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a  b  s  t  r  a  c  t

Adapting  our  ecosystems  to climate  change  for sustainable  management  requires  an  understanding
of  three  broad  interconnected  systems:  ecosystems,  climate  systems  and  adaptive  management  and
planning  systems.  Multiple  factors  shape  adaptive  responses  to a  changing  climate  because  of the  com-
plexities  and  multi-disciplinary  nature  of  these  three  systems.  In this  study,  the  conceptual  model  CISTA-A
(CISTA  for  Agro-ecosystems)  is developed  using  Indicators  that  are  identified  as  using a  Systems  Thinking
approach  to  Adaptation.  CISTA  addresses  questions  concerning  “how  to adapt”  our  ecosystems  to climate
change  and  has  three  or more  layers:  A base  (element)  layer  has  abiotic/biotic  information  (e.g.  ecological,
agro-hydrological,  and meteorological  data).  One  or more  components  (intermediate)  layer(s)  have  eco-
logical,  agro-hydrological,  and  climatological  indicators  (e.g.  length  of  the  growing  season  and  growing
degree  days)  that  affect  the  ecosystem.  Indicators  are  identified  and  estimated  from  an  element  layer.
gallala aquifer
ard and soft systems thinking

nductive and deductive approach

In the  final  layer,  the translation  of  information  from  indicators  to adaptation  strategies  (incremental
systems  and  transformational  adaptation)  depends  on  the  degree  of change  and  the  level  of adaptation.
CISTA  can  stand  alone  or combine  with  existing  crop/integrated  assessment  models  to  develop  quanti-
tative  adaptation  strategies.  The  use of 23 indicators  and  3 empirical  tests  in the  agro-ecosystems  (AS)
of  Kansas,  USA  demonstrate  the  application  of  CISTA-A.

Published  by Elsevier  B.V.  This  is an  open  access  article  under  the  CC  BY-NC-ND  license  (http://
. Introduction

Adaptation is a key feature of sustainable ecological, social
Folke et al., 2005; Folke, 2006) and agricultural systems (Howden
t al., 2007). Agricultural systems comprise a major portion of
lobal land use. With growing recognition of the inevitability of
limate change, adaptation in these systems has become a core ele-
ent of climate policy and research (Berrang-Ford et al., 2015). The

ncreasing focus on research and policy is concerned with respond-
ng to the unavoidable impacts of climate change (Thomsen et al.,
012) while utilizing the benefits of change. In addition, adapta-
ion is a key factor that will shape the future severity of climate
hange impacts on food production (Lobell et al., 2008). Therefore,
eveloping adaptation strategies to counteract impacts of climate

hange are in the forefront globally (IPCC, 2014) and nationally
Walthall, 2012). Numerous recent studies and publications have
hifted the focus from “need to adapt” to “how to adapt” (Nabikolo
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et al., 2012). However, it is observed that the pace of adaptation to
climate change and land use is still relatively modest, and aware-
ness of available management options is low (Dilling et al., 2014;
Preston et al., 2015).

Adaptation strategies are most often presented as options in the
form of a shopping-list (e.g., earlier planting, new crop varieties),
where people are asked to choose, among a selection of alternative
practices, policies and/or technologies without any deeper consid-
eration of the broader or systemic implications (Thomsen et al.,
2012). The reasons for this approach may  be due to: 1) Complexity
in developing the strategies. Adger et al. (2005) reported that adap-
tation strategies are sensitive to spatial (farm, county, regional)
and temporal (daily, monthly, annual, decadal) scales, with some
strategies being more scale dependent than others. Understand-
ing the complex systems is not well developed and is likely to
remain so into the foreseeable future (Thomsen et al., 2012). In
addition, adaptation strategies to changing land use and climate

are sensitive to triggers or drivers of change (e.g. commodity prices)
(Tompkins et al., 2005). 2) Multi-disciplinary nature of the ecosys-
tems and its adaptive management. Understanding an ecosystem’s
multifaceted character requires information about its biophysi-
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al, socio-economic and/or behavioral changes. The paths between
nformation to actual adaptation strategies are not clearly defined
nd quantified. In addition, research on the consequences of cli-
ate change on sustainable ecological systems requires addressing

eepening levels of system complexity that require a new suite
f methodologies to cope with the added uncertainty that accom-
anies the addition of new, often non-linear, process knowledge
Easterling et al., 2007).

Effective adaptation depends on an understanding of projected
limatic changes at geographic and temporal scales appropriate
or the needed response (Anandhi et al., 2016). The complexity in
eveloping the adaptation strategies, the multidisciplinary nature
f adaptive management of ecosystems, and the knowledge gap
xisting in translating the biophysical information into adapta-
ion strategies limit our understanding of “how to adapt” with
egards to ecosystems. The objective of this study is to address
ome of these challenges and improve our understanding of “how
o adapt” by translating the biophysical information into adaptation
trategies. In this study, CISTA is a conceptual model developed to
rrive at quantitative adaptation strategies in ecosystems. For the
ost part, the model’s description and development are explained

sing biophysical elements. The novelty of the methodology is in
he model’s use of a systems approach in the conceptual model
evelopment. In CISTA-A, the additional A is added because the
eveloped model is empirically tested in agro-ecosystems (AS)
sing three applications. These applications use available biophys-

cal information to develop quantitative adaptation strategies to
ombat climate change and variability. Although the CISTA-A’s
pplication demonstrates the use of biophysical information in
gro-ecosystems, CISTA can be applied to other ecosystems using
cological, economic, sociological and behavioral information (in
ddition to biophysical), which need consideration in adaptation
o a changing and variable climate.

. Material and methods

.1. Key definitions and theory descriptions used in CISTA
evelopment

In this study, adaptation is defined as ‘adjustment in ecosystem
anagement in response to actual or expected climatic stimuli or

heir effects, which moderates harm or exploits beneficial oppor-
unities’ (IPCC, 2001). There are three levels of adaptation: 1)
ncremental adaptation refers to changes in practices and technolo-
ies within an existing system (Kates et al., 2012). These are tactical
hoices requiring minimal financial investment, few cropping sea-
ons for the mastery of associated managerial skills, and can be
eversed from one cropping season to another (Leclère et al., 2014).
) Systems adaptation are changes to an existing system, such as
ew crop types that are mapped against an increasing degree of
hange (Anandhi, 2016). 3) Transformational adaptation refers to
he more radical end of a spectrum of change such as a change in
and use. Adaptations become systemic and then transformational
n proportion to their irreversibility, capital requirements, lifetime,
nd impact (Leclère et al., 2014).

A system is that which possesses a definite set of characteristics
nd elements, including input requirements, productivity, environ-
ental impact, and economic return, but it is difficult to understand

ompletely which system components are contributing to these
utcomes (Allen et al., 2007). Complex systems are systems that
nvolve the collective behavior of a large group of relatively simple

lements or agents in which the interactions among elements are
ypically local and non–linear. Systems thinking focuses on the rela-
ionships between the parts forming a purposeful whole (Caulfield
nd Maj, 2001). Systems theory (Bertalanffy, 1968) states that com-
ling 345 (2017) 41–55

plex, nonlinear systems function differently in vivo than a separate
scrutiny of their component parts might indicate. Gödel’s theorems
postulate that there is inadequate information within a system to
understand or predict its behavior (i.e., one needs to understand
its external inputs). The Heisenberg principle states that science is
approximate and subject to our method of questioning (Hopkins
et al., 2011). An indicator is defined as any variable that represents
either the magnitude of an element (e.g. average annual precipita-
tion), the variability of an element (e.g. coefficient of variation for
annual precipitation) or the statistical relationship among elements
(Heink and Kowarik, 2010).

2.2. Summary of methods used to develop adaptation strategies

Traditionally, most studies on adaptations and strategy devel-
opment use preselected adaptation strategies like a shopping list
and do not show quantitative information regarding their selec-
tion. These studies can be broadly classified into three approaches
(Fig. 1a and Section 4). One strategy uses the top-down approach
(Approach 1, all solid lines in Fig. 1a). These studies usually
pick a few preselected strategies based on experience and a
review of the literature. Some of these strategies can be simple
management scenarios, which are often used in model sensitiv-
ity analysis (e.g. planting a few weeks earlier/later to study its
effect on crop yield, turning on and off the irrigation to study
its effects on yield response). These preselected strategies in a
changing climate are then applied to a combination of mod-
els (e.g. crop/economic/ecosystem), change scenarios (e.g. climate
change/management) to study the effect of an adaptation strategy’s
response to agriculture (Anandhi et al., 2011; Rosenzweig et al.,
2013; Waha et al., 2013a; Webber et al., 2015) and natural ecosys-
tems (Tang et al., 2012). In this approach, only a few studies have
quantified the methodology for developing preselected strategies
from climate data (Waha et al., 2013b). While using these prese-
lected strategies, the methodologies to arrive at the quantitative
information on the strategy are often not clearly provided (e.g.
how to choose the days for planting earlier/later). In the bottom-
up approach (Approach 2, all dotted lines in Fig. 1a), information
collected using surveys, questionnaires etc is provided by key deci-
sion makers in the ecosystems (e.g. producers, water managers,
planners). This information is used to understand the needs of pro-
ducers and to develop adaptation strategies (Dilling et al., 2014;
Henstra and Vogel, 2014). For example, adaptation strategies are
developed from the questionnaire to producers and decision mak-
ers. A hybrid approach that combines both modeling and surveys
is an alternative (hybrid; Approach 3, dashed lines that combine
Paths 1 and 2 in Fig. 1a) (Claessens et al., 2012; Waha et al., 2013a).
Integrated assessment and modeling (IAM) is an example of this
approach (Ewert et al., 2015). For example, sowing/planting infor-
mation from the questionnaire are used to develop the adaptation
strategies such as planting/harvest dates that are input into crop
models to estimate the yield response (Waha et al., 2013a).

