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FLEXIBILITY IN WATER RESOURCES MANAGEMENT: REVIEW OF CONCEPTS AND
DEVELOPMENT OF ASSESSMENT MEASURES FOR FLOOD MANAGEMENT SYSTEMS1
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ABSTRACT: Discussions around adapting water management systems to climate change often express the need
to increase system flexibility. Yet despite the frequent use of the term flexibility, very little work has examined
what exactly it means to have a flexible water management system, what features of a system make it more
flexible than another system, or when the costs to implement flexible options outweigh the benefits gained from
increased flexibility. To define and operationalize the concept of flexibility in the field of water resources
management, this article reviews and analyzes concepts of flexibility from the fields of information technology,
manufacturing, management, and adaptive social-ecological systems. We identify five characteristics of flexible
water resources systems, namely: slack, redundancy, connectivity, compatibility/coordination, and adjustability.
We then operationalize the assessment of flexibility for flood management systems by proposing original flexibility
metrics and discussing their application. We conclude with a discussion on the tradeoffs of increasing flexibility.
(KEY TERMS: flexibility; adaptive capacity; optimization; climate variability/change; risk assessment; flood
management; water resources flexibility.)
DiFrancesco, Kara N. and Desiree D. Tullos, 2014. Flexibility in Water Resources Management: Review of
Concepts and Development of Assessment Measures for Flood Management Systems. Journal of the American
Water Resources Association (JAWRA) 1-13. DOI: 10.1111/jawr.12214

maintenance require defining probability distributions on the basis of assuming hydrologic stationarity
(U.S. Water Resources Council, 1983). This assumption has been heavily challenged due to land use and
climate change (Frederick et al., 1997; Milly et al.,
2008), leading to an increased emphasis on flexibility,
robustness, and adaptive capacity in water resources
planning (Lempert et al., 2003). Furthermore, the
utility and validity of optimization techniques, utilized in water resources planning studies since the
1960s for meeting multiple objectives (Wolman, 1962;
Wurbs, 1991), declines as uncertainty increases (Lempert et al., 2003) and the future is not constrained
to the limited scenarios examined by optimization
(Bonder, 1979). With water resources systems facing

INTRODUCTION

Associated with a need to increase water resources
systems’ capacity to cope with and adapt to climate
change, recent literature regarding water resources
management increasingly includes recommendations
for more flexible systems (Richter et al., 2003; IPCC,
2007; Pahl-Wostl et al., 2007; Johnson and Lilly,
2009; Huang et al., 2010). The need for flexible systems is driven by uncertainty and changing conditions (Zhao and Tseng, 2003), which influence water
resources systems in a number of critical ways. For
example, standard risk analysis methods applied in
water resources planning, design, operation, and
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cally. We review literature on flexibility in water
management by first conducting a Google Scholar
keyword search on “flexibility water management”
and then expand our search to “flexible systems” to
review the use of the term in other domains. We
apply and modify the flexibility topology in the literature to define flexibility in water resources systems.
We identify different characteristics of flexible systems and propose a set of metrics under each characteristic to assess the flexibility of flood management
systems. We conclude with a discussion on the costs
and unintended consequences of incorporating additional flexibility into water resources systems.

all of requirements for conditions of deep uncertainty
(Lempert et al., 2003), planning and analysis of water
resources projects are shifting toward emphasis on
adaptive and robust strategies that perform reasonably
well over a wide range of uncertain, yet plausible future
scenarios (Frederick et al., 1997; Lempert et al., 2003).
While it is acknowledged that increased emphasis
on adaptive water resources systems can improve
their robustness in the future, clarity is needed
regarding how adaptive capacity can be integrated
into water resource systems. The capacity to adapt
has been variously defined in the literature on socialecological systems (SESs) over time (Adger et al.,
2004, 2005a; Gallopın, 2006; Smit and Wandel, 2006;
Engle, 2011) and generally converges on a definition
that includes the processes, actions, or resources of a
SES that facilitate adjusting to, coping with, and/or
benefitting from a change or hazard (Adger et al.,
2005a; Carpenter and Brock, 2008). Adaptive capacity
is determined by several system features, including
financial, human, and social assets, governance and
institutions, knowledge and information, and stakeholders (Adger et al., 2004; Smit and Wandel, 2006;
Jones et al., 2011). Yet, the mere existence of these
features does not lead to adaptive systems. Rather,
certain traits exhibited by the features, such as the
flexibility of governance and institutions (Folke et al.,
2002, 2005; Dietz et al., 2003; Huitema et al., 2009;
Pahl-Wostl, 2009) and the engagement of stakeholders (Pettengell, 2010), increase adaptive capacity. As
such, flexibility and adaptive capacity are positively
related (Engle, 2011).
However, despite the importance and frequency of
recommendations for flexibility in adaptive water
resources systems, very little work has examined
what exactly it means to have a flexible water management system and what makes one system more
flexible than another. From the management perspective, the term lacks utility because it is unclear how
to assess and compare the flexibility of proposed management actions. Furthermore, to our knowledge, no
analysis has considered whether the costs to implement flexible options outweigh the benefits gained
from increased flexibility. However, analysis of flexibility from the fields of information technology (IT)
(Duncan, 1995; Byrd and Turner, 2000; Golden and
Powell, 2000; Turner and Lankford, 2005), management (Fayol, 1916), manufacturing (Pyoun and Choi,
1994), planning (Pye, 1978), and adaptive SESs
(Adger et al., 2005a; Smit and Wandel, 2006) can
offer insight on applying the concept of flexibility to
the management of water resources systems.
Thus, the overarching goals of this study are to
define the concept of flexibility in water management
systems generally and then to operationalize the concept in the field of flood management more specifiJAWRA
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FLEXIBILITY IN WATER RESOURCES SYSTEMS

