g., land cover, land degradation, or human actions such as
irrigation, shifts in crop rotation, or residential develop-
ment). Consideration of a stressor on a system implies that a
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normative (i.e., non-stressed) state existed prior to exposure
to the stressor.

Perspectives on Drivers and Pressures

Climate change is one possible external stressor (fig. 4).
In the food-energy-water nexus, land-use change from food
to bioenergy products is another possible external stressor.
External stressors are represented using characteristics. For
example, climate change can be a stressor, and changes in
rainfall intensity and timing, and maximum and minimum
temperatures can be considered characteristics. These exter-
nal characteristics are derived from drivers (social, eco-
nomic, environmental) that exert pressures (stressors) on the
target system, which in turn change the system’s internal
characteristics. For example, changes in rainfall and temper-
ature characteristics (stressor characteristics) impact agroe-
cosystems by impacting their internal characteristics and
processes. These impacts are specific to each location, cli-
mate, and biophysical characteristic.

STRESSOR EXPOSURE
Defining Exposure

Exposure defines the degree of stress on the elements of
a target system (Anandhi et al., 2016). The degree of stress
depends on the characteristics of the target system (or ele-
ments of the system) as well as the stressor. For the system,
the responsiveness is characterized at the element level by
the element’s sensitivity, which describes the overall respon-
siveness of an element, as well as its adaptive capacity,
which describes the portion of an element’s responsiveness
that is resilient or does not impact element or system func-
tion. The exposure relationships can be complex, but these
relationships are critical to describing exposure in a vulner-
ability assessment. Exposure indicators provide a method for
characterizing these relationships among stressors and a tar-
get system (Anandhi et al., 2016). Examples of exposure in-
dicators are plant failure temperature (Anandhi and

A narrow definition can include a single stressor.

A broad definition includes multiple stressors.

Figure 4. Definition of stressors for DEVA land resource vulnerability
assessment.
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Blocksome, 2017) and frost indicators (Anandhi et al.,
2013a, 2013b).

Perspectives on Exposure

In a given vulnerability assessment, many exposure inter-
actions with various system elements may be important to
understand. For stressor exposure, characteristics such as
proximity, duration, intensity, recurrence interval, and com-
pounding factors are often important considerations. Climate
change (driver) has important impacts on land resources
through exposure to changes in temperature and precipita-
tion (stressors), which also affect terrestrial water storage
and fluxes, including soil moisture, surface and subsurface
runoff, and groundwater (characteristics of system ele-
ments), that constrain the water available for irrigated and
non-irrigated crops (characteristic of system response). Irri-
gation is influenced by plant water stress, which influences
demand, and by irrigation water supply, which is influenced
by factors such as irrigation water sources, irrigation meth-
ods (sprinkler, drip, and flood irrigation), and water manage-
ment that regulates streamflow to meet multiple objectives
of reservoirs. Considering the interactions among external
stressors, including climate change, and internal system re-
sponses, such as irrigation and water management decisions,
it is important to understand their combined influence on
land resource exposure. For example, the irrigation water
supply may be influenced by climate change, so the system’s
ability to adapt may be constrained by the stressor. Increas-
ing bioenergy production to mitigate climate change may re-
sult in increased irrigation water use and increased water
stress that impacts the land resources (Hejazi et al., 2015).

SYSTEM IMPACTS
Defining Impacts

The impacts of stressors on the land-resource system may
result in changes to system elements, depending on the adap-
tive capacity and sensitivity of the elements and exposure to
the stressor. Stressors may change system elements differ-
ently or not at all. The changes may create a substantially
new system state, which we call the impacted land-resource
system (fig. 2).

Perspectives on Impacts

Models are commonly used to define the land-resource
system impacts that result from stressors. A simple model of
crop ET and soil water balance may represent the change in
state (e.g., soil moisture) in response to a stressor (e.g.,
change in climate) at the field scale. At the global scale, the
quantification and mapping of ET using global datasets is
well established and can be used to represent the impact of
climate shifts on vulnerable ecosystems.

SYSTEM RESPONSES TO IMPACTS
Defining Responses to Impacts

Responses essentially allow the vulnerability assessment
process to iterate using the impacted land-resource system as
the new system state, returning the process to the previously
defined land-resource system state (fig. 2). The new state of
the impacted land resource may also change its adaptive ca-
pacity or sensitivity to compounding or future stressors,
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which should be considered in more extensive vulnerability
assessments.