Generally, based on the timing of adaptation, approaches can
be reactive or anticipatory; depending on the degree of spontane-
ity, the adaptations can be autonomous or planned (Smit et al.,
2000). Adaptation strategies can be at three levels (described in
Section 2.1) can overlap both conceptually and in practice, and can
be pursued in any situation that depends in part on the type of deci-
sion being faced (Rickards and Howden, 2012). Some commonly
preselected strategies at the different levels are new varieties,
planting & harvest times (incremental adaptation), climate change
ready crops, precision agriculture (systems adaptation), and trans-

formation from land use or distribution change (transformational
adaptation). Evidence suggests that conceptual models, tools, and
methods developed by the research community have either not
sufficiently evolved or have not been effectively delivered to guide
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Fig. 1. Adapting the agricultural systems to variable and changing climate (a) Three approaches traditionally used in developing adaptation strategies, (b) Representing
using  systems approach the triple complexity, (c) Representing the complexity using approaches and pathways. The dashed-bordered arrows in (b) and (c) represent the
inter-connectedness between the three systems. The solid bordered arrows in (b) represent the general information flow while translating variables to concepts such as
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ulnerability, adaptation, and mitigation. The first column of solid bordered arrows
econd column of solid bordered arrows (right hand side) in (b) represents the adap
ivided  into four pathways using 4 arrows types in (1c).

daptation (Preston et al., 2015). It is important to note that
lthough many studies have used one or more approaches and/or
evels of adaptation, most of these studies do not provide a method-
logy to develop quantitative values for the preselected adaptation
trategy based on commonly measured biophysical variables. The
dvantage of this study derives from the systems approach’s abil-
ty to extract information about the functioning of complex systems
o develop quantitative adaptation strategies that effectively guide
daptation.

.3. Conceptual model framework development—overview for
epresenting complexity

In order to quantify values for the preselected adaptation strat-
gy, this study begins with a representation of the complex and
ulti-disciplinary nature of an ecosystem’s adaptive management

n relation to climate change and variability.
Here, the complex system is considered to be connected to

hree broad systems (represented using dashed-bordered two-way
rrows in Fig. 1b and c) consisting of: 1) the complexity of the
daptation planning and management system, 2) the complex-
ty of the ecosystems (e.g. AS-agricultural systems) and 3) the
omplexity of the climate systems (Fig. 1b). An example of this
onnection is the inter-annual, monthly and daily distribution of
limate variables (e.g., temperature, radiation, precipitation, water
apor pressure in the air and wind speed) affecting a number of
hysical, chemical and biological processes that drive the pro-
uctivity of ecosystems (Easterling et al., 2007), and its services
nd management. Within the three broad systems, elements of
cological, biophysical, economic, sociological and behavioral sys-

ems need consideration for adaptation (Ratter, 2012). Examples of
io-physical elements are environment, soil characteristics, land-
cape positions, genetics, and ecology of plants and animals (Allen
t al., 2007); examples of socio-economic and behavioral system
and side) in (b) represents the climate systems and agricultural systems, while the
anagement system. The information flow through solid bordered arrows in (1b) is

elements are management practices and goals, human lifestyles,
social constraints, economic opportunities, marketing strategies,
and externalities such as energy supplies and costs, and the impact
of farm policies (Allen et al., 2008).

In general, a systems thinking approach (explained in Sec-
tion 2.1) addresses the system’s complexity and multi-disciplinary
nature (Fig. 1b). The climate system and AS, its variability, are rep-
resented using variables and/or indicators obtained from biotic
and abiotic information which are measured, observed, or sur-
veyed (e.g. temperature, rainfall, crop yield, farmer choice, growing
season length). This is represented in the first column of solid
bordered arrows (left hand side) in Fig. 1b. Adaptive manage-
ment is represented using concepts (e.g. adaptation, vulnerability),
which is represented in the second column of solid bordered
arrows (right hand side) in Fig. 1b. Finally, the variables and/or
indicators are translated to concepts (Fig. 1b). This translation
uses four pathways (Fig. 1c). Traditional studies use Pathway 1
(all solid lines in Fig. 1c; variable-model-adaptation; top-down
approach, for example climate scenarios-crop model-impact of cli-
mate change) and/or Pathway 4 (alternate dash and dotted line
in Fig. 1c; variable-adaptation; bottom-up approach, for example
farmer choice for adaptation strategy). While developing quantita-
tive adaptation strategies for AS to adjust for climate change and
variability use the CISTA-A model framework, two  other potential
pathways, which include indicators, are introduced in this study
(Pathways 2 and 3, Fig. 1c). In Pathway 2 (all dash lines in Fig. 1c;
variable-indicator-adaptation), the information from climate vari-
ables will be translated to adaptation strategies using indicators
(e.g. temperature-last spring freeze-early sowing). In Pathway 3
(all dotted lines in Fig. 1c; variable-indicator-model-adaptation),

the information from climate variables will be translated to adap-
tation strategies using indicators and models (e.g. temperature-last
spring freeze-crop/IA models-early sowing). Pathways 2 and 3 are
used in the conceptual model development and are elaborated fur-
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her in Section 4.1. Integration of the developed conceptual model
athways 1 and 3 is further discussed in Section 4.5.

Representing the three connected systems presents challenges
ommon to complex systems. They are 1) processes in the system
perate at a wide range of spatial and temporal scales with many
ulti-scale interactions; 2) emergent self-organization reveals

arge-scale non-linear properties that cannot be inferred from the
ehavior of the individual elements (Slingo et al., 2009); 3) multi-
le biophysical and socio-economic drivers interconnect; 4) direct
nd indirect factors and impetuses for change impact AS; and 5)
ystems have elements of chaos, where the system appears to be
andering, always exhibiting new and different behavior; but over

ime, a deeper order is exhibited (Allen et al., 2007). Quantifying
ssues enmeshed in multi-scaled connectivity are a fundamental
haracteristic of complex systems, and the process of quantifying
unction within this complexity is the fundamental objective of the
ystems approach (Hopkins et al., 2011).

Hard and soft thinking are two extremes of the systems thinking
pproach that can be used to build the CISTA-A model to trans-
ate variables/indicators to quantitative adaptation strategies. Hard
ystem thinking views each base element of a complex system
s objectively ascertained; building the system simply requires
sing the proper elements. The top-down approach is an exam-
le of the hard system (Fig. 1a). The hard system is based on
eductive thinking that puts the problem solver in the role of an
xternal party to the change effort, perceiving it through coded
ariables and indicators. Here, the systems have ‘boundaries’ in
ime and space (e.g. farm level, county level, watershed level),
nputs (e.g. fertilizer, irrigation), and outputs (e.g. crop yield). In
ontrast, soft system thinking focuses on mindsets (e.g. percep-
ions to climate change, perceptions to adaptive management),
ith elements highly dependent on context and purpose. Here, the

ystems boundaries, inputs/outputs are often fuzzy. This approach
ends to use a bottom-up approach (Fig. 1a). Combining both hard
nd soft thinking when selecting components (hybrid approach)
an be challenging, but it provides support in explaining complex
ystems. Here, system complexity in the three connected systems
s perceived as having clarity in inputs/outputs in certain aspects
hard thinking), while in others, the inputs/outputs are fuzzy (soft
hinking). This will be dealt with by using one or more indicators
o represent an element or combination of elements in the three
onnected systems.

Indicators characterize the drivers, processes, and connected-
ess in the three interrelated systems. Indicators are identified
nd selected to represent the complexity among and within the
hree systems namely: adaptation planning and management sys-
ems, agricultural systems, and climate systems (Anandhi et al.,
016). Using indicators is valuable for the following reasons: 1)

ndicators are powerful tools to communicate technical data in
elatively simple terms that portray the interrelationships among
limate and other physical and biological elements of the environ-
ent, to help reveal evidence of the discernible impacts of change

Kadir et al., 2013); 2) indices often provide important insights on
he factors, processes, and structures that promote or constrain
daptive capacity; 3) the index-based approach is also valuable
or monitoring trends and exploring conceptual frameworks (Luers
t al., 2003; Deressa et al., 2008); and 4) indicators are useful
n combining both hard and soft thinking systems approach. For
xample, sowing dates based on trends in last spring freeze indi-
ator, which is estimated from measured low temperature data,
s an instance of the hard thinking approach. Estimating sowing
ates from rainfall and temperature data using fuzzy rule com-

osed of three indicators, the 5-day cumulative rainfall amount,
he number of wet-days, and the dry-spell length (Waongo et al.,
015) can be an example of combining both hard (5 day cumula-
ive) and soft (fuzzy logic) thinking approaches. Sowing dates based
ling 345 (2017) 41–55

on farmer perceptions of climate change (Akponikpè et al., 2010)
is an example of the soft thinking approach. The adaptation strate-
gies may  also be based on a combination of factors such as the type
of crop, stage of crop growth, region, soil type and water avail-
ability, and in some cases, the relationship between these factors
can be dependent on perceptions (soft thinking). Also, while com-
bining various components to explain the processes/drivers that
are highly dependent on context and purpose (soft thinking), this
will be dealt with by using one or more indicators to represent an
element or combination of elements. Current studies use scientific
methods and disciplinary specialization, which have provided us
with an enormous database on the biotic and abiotic composition
of systems, and often lack the systems large-scale interactions. The
CISTA framework for AS (CISTA-A) is based on the fact that both
hard and soft systems thinking use indicators that are useful in
representing the triple complexity of the adaptive management of
AS with regards to changing climate. The biophysical elements and
methodology emphasized in this study can be applied to include
other elements as well.

2.4. CISTA-A model description

CISTA-A, the novel conceptual model developed in this study for
estimating quantitative adaptation strategy is summarized in Fig. 2.
The developed model is empirically tested using three applications
in agro-ecosystems in the next section.

CISTA-A consists of three or more layers namely:

2.4.1. Base (elements) layer
This layer consists of biotic/abiotic information such

as ecological,—hydrological and climate variables that are
observed/measured/surveyed. These are raw data on the var-
ious drivers and processes in the three inter-connected systems
(AS, climate and adaptive planning and management). Exam-
ples include plant biomass, plant yield, rainfall, temperature,
streamflow, irrigation information, and perceptions to adaptation.