Definition and Features of Flexibility in Water
Resources Systems
Despite the proliferation of flexibility recommendations in water resources management and other sectors, flexibility remains an ambiguous term due to
the lack of a common, operational definition (Duncan,
1995; Golden and Powell, 2000). Few studies have
been undertaken to directly assess the flexibility of
adaptive systems (Engle, 2011). This ambiguity stems
from the term’s multidimensional and varied traits
(Golden and Powell, 2000), making flexibility difficult
to measure and integrate into the planning and decision-making processes (Duncan, 1995). Definitions of
flexibility (or inflexibility) vary between sources and
often depend on the target of the flexibility or the
system being assessed (Table 1). We synthesize the
definitions and features of flexibility from other
domains to define flexibility in water resources as
the inherent ability of the human and physical
elements of a system to cope with, or adapt to,
uncertain and changing conditions, in a timely and
cost-effective manner.
This definition is based on three features of flexibility derived from the literature. First, flexibility
supports the ability to cope (Gallopın, 2006) and
adapt (Gallopın, 2006) to uncertain, changing conditions. The IT, management, and manufacturing literature on flexibility focuses on the need to meet new
and growing demands (Fayol, 1916; Pyoun and Choi,
1994; Duncan, 1995; Golden and Powell, 2000;
Turner and Lankford, 2005) under an uncertain
future (Golden and Powell, 2000). Water resources
flexibility relates to the capability to adapt to new or
changes in both demands and supply (FAO, 1993;
Gunderson and Holling, 2002; IPCC, 2007; Patel
2
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WATER RESOURCES MANAGEMENT: REVIEW

Management
Management
(inflexibility)
Manufacturing

Information
technology

Characterized by a ready capability to adapt to new, different, or
changing requirements
Ability of a resource to be used for more than one end product;
Degree to which (IT infrastructure’s) resources
are sharable and reusable
“The capacity to adapt” across four dimensions, or areas
within which flexibility can be achieved: temporal, range,
intention, and focus
Represented by three dimensions or influences, defined as:
(1) slack, the degree of excess capacity, underutilization,
or salability; (2) adaptability, the degree of versatility,
openness, robustness; and (3) intensity, the degree of repetitiveness
and frequency of changes in a parameter
Ability to be adapted to changing circumstances
Physical resources of a firm are characterized by fixed capacity.
Also, they are usually useful in a few very similar industries
Capability of a manufacturing system to: increase or decrease
its capacity when needed; produce new or improved parts;
support interchange between stations or their tooling and
functions when needed; and handle the system control software
in the above cases
The amount of uncertainty which the decision maker retains
concerning the future choices he will make. . .Unforeseeable
uncertainty can only be dealt with if the decision maker’s
response to nature’s moves is not fixed in advance but is itself
uncertain. Flexibility is then defined as the entropy of that uncertainty
Degree to which a system is pliable or compliant (similar to
adaptability, but more absolute than relative).
Adaptability is defined as the ability, competency, or capacity of a system
to adapt to (to alter to better suit) climatic stimuli (essentially synonymous
with adaptive capacity)
Rigid social-ecological systems are those that are highly connected and
self-reinforcing, with low potential for change
Allocations between users, uses, regions, and sectors can be changed at
a low cost in relation to benefits; changes in demand are accommodated
easily by reallocating water to higher-valued uses as they emerge;
Certainty is also necessary: water-use rules must be easy to discover and to understand
Limited possibilities to introduce change based on new insight
Ability to cope with uncertainties and . . . capability to adapt to new or
changing requirements
Ability to respond to uncertainties in the future