Perspectives on Responses to Impacts

Responses by decision-makers may include changes to
the stressors or the system. Actions may make changes to
drivers or pressures that change the function or exposure of
stressors or make changes to the impacted system state that
change its adaptive capacity or sensitivity to current or future
stressors. Climate and land-use changes may both affect
groundwater recharge and upwelling through changes to
transpiration and rainfall, and these could impact irrigation
water supply. Depending on the effects of irrigation water
source (surface water or groundwater) and irrigation method
on irrigation water use efficiency, the impacts on agroeco-
systems can be rather different (Leng et al., 2017), evoking
different responses (e.g., political actions or management
measures) that can affect drivers, pressures, state, or impacts
(Bir et al., 2015). Water management may mitigate the im-
pacts of climate change on hydrological drought (Wan et al.,
2017), so considering such adaptive capability is important
to assess the impacts of climate change on water available to
support the land resources. An effective vulnerability assess-
ment suggests responses to decision-makers that are likely
to lead to the desired outcomes and provides a framework to
assess the likely impacts that would result from changes to
the stressors or the system.

CASE STUDIES

The following six case studies were drawn from studies
published prior to development of the DEVA framework.
However, they each incorporate many of the DEVA ele-
ments, which we are careful to highlight, and provide con-
crete examples of the key concepts. In some cases, we also
identify specific ways that the DEVA framework would
have enhanced the analysis. In applying the DEVA frame-
work, the analysts (ideally) would have (1) considered the
full breadth of each DEVA element (such as land resource
and stressor definition), (2) made conscious decisions to
limit the scope and complexity of certain elements, and (3)
communicated both the rationale for selecting fewer ele-
ments and components and the impact of these decisions on
the vulnerability assessment results and recommendations.

CASE STUDY 1: CLIMATE VARIABILITY, CLIMATE
CHANGE, AND IRRIGATION AS STRESSORS
IN THE SOUTHEAST U.S.

This case study, focused on the Apalachicola-Chattahoo-
chee-Flint (ACF) River basin (target) in the southeast U.S.,
demonstrates how climate variability, irrigation, and climate
change (exposure and stressors) can make the land resources
of this basin vulnerable (Johnson et al., 2013; Singh et al.,
2015, 2016). The system was defined spatially by the 48,500
km? ACF boundary for the near-present condition (state). In
its current state, the basin’s large irrigated agriculture, rural
economy, streamflows, and endangered species are inter-
twined and vulnerable. In a normal or wet year, irrigation
does not act as a major stressor in the basin. However,
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droughts induced by climate variability, confounded by sub-
sequent excessive water withdrawals for irrigation, make the
basin’s land resources vulnerable during dry years. Although
quite detailed, this case study used a narrow definition of the
target system for the land resource vulnerability assessment
by including only the soil water component of the root zone,
the water use component of the cropping system, the surface
water and alluvial aquifer system, and a recent historical cli-
mate condition (fig. 3). A broader definition would have in-
cluded socioeconomic value, chemical and biological prop-
erties, and other (than agriculture) natural resources of the
system. However, even though a narrow definition of the tar-
get system was used, except for evaluating the adaptive ca-
pacity of the system, the case study adequately defined the
current state, system sensitivity, drivers and pressures, expo-
sure, impacts, and responses of water within the land-re-
source system.

CASE STUDY 2: WATER USE ELEMENT
OF A LAND RESOURCE SYSTEM
IN THE MIDWEST U.S.

This case study focused on the water resources vulnera-
bility in Kansas (in the High Plains region and overlying
Ogallala aquifer) as the target system (Anandhi and Kannan,
2018). This study used a narrow definition of the land-re-
source system (water use was the single element) to assess
vulnerability using six of the seven DEV A steps. Twenty-six
indicators were used to represent the target system’s adap-
tive capacity and sensitivity and the exposure of stressors ap-
plied to the land resources. Climate and population change
were the drivers. Climate change and variability were the ex-
ternal stressors used in this study. The stressor characteris-
tics were used to estimate the exposure using indicators (e.g.,
extreme temperature change). Streamflow and ET were the
indicators used to understand the state as well as the impacts
on the target system (as response variables) to exposure from
stressors. The correlation of the response variables to the ex-
posure indicators was used to understand the sensitivity and
adaptive capacity of the target system. The indicators were
analyzed individually after normalization and aggregated to
assess overall vulnerability.

CASE STUDY 3: LAND USE ELEMENT
OF A LAND RESOURCE SYSTEM
IN THE MIDWEST U.S.