2.4.2. Intermediate (Component) layer(s)
This layer consists of one or more intermediate layers. Each of

these layers can have one or more indicators. Indicators are iden-
tified and selected using systems thinking approaches (described
in the previous section). Indicators are estimated from variables
in the base layer to represent and improve understanding of the
complexity of the drivers and processes in the ecosystem. This
improved understanding provides information to develop quan-
titative adaptation strategies. Examples include agro-ecological,
eco-hydrological and climatological indicators that affect AS.

2.4.3. End (adaptation) layer
In this layer, quantitative adaptation strategies for various levels

of adaptation (incremental, systems, and transformational adapta-
tion) are developed from the estimated indicators.

In general, the layers and intermediate layers in CISTA-A can
operate on a wide range of spatial and temporal scales with
many multiscale interactions. In this conceptual model, the first
(base) layer is the “elements”. They are the data that supports
the understanding of the various drivers and processes in the
three inter-connected systems (AS, climate and adaptive plan-
ning and management). In cases when adaptations are targeted
to specific climate variables or weather events (e.g. rainfall, tem-
perature, extreme heat, drought) these variables then become the
base layer if measurements/observations exist. Variable and chang-

ing climate is the main driver considered in this study, and some
other drivers are discussed in Section 4. Processes in the AS include
plant growth and development, water uptake, evapotranspira-
tion, nutrient management, runoff, precipitation. These drivers of
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ig. 2. CISTA-A developed in this study to represent the triple complexity in adapta
2009).

hange and processes require the incorporation of data on multiple
patio-temporal scales, which are often hampered by a lack of spa-
ially explicit data and by methodological difficulties in linking the
ata. This base layer possesses abiotic and biotic information on
gricultural, climate, and adaptive management systems that are
lready available in the form of measurements and observations
r surveyed information. Example sources of data can be individ-
al station (meteorological/hydrological/crop performance tests)
r regional data. Examples of variables are air temperature through
ny particular day, including daily maximum and minimum tem-
erature, and related weather and physiological variables. These
lements can be provided in the form of a time series (e.g. rainfall,
emperatures, land use/land cover, yield etc.) or limited-time infor-

ation (e.g. collected from surveys or interviews from important
S stakeholders). The elements selected depend on the availability
f data, the type of driver/process in question, and its relation to the
hree systems (AS, climate and adaptive planning and management
ystems).

There may  be multiple intermediate layers called “component
ayers”. The component layer(s), the heart of the model, are made of
ndicators that translate observed information from the base layer
o concepts in CISTA. This will be constructed from the informa-
ion provided from the base layer in order to accommodate the
arying complexity of the processes in the three systems and their
espective levels of adaptation strategy. For example, a less com-
lex process or a simple adaptation strategy can be represented
sing a single component layer with one or more indicators while

 more complex process/adaptation strategy may  need multiple
omponent layers, with each layer having one or more indicators.
he component layer integrates the various concepts of complex
ystems in the adaptive management of AS in response to climate
hange and variability. The underlying assumption is that each
omponent of a complex system has underlying properties that can
e objectively ascertained, whose component properties are highly
ependent on context and purpose (Magoulas et al., 2012). Building

he system requires using the proper components; this is accom-
lished with indicators in the component layer. The indicators are
elected using deductive (theory based or physical relationship
f agricultural systems to variable and changing climate. Adapted from Slingo et al.

based) and inductive (statistical based) approaches (Adger et al.,
2004b).

This layer in CISTA is mainly the identification and estimation
of indicators. Indicators are identified by how they 1) represent the
drivers, processes and portray connectedness in the three interre-
lated systems to help reveal evidence of the discernible impacts
of climate change and variability; 2) overcome some of the chal-
lenges in complex systems namely, revealing new and different
behaviors than separate scrutiny of the base elements used to esti-
mate them; 3) exhibit non-linear properties that cannot be inferred
from the behavior of the individual base elements; 4) improve
understanding or predicting the system’s behavior using inade-
quate information within a system to understand or predict its
behavior by understanding its external inputs; 5) often provide
important insights on the factors, processes, and structures that
promote or constrain adaptive capacity; 6) can be estimated at a
wide range of spatial and temporal scales with many multi-scale
interactions. Hamouda et al. (2009) categorized the indicators into
hydro-physical and socio-economic or political in nature. An elab-
orate discussion on indicators can be found in Heink and Kowarik
(2010). The choice of indicators can be specific to either an agro-
ecosystem, climate system, or be adaptive-management specific,
region–specific, or a combination of the above. They are selected
using deductive (theory based or physical relationship based) and
inductive (statistical based) approaches (Adger et al., 2004a). The
deductive approach involves; 1) understanding the phenomenon
and the main processes involved; 2) identifying the main pro-
cesses to be included in the study and how they are related; and 3)
selecting the best possible indicators for these processes, thereby
assigning values and weights based on their degree of affect.

An inductive approach involves a ‘hoovering’ of potentially
relevant indicators and selecting indicators based on significant
statistical relationships or local experience, which are then used to
build a model. The inductive approach needs a benchmark against
which indicators are tested. One or more proxy variable for adapta-

tion are used as the benchmark. For example, agricultural yields or
economic feasibility have been used as a proxy variable in adapta-
tion studies (Claessens et al., 2012). Water-use efficiency has been
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Fig. 3. (a) Steps followed in developing quantitative adaptation strategies. (b) Applications of the conceptual model developed in this study. The first two applications has
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uantitative information for two levels of adaptation. In (a) n1, n2, n3.  . .n7 represe

sed as a proxy variable for adaptation studies. When there are not
any quantifiable elements of adaptability, a deductive approach

or indicator selection is recommended. When such data is avail-
ble, deductive and inductive approaches for indicator selection is
ecommended. In this study, the deductive approach for indicator
election was used. The identified indicators are shortlisted based
n their application and data availability.

The last (end) layer in CISTA-A translates the information from
ndicators in the component layer to quantitative information
eeded for developing one or more adaptation strategies in AS to
djust for climate change and variability. Depending on the degree
f change and the benefit from adaptation, the adaptation strategy
n the end layer may  be for different levels of adaptation, namely
ncremental, systems and transformation. These strategies may  be
cale dependent. The information from this layer will be useful for
eneral policy options (e.g. investment in irrigation, other natu-
al resource conservation) and scientists (such as crop breeders). It

rovides the stakeholders with useful information regarding deci-
ion making, while increasing their adaptive capacity in terms of
limate change and variability.
mental and systems adaptation. The third application has a single IL and provides
e number of days for various adaptations.

2.5. Steps to apply CISTA

The various steps to develop quantitative adaptation strategies
using CISTA, and developed in this application, are given below and
summarized in figure (Fig. 3). Steps 3–6 can be iterative.

2.5.1. Step 1
Identify the study region and the ecosystem (e.g. agro-

ecosystem, urban ecosystem, forest ecosystem) for which you
would like to develop quantitative adaptation strategies. In this
study, the agro-ecosystem is chosen, so the conceptual model is
named CISTA-A. The other two interconnected systems are climate
system and adaptive management systems.

2.5.2. Step 2

Select one or more sub-systems to focus on within these three

broad systems (e.g. biophysical, ecological, economic, sociological,
behavioral systems). Align them with goals and objectives of the
adaptation project. All elements are equally important and need
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onsideration in the adaptation; however, due to resource con-
trains, only a few are often selected.

.5.3. Step 3
Build the base layer in CISTA. Identify the biotic and abiotic

nformation available that represents the ecosystems and their
nterconnectedness for the study region (e.g. time-series of climate
nformation, survey information on stakeholder preferences and
erceptions). The spatial scale and temporal scale of the various
vailable information are identified.

.5.4. Step 4
Build the component layer in CISTA. This requires the iden-

ification and estimation of indicators using systems approach.
epending on the selected indicators, there can be one or more
omponent layers. Information in the previous steps and model
evelopment (Section 2) are useful while identifying the indica-
ors. Next, estimate the indicator from the available information.
he relationship between the element(s) and indicator(s) can either
e the magnitude of an element, the variability of an element, or the
tatistical relationship among elements. Indicators estimated from
he elements layer use data (time-series of variables) from obser-
ations (in the historical time-periods) and/or future projections
odel simulations.

.5.5. Step 5
Build the end layer in CISTA. Here the information from the

ndicators are translated into quantitative information on different
daptation strategies in multiple layers. The quantitative informa-
ion on different adaptation strategies can be scale dependent. The
ependency is contingent on the spatial and temporal scale of the
iotic and abiotic information of the chosen indicators.

.5.6. Step 6
Develop causal chain diagrams. These diagrams display the

ehavior of cause and effect from the systems standpoint in devel-
ping adaptation strategies. They represent the connectedness
etween the inputs layer, layer(s) in the component layer, and
he end layer using causal relationships. These diagrams simply
onvert the complexity in AS, climate and adaptive planning, and
anagement systems into simple, easily understood quantitative

trategies. If need be, these diagrams can be used to revisit steps
–5.

. Results

In this section, the CISTA-A is empirically tested to develop
uantitative adaptation strategies to combat the negative impacts
f climate change and variability (Fig. 4). The causal chains dia-
rams are in Fig. 5.

.1. CISTA-A: application 1 to develop incremental adaptation
trategies

In this application, CISTA-A is empirically tested by develop-
ng three quantitative incremental adaptation strategies to combat
he negative impacts of climate change and variability, namely, the
umber of days to plant earlier/later; the number of days to harvest
arlier/later, and the length of crop varieties to select for growth.
.1.1. Step 1
The state of Kansas is the study region, and a sorghum/corn

roducing agro-ecosystem is the selected ecosystem.
ling 345 (2017) 41–55 47

3.1.2. Step 2
Biophysical elements are the main focus for the three inter-

connected systems—agro-ecosystem, climate system, and adaptive
management system. Plant variety, type, growth, development and
yield; land conditions and type; growing season; temperature;
rainfall, and agricultural practices are some examples of biophysical
elements.

3.1.3. Step 3
In the base layer, 100 years daily minimum temperatures (Tmin)

from 23 weather stations spread across Kansas provide the abi-
otic information. The biotic information from sorghum plant yields
and years in which the sorghum yield was  stressed due to climate
parameters was observed in the performance tests.