Definition

IN

General

Target System/Sector

TABLE 1. Definitions of Flexibility and Inflexibility.
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Center, 2011). For example, water resources managers face challenges from increasing demands for residential water supply due to population growth
(Holdren and Ehrlich, 1974; Falkenmark and Widstrand, 1992; V€
or€
osmarty et al., 2000), new demands
and operational requirements for which the systems
were not designed, such as providing environmental
flow releases (Richter et al., 2003; Arthington et al.,
2006; Richter and Thomas, 2007), and for protection
from potentially larger and/or more frequent future
floods under climate change (IPCC, 2007).
Second, several definitions of flexibility (Table 1),
as well as further explanations in the IT and manufacturing literature, include economic and time benefits of flexibility (Pyoun and Choi, 1994; Duncan,
1995; Golden and Powell, 2000). Flexibility involves
not only the ability to cope or adapt but also the ability to do so in a timely and cost-effective manner. For
example, flexible IT systems provide a competitive
advantage in their capability to quickly respond to
customer demands and keep up with new innovations
marketed by competitors (Duncan, 1995).
Third, the assessment of flexibility is an absolute
characteristic of a system, rather than relative to a
particular hazard or stressor (IPCC, 2007), presenting a snapshot of a single, specific system at a point
in time. In contrast, adaptive capacity, vulnerability,
and resilience are measured in terms of some specific
type of disturbance or perturbation, requiring an
answer to the question: Adaptation, vulnerability or
resilience of what to what? (Carpenter et al., 2001;
Gallopın, 2006). Alternatively, flexibility is an inherent system characteristic that needs no qualifier.
Thus in describing the flexibility of a system, we need
not answer the question: Flexible to what? This
makes it possible to assess the flexibility of a system
without the need to fully characterize potential future
conditions and uncertainties. However, although perturbation and uncertainty parameters do not enter
into the process of measuring the flexibility of a system, they do influence the value of flexibility (Zhao
and Tseng, 2003; Huang et al., 2010). The value of
flexibility increases with the degree of uncertainty
and the projected magnitude of perturbations in
future conditions, as further discussed later in this
manuscript.

uncertainty and growing demands. We thus apply
concepts from the IT field as a foundation for operationalizing the concept of flexibility in flood management, along with relevant contributions from other
fields. Researchers in the IT field (e.g., Duncan, 1995;
Byrd and Turner, 2000; Golden and Powell, 2000;
Turner and Lankford, 2005) propose assessing characteristics of flexible systems that relate to (1) the
range of options that an organization has available
and (2) how long it takes an organization to adapt.
Along similar lines, we find that the characteristics
found in the literature (e.g., efficiency, responsiveness, versatility, and robustness; Golden and Powell,
2000) relate to water system’s (1) ability to cope and
(2) ability to adapt. We use these characteristics as
the foundation from which we operationalize the concept of flexibility in water resources systems
(Figure 1). We find that the characteristics of slack,
redundancy, connectivity, and compatibility/coordination, increase the range of available options, providing water systems with the flexibility to cope with
changes. The ease of adjusting the aforementioned
flexibility characteristics, adjustability, provides
water systems with the flexibility to adapt to
changes. Individually, each of the flexibility characteristics may be insufficient to fully represent the
concept of flexibility, requiring some collective combination of dimensions to adequately characterize flexible systems (Turner and Lankford, 2005).
We integrate and modify the measureable characteristics of flexible systems provided by the IT literature to develop a framework for characterizing and
assessing flexibility in water resources management
(Figure 1). As a starting point to developing a full
methodology to assess the flexibility of water systems,
in the following section, we (1) identify and define
five flexibility characteristics in water resources systems, namely: slack, redundancy, connectivity, compatibility/coordination, and adjustability; (2) propose
a set of sample metrics within each of the characteristics for evaluating the degree of flexibility in flood
management systems (Table 2); (3) give descriptive
examples of actions that may increase flexibility for
that characteristic; and (4) explain the contribution of
each flexibility characteristic to increasing flexibility
and informing management decisions.

Characteristics of Flexible Water Resources Systems

Slack

Following a comprehensive review of the literature
across scholarly databases and the references found
therein, we find that in-depth assessments of flexibility and attempts to operationalize the term appear
primarily in the field of IT, which maintains similarities with water resources management regarding

Slack provides surplus capacity to cope with uncertain and changing conditions (Turner and Lankford,
2005). Intentionally embedding excess capacity into a
system provides increased flexibility for future expansion, helping to ensure it can meet increased
demands and/or changing objectives under a wider
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Duncan (1995)
Connectivity
Ability of any
technology
component to attach
to any of the other
components inside
and outside the
organization

Compatibility
Ability to share any
type of information
across any
technology
component

Modularity
Ability to add, modify,
component(s) of the
infrastructure with
ease and with no
major overall effect

Byrd and Turner (2000)
IT Connectivity
See Duncan (1995)
connectivity definition

IT Compatibility
See Duncan (1995)
Data Transparency
Inter and intraorganizational free
retrieval and flow of
data

Application
Functionality
Ability to add,
modify, and remove
the modules of
software applications
with little or no
widespread effect

Technical Skills
Understanding
software development
processes, and
knowledge of
operating systems

Golden and Powell (2000)
Versatility
Range of activities for
which the organization
has contingently
planned

Robustness
Ability to respond
successfully to
unforeseen
environmental
change

Turner and Lankford (2005)
Slack
Degree of excess
capacity, under
utilization or salability

