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A B S T R A C T

Resilience is increasingly recognized as an imperative for any prospect of sustainable development, as it relates to our ability to sustain human well-being and
progress under the planetary and societal changes that we face now and into the future. Yet, we are ill-prepared to meet this challenge. We neither fully understand
nor manage consistently for resilience of the human and natural systems that we must steward through extraordinary change. A unifying approach and common
currency would help us to understand and manage for resilience under uncertain futures. Water is an essential, defining element in human and natural systems.
Human civilization and water systems have co-evolved as a coupled system, with the majority of natural freshwater systems transformed to meet our demands.
Shifting patters of water availability in space and time will define key pathways and tipping points for our resilience, and thus requirements for water system
resilience must guide the trajectories and boundaries of human development. Here, we consider the thesis that water offers a key to unlocking the complex challenge
of designing and managing for the resilience of coupled human-natural systems. We examine what constitutes a resilient system, what drives freshwater resilience,
and how pathways to human resilience may be charted and navigated through the medium of water. Our theoretical treatise frames a portfolio of research that tests
this thesis, including modeling and applications to water and water-dependent systems.

1. Introduction

When considering the complex dynamics of natural ecosystems
nearly a half century ago, Holling [32] and his contemporaries de-
scribed “resilience” as the ability of ecosystems to respond to changes in
external conditions through internal changes in composition, config-
uration, and relationships in order to maintain coherent function. Re-
silience refers to the ability to thrive under change. It has since been
broadly adopted to describe the behavior not only of ecological sys-
tems, but also of human systems - from built infrastructure and agri-
cultural systems, to economies, cities and our transformed Earth system
[20,27,87]. Today, resilience is increasingly recognized as an im-
perative for any prospect of sustainable development, as it pertains to
our ability to sustain human progress in the face of change – whether
incremental or abrupt, expected or surprising [19]. Understanding and
building the resilience of human and natural systems is an urgent
concern, as we face the increasingly immediate and severe effects of
Earth system change on our tightly coupled human social-ecological
system [60,66,67,34]. The Earth system is currently unstable in many
dimensions, portending numerous possible futures, and presenting ur-
gent choices between transforming to a sustainable social organization
and stewarding the Earth for continued human progress or failing to

preserve a biosphere suitable for our survival and precipitating the
collapse of human civilization [14].

It seems an insurmountable challenge to build the resilience of
complex human systems to planetary and societal changes of an un-
certain pace, variability and magnitude. Complexity wedded with un-
certainty is confounding, thus we neither fully understand nor manage
consistently for resilience. Rather, our designs respond to those vul-
nerabilities most evident and acute, which therefore have emerged as
priorities for the affected communities. In coastal, low-lying regions, we
begin with storms and sea-level rise, whereas in areas suffering chronic
wildfires, droughts or disease, or pressured by demographic growth and
socio-economic change, we design for the resilience of vulnerable po-
pulations and assets to those particular stressors. More commonly, with
lesser ambition and an aversion to incur the costs of mitigating risks
that seem less immediate, we design for the least cost solution to
proximate threats. A coherent approach to understanding and solving
for the resilience of human systems remains elusive. While our current
designs may not be “wrong”, the lack of a consistent, coherent approach
to designing for our resilience is a crucial shortcoming. At a minimum,
it limits our ability to evaluate alternative resilience design choices.
Perhaps more importantly, it undermines our ability to effectively
identify and act on key system features crucial to resilience strategies.
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This likely results in a greater frequency of overlooking issues affecting
resilience and thus in deficient designs. Here we suggest that fresh
water1 can serve as a key to solving that puzzle; that water is central to
so many dimensions of social-ecological resilience, it may serve as a
“master variable” offering a coherent approach to understanding, de-
signing and managing for resilience in the Anthropocene.