3.1.4. Step 4
In the component layer, four indicators are selected. They are

frost day (FD), last spring freeze (LSF), first fall freeze (FFF), and
length of growing season (GSL), which represent the biophysi-
cal elements of the three systems. A frost day was defined as a
day with Tmin < 0 ◦C. LSF is the last day in March through May
with Tmin < 0 ◦C while, FFF is the first day in September through
November with Tmin < 0 ◦C. GSL is the number of days between the
LSF and the FFF of the same year. There will be three intermediate
component layers. The first intermediate layer has one indicator
estimated from Tmin. The second intermediate layer has two  indi-
cators: last spring freeze and first fall freeze estimated from the
first layer. The third intermediate layer, the growing season length,
is estimated from the indicators in the second component layer. The
four indicators are estimated for 100 years, at 23 weather stations
(point location spatial scale). More details on the four indicators
can be obtained from Anandhi et al. (2013a).

3.1.5. Step 5
In the end layer, the time-series of the four indicators were

plotted and the changes observed (Fig. 4a). Also, the long term
(100+ years) and short term (30 years) linear trend lines were
developed and studied. The probability of occurrence of the indices
was analyzed at 5%, 25%, 50%, 75%, and 95% for both long term
and short term trends. The results of the long term trend show
that a general increase in Tmin from 1900 through 2009 caused
a decrease in the number of frost days. LSF and FFF occurred
earlier and later than normal in the year, respectively, thereby
resulting in an increase in GSL. Based on the long-term records
in most stations, LSF occurred earlier by 0.1–1.9 days/decade (n1);
FFF occurred later by 0.2–0.9 days/decade (n2), and GSL was longer
by 0.1–2.5 days/decade (n3). Not all results from the 23 stations
were used here, and only a majority of the stations with earlier LSF
trends, later FFF trends, and longer GSL trends were taken. Based
on the trends of the indicators, three adaptation strategies can be
developed, namely, planting earlier; harvesting later, and selecting
a crop variety with a different growing length. The planting ear-
lier/harvesting later can be either for the same or a different crop
variety. The value of the trend lines can provide a quantitative mea-
sure for the number of days to planting earlier (1–19 days earlier-
n1); harvesting later (2–9 days later- n2) and the length of the crop
variety longer by 1–25 days (n3). n1, n2 and n3 values are subjective
to the time-period for which the analysis is carried out (historical or
future time-periods). Fig. 5a illustrates the causal loops developed
using frost indicators to describe the connectedness.

3.2. CISTA-A: application 2 to develop systems adaptation

strategies

In this application, the CISTA-A is empirically tested by devel-
oping two quantitative systems adaptation strategies to combat
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Fig. 4. Spatio-temporal changes in the selected indicators used in the development of quantitative adaptation strategies in the three empirical tests (a – Application 1;
a,b–Application 2; b,c Application 3). In the figure, the red portion represents the spread of the indicator values across the 23 stations. (For interpretation of the references
to  colour in this figure legend, the reader is referred to the web version of this article.).
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ig. 5. (a) Causal chain diagram for frost indicators (Application 1). (b) Causal chain
iagram for Application 2 (combining a and b). (e) Causal chain diagram for Applica

limate change and variability, namely, to develop crop varieties
ith a quantified growing season days and to develop crop varieties
ith approximate days in each of the crop growth stages.
.2.1. Steps 1 & 2
Same as application 1.
am for GDD indicator. (c) Causal chain diagram for spell indicators (d) Causal chain
 (combining frost, GDD and spell indicators).

3.2.2. Step 3
In the base layer, 100 years of daily minimum and maximum

temperatures (Tmin, Tmax) from 23 weather stations spread across
Kansas, threshold or base temperature of plants grown in the

region, are the abiotic information. The three sources of biotic infor-
mation are sorghum plant yield, heat units that relate temperature
to plant phenology, and years in which sorghum yield was stressed
due to climate parameters observed in the performance tests.
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.2.3. Step 4
In the component layer, five indicators are selected. They are

D, LSF, FFF, GSL and growing degree-days (GDD), which represent
he biophysical elements of the three systems. There will be three
ntermediate component layers. First, the intermediate layer has
wo indicators: FD estimated from Tmin and GDD estimated from
max and Tmin. Two indicators (LSF, FFF) are estimated in the sec-
nd intermediate layer, both from Tmin. The third component layer,
SL, is estimated from LSF and FFF. The procedure for estimating

he LSF, FFF, and GSL are given in the previous section. GDD indica-
ors relate the growth and development of plants to temperature
nd assumes that plant growth does not progress beyond or below
hreshold temperatures. In this study, thresholds are 10 ◦C (50 ◦F)
nd 30 ◦C (86 ◦F). Temperatures above the upper threshold temper-
ture affect plant photosynthesis and stomatal conductance (Bussel
t al., 2015). At these high temperatures, plant roots have greater
ifficulty taking in water fast enough to keep the plant growing at
ull speed (Boryan et al., 2011; Anandhi, 2016). GDD is calculated
sing Eqs. (1–3) and assumes that the GDD required to complete a
iven growth stage is constant for a crop variety, regardless of the
emperatures experienced.

DD = [Tmax + Tmin] /2 − Tbase (1)

max =

⎧⎪⎨
⎪⎩

Tmax 30◦C > Tmax > Tbase

30◦C Tmax ≥ 30◦C

Tbase Tmax ≤ Tbase

(2)

min =

⎧⎪⎨
⎪⎩

Tmin 30◦C > Tmin > Tbase

30◦C Tmin ≥ 30◦C

Tbase Tmin ≤ Tbase

(3)

.2.4. Step 5
In the end layer, time-series of the four indicators were plot-

ed and the changes observed (Fig. 4). Results of the 100 year linear
rend show that all seven crop stages, except the tassel initiation
ccurred earlier by ∼10days/100 years, while the tassel initiation
tage occurred later by ∼10 day/100 years. Combining these trends
ith the trends in LSF, FFF, GSL provides information for addi-

ional adaptation strategies (planting earlier, harvesting later, and
electing a crop variety discussed in the earlier section). Addi-
ionally, they provide information for systems adaptation – to
evelop crop varieties with longer/shorter growing season days,
o develop crop varieties with approximate days in each of the
rop growth stages. The value of the trend lines and the variability
an provide quantitative measures for the number of days in each
tages (Fig. 4b,c). Definitions of thresholds/heat units required to
each a particular crop growth stage are subjective with regard to
he plant/ecosystem and may  vary with application. The system
oundary: spatial scales examples can be individual farm/county

evel/state level; temporal scale examples can be 100 year trends
ith at least daily time-scale temperature information. The causal

oops are developed using the GDD indicator (Fig. 5b), and for this
pplication (Fig. 5d), by combining frost and GDD causal loops (Figs.
,b).

.3. CISTA-A: application 3 to develop water management
daptation strategies

In this application, CISTA-A is empirically tested by developing
ne quantitative systems adaptation strategy and another trans-

ormational adaptation strategy to combat climate change and
ariability namely, to develop crop varieties that are drought tol-
rant or to provide additional irrigation (systems adaptation) and
ifferent land-use (transformational adaptation).
ling 345 (2017) 41–55

3.3.1. Steps 1 & 2
Same as applications 1 & 2.

3.3.2. Step 3
In the base layer, 100 years of daily rainfall, with minimum,

maximum, and average temperatures (Tmin, Tmax, Tave) from 23
weather stations spread across Kansas provide the abiotic infor-
mation. The biotic information is defined as a wet day impacting
water requirement by plants and irrigation scheduling as well as
heat units to relating temperature to plant phenology.

3.3.3. Step 4
In the component layer, nineteen indicators are selected. There

will be one component layer. Eighteen of these indicators rep-
resent wet/dry/warm/cold spells, and GDD is the other indicator
(explanation in earlier section). Extended periods with excessive
or no rainfall or high or low temperatures have important impli-
cations for the water cycle, which can stress ecosystems, and be
detrimental to the economy of a region. They have an impact on
plant growth, development and crop yield and changes in grow-
ing season. Spells represent these extended periods. Changes in
temperature spells will most likely force changes in the hydrology
of the region by decreasing the proportion of precipitation falling
as snow, shifting the timing of snowmelt, and causing snowmelt-
supplemented streamflow events to occur earlier in the spring
or in late winter, which change the magnitude of streamflow.
Among these indicators, 4 represent wet  spells [wet spell length
(WetSL), the average wet  spell length (AvWetSL), maximum wet
spell length (MaxWetSL), and the number of wet  spells (no. of
wetSL)]; 4 for dry spells [dry spell length (DrySL); average dry spell
length (AvDrySL); maximum dry spell length (MaxDrySL); number
of dry spells (no. of drySL)]; 5 for warm spells [warm spell length
(WarmSL); the average warm spell length (AvWarmSL); the maxi-
mum warm spell length (MaxWarmSL); the warm spell duration
index (WarmSDI);the number of warm spells (no. of warmSL)],
and 5 are for cold spells [cold spell length (ColdSL); the average
cold spell length (AvColdSL); the maximum cold spell length (Max-
ColdSL); the cold spell duration index (ColdSDI); the number of cold
spells (no. of coldSL)]. The definitions of these indicators are pro-
vided in Table 1. More information on the indicators can be obtained
from Anandhi et al. (2016):

3.3.4. Step 5
In the end layer, the time-series of the four indicators were plot-

ted and the changes observed (Fig. 4b,c,d). Results from ∼100 year
analysis indicate, that in general, Kansas has 57–64 days/year in a
wet spell, 302–309 days/year in a dry spell, and ∼47 days/year in
each warm and cold spell. The average length of a wet/dry spell
is ∼1.5 days, while the warm/cold spells are for 2 days. The maxi-
mum  length of a wet spell is ∼4.4 days. A dry spell is ∼35 days, and
warm/cold spells are ∼ 6 days. The general trends in the ∼100 year
analysis indicate the number of wet days is increasing annually.
Interestingly, the warm days during the winter are increasing with
an overall decrease of days in the warm and cold spells. Overlaying
the changes in spell indicators with the days in each crop growth
stage would help us identify the number of spells in each crop
growth stage. Adding the trends in spell indicators will help pre-
dict whether there will be more wet  or dry spells in each critical
crop growth stage (e.g. flowering stage, grain filling stage). This will
provide quantitative information to questions such as: Will plants
require more or less water? Is it necessary to substitute excess
water for irrigation or drain excess water? If there is a need for more

water, is it provided through irrigation or by growing crop vari-
eties that are drought tolerant (systems adaptation)? Is a different
land-use (transformational adaptation) chosen because the water
requirement cannot be met  or developing crop varieties are not
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Table  1
Definitions of spell indicators.