Adaptability
Degree of versatility,
openness, robustness

Intensity
Degree of
repetitiveness and
frequency of changes
in a parameter

Developed flexibility characteristics for water resources
Slack
Degree of excess
capacity or under
utilization

Redundancy
Degree of
repetitiveness and
diversity of options
available to meet
objectives

Connectivity
Ability of any
component to attach
to any of the other
components inside
and outside the
system

ability to cope

Coordination/
Compatibility
Ability to utilize and
share available
information across
components

Adjustability
Ability to add, modify,
and remove any
component of the
system and/or its
operations with ease

ability to adapt

FIGURE 1. Flexibility Characteristic from Domains Outside Water Resources Used to Develop the Characteristics
for Water Resources in the Bottom Row. The four left columns of characteristics ease the system’s ability to cope
with uncertainty and change, while adjustability on the bottom right eases the system’s ability to adapt.

to store (Table 2, S1) and release (Table 2, S3) flood
flows, the downstream channels to convey flood flows
(Table 2, S2), and bypasses’ ability to store excess
channel flows (Table 2, S4). For example, increasing
stream conveyance capacity (Table 2, S2) has been
identified as a promising option for mitigating climate
change impacts of flooding (Brekke et al., 2009). Managers may evaluate the magnitude of a future flood of
interest and current stream conveyance capacity
(Table 2, S4) to evaluate the excess capacity needed
for a flood bypass. Alternately, if flood magnitudes
are projected to increase, but the normalized excess
reservoir capacity (Table 2, S1) is ≤1, then the system
could likely benefit from increases in slack related to
flood storage.

variety of conditions (Zhao and Tseng, 2003; Hall and
Murphy, 2012). For example, Zhao and Tseng (2003)
apply a trinomial lattice model to identify an appropriate foundation size of a parking garage. This
analysis balances the upfront costs to incorporate the
slack necessary for future expansion with the potential profit provided by the option to expand the
garage under uncertain future parking demand.
From a flood risk management perspective, evaluating and appropriately incorporating slack into the
design of water resources systems, via dam/bypass
sizing, channel/spillway capacity, etc., may help eliminate the need for costly, retrofit constructions.
Flood managers may evaluate the degree of slack
based on the normalized excess capacity of reservoirs
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TABLE 2. Example Metrics to Assess Flexibility in Flood Management Systems.
Unless otherwise noted, larger metric values indicate greater flexibility.
ID
Slack

S1
S2
S3
S4

Redundancy

Connectivity
Compatibility/
coordination

R1
R2
R3
C1
C2
CC1
CC2

Adjustability

CC3
A1
A2
A3

Metric Description
Excess reservoir capacity: calculated as a dam’s flood storage capacity in excess of the
amount of water stored in the reservoir to attenuate an x-year flood event
Excess stream capacity: calculated as the stream conveyance capacity in excess of the
expected discharge during an x-year flood event
Excess capacity to release and convey floodwaters: calculated as the stream conveyance
capacity in excess of an upstream dam’s outlet and spillway capacity
Excess bypass capacity: calculated as the capacity of the bypass to store water that exceeds
the stream conveyance capacity in an x-year flood event
Surface storage options: number of reservoirs and bypasses per major tributary
Structural vs. nonstructural diversity1
Delegation of management responsibility: number of agencies committed to flood management
Groundwater and surface water connections: percent of reservoirs operated conjunctively with groundwater
Potential for floodplain connection: percent of river length without levees
Access to data: water managers have access to future hydrologic projections at relevant
temporal and spatial scales
Access to data analysis tools: water managers have tools and ability to analyze and utilize
hydrologic projections for reservoir planning and operations
Intrabasin coordination of operations: percent of reservoirs with coordinated operating agreements
Ability to revise operations plans: level of governmental approval needed to adjust reservoir
operations plans (rule curves) or storage allocation (lower level is more flexible)
Opportunities to annually vary flood storage space: calculated as the percent of the maximum
flood storage space which can be varied
Ability to expand storage and conveyance capacity with levee setbacks: calculated as the
percent of levees with greater than an x m buffer to infrastructure

1

Structural components: dams and reservoirs, levees, walls, diversion channels, bridge modifications, channel alterations, pumping, and land
treatment; Nonstructural measures: flood warning and preparedness; temporary or permanent evacuation and relocation; land use regulations including floodway delineation, floodplain zoning, subdivision regulations and building codes; flood proofing; area renewal policies; and
conversion to open space (USACE, 1999).