Water and climate are common, defining factors of human and
natural systems, determining their productivity and function as well as
their vulnerability to global change. The warming climate will de-
termine the magnitude of Earth system change and the parameters
within which we must operate to solve for our resilient future [66,67].
Climate change impacts will be most immediately and acutely ex-
pressed through water, notably through changes in water quantity,
quality and distribution relative to human needs [61], and in extreme
events, such as flooding and droughts. Along with climate, water dic-
tates the diversity and distribution of the terrestrial biosphere. Water is
central to the functioning of the Earth system and is a critical de-
terminant of the quality and quantity of ecosystem services [58,59].
Water of a specific quantity, quality and timing is required to preserve
the composition and function of natural ecosystems under localized
disturbances and broader environmental change. Under climate
change, water availability and variability will define how the terrestrial
biosphere adapts, shifting the distribution of species and ecosystems to
accommodate new conditions and, thereby, directly affecting estab-
lished human interactions with previously prevailing environmental
norms.

Water’s central role in the biosphere has long implied that many of
the most important human development challenges are related to water
[15] and to freshwater resilience [16]. Water availability has histori-
cally defined where humans could settle and produce and has thereby
guided the development of societies and economies. Human ingenuity
has enabled us to overcome the physical limits imposed by nature – at
least temporarily – by damming and diverting water to where we
choose to settle, to farm and to prosper. Yet, we have now reached a
scale of human demand and water footprint that surpasses conventional
solutions [45,76,79,58,16]. Climate change is altering patterns of water
availability across the planet, while human demand for water resources
grows unabated [16]. The increasing frequency and amplitude of water
related shocks and stresses – from more intense droughts and floods to
seasonal shifts in precipitation – are a critical resilience concern
[71,70]. Human ingenuity is again tested, as we grapple with adapting
to a highly uncertain and increasingly volatile future [14].

Here we argue that a coherent approach to understanding and sol-
ving for the resilience of human systems under future Earth system and
societal change can be found by basing our designs on water. Water is
an essential and defining element, a crucial factor or a “master vari-
able” guiding the nature and function of interacting human and natural
systems. Shifting patterns of water in space and time will define key
pathways and boundaries for their development and resilience. As such,
we submit that water provides a consistent and robust basis for navi-
gating the complexity and uncertainty of designing and managing for
the resilience of coupled human-natural systems. We draw confidence
that water offers a path to our future from the knowledge that water has
defined and enabled human progress throughout history [41,83].
Human civilization and water systems have co-evolved as a coupled
social-ecological system [65,41,42].

Our work builds upon seminal writings that form the theoretical
foundations of social-ecological resilience, [32,21], of engineering re-
silience in water resources management [18,8,64], and of freshwater
ecology [56,74]. We consider what constitutes a resilient system, what
influences water system resilience, and how pathways to human

resilience may be charted and navigated through the medium of water.
Related work compiled in a special issue of Water Security further ex-
plores this thesis, including modeling, metrics, and scenario planning
work, as well as applications to water systems and to human systems
dependent on water [7,10,22,26,36,44,72,75].

2. Conceptual framing: resilient systems

Building upon the work of Homer-Dixon et al. [34], we define a
“system” as a set of causally connected entities that are distinguishable
as an identifiable whole and that self-organize to persist in character-
istic function over an extended period of time. We refer to “natural
systems” as ecological systems, with identities formed by their distinct
composition of species, structure, and relationships and with char-
acteristic ecological functions and services. We restrict our treatment to
ecosystems that are largely influenced by fresh water inputs of pre-
cipitation, surface flows and groundwater, i.e., primarily terrestrial but
also near-shore marine ecosystems. We consider “human systems” as
social-ecological systems – complex, integrated systems in which hu-
mans are part of nature [85]. Further, given the particular influence
and agency of technology in human development, we recognize that
human systems may be more precisely characterized as social-ecolo-
gical-technological systems [43]. Human systems exist in a dynamic
nexus comprising social, ecological and technological aspects that de-
fine how the system functions what it produces, and determine its
vulnerabilities as well as its resilience [4,24].

Achieving and maintaining a system’s preferred functions and ser-
vices through management intervention is a hallmark of human de-
velopment. Conventional engineering approaches to resilience solve for
the performance and recovery of built systems – infrastructure, water,
energy, transport – under shocks and stresses [30,52,64]. Resistance to
disturbance and speed of return to equilibrium are used to measure an
event response function [29,33]. Robustness describes this ability to
maintain performance over a wide range of input uncertainty. Ro-
bustness measures inform design options intended to enable systems to
persist under varying types and magnitudes of change.