Acronyms Description

Wet  Spell Length (WetSL) Count of number of consecutive days where daily Precipitation ≥ 1mm in the time period
Average  Wet  Spell Length (AvWetSL) Average of WetSL in the time period
Maximum Consecutive Wet  Days (MaxWetSL) Maximum number of consecutive days with Precipitation ≥ 1mm
No. of wetSL Count of the number of wet  spells
Dry Spell Length (DrySL) Count of consecutive days where Precipitation < 1mm in the time period
Average Dry Spell Length (AvDrySL) Average of DrySL in the time period
Maximum Consecutive Dry Days (MaxDrySL) Maximum number of consecutive days with Precipitation < 1mm
No.  of drySL Count of the number of dry spells
Warm Spell Days (WarmSL) Count of consecutive days when Tmax > 90th percentile
Average Warm Spell Days (AvWarmSL) Average of WarmSL in specific time period
Consecutive Warm Days (MaxWarmSL) Maximum number of consecutive days when Tmax > 90th percentile
No.  of warmSL Count of the number of warm spells
Cold  Spell Days (ColdSL) Count of consecutive days when Tmin < 10th percentile
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easible. Transformational adaptation is considered to occur when
cological, economic, or social (including political) conditions make
he existing system untenable (Park et al., 2012). The causal loops
re developed using spell indicator (Fig. 5c) and for this applica-
ion (Fig. 5e), by combining frost, GDD, and frost causal loops (Figs.
,b,c).

. Discussion

The application of CISTA-A to crop/IA models and the developed
ausal loop diagrams are discussed in this section. The approaches
nd pathways briefly explained in earlier sections (Sections 2.2 and
.3; Fig. 1) are also discussed here.

.1. Complexity and multidisciplinary nature of the three systems

Multiple factors shape adaptive responses to a changing climate
Bartels et al., 2013) because of the complexities and multidisci-
linary nature of the three interconnected systems (AS, climate
ystem and adaptive management and planning systems). Sus-
ainable management of the resources in these systems (i.e.
cknowledging and balancing social, economic, and environmental
spects) requires information that considers the spatially and tem-
orally varying nature of the resources and their linkages to society
nd environment (Perveen and James, 2011). Understanding these
omplex systems is not well developed and is likely to remain so
nto the foreseeable future; therefore, the consequences (i.e., pre-
ictability) of adaptation initiatives remain difficult to determine
ver the extended time scales required by sustainability (Thomsen
t al., 2012). The lack of addressing adaptation in many studies and
he conceptual inability to disentangle the different elements in
daptation, as well as their complex interaction across different
rivers, are substantially hampering the scientific understanding
f climate change impacts in managed ecosystems. Additionally,
here is evidence that the conceptual models, tools, and methods
eveloped by the research community have either not sufficiently
volved or effectively delivered to guide adaptation (Preston et al.,
015). Effective decision support systems must be built on our deep
nderstanding of the complexities and nature of these systems. A
eeper understanding of these systems can arise by using multiple

ntermediate layers in the component or from multiple indicators.
n addition, understanding what motivates stakeholder awareness
nd action can shape the choice of indicators.
Adequate assessment of climate change for adaptive man-
gement in AS requires analysis of numerous biophysical and
ocio-economic drivers and processes to understand the triple
omplexity. This requires an analysis of numerous variables and
oldSL in specific time period
mber of consecutive days when Tmin < 10th percentile

number of cold spells

data. The drivers and their interactions are complex, non-linear, and
constantly changing (gradual and/or drastic) (Folke et al., 2002).
Other drivers include declining per-capita land and water, increas-
ing population and food demand, urban sprawl into forest and
agricultural land, increased opportunities/needs for urban agricul-
tural systems, conversion from irrigated crops to rain fed crops or
grasslands, Conservation Reserve Program conversion to cropping,
encroachment of woody species into grasslands, and economic
development. CISTA-A developed in this study uses systems think-
ing approaches using indicators (Fig. 6a).

4.2. Causal loops developed with CISTA-A

Causal loop diagrams are used to represent the multidisciplinary
nature and complexity of adaptation strategies (Fig. 5). These dia-
grams show the connectedness between the systems, using the
various layers in CISTA-A. It can be observed from the causal
loop diagram that frost indicators can represent multiple elements
such as climate, minimum temperature, season, management prac-
tices (harvest, sowing) and crop variety (Fig. 5a). GDD is a single
indicator that can represent elements such as climate, minimum
and maximum temperature, plant phenology, management prac-
tices (duration of each crop development stage), crop variety and
type (Fig. 5b). Spell indicators can represent elements, climate,
rainfall, minimum and maximum temperature, plant phenology,
plant water, management practices (crop stressed by temperature,
water), crop variety and type (Fig. 5c). The loop diagrams become
more and more complex when multiple indicators and component
layers are added (Fig. 5d,e). If all the 23 indicators are used, the
causal loop become more complicated (Fig. 5e). The causal dia-
grams in Fig. 5 are selective because they do not represent the
full range of feedback loops responsible for the development of
adaptation strategy over time. Stakeholder, socio-economic, and
behavioral change information are not included in the diagram. For
example, sowing dates are estimated using multiple ways and vari-
ables collected from various sources. In this study, sowing dates can
be estimated from the minimum temperature based on last spring
freeze indicator (Fig. 5a) and in combination with the wet/dry spell
indicators (Fig. 5e) using temperature and rainfall data. Waongo
et al. (2015) also estimated sowing dates from rainfall and temper-
ature data using the fuzzy rule composed of three indicators: the
5-day cumulative rainfall amount, the number of wet-days, and the
dry-spell length. Waha et al. (2013a) used household surveys to

determine sowing dates. Each of these methods has its own advan-
tages and disadvantages. Depending on the information available,
each of these variables/indicators can be used in CISTA-A to esti-
mate sowing dates.
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Fig. 6. a) Representing complexity and multidisciplinary nature of adaptation. b) integrating CISTA-A with crop and IA models (Pathway 3). The blue lines (lighter shade
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.3. Other potential bio-physical variables in the base layer for
ISTA-A

In this study, we used measured bio-physical variables, temper-
ture and rainfall in the base (element) layer. Other input variables
an also be used in the base (element) layer of CISTA-A. These
ariables can be measured, modeled and/or collected through
takeholder surveys. Depending on how the variables are collected,
ISTA-A can fall into either of the three approaches shown in Fig. 1a.
hen measured and modeled, bio-physical variables are used, and

hen CISTA-A uses Approach-1 (top-down approach, Fig. 1a). If vari-
bles are obtained from the survey, then CISTA-A uses Approach-2
bottom-up approach). When the combination of measured, mod-
led, and survey variables are used in CISTA, then it is Approach-3
hybrid approach). The other potential climate variables observed
an be land surface temperature, relative humidity, wind speed,
hortwave radiation at the surface, including cloud cover effects,
recipitation type, amount, and distribution. In the absence of mea-
ured variables, some of these variables can be simulated using
odels. Solar radiation and evapotranspiration (ET) are exam-

les of modeled variables. Some potential variables, summarized
y Kersebaum et al. (2015) for crop models (e.g. meteorological
ata, agronomic management, soil data, initial values, previous
rop, topography, phenology, crop growth variables) can be used in
ISTA-A’s base layer. Additional variables can be National Elevation
ataset at 30 m resolution (Gesch et al., 2002); Soil Survey Geo-
raphic (SSURGO) database; National Land Cover Dataset (Jin et al.,
013); Crop Data Layer (Boryan et al., 2011); watershed bound-
ries (Watershed Boundary Dataset http://datagateway.nrcs.usda.
ov), Agricultural Census Data, Farm Ranch and Irrigation Survey,
ational Climate Data Center (NCDC) (http://www.ncdc.noaa.gov),
nd streamflow from U.S. Geological Survey (USGS).

.4. Other potential indicators in component layer for CISTA-A
This study used 23 indicators (4 frost indicators, 1 GDD, 18 spell
ndicators) in CISTA-A. The component layer has multiple layers.
ach layer can have one (e.g. GDD) or a group of indicators (e.g
 3). Crop and IA models are in two of the four pathways (Pathways 1 and 3). Fig. 1c
end, the reader is referred to the web version of this article.)

frost indicators) to represent one or more processes/elements of
the three systems (AS, climate, and adaptive management sys-
tems). Although this study demonstrates the developed CISTA-A
using climate information to estimate climatological, bio-physical
and ecological indicators to link the three systems (discussed in
next section). CISTA-A can be applied to other important economic,
sociological, and behavioral system elements that need consider-
ation in adaptation. These choices would depend on the user and
the application for which CISTA will be used. Additionally, there
are numerous other agro-, hydro-, ecological, meteorological and
socio-economic indicators available in the literature to represent
the three systems (Anandhi et al., 2013a; Anandhi et al., 2013b;
Pradhanang et al., 2013; Anandhi, 2016). The indicators used in
this study are measured climate variables. However, indicators can
be estimated from other sources such as modeled variables (e.g.
plant water uptake from modeled ET, plant water use from modeled
hydrology, crop-specific indicators from modeled crop growth and
development), stakeholder survey information (e.g. sowing dates).
Additionally, in CISTA-A, an adaptation strategy can be reached in
multiple ways by using one or more indicators or combinations
of indicators (e.g. sowing dates Fig. 5a,e), and methods that com-
bine these multiple indicators (e.g. averaging, fuzzy logic). This
study recommends choosing appropriate indicators and a num-
ber of intermediate layers using systems thinking approaches to
improve the understanding of the complexity and multidisciplinary
nature of the system, and to arrive at quantitative adaptation strate-
gies.