1998). Similarly, robust IT systems are defined by the
degree of repetitiveness, labeled in IT analyses as
intensity (Turner and Lankford, 2005). In flood management systems, repetitiveness and diversity of
options also increase a water resources system’s ability to cope or adapt to uncertain, future conditions
(Gleick, 2003; IWMI, 2009). Thus, whereas slack
ensures the existence of excess capacity in the system
to cope with changing conditions and demands,
redundancy ensures that this capacity is spread
amongst a variety of options. Redundancy then can
be measured by the number of storage options available (Table 2, R1), the diversity of those options
(Table 2, R2), and the number of groups with vested
interests and responsibility for managing the water
resources (Table 2, R3).
In addition to a larger number of options (e.g.,
number of reservoirs and bypasses in each tributary —
Table 2, R1), distributing capacity across many different management strategies can also reduce flood risk
over the long term. The value of diversity in flood
management strategies in meeting capacity requirements has been emphasized by scientists and managers (Gleick, 2003; Pearce, 2004; Rijsberman, 2006;
Brooks et al., 2009; Hall and Murphy, 2012) who critique 20th-Century water policies for relying too

Unfortunately, the need for additional flexibility in
water resources is often only realized in hindsight
when meeting objectives is made difficult by the
inflexibility of the current system, as can be the case
when a system lacks slack. For example, a report
(CA-DWR, 2010) on the current condition of the
California flood management system lists a variety of
factors contributing to the inability of the system
to meet its designed flood management objectives.
These include a lack of slack through insufficient
flood storage capacity to regulate flood flows (Table 2,
S1 and S4) and inadequate capacity to convey design
flows (Table 2, S2 and S3) in approximately half of
the channels evaluated (CA-DWR, 2010).

Redundancy
Redundancy generally refers to multiple options
performing the same function in a system, such as
multiple species performing a same role (e.g., nitrification) in ecosystems (Walker, 1992). Redundancy
and the substitution or interchangeability of components are critical to adaptive and robust SESs
(Ospina and Heeks, 2010) and ecosystems exposed
to disturbances (DeLeo and Levin, 1997; Naeem,
JAWRA
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Connectivity
Connectivity ensures that a system is capable of
fully utilizing its redundancy by employing the
options available to meet system objectives. Connectivity is generally viewed as a positive attribute of
most adaptive systems (but see Fraser et al., 2005,
for an alternate perspective). For example, hydrologic
connectivity is essential to functioning ecosystems,
where hydrologic connectivity refers to the watermediated movement of materials, energy, and
organisms down and across rivers and riparian areas
(Kondolf et al., 2006). With respect to water resources
management, the term applies to the linkages
between infrastructure that promote reliability of
OF THE

AMERICAN WATER RESOURCES ASSOCIATION
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moving water across networks (Yang et al., 1996).
Increasing connectivity of water supply infrastructure
is considered a mechanism to improve the resilience
of existing resources as well as to provide security
from extreme events in the face of climate change
(Wilby and Dessai, 2010).
The need for connectivity in a water resources system includes both natural infrastructure, including
rivers, aquifers, and floodplains, and man-made infrastructure, such as reservoirs, constructed bypasses,
and irrigation canals. Since a variety of water storage
options exist for flood management, each with
strengths and weaknesses, connectivity between
these structures and flexibility in their use can help
hedge against the uncertainty associated with climate
change (IWMI, 2009). Connectivity between water
system components also allows for shared utilization
between flood management and other operating objectives, such as ecosystem restoration or agricultural
production, resulting in overall increased system
performance.
Connectivity and collective management in the use
of surface and groundwater (Table 2, C1), called conjunctive use, can increase storage capacity by utilizing underground aquifers while avoiding the
economic, environmental, and social costs of dams. A
study (USACE, 2002) conducted in the Central Valley
of California found that, via natural replenishment
and anthropogenic aquifer storage during times of
high flow, conjunctive use operations generated
between 92,000 and 322,000 acre-feet (AF) of newly
available annual yield per reservoir. Thus, managers
may evaluate the balance of conjunctive use options
relative to reservoirs to identify whether additional
conjunctive use operations can contribute to expanding storage capacity for flood management.
In addition to leading to more efficient utilization
of water supplies, increased connectivity, particularly
between the main river channel and its floodplains
(Table 2, C2), can generate space for storing and
attenuating flood events, while also providing
increased slack, redundancy, and ecological benefits.
Restoring river-floodplain connectivity can increase
the ability of the system to cope with the larger and
more frequent floods projected under climate change
(IPCC, 2007) by utilizing the natural storage capacity
of floodplains, subsurface flow, aquifers, in addition
to the human-managed storage reservoirs included in
the slack characteristic. For example, reconnection of
8,000 ha of floodplain along the Illinois River to allow
peak flood waters to inundate strategically designated farmland could halve the probability of flooding
26,000 ha of downstream farmland (Akanbi et al.,
1999). This same study found that an alternate management option of raising the levee height (Table 2,
S2) could achieve similar risk reduction goals, but at