Advances in social-ecological resilience science suggest that resi-
lience is not only measured by a system’s ability to remain in its current
state or equilibrium, persisting under disturbance, but also by its abil-
ities to adapt to change and to transform – to move from one state into
another and function in a changed configuration [20,21,32,81]. Sys-
tems are not globally stable but reside in multiple distinct equilibria
along an evolutionary trajectory, thus they have a nonzero probability
of shifting from current into novel states [32]. From a system man-
agement perspective, resilience is about how to navigate the journey
among diverse pathways and equilibria, crossing tipping points as the
system shifts from one state to another [20].

Here we suggest that resilience is manifested in a system’s “identity”
– its components, their configuration and interactions – which enables
it to maintain coherent “function” under disturbance. A system's func-
tion is understood and measured in terms of its generation of char-
acteristic services and outputs: notably, the ecosystem services pro-
duced by natural systems and the economic and social capital generated
by human systems. Functions are commonly variable due to changes in
the relative contribution of different system elements, such as the in-
terannual variation in ecosystem service flows. Following [21], we
suggest that three capabilities (“PAT”) characterize a resilient system
(Fig. 1):

• Persistence refers to a human or natural system’s ability to main-
tain coherent function under changing conditions and disruption
without altering its identity. The existing components, configuration
and interactions of the system enable it to return to its prior function
under the exogenous stresses and shocks to which is it exposed.

• Adaptability refers to a system’s ability to maintain coherent
function by modifying its identity to accommodate change.

1 Here, we refer exclusively to fresh water in terrestrial and atmospheric
systems, not saline water in marine systems. Throughout, we use the term
“water” for simplicity.
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Adaptability is about continually adjusting responses, innovating,
and reorganizing system parts and relationships relative to changing
external conditions and internal interactions. Adaptability allows for
system development and realignment within its current equilibrium
– adjusting to sustain its present function.

• Transformability refers to a system’s ability to change its identity
and to establish a new function in a novel equilibrium when pushed
beyond the threshold of its present state. It is the ability to change
from one type of system to another with different controlling vari-
ables, structure, functions, and feedbacks [48]. Transformation re-
sults in a change in both system identity and function. Transform-
ability is the capacity to create a new system when ecological,
economic, or social conditions make the existing system untenable
[81,21,54].

Transformation is seen by some as a consequence of system failure
and collapse, and by others as an essential capability of long-lasting
systems [17,14]. Here we suggest that both are plausible outcomes.
When complex systems cross tipping points and transform, they are
capable of shifting onto numerous alternative pathways [14], some
more desirable than others (Fig. 2).

Transformation will distinguish between winners and losers. The
new state to which a system might naturally transform may be highly
disruptive to existing human and ecological systems and stakeholders.

For instance, one may regard the potential regime shift of the Amazon
rainforest to savannah as an example of Earth system resilience; but for
the humans and biodiversity that must endure that transformation, it
will feel like system failure and nothing like thriving! Transformation
may be damaging, costly, and irreversible, as with species extinction.

Resilience is not normative; however, it does not imply or attribute
specific preferences, choices or values to a system’s state or function
[1]. Humans attribute value to resilience capabilities, commonly we
value the ability of a system to cope with expected stresses and shocks
and to continue to perform its expected functions, i.e., to exhibit per-
sistence and adaptability. Likewise, transformability is a system cap-
ability which we may choose to value, distinguishing preferable tran-
sitions from collapse, success from failure.

Because indiscriminately following a system’s natural progression
across tipping points to a novel state may lead to massive environ-
mental, economic and social losses, we must strive to transform to more
desirable alternative states when tipping points will inevitably be sur-
passed. A resilient agricultural system faced with changing climatic
conditions that threaten crop yields and economic returns shifts to
different crops – changing identity to adapt – or transforms to an al-
together different land use, as opposed to continuing established
practices that will lead to its collapse. Solving for resilience will require
that we design and manage human systems for persistence and adapt-
ability to preserve current functions, and that we anticipate and guide
transformations onto preferred new development pathways.