4.5. Integrating the results into crop models and integrated
assessment and modeling (IAM) for climate change adaptation

Crop models and integrated assessment and modeling (IAM) are
the primary tools available to assess the impacts of climate change
and other drivers on crop productivity. As well, they are suitable

for informing climate change adaptation decisions (Webber et al.,
2015). They summarized crop models used in adaptation studies:
1) to test the robustness of the farmer’s change to future climate
scenarios; 2) as tools in farmer organizations to build farmer capac-

http://datagateway.nrcs.usda.gov
http://datagateway.nrcs.usda.gov
http://datagateway.nrcs.usda.gov
http://datagateway.nrcs.usda.gov
http://datagateway.nrcs.usda.gov
http://www.ncdc.noaa.gov
http://www.ncdc.noaa.gov
http://www.ncdc.noaa.gov
http://www.ncdc.noaa.gov
http://www.ncdc.noaa.gov
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ty, minimize risk, and empower farmers; 3) to link with other
odels to widen the scope of potential impacts, adaptations, and

onstraints; 4) to probe the interactions of cropping systems with
ther systems; and 5) to evaluate various indicators of resilience.
resently, a range of crop models is available with differing degrees
f model complexity and emphasis on different research questions,
rops, and regions (Ewert et al., 2015). Different models applied
o the same dataset were able to satisfactorily simulate a spe-
ific target variable, but they showed considerable differences in
he quantification of different underlying processes (Kersebaum
t al., 2015). Many reviewed crop modeling studies investigating
limate change adaptation currently do not capture many of these
rivers, adaptations nor constraints (Webber et al., 2015). The com-
lexity of climate change impacts and adaptations for managing
limate risks and improving food production calls for more inte-
rated modeling and quantitative assessment approaches that go
eyond the sole biophysical aspects of crop and cropping systems
Ewert et al., 2015). This has resulted in a number of IAM frame-
orks (Approach 3, Fig. 1a, Section 2.2). One of the greatest benefits

f linking crop models across disciplines and in IAM frameworks is
hat they provide a platform that brings specialists and stakehold-
rs from diverse backgrounds together to assess climate change
daptation options (Webber et al., 2015). IAM uses survey, exper-
mental and modeled data that are typically available, combined

ith future socio-economic scenarios based on new scenario path-
ay concepts being developed by the climate change and impact

ssessment modeling communities (Claessens et al., 2012).
CISTA-A is not a substitute for crop and IAM models. Crop and

AM models are used in two of the four Pathways (Pathways 1 and 3;
igs. 1c and 6b) to generate adaptation decisions. Similarly, CISTA-

 is used in two of the four Pathways (Pathways 2 and 3; Figs. 1c
nd 6b) to generate adaptation decisions. In Pathway 3, results of
ISTA-A are input into crop and IAM models to generate adaptation
ecisions. The blue color (lighter) lines in Fig. 6b show CISTA-A, with
nd without crop and IAM models.

.6. CISTA-A − uncertainties in the developed strategies

The flexibility in the choice of indicators and intermediate lay-
rs can be a boon and bane for the CISTA-A model developed in the
tudy. Choices of indicators based on systems thinking approaches
an provide different quantitative adaption options for decision
aking (farmers, policy makers etc.), as discussed in Section 4.2.

xample, application 3 demonstrated in this study (Section 3.3,
ig. 3) can provide a value for the number of days for the crop to
merge, but the spell indicator can give a different value based on
ainfall (moisture availability) or from household surveys (Waha
t al., 2013a). If multiple indicators are used, then the sowing date
s subjective to the aggregation method, e.g. fuzzy logic (Waongo
t al., 2015). In this study, the quantitative values in the adaptation
trategies are probabilistic values because of the inter-annual vari-
bility of the indicator values. For example, the last spring freeze
ndicator can be different each year, and the trends vary depend-
ng on the method used to estimate the trend; the time-period
n the estimations and single/multiple station information (spatial
cale) is used. In this study, 100 year historical trends are used to
emonstrate the application of CISTA under the assumption that
he trends extend into the future too. This may  not be the case. The
ther option is using future climate simulations from various global
limate models (GCMs) to derive the indicators, as well as their
uture trends, to obtain n1, n2 and n3. Definitions of indicators and
rend values are subjective with regard to the crop/agro-ecosystem

nd may  vary with application. Given the variability in climatic
arameters from year to year, large variations of seasonal rain-
all, the impact that rainfall amounts and distribution will have
n the adaptation strategies developed, it is important that alter-
ling 345 (2017) 41–55 53

native approaches to more detailed climate-induced risk analyses
should be evaluated and management recommendations be made
to mitigate the extent of risk (Dixit and Telleria, 2015).

The pitfall of the CISTA-A model framework is that the model
may  be affected by the chosen indicators to represent the complex-
ity and multidisciplinary nature of the systems, their spatial and
temporal scales, the multi-scale interactions among components
and the methods used to aggregate. In addition field experimen-
tal datasets are usually not recorded for modeling purposes, their
level of detail, quality of records, variables considered as well as
their number of spatial and temporal replicates vary enormously
(Kersebaum et al., 2015). These pitfalls can to some extent be over-
come by determining a spatial resolution prior to developing the
adaptation strategies (Zhao et al., 2015). Although the dilemma in
compromising between different demands will exist, a fine spa-
tial resolution demands an extensive computation load for input
data and output analysis. A coarse spatial resolution could result
in the loss of spatial detail in variability (Zhao et al., 2015). In an
ideal world, data on the processes occurring in the three systems
(AS, climate and adaptive planning, and management), would be
available with the same spatial resolution as the drivers influenc-
ing those processes. However, data are often on different spatial and
temporal resolutions, and this has a great impact on the results of
quantitative adaptation strategies. There is need to understand how
indicators are affected by spatial and temporal scales (Perveen and
James, 2011). The scale of the input information (elements), indi-
cators (components), and level of adaptation are important. Bias
in crop yield simulations are observed when the larger scale simu-
lations (e.g. regional, national, continental) use inputs such as soil
and climate data, generated at low resolution via averaging and
sampling by area (Zhao et al., 2015; Hoffmann et al., 2016). Here,
a scaling effect is observed when coarsening resolution (i.e., aggre-
gating small areas into larger ones, smaller time-scales into larger
ones) and averaging the variables over each aggregation. This may
result in stronger correlation between the studied variables and
the loss of degrees of freedom and variance. Bussel et al. (2015)
provides a methodology for scaling and zoning phenological devel-
opment using growing degree days (GDD), sowing and harvest
dates from point scale to global scales. These indicators and inputs
are useful for selecting crop varieties and management operations
(adaptation strategies) used to combat the negative impacts of cli-
mate change. In their methodology, the authors aggregated the data
with multiple zoning areas (unit of analysis different from the unit
of data). For example, the unit of analysis in the study was  at global
scale. The crop area at 5′ × 5′ gridscale was  aggregated to 30′ ×30′

gridscale, obtained from harvest/sowing dates from monthly data.
Local phenological parameters were aggregated from local scale to
regions with no data. The impact of spatial resolution, data aggre-
gation and spatial heterogeneity of weather data on simulations
of crop yields, and guidelines for choosing a proper spatial resolu-
tion for simulations of crop yields at regional scale can be found
in Zhao et al. (2015). Similar to the scaling effect, the zoning effect
also causes differences in variance and correlation when compar-
ing two  different zonings of the same data. Relationships between
variables can even switch from positive to negative when different
units of analysis are used (Salmivaara et al., 2015). Scaling and zon-
ing affects two such examples in the problem of ecological fallacy,
which occurs if a researcher draws conclusions about a system on
one scale based on results obtained at another scale (i.e., cross-scale
inference) (Salmivaara et al., 2015). This phenomenon is particu-
larly relevant if policies and decisions are made at scales defined
by administrative units, while data and estimated indicators may

be at other scales. In addition, to the scaling and zoning effects,
the geographical context and the type of ecosystem are important
determinants of the range of adaptation strategies. These disadvan-
tages are present in all four pathways, as well as in the crop models
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nd IAM. It is beyond the scope of this study to address the ques-
ion of ecological fallacy in the developed conceptual model and is
eferred for a future study.

. Conclusions

Developing adaptation strategies to utilize the benefits of
hange and to reduce the negative impacts of change in climate
re in the forefront globally and nationally, increasing the need for
eveloping strategies to address questions on “how to adapt.” There

s evidence that the conceptual models, tools, and methods devel-
ped by the research community have either not been sufficiently
volved or have not been effectively delivered to guide adaptation
Preston et al., 2015). To address this need, this study synthesized
he existing methodologies to develop adaptation strategies into
our Pathway (Fig. 1c). Additionally, CISTA-A, a conceptual model
sing the system’s approach for adaptation in Agro-ecosystems is
eveloped. The applications of CISTA-A in the four pathways and

ts integration with crop and integrated assessment models are also
iscussed (Fig. 6b).

CISTA (Fig. 2) has three main layers (multiple intermediate
ayers) to help understand the triple complexity of the adaptive

anagement of AS to climate change. The model consists of a
ase layer (elements), which has agro-ecological, agro-hydrological
nd meteorological data. Examples of elements include yield, rain-
all, temperature, streamflow, irrigation information etc. and a
omponent layer (indicators) with one or more intermediate lay-
rs. Examples of indicators are agro-ecological, agro-hydrological,
nd climatological indicators that affect AS, which are identified
nd estimated from the element layer. In the end (final) layer,
epending on the degree of change and the level of adaptation, the

nformation from indicators is translated into adaptation strategies
incremental, systems and transformational adaptation).