This case study focused on crop production land use in
Kansas (in the High Plains region and overlying Ogallala ag-
uifer) as the target system (Anandhi et al., 2016). This study
used a narrow definition of the land-resource system (land
use was the single element) to assess exposure, which is one
component of the DEVA framework. This study compared
five approaches to estimate exposure of precipitation and
temperature change and variability on land used for crop
production in the region considered the “breadbasket of the
world.” Exposure to the external stressors (precipitation and
temperature change) represented the climate change and var-
iability drivers in this study. The stressor characteristics
were used to estimate the exposure using indicators (e.g., ex-
treme temperature change). Plant growth and development
indicators (e.g., growing degree days, phenological stages)
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were used to understand the changes in state (impacts) of the
target system. Crop yield was the response variable for the
target system. The number of indicators (1 to 6) varied with
the five approaches used to estimate exposure. The correla-
tion of the response variables to the exposure indicators was
validated using information on crop yield as impacted by
temperature and precipitation obtained from performance
tests, as well as information in the literature.

CASE STUDY 4: TRANSFER OF WATER RIGHTS
FROM FARMING TO DOMESTIC WATER USE
IN THE WESTERN U.S.

This case study focused on water rights transfers in the
Palo Verde Irrigation District (PVID) in California (Senay et
al., 2017). The PVID comprises about 400 km? of farmland
that is irrigated from the Colorado River using a system of
dams, pumping stations, and canals (the system initial state
included these flow alterations). With the growing urban
population and increasing demand for domestic water use
outside the system (driver), demand on the water supply has
increased, which affects the PVID. The Metropolitan Water
District (MWD) has devised a crop fallowing strategy (pres-
sure) to encourage California farmers to reduce their use of
the Colorado River. The fallowing program began in 2005,
with MWD entering into agreements with PVID farmers on
a 35-year fallowing program that pays farmers for not irri-
gating a portion of their land so that water will be saved and
transferred to southern California for urban water use. Re-
mote sensing-based ET data were used to monitor and assess
the impact of such decisions and agreements on the land re-
source. Senay et al. (2017) used historical Landsat data be-
fore and after the fallowing program (1984-2014) to evaluate
the spatiotemporal dynamics of crop water use in the PVID
from a generated 3 1-year dataset of field-scale ET. The study
showed that the major year-to-year fluctuations and trends
in crop water use (impact) were dominated by the land and
water management decisions (changes in land-use state) ra-
ther than the increasing air temperature and atmospheric wa-
ter demand (climatic pressure). The fallowing program re-
sulted in a major reduction, up to 132 million m? (107,000
ac-ft), in crop water use during the peak fallowing year (im-
pact). However, the impacts of such water rights transfer
from agriculture to domestic water use on other aspects of
the land resource (e.g., water quality, ecosystem function)
and hydrologic processes, including an assessment of system
adaptive capacity, were not studied and require further in-
vestigation.

CASE STUDY 5: BROADER DEFINITION OF A LAND
RESOURCE SYSTEM AND STRESSORS (SEVERAL
ELEMENTS) IN THE SOUTHEAST U.S.

This case study is based on three studies in several states
in the southeastern U.S. (Anandhi and Bentley, 2018; Anan-
dhi et al., 2018a, 2018b). Together, these studies used a
broad definition of the land-resource system (multiple ele-
ments including land use, water resources, other natural re-
sources, climate, biological systems) and stressors (multiple
elements including precipitation and temperature change,
land-use change, changes in other natural resources). The
components of DEVA were used in these studies. Climate
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change and variability (specifically, changing temperature
and precipitation) and land use and land cover changes dis-
turbed the various components of the land resources (driv-
ers). These drivers exerted a certain pressure on the land re-
sources (e.g., forest restoration, urbanization, land fragmen-
tation, agricultural development, frost, warm/cold/wet/dry
spells, hurricanes, droughts, sea level rise, hydrological pa-
rameters). The state of the land resource components was
represented using the land resource elements’ characteris-
tics, such as structure, growth, development, quality, quan-
tity, and/or availability. The impacts of these stressors, driv-
ers, and pressures were represented using changes in the
characteristics (e.g., changes in indicators of hydrologic al-
terations, biomass, yield, growth and development, mortality
rates). The responses to these impacts resulted in several ad-
aptation strategies (e.g., developing environmental flow, in-
frastructure modifications, introduction of new varieties).
The input data for these studies were the results from a meta-
analysis (synthesis and analysis of published literature) as
well as 50+ indicators estimated from observed data.