Persistence may be achieved by configuring our systems to with-
stand stresses and shocks, while adaptability may be achieved by ad-
justing system elements, their configuration, and operation in order to
preserve current system function under change. Resilience will also
require an improved human capacity to project, plan, and manage for
transformation to a preferred new state and trajectory when the current
state cannot be maintained (Fig. 2). Novel states, beyond the bound-
aries of the current equilibrium, may be estimated by modeling and
scenario planning, e.g., [7,8,12,28,69]. When faced with the inevit-
ability that a system will cross tipping points, our challenge is to enable
system reorganization to desirable new equilibria providing conditions
under which we may thrive, and to avert trajectories that may lead to
collapse.

The prospect of guiding system transformation to novel states seems
a monumental challenge, as our understanding of the space–time in-
teractions of variables that constrain and define the Earth system tra-
jectory and transitions is limited. We argue, however, that while pre-
diction of the full trajectory of change may be infeasible, we can
reasonably predict threshold conditions and proximate equilibria to

Fig. 1. Three capabilities of a resilient system: Persistence, Adaptability,
Transformability (PAT). Shapes represent system identity, which changes in
order to adapt and transform. Colors represent system function, which changes
as systems shift to new equilibria. (Adapted from Falkenmark et al. [16]).

Fig. 2. Beyond the boundary conditions of its present
state, within which a system may persist (P) and
adapt (A) to maintain its function, the system may
transform (T) to a variety of novel equilibria, some of
which represent system collapse (black), others
shifting to a relatively desirable new state (orange).
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.) (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the web version of this article.)
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which water-dependent systems may shift, as has been done for agri-
cultural systems [23], aquatic ecosystems [13,35,53], river catchments
[80] and urban water systems [38]. Accordingly, we can manage for
resilience as it relates to all three capabilities: persistence and adapta-
tion within current boundaries and transformation beyond. While this
may appear inordinately difficult, such designs are possible with water
systems as we have demonstrated throughout history [41,65,83].

Recently, Resilience by Design (RbD) has been developed to help
meet this need [7]. RbD is a performance-based optimization approach,
which evaluates alternative design options (“identities”) relative to
their ability to deliver desired functions, and thereby perform system
resilience capabilities (PAT) under projected stresses and shocks. RbD
evaluates resilient water system design for provisioning, water quality
regulation, and waste- and storm-water management services under
deep uncertainty. RbD allows examination of both gradual changes in
precipitation, as well as extreme events such as flooding or droughts.
RbD uses multi-dimensional sensitivity analysis to assess the perfor-
mance of alternative system identities over a wide range of possible
futures, building upon advances in decision making under deep un-
certainty [8,68]. RbD solves for the combinations of fixed and adaptive
design values that achieve resilience capabilities (PAT), while mini-
mizing the expected cost of design, including the utility of losses when
failure occurs.

Following Brown et al. [7], let Z equal the total cost of a given
resilience design:
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Ci represents the cost of alternative fixed design variables, yi
Cj is the cost of monitoring and detection MDj

Ck is the cost of reactive recovery activities, ρR
pD is the probability of detecting problematic performance Cl is the
cost of proactive recovery, ρp

In addition to the direct costs of system design, the RbD formulation
includes losses L(−) that are incurred by a given design due to poor
performance under future hazards. Such losses are a function of the
fixed design (yi), recovery (ρR, ρP), detection (pD), and the value of a
vector of uncertain exogenous factors (X) causing those hazards, such as
temperature, precipitation, demand, and extreme events. A utility
function, U(L) values these losses relative to stakeholder preferences for
their avoidance.