The CISTA-A model is demonstrated by representing the
omplexity and multidisciplinary nature of the three systems
agricultural systems, climate systems and adaptive manage-

ent systems) using three applications. These applications use
iotic/abiotic information (e.g temperature/rainfall/plant develop-
ent stages) and 23 indicators to arrive at the adaptation strategies.

t should be noted that these systems are extremely complex and
ynamic and understanding them is always likely to be limited
Thomsen et al., 2012). Therefore, one is unlikely to have access to
ll information to be able to anticipate all the indicators with accu-
acy over multiple spatial and temporal scales, or all the anticipated
daptation strategies. It is beyond the scope of this study to address
he question of ecological fallacy in the developed conceptual

odel and is deffered for a future study. Explanations for quanti-
ative adaptation strategies described in this paper do not include

easures that express the ability of a society to recover from short-
ges, such as economic, educational, or demographic variables that
ould facilitate alternative strategies. Yet, the indicators examined
ere are conventional measures and may  be applicable to alterna-
ive ecosystems.

cknowledgements

The authors would like to thank Profs. Caldus, Bergstold, and

locksome for their valuable discussions during the earlier part of
his research. This material is based upon work partially supported
y the USDA National Institute of Food and Agriculture Evans-Allen
roject, Grant 11979180/2016-01711.
ling 345 (2017) 41–55

References

Adger, W.N., Brooks, N., Bentham, G., Agnew, M.,  Eriksen, S., 2004a. New Indicators
of  Vulnerability and Adaptive Capacity. Tyndall Centre for Climate Change
Research, Norwich.

Adger, W.N., Brooks, N., Bentham, G., Agnew, M.,  Eriksen, S., 2004b. Tyndall Centre,
Norwich, UK, 122 pp.

Adger, W.,  Arnell, N., Tompkins, E., 2005. Successful adaptation to climate change
across scales. Global Environ. Change 15 (July (2)), 77–86.

Akponikpè P.I., Johnston P., Agbossou E.K., 2010. Farmers’ perception of climate
change and adaptation strategies in Sub-Saharan West-Africa. 2nd
International Conference: Climate, Sustainability and Development in
Semi-arid Regions August, p. 134147.

Allen, V., Baker, M.,  Segarra, E., Brown, C., 2007. Integrated irrigated crop–livestock
systems in dry climates. Agron. J. 99, 346–360.

Allen, V., Brown, C., Segarra, E., Green, C., Wheeler, T., Acosta-Martinez, V., Zobeck,
T.,  2008. In search of sustainable agricultural systems for the Llano Estacado of
the US Southern High Plains. Agric. Ecosyst. Environ. 124, 3–12.

Anandhi, A., Frei, A., Pierson, D.C., Schneiderman, E.M., Zion, M.S., Lounsbury, D.,
Matonse, A.H., 2011. Examination of change factor methodologies for climate
change impact assessment. Water Resour. Res. 47, W03501.

Anandhi, A., Perumal, S., Gowda, P.H., Knapp, M.,  Hutchinson, S., Harrington Jr, J.,
Murray, L., Kirkham, M.B., Rice, C.W., 2013a. Long-term spatial and temporal
trends in frost indices in Kansas, USA. Clim. Change 120, 169–181.

Anandhi, A., Zion, M.S., Gowda, P.H., Pierson, D.C., Lounsbury, D., Frei, A., 2013b.
Past and future changes in frost day indices in Catskill Mountain region of New
York. Hydrol. Processes 27, 3094–3104.

Anandhi, A., Hutchinson, S., Harrington Jr., J., Rahmani, V., Kirkham, M.B., Rice,
C.W., 2016. Changes in spatial and temporal trends in wet, dry, warm and cold
spell length or duration indices in Kansas, USA. Int. J. Climatol., in press.

Anandhi, A., 2016. Growing degree days—ecosystem indicator for changing diurnal
temperatures and their impact on corn growth stages in Kansas. Ecol. Indic. 61,
149–158.

Bartels, W.-L., Furman, C.A., Diehl, D.C., Royce, F.S., Dourte, D.R., Ortiz, B.V., Zierden,
D.F., Irani, T.A., Fraisse, C.W., Jones, J.W., 2013. Warming up to climate change:
a  participatory approach to engaging with agricultural stakeholders in the
Southeast US. Reg. Environ. Change 13, 45–55.

Berrang-Ford, L., Pearce, T., Ford, J.D., 2015. Systematic review approaches for
climate change adaptation research. Reg. Environ. Change 15, 755–769.

Bertalanffy, V., 1968. General Systems Theory. George Braziller. Inc., New Yorc, 295
pages.

Boryan, C., Yang, Z., Mueller, R., Craig, M.,  2011. Monitoring US agriculture: the US
department of agriculture, national agricultural statistics service, cropland
data layer program. Geocarto Int. 26, 341–358.

Bussel, L., Stehfest, E., Siebert, S., Müller, C., Ewert, F., 2015. Simulation of the
phenological development of wheat and maize at the global scale. Global Ecol.
Biogeogr. 24, 1018–1029.

Caulfield, C.W., Maj, S.P., 2001. A case for systems thinking and system dynamics.
Systems, Man, and Cybernetics, 2001 IEEE International Conference On. IEEE,
2793–2798.

Claessens, L., Antle, J., Stoorvogel, J., Valdivia, R., Thornton, P., Herrero, M.,  2012. A
method for evaluating climate change adaptation strategies for small-scale
farmers using survey, experimental and modeled data. Agric. Syst. 111, 85–95.

Deressa, T., Hassan, R.M., Ringler, C., 2008. Measuring Ethiopian farmers’
vulnerability to climate change across regional states. Int. Food Policy Res. Inst.

Dilling, L., Lackstrom, K., Haywood, B., Dow, K., Lemos, M.C., Berggren, J., Kalafatis,
S., 2014. What stakeholder needs tell us about enabling adaptive capacity: the
intersection of context and information provision across regions in the United
States. Weather Clim. Soc. 7, 5–17.

Dixit, P.N., Telleria, R., 2015. Advancing the climate data driven crop-modeling
studies in the dry areas of Northern Syria and Lebanon: an important first step
for assessing impact of future climate. Sci. Total Environ. 511, 562–575.

Easterling, W.,  Aggarwal, P., Batima, P., Brander, K., Erda, L., Howden, M., Kirilenko,
A., Morton, J., Soussana, J., Schmidhuber, J., 2007. In: Canziani, O.F., Pautikof,
J.P.,  Van der Linden, P.J., Hanson, C.E., Parry, M.L. (Eds.), Climate Change 2007:
Impacts, Adaptation and Vulnerability. Cambridge University Press, Cambridge.

Ewert, F., Rötter, R.P., Bindi, M.,  Webber, H., Trnka, M., Kersebaum, K.C., Olesen, J.E.,
van  Ittersum, M.K., Janssen, S., Rivington, M.,  2015. Crop modelling for
integrated assessment of risk to food production from climate change. Environ.
Model. Software 72, 287–303.

Folke, C., Carpenter, S., Elmqvist, T., Gunderson, L., Holling, C.S., Walker, B., 2002.
Resilience and sustainable development: building adaptive capacity in a world
of  transformations. AMBIO: A J. Hum. Environ. 31, 437–440.

Folke, C., Hahn, T., Olsson, P., Norberg, J., 2005. Adaptive governance of
social-ecological systems. Annu. Rev. Environ. Resour. 30, 441–473.

Folke, C., 2006. Resilience: the emergence of a perspective for social—ecological
systems analyses. Global Environ. Change 16, 253–267.

Gesch, D., Oimoen, M.,  Greenlee, S., Nelson, C., Steuck, M.,  Tyler, D., 2002. The
national elevation dataset. Photogramm. Eng. Remote Sens. 68, 5–32.

Hamouda, M.A., El-Din, M.M.N., Moursy, F.I., 2009. Vulnerability assessment of
water resources systems in the Eastern Nile Basin. Water Resour. Manage. 23,

2697–2725.

Heink, U., Kowarik, I., 2010. What are indicators? On the definition of indicators in
ecology and environmental planning. Ecol. Indic. 10, 584–593.

Henstra, D., Vogel, B., 2014. Municipalities and Climate Change: A Framework for
Analyzing Local Adaptation Policy.

http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0005
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0010
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0015
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0025
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0030
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0035
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0040
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0045
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0050
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0055
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0060
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0065
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0070
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0075
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0080
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0085
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0090
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0095
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0100
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0105
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0110
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0115
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0120
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0125
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0130
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0135
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0140
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0145
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0145


Model

H

H

H

I

I

J

K

K

K

L

L

L

M

N

P

P

F.,  2015. Climate change impacts on European crop yields: do we need to
consider nitrogen limitation? Eur. J. Agron. 71, 123–134.

Zhao, G., Siebert, S., Enders, A., Rezaei, E.E., Yan, C., Ewert, F., 2015. Demand for
multi-scale weather data for regional crop modeling. Agric. For. Meteorol. 200,
A. Anandhi / Ecological 

offmann, H., Zhao, G., Asseng, S., Bindi, M.,  Biernath, C., Constantin, J., Coucheney,
E.,  Dechow, R., Doro, L., Eckersten, H., 2016. Impact of spatial soil and climate
input data aggregation on regional yield simulations. PLoS One 11, e0151782.

opkins, T.S., Bailly, D., Støttrup, J., 2011. A systems approach framework for
coastal zones. Ecol. Soc. 16.

owden, S.M., Soussana, J.-F., Tubiello, F.N., Chhetri, N., Dunlop, M.,  Meinke, H.,
2007. Adapting agriculture to climate change. Proc. Natl. Acad. Sci. 104,
19691–19696.

PCC, 2001. (Intergovernmental Panel on Climate Change) Climate Change 2001:
Impacts, Adaptation, and Vulnerability, Summary for Policymakers and
Technical Summary of the Working Group II Report. IPCC, Geneva.