heavily on “hard path” approaches to meet human
demands, including large dams, aqueducts, and
levees, as opposed to “soft path” approaches. In contrast to large, centrally managed infrastructure, soft
path approaches emphasize lower cost communityscale systems, decentralized and open decision-making, water markets and equitable pricing, application
of efficient technology, and environmental protection.
Thus, assessing the relative number of structural and
nonstructural options for managing floods (Table 2,
R2) can identify the balance in a system’s portfolio of
infrastructure that contributes to reducing exposure
to flood risk.
Finally, the number of parties invested in a flood
management system (Table 2, R3) can contribute to
its flexibility, though generally only up to a point.
Many resources, including water, are too complex to
be governed effectively by a single agency (Berkes,
2009). Instead, co-management of natural resources,
defined as the sharing of power and responsibility
between the government and local resource users
(Wallace et al., 2003; Adger et al., 2004, 2005b;
Armitage et al., 2008; Huitema et al., 2009), can be
more effective at achieving management objectives.
Different levels of organization, from local to federal,
have comparative advantages in the management of
resources (Berkes, 2009). In the flood management
context, state and federal agencies may provide financial support and expertise not available at the local
level, while local institutions have a better understanding of their specific needs and can respond more
quickly to flood emergencies. However, the number of
parties involved can also decrease the flexibility of a
system and the mere existence of multiple agencies
does not always lead to effective and adaptive comanagement. In some cases (Adger et al., 2005b),
individual institutions may simply promote themselves without promoting the flexibility, the overall
management structure, or its adaptability.
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can significantly contribute to system flexibility and
robustness. In their recommendations for a sustainable future, the Western Governors’ Association
(2008) emphasized that ongoing coordination and
information sharing between scientists and water
managers, along with the various levels of government engaged in planning efforts, is critically needed.
Similarly, after the devastating 1997 flood in the
Yuba-Feather River system in California, the Yuba
County Water Agency (2008) found that sharing
weather, water, and management information and
the coordination of operational decisions among agencies provided one of the most cost-effective measures
for improved flood management (Table 2, CC1 and
CC3). The implementation of forecast-coordinated
operations in these basins is expected to reduce peak
flows of the rivers and the risk of exceeding river
channel capacity, as well as improve the notification
processes and advance flood warning and preparation
times (Yuba County Water Agency, 2008). Similarly,
the National Hydrologic Warning Council reported in
2013 that lives were saved during the Colorado floods
of 2013 by the coordinated flood warning and management systems that were implemented following
flash floods that killed over 140 people in 1976 (Curtis, 2013). Such coordination, both of information and
agencies, can be assessed by the number of coordinated agreements in a basin (Table 2, CC3), normalized for example, relative to the number of reservoirs.
The normalized metric allows managers to evaluate
potential operational gains by determining the relative number of reservoirs operating in isolation.

a significantly lower benefit to cost ratio (Akanbi
et al., 1999). In heavily leveed rivers (Table 2, C2),
such as the Illinois River, it may be more cost effective for managers to reduce flood stage by increasing
river-floodplain connections over implementing other
management options. Restoring the connectivity of
floodplains may also allow upstream reservoirs to
remain at a higher elevation during the flood season
by increasing downstream flood storage capacity,
increasing the available water supply and hedging
against scarcity concerns (Opperman et al., 2009).

Compatibility/Coordination
Duncan (1995) emphasizes the ability to share
information across any technology component, termed
compatibility, as an important determinant of IT flexibility, since information sharing provides easy access
to relevant data and lowers the cost of innovation. In
order to make informed decisions, water managers
need access to hydrologic, operations, and regulatory
information (Table 2, CC1). This information includes
antecedent, current, and projected future hydrologic
and climate data, water demands and usage, reservoir operations, and forthcoming policy and regulatory changes. The information is needed in locations
and forms that are accessible and compatible for use
by other entities. In addition, compatibility and coordination are needed between policy makers and water
resource planners and managers to ensure that policy
and regulations, such as the structure or priority of
water rights, both inform and are informed by water
resources management.
In most cases, a variety of different agencies work
within a river basin on different aspects of water
management, and each agency is likely to have access
to data that may be relevant to others. Furthermore,
researchers, water users, and other stakeholders outside of water management agencies also possess data
(Table 2, CC1) and analytical tools (Table 2, CC2)
relevant to water managers, and vice versa, requiring
a multidimensional flow of information. For example,
the peer-reviewed literature contains many examples
of the potential for ensemble streamflow prediction
(ESP) forecasts to improve water system operations
(Hamlet and Lettenmaier, 1999; Faber and Stedinger,
2001; Hamlet et al., 2002). However, many water
agencies lack access to peer-reviewed literature and
to the modeling techniques and decision processes to
fully exploit ESP forecasts (Faber and Stedinger,
2001). Assessing the sharing of data and tools in a
basin is binary (Table 2, CC1 and CC2), but may vary
across user groups.
In addition, within-basin coordination of water
resources management and operations (Table 2, CC3)
JAWRA
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Adjustability
Khosrowpour (2006) takes a broad interpretation of
Duncan’s (1995) definition of modularity to include the
ability to add, modify, and remove any software, hardware, or data components of the infrastructure with
ease and with no major overall effect. Since the use of
the term modularity in the IT context usually takes on
a specific meaning associated with isolating and standardizing business and system processes (Duncan,
1995), we modify the definition given by Khosrowpour
(2006) and rename this flexibility characteristic adjustability, or the ability to add, modify, and remove any
component of the system and/or its operations with
ease and with no major overall effect. In essence,
adjustability describes the ease with which managers
can modify the formally described flexibility characteristics — slack, redundancy, connectivity, compatibility/
coordination — to adapt to changing conditions.
Relative to adjustability, one of the most widely
cited inflexibilities in water management systems
refers to the inability to modify system operations in
8
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VALUING THE COSTS AND BENEFITS
OF FLEXIBILITY