RbD informs benefit-cost analysis related to system design for resi-
lience capabilities (PAT), explicitly considering the benefits and costs
implied by decisions to enhance or to limit system designs, simply ex-
pressed as follows [7]:
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In RbD applications, for instance, one may choose to limit infra-
structure or agricultural systems capabilities to achieve persistence
within the boundary conditions defined by historical norms of pre-
cipitation, drought and flooding. Such designs would maintain the
benefits of water provision and of food production under normal con-
ditions, while minimizing the costs of enabling adaptability and trans-
formability to extreme events. However, these design choices would

also result in greater risk of losses due to poor performance or system
failure when extremes occur. In an era of increasing uncertainty, we
should instead shift to designing for resilience (PAT). RbD enables such
calculations and comparisons.

3. The resilience of freshwater ecosystems and human-hydrologic
systems

Freshwater ecosystems comprise lakes, rivers, aquifers, marshes and
other wetlands. We rely upon freshwater ecosystems for many valuable
services including water provisioning and quality regulation, waste-
and storm-water management, sustaining productive fisheries, as well
as recreation, aesthetics, other cultural services and existence values.
These ecosystem services, in turn, depend on the functional integrity of
natural freshwater ecosystems and the biodiversity they harbor.
Freshwater resilience refers to the ability of natural freshwater eco-
systems to persist, adapt and transform to sustain coherent function
under change [58,55]. Ecosystem services may be considered the
“function” of freshwater ecosystems for the purpose of characterizing
their resilience. Freshwater ecosystems exhibit resilience in their ability
to maintain their production of ecosystem services under changes in
temperature, precipitation and species interactions, as well as under
human stresses of pollution, habitat transformation and modified flow
regimes. Because human prosperity is dependent on the continued
provision of these services [46,73], preserving the attributes necessary
for the resilience of freshwater ecosystems must be a central develop-
ment aim.

Solving for freshwater resilience requires identifying the en-
dogenous and exogenous variables that influence system function,
identifying possible threshold effects driven by the interaction of those
variables, and considering the possibility of alternate system states.
Endogenous attributes comprising freshwater ecosystem “identity” in-
clude thermal, light, chemical and nutrient characteristics, sediment
and organic matter inputs, native biota, and, perhaps most critically,
the hydrologic flow regime [56,3]. Exogenous factors influencing
system function and boundary conditions include temperature, pre-
cipitation, and human-induced changes. For instance, infrastructure
and land use changes commonly disrupt the flow regime and native
biota and introduce pollutants and alien species. Managing for varia-
bility and maintaining environmental heterogeneity and landscape
connectivity are central to freshwater resilience, as they enable broad
ecosystem response to changing conditions [31,63,55,74]. Freshwater
system function is guided by the interaction of endogenous attributes
and exogenous conditions.

When exogenous conditions, such as land use or climate change,
force significant alteration of endogenous attributes toward thresholds
of persistence and adaptability, freshwater ecosystems become unstable
and unpredictable. Once a threshold is transgressed, regime shift may
result in a dramatic reorganization to establish a new equilibrium state.
Such transformations make it very difficult to restore natural freshwater
systems to their previous state and function [62]. Eutrophication and
local species extirpation are examples of potentially irreversible im-
pacts of freshwater ecosystem transformation. The potential con-
sequences of transformation are particularly salient to decisions related
to freshwater ecosystem management, given their critical importance to
human well-being and resilience.

Our transformation of natural freshwater ecosystems to managed
hydrological systems has enabled human societies and economies to
flourish in places where water resources would otherwise have been
insufficient, or insufficiently reliable, to support our development. Over
time, the majority of freshwater ecosystems have been modified to meet
human demands. At the turn of the last millennium, over half of large
river systems had been dammed, with reservoirs intercepting more than
40 per cent of global river discharge [78,77,47,39]. Those transfor-
mations have continued and accelerated. A recent global assessment
found that only 37 percent of rivers longer than 1000 km remain free-
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flowing over their entire length and less than a quarter flow unin-
terrupted to the oceans [25].

Modern water systems are so heavily modified that management for
resilience must consider their integrated and interdependent social-
ecological-technological makeup and not uniquely their natural attri-
butes. Management of modified freshwater systems or “human-hydro-
logic systems” (HHS) must account for both natural and anthropogenic
variables and their interactions. The development of HHS models with
capabilities of simulating both