PCC, C.C.I, Adaptation, and Vulnerability. Part A, 2014. In: Field, C.B., Barros, V.R.,
Dokken, D.J., Mach, K.J., Mastrandrea, M.D., Bilir, T.E., Chatterjee, M.,  Ebi, K.L.,
Estrada, Y.O., Genova, R.C., Girma, B., Kissel, E.S., Levy, A.N., MacCracken, S.,
Mastrandrea, P.R., White, L.L. (Eds.), Climate Change 2014: Impacts,
Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects.
Contribution of Working Group II to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA, 1132 pp.

in, S., Yang, L., Danielson, P., Homer, C., Fry, J., Xian, G., 2013. A comprehensive
change detection method for updating the National Land Cover Database to
circa 2011. Remote Sens. Environ. 132, 159–175.

adir, T., Mazur, L., Milanes, C., Randles, K. (Eds.), 2013. Indicators of Climate
Change in California. Office of Environmental Health Hazard Assessment,
California, Available at: http://oehha.ca.gov/multimedia/epic/pdf/
ClimateChangeIndicatorsReport2013.pdf (Accessed 21 January 2014), 228 pp.

ates, R.W., Travis, W.R., Wilbanks, T.J., 2012. Transformational adaptation when
incremental adaptations to climate change are insufficient. Proc. Natl. Acad.
Sci. 109, 7156–7161.

ersebaum, K., Boote, K., Jorgenson, J., Nendel, C., Bindi, M.,  Frühauf, C., Gaiser, T.,
Hoogenboom, G., Kollas, C., Olesen, J.E., 2015. Analysis and classification of data
sets for calibration and validation of agro-ecosystem models. Environ. Model.
Software 72, 402–417.

eclère, D., Havlík, P., Fuss, S., Schmid, E., Mosnier, A., Walsh, B., Valin, H., Herrero,
M., Khabarov, N., Obersteiner, M.,  2014. Climate change induced
transformations of agricultural systems: insights from a global model. Environ.
Res. Lett. 9, 124018.

obell, D.B., Burke, M.B., Tebaldi, C., Mastrandrea, M.D., Falcon, W.P., Naylor, R.L.,
2008. Prioritizing climate change adaptation needs for food security in 2030.
Science 319, 607–610.

uers, A.L., Lobell, D.B., Sklar, L.S., Addams, C.L., Matson, P.A., 2003. A method for
quantifying vulnerability applied to the agricultural system of the Yaqui
Valley, Mexico. Global Environ. Change 13, 255–267.

agoulas, T., Hadzic, A., Saarikko, T., Pessi, K., 2012. Sustainable enterprise
architecture: a three-dimensional framework for management of architectural
change. 6th European Conference on Information Management and Evaluation.
Academic Conferences Limited, p. 178.

abikolo, D., Bashaasha, B., Mangheni, M., Majaliwa, J., 2012. Determinants of
climate change adaptation among male and female headed farm households in
eastern Uganda. Afr. Crop Sci. J. 20, 203–212.

ark, S., Marshall, N., Jakku, E., Dowd, A.-M., Howden, S., Mendham, E., Fleming, A.,

2012. Informing adaptation responses to climate change through theories of
transformation. Global Environ. Change 22, 115–126.

erveen, S., James, L.A., 2011. Scale invariance of water stress and scarcity
indicators: facilitating cross-scale comparisons of water resources
vulnerability. Appl. Geogr. 31, 321–328.
ling 345 (2017) 41–55 55

Pradhanang, S.M., Mukundan, R., Schneiderman, E.M., Zion, M.S., Anandhi, A.,
Pierson, D.C., Frei, A., Easton, Z.M., Fuka, D., Steenhuis, T.S., 2013. Streamflow
responses to climate change: analysis of hydrologic indicators in a New York
City water supply watershed. JAWRA J. Am.  Water Resour. Assoc. 49,
1308–1326.

Preston, B.L., Mustelin, J., Maloney, M.C., 2015. Climate adaptation heuristics and
the science/policy divide. Mitigation Adaptation Strateg. Global Change 20,
467–497.

Ratter, B.M., 2012. In: Glaser, Marion, Krause, Gesche, Ratter, Beate M.W.,  Welp,
Martin (Eds.), Human-nature Interactions in the Anthropocene: Potentials of
Social-ecological Systems Analysis. Routledge.

Rickards, L., Howden, S., 2012. Transformational adaptation: agriculture and
climate change. Crop Pasture Sci. 63, 240–250.

Rosenzweig, C., Jones, J.W., Hatfield, J.L., Ruane, A.C., Boote, K.J., Thorburn, P., Antle,
J.M., Nelson, G.C., Porter, C., Janssen, S., Asseng, S., Basso, B., Ewert, F., Wallach,
D.,  Baigorria, G., Winter, J.M., 2013. The agricultural model intercomparison
and  improvement project (AgMIP): protocols and pilot studies. Agric. For.
Meteorol. 170, 166–182.

Salmivaara, A., Porkka, M.,  Kummu, M.,  Keskinen, M.,  Guillaume, J.H., Varis, O.,
2015. Exploring the modifiable areal unit problem in spatial water
assessments: a case of water shortage in monsoon Asia. Water 7, 898–917.

Slingo, J., Bates, K., Nikiforakis, N., Piggott, M.,  Roberts, M.,  Shaffrey, L., Stevens, I.,
Vidale, P.L., Weller, H., 2009. Developing the next-generation climate system
models: challenges and achievements. Philos. Trans. R. Soc. A: Math. Phys. Eng.
Sci.  367, 815–831.

Smit, B., Burton, I., Klein, R.J., Wandel, J., 2000. An anatomy of adaptation to climate
change and variability. Clim. Change 45, 223–251.

Tang, G., Beckage, B., Smith, B., 2012. The potential transient dynamics of forests in
New England under historical and projected future climate change. Clim.
Change 114, 357–377.

Thomsen, D.C., Smith, T.F., Keys, N., 2012. Adaptation or manipulation? Unpacking
climate change response strategies. Ecol. Soc. 17, 20.

Tompkins, E.L., Boyd, E., Nicholson-Cole, S., Weatherhead, K., Arnell, N., Adger, W.,
2005. Linking adaptation research and practice.

Waha, K., Müller, C., Bondeau, A., Dietrich, J., Kurukulasuriya, P., Heinke, J.,
Lotze-Campen, H., 2013a. Adaptation to climate change through the choice of
cropping system and sowing date in sub-Saharan Africa. Global Environ.
Change 23, 130–143.

Waha, K., Müller, C., Rolinski, S., 2013b. Separate and combined effects of
temperature and precipitation change on maize yields in sub-Saharan Africa
for mid-to late-21 st century. Global Planet. Change 106, 1–12.

Walthall, C.L., 2012. Climate change and agriculture in the United States: effects
and adaptation. USDA Tech. Bull. 1935, 1–186.

Waongo, M.,  Laux, P., Kunstmann, H., 2015. Adaptation to climate change: the
impacts of optimized planting dates on attainable maize yields under rainfed
conditions in Burkina Faso. Agric. For. Meteorol. 205, 23–39.

Webber, H., Zhao, G., Wolf, J., Britz, W.,  Vries W.  d. Gaiser, T., Hoffmann, H., Ewert,
156–171.

http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0155
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0160
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0165
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0170
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0175
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0180
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0180
http://oehha.ca.gov/multimedia/epic/pdf/ClimateChangeIndicatorsReport2013
http://oehha.ca.gov/multimedia/epic/pdf/ClimateChangeIndicatorsReport2013
http://oehha.ca.gov/multimedia/epic/pdf/ClimateChangeIndicatorsReport2013
http://oehha.ca.gov/multimedia/epic/pdf/ClimateChangeIndicatorsReport2013
http://oehha.ca.gov/multimedia/epic/pdf/ClimateChangeIndicatorsReport2013
http://oehha.ca.gov/multimedia/epic/pdf/ClimateChangeIndicatorsReport2013
http://oehha.ca.gov/multimedia/epic/pdf/ClimateChangeIndicatorsReport2013
http://oehha.ca.gov/multimedia/epic/pdf/ClimateChangeIndicatorsReport2013
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0190
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0195
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0200
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0205
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0210
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0215
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0220
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0225
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0230
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0235
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0240
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0245
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0250
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0255
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0260
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0265
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0270
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0275
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0280
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0290
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0295
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0300
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0300
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0300
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0300
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0300
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0300
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0300
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0300
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0300
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0300
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0300
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0300
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0300
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0300
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0300
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0300
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0300
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0300
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0305
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0310
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0310
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0310
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0310
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0310
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0310
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0310
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0310
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0310
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0310
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0310
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0310
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0310
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0310
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0310
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0310
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0310
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0310
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0310
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0310
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0310
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0315
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0315
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0315
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0315
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0315
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0315
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0315
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0315
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0315
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0315
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0315
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0315
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0315
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0315
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0315
http://refhub.elsevier.com/S0304-3800(16)30730-X/sbref0315

	CISTA-A: Conceptual model using indicators selected by systems thinking for adaptation strategies in a changing climate: C...
	1 Introduction
	2 Material and methods
	2.1 Key definitions and theory descriptions used in CISTA development
	2.2 Summary of methods used to develop adaptation strategies
	2.3 Conceptual model framework development—overview for representing complexity
	2.4 CISTA-A model description
	2.4.1 Base (elements) layer
	2.4.2 Intermediate (Component) layer(s)
	2.4.3 End (adaptation) layer

	2.5 Steps to apply CISTA
	2.5.1 Step 1
	2.5.2 Step 2
	2.5.3 Step 3
	2.5.4 Step 4
	2.5.5 Step 5
	2.5.6 Step 6


	3 Results
	3.1 CISTA-A: application 1 to develop incremental adaptation strategies
	3.1.1 Step 1
	3.1.2 Step 2
	3.1.3 Step 3
	3.1.4 Step 4
	3.1.5 Step 5

	3.2 CISTA-A: application 2 to develop systems adaptation strategies
	3.2.1 Steps 1 & 2
	3.2.2 Step 3
	3.2.3 Step 4
	3.2.4 Step 5

	3.3 CISTA-A: application 3 to develop water management adaptation strategies
	3.3.1 Steps 1 & 2
	3.3.2 Step 3
	3.3.3 Step 4
	3.3.4 Step 5


	4 Discussion
	4.1 Complexity and multidisciplinary nature of the three systems
	4.2 Causal loops developed with CISTA-A
	4.3 Other potential bio-physical variables in the base layer for CISTA-A
	4.4 Other potential indicators in component layer for CISTA-A
	4.5 Integrating the results into crop models and integrated assessment and modeling (IAM) for climate change adaptation
	4.6 CISTA-A − uncertainties in the developed strategies

	5 Conclusions
	Acknowledgements
	References