There may be a point at which more flexibility is
no longer desirable and/or the costs outweigh the
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benefits (Nemetz and Fry, 1988; Duimering et al.,
1993; Byrd and Turner, 2000). Too much flexibility
can introduce unintended, negative impacts on systems, particularly if individual flexibility characteristics are considered in isolation from others. For
example, oversizing reservoir capacity without taking
precautions to preserve slack for future times of need
may lead to the classic overshoot and collapse problem (Meadows et al., 1972). Alternately, a large
number of agencies involved in water resources management and funding, reflective of high intensity and
redundancy, can delay and complicate decision
making if there is not proper collaboration and
communication between the agencies and a formal
governance structure in place (National Research
Council-Committee on Sustainable Water and Environmental Management in the California Bay-Delta,
2012). Inconsistencies between federal and state flood
risk policies are not uncommon (USACE, 2009) and
can complicate project permitting. Connectivity can
introduce negative human interventions into historically and genetically isolated systems through interbasin transfers or river restoration activities (Fausch
et al., 2009). Flexible dam operations and rule curves,
reflecting the characteristic of adjustability, provide
planners and operators with discretion that could
lead to unintended impacts on ecosystems or water
supply.
Furthermore, flexibility comes at a price, and flexible technologies tend to cost more than traditional,
less flexible equipment and products (Nemetz and
Fry, 1988; Duimering et al., 1993; Byrd and Turner,
2000). Retrofitting flood management infrastructure
to incorporate more flexibility can require considerable financial investments. For example, increasing
the storage capacity, and thus slack, in the American
River Basin, California by raising the Folsom Dam
will cost an estimated $314 million (State of California, 2010). It cost $41-55 million to increase adaptability at Cougar Dam, Oregon by installing a
selective withdrawal structure for managing downstream temperatures (Palmer, 2010; Learn, 2011),
and $800 million to modify the Hoover Dam to
improve operations under lower flow conditions (Brean,
2012). Increased flexibility may also come with
increased technological complexity, which requires
advanced management and support staff at additional costs (Byrd and Turner, 2000).
The value of flexibility relates to the uncertainties
and changes the system faces (Zhao and Tseng, 2003;
Huang et al., 2010). Thus, qualitatively, the value of
flexibility is lower in more stable, predictable conditions, whereas the value of flexibility increases with
the degree of uncertainty and the projected magnitude of perturbations in future conditions. Furthermore, identifying the appropriate level of flexibility in