CASE STUDY 6: WEATHER AND CLIMATE
FORCING AS STRESSORS IN KANSAS
LAND RESOURCES: SPRING PHASE

This case study focused on land resource vulnerability in
Kansas as the target system (Aiken et al., 2017), defining the
land-resource system by political geography (county bound-
aries) from 1970 to 2007. Emphasis was given to the spring
phase of the cropping system as represented by winter wheat
productivity, a crop that dominates the allocation of arable
land in Kansas. The state of the system was represented by
land allocation, on a county basis, as well as land productiv-
ity, as indicated by county-average wheat yields. These two
state variables also indicated the adaptive capacity and sen-
sitivity responses to stressors and drivers, both implicit
(technology trends, market and agricultural price policy sig-
nals) and explicit (drought indicator and El Nino Southern
Oscillation (ENSO) climate forcing). Stochastic analysis in-
dicated two sectors of the land-resource system, correspond-
ing with semi-arid (western Kansas) and sub-humid (eastern
Kansas) climate regimes, an inference that was supported by
regional analysis of long-term drought indicators (Zam-
breski et al., 2018). Adaptive capacity was indicated by
trends for declining land allocation to wheat, representing
land management decisions that were likely influenced by
the value of winter wheat relative to alternative crop choices.
Adaptive capacity was also indicated by trends in land
productivity of wheat, reflecting adoption of enhanced pro-
duction technology by land managers. Regression analysis
provided indicators of target system vulnerability (exposure)
to stressors; on an annual basis, land allocation to wheat de-
clined by 0.6%. However, land allocation was not strongly
related to weather and climate stressors (drought and ENSO
indicators). Land productivity (spring phase) increased by 40
kg ha™! on an annual basis, and productivity was strongly re-
lated to weather and climate stressors (drought and ENSO
indicators). Modifications in the semi-arid sector of the tar-
get system are anticipated due to the development and adop-
tion of drought-tolerant corn hybrids. Directly drilling wheat
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into corn stubble eliminates the ten-month fallow (non-
cropped) period and increases the exposure of the spring
phase of land productivity to weather and climate stressors.
This non-adaptive change is likely altering the structural de-
pendencies of the land resource system in this water-deficit
region.

KNOWLEDGE GAPS
REPRESENTATION OF LAND RESOURCE ELEMENTS
AND STRESSOR INFORMATION IN THE SEVEN STEPS

The characteristics and processes of both elements and
stressors govern the land-resource system responses that can
be represented in a vulnerability assessment. Often, availa-
ble models are used that inherently constrain the element and
stressor characteristics, perhaps in ways that do not allow
key responses of elements nor interactions between elements
to occur. The DEVA framework guides assessments toward
first considering the important elements and stressors along
with the responses and interactions that are important for the
assessment, and then finding models that meet those criteria
and constraints, not the other way around. This may force
modelers and analysts to rethink model representations and
functions to meet the goals framed by the DEV A approach.

TOOLS AND DATA SOURCES FOR ASSESSMENT
OF VULNERABILITY OF LAND RESOURCES

The presentations at the ASABE AIM sessions exten-
sively discussed available modeling tools and their applica-
tion in DEVA analyses. Hydrologic and other Earth systems
models are useful tools for addressing questions related to
climate change and climate impacts, mitigation, and adapta-
tion. However, some of the human components related to
natural resource use and management (e.g., economics, pol-
icy) are often not represented in these models, which limits
their ability to address important aspects of some DEVA ap-
plications, such as those related to the complex energy-wa-
ter-land nexus. Extending Earth systems models to include
human systems is critical for predicting future changes in
land resources that result from interactions of human and
natural systems from local to global scales (e.g., Caldas et
al., 2015; Kraucunas et al., 2015).

LACK OF CONSISTENT, HIGH-QUALITY
HISTORICAL OBSERVATIONS

Despite the improved spatial coverage provided by satel-
lite and global weather datasets, there is still a need for high-
quality in situ datasets to downscale, bias-correct, and cali-
brate environmental datasets. While satellites can help col-
lect impressive environmental data that can be interpreted
reliably in a relative sense, both in space and time dimen-
sions, the absolute magnitude typically requires bias correc-
tion and downscaling. There is a lack of in sifu biophysical
and socioeconomic datasets, such as groundwater, hydraulic,
and land properties (e.g., hydraulic conductivity, perceptions
on water use, energy price fluctuations). This lack can only
be corrected with ground-based observations that are well
distributed to cover diverse agro-hydro-climatic regions.
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RECOMMENDATIONS FOR
FUTURE WORK