a timely and cost-effective manner due to legal or
other regulatory constraints (Hamlet and Lettenmaier, 1999; CA-DWR, 2009; Johnson and Lilly, 2009).
At a workshop in 2009, western water managers
emphasized the need to “evaluate and revise the legal
framework for water management to the extent
allowable to ensure sufficient flexibility exists to
anticipate and respond to climate change” (Johnson
and Lilly, 2009). In particular, these managers
stressed the importance of the ability to revise dam
operations (Table 2, A1) based on new information
without going through costly and time-consuming
Congressional re-authorization and/or completing an
Environmental Impact Statement every time a
change is needed (Johnson and Lilly, 2009).
The ability to modify reservoir operations and storage allocations (Table 2, A1) is one key characteristic
of a flexible flood management system. For example, in
response to much larger floods in the American River
Basin after completion of the Folsom Dam, the initial
operations manual and rule curves have been changed
three times (Ferreira, 1982; Platt, 1995; NRC, 1999).
The current rule curve allows for annually varying
flood storage space (Table 2, A2), based on an allowance to utilize upstream reservoir space to store flood
waters (Table 2, A1) (Platt, 1995). However, the number and extent of changes to Folsom’s operations serves
as a unique case. Adjusting the water appropriation
policies that evolved over the past 100 years in the
western United States and other areas of the western
world (CBO, 1997) is often not politically or socially
acceptable and presents a prohibitive financial and
time expense. Thus, an assessment of the ability to
modify reservoir operations (Table 2, A1 and A2) can
help identify potential sources of flexibility through
areas lacking adjustability.
Alternately, managers can assess the adjustability
of the existing levee footprints by calculating the proportion of levees sufficiently distanced from infrastructure (Table 2, A3). High values for metric A3
indicate a greater potential and lower cost to adjust
the system and enhance future flexibility characteristics, through efforts to set back levees to increase
floodway conveyance capacity (Table 2, S2), reconnect
the floodplain (Table 2, C2), and/or construct a bypass
to increase slack (Table 2, S1) and possibly redundancy (Table 2, R1).
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ing decisions of how to incorporate flexibility into
water management systems.
Water resources managers have a wide array of
infrastructure, operational, and regulatory options for
meeting the objectives of water resources systems.
Each option has different performance characteristics, including its contribution to the system’s ability
to adapt as the severity and uncertainty of climate
change materialize. In support of others’ recommendations for increased flexibility in water resources
systems, as well as the clear benefit of flexibility in
other domains, this work contributes to incorporating
flexibility in the performance evaluation of the different options available to water resources managers.
However, we emphasize that the proposed framework
and metrics do not provide direct guidance regarding
how much more slack, or other flexibility characteristics, are needed. The manager and public must determine the degree of flexibility in a water resources
system based on their acceptable level of risk and the
cost of achieving reduced risk. Furthermore, additional investigation of flexibility is warranted to fully
understand its role in the planning, design, operations, and management of adaptive water resources
systems. In particular, further studies are needed to:
(1) apply and evaluate the flexibility metrics in existing water resources management systems (DiFrancesco and Tullos, 2014); (2) conduct case studies to
quantify the relationship between system flexibility
and adaptive capacity; (3) demonstrate valuation of
flexibility; and (4) develop flexibility metrics for other
operating objectives (e.g., hydropower generation,
water supply, environmental benefits, recreation,
etc.).
The conclusions and remaining research gaps
reported herein highlight the urgent need for and
contribution of synthesis, dialogue, and comparative
analysis to the implementation of adaptive, flexible
water resources systems. For example, given the
important but largely assumed connection between
flexibility and adaptive capacity, a critical next step
is to assess the value of flexibility in terms of its relationship with climate risk, uncertainty, and adaptive
capacity. Comparing the flexibility and adaptive
capacity of case study systems would allow for assessment of the extent to which overall system flexibility
contributes to adaptive capacity, as well as the relative contributions of each of the flexibility characteristics to adaptive capacity. From such a study, one
may synthesize general principles regarding flexibility and adaptive capacity. For example, it may be the
case that a subset of the proposed flexibility metrics
or characteristics disproportionally relates to a system’s adaptive capacity. Alternatively, such study
may identify other flexibility metrics not included in
this manuscript. Further, the finding of a weak rela-

a system will depend upon the risk tolerance level of
decision makers, planners, and other stakeholders,
and the extent to which they are willing to accept the
inability of the system to fully meet objectives for all
plausible conditions (Galloway, 2011). Thus, alternative decision-making models, such as Robust Decision
Making (Lempert et al. 2003), Real Options theory
(Leary, 1999; Heal and Kristr€
om, 2002; Hertzler,
2007), and optimization that maximizes robustness
and/or adaptability, may be needed to guide valuation
of flexibility in uncertain future conditions. For example, despite the limitations of optimizing to an uncertain future, a manager might implement actions that
maximize the range of plausible futures under which
the system could meet a performance threshold with
secondary objectives or constraints associated with
financial costs, creation, or elimination of real
options, maintaining a balanced portfolio of flexibility
characteristic, etc. Alternately, potential management
actions could be evaluated based on the extent to
which they increase the range of conditions under
which the system could meet a performance target
per unit cost for the action. For a flood management
scenario, an example action might maintain flood risk
below a target expected annual damage for a 10%
larger range of plausible futures than the baseline
system at a cost of $1 million. This is equivalent to a
1% increase in operational range for every $100,000
invested.

CONCLUSIONS

Given the contribution of flexibility to the adaptive
capacity of water resources systems, and the increasing uncertainty in future hydrologic conditions, flexible water resources management systems are likely
to perform well over a wide range of conditions. However, flexibility as a concept requires definition and
characterization within the context of water resources
systems. We define flexibility for the field of water
resources management as the inherent ability of the
human and physical elements of a system to cope
with, adapt to, or alter to better suit uncertain and
changing conditions, in a timely and cost-effective
manner. Given that, unlike the related characteristic
of adaptive capacity, flexibility of a system is determined by its inherent characteristics that are independent of future conditions, we propose metrics that
are assessable using system specifications, plans, and
management structures, rather than deeply uncertain future projections. Lastly, we identify some
potential methods for comparing management strategies for their contribution to flexibility and for makJAWRA
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tionship between flexibility and adaptive capacity
may indicate that other factors play a larger role in
determining a system’s ability to adapt and perform
under uncertain, changing conditions. It is through
these types of multidisciplinary and rigorous analysis
that we will understand the best strategies for establishing robust water resources systems in an uncertain future.

This material is based upon work supported by the National
Science Foundation under grant no. 0846360. We are grateful to
John Matthews for his valuable early comments that improved this
manuscript.
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