The research literature is replete with examples of tightly
focused applications of hydrologic and Earth systems mod-
els. Application of the DEVA framework to these modeling
efforts has multiple benefits. The DEVA framework ensures
that the context for the modeling analysis is maintained,
which is critical in clarifying the intended use, and thus the
appropriate approach toward evaluating, interpreting, and
communicating the results (Harmel et al., 2014, 2018) of a
modeling effort. The DEVA framework focuses efforts to-
ward explicitly defining the target system boundaries, sys-
tem element and stressor characteristics, stressor exposure
characteristics, and system element response functions, in-
stead of allowing these characteristics to be defined implic-
itly as a consequence of model selection. Finally, the DEVA
framework draws attention to the differences between adap-
tive and non-adaptive responses to stressors, as well as nat-
ural and anthropogenic responses, that inform or alter suc-
ceeding system states and responses, which are typically not
considered in traditional modeling studies. Thus, we
strongly urge that studies addressing land resource vulnera-
bilities and responses to stressors, including those that are
currently framed as hydrologic or Earth systems modeling
applications, first apply the DEVA framework to ensure that
all necessary elements and relationships are explicitly in-
cluded in, or knowingly excluded from, the analysis.

The applicability of various indicators for specific DEVA
applications should be explored. For example, an indicator
perceived as useful by an agency decision-maker may be dif-
ferent from the indicator perceived as useful by a producer,
and an indicator useful in the assessment of corn production
vulnerability may be different from the assessment of graz-
ing systems. A synthesis of indicators used in various studies
to represent the elements of the DEVA framework and com-
ponents of the definition of land resources and stressors
would provide valuable guidance to future vulnerability as-
sessments.

Vulnerability assessments demand ground-truthing of the
results as part of an adaptive resource management frame-
work of analysis, action, monitoring, and adaptation. We
strongly recommend that government agencies at all levels
continue expanding their ground observation networks to
improve our understanding of the spatiotemporal dynamics
of land resource drivers, responses, and indicators. Improve-
ments are also urged in the spatial and temporal coverage
and accuracy of satellite estimates. Integration of citizen-sci-
ence data collection with satellite-based systems could
greatly improve ground data coverage at an affordable cost.
To the extent that historical records are unavailable for trend
analyses, land resource studies may need to explore the pos-
sibility of adapting techniques generally used by climate sci-
entists, such as paleo records and tools.

CONCLUSIONS

Land resources are central to understanding the relation-
ship between humans and their environment. Land resources
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and vulnerability assessments are theoretical concepts that
elude understanding. Due to the complexity of both vulner-
ability assessment and land resources (dual complexity), es-
timating the vulnerabilities of land resources to changes in
land management or climate forcing is challenging but very
important. Modeling frameworks can be useful tools. Many
studies have used multiple frameworks for vulnerability as-
sessment. This study addresses the need for clarity in defin-
ing the framework for land resources vulnerability assess-
ment with appropriate complexity to define the important
land resource system elements, processes, interactions, and
feedbacks and capture the complex nature of sustainable
land resources management.

A novel conceptual framework for integrated DPSIR-
ESA Vulnerability Assessment (DEVA) of land resources
combines the driver-pressure-state-impact-response
(DPSIR) framework adopted by the European Environment
Agency with the exposure-sensitivity-adaptive capacity
(ESA) framework used by the IPCC to assess impacts of cli-
mate change to describe interactions between society and the
environment. The DEVA framework operationalizes the
process of assessing the vulnerability of a target system to
external stressors. The proposed DEVA framework includes
the following seven elements: (1) definition of the target sys-
tem (land resource), (2) description of internal characteris-
tics of the target system (state), (3) description of target sys-
tem vulnerability indicators (adaptive capacity, sensitivity),
(4) description of stressor characteristics (drivers, pres-
sures), (5) description of stressor vulnerability indicators
(exposure), (6) description of the target system response to
stressors (impacts), and (7) description of modifications to
the target system or stressors (responses).

The definitions of land resources and stressors were de-
veloped with multiple components. We broadly defined a
land resource to include all the ecological resources of cli-
mate, water, soil, landforms, flora, and fauna, and all the so-
cioeconomic systems that interact with agriculture, forestry,
and other land uses within some system boundary. A narrow
definition of a land resource has fewer elements or more sim-
plistic representations of specific elements, while a broad
definition includes multiple or more complex representa-
tions of elements.

In stating that they have applied the DEVA framework,
analysts acknowledge that they have (1) considered the full
breadth of each DEVA element, (2) have made conscious
decisions to limit the scope and complexity of certain ele-
ments, and (3) can communicate both the rationale for these
decisions and the impact of these decisions on the vulnera-
bility assessment results and recommendations.

The DEVA framework was demonstrated with several
case studies. Each case study highlighted the application of
several elements of the DEVA framework to land resources
in different parts of the U.S. Knowledge gaps and recom-
mendations for future work to enhance vulnerability assess-
ments of land resources were also identified.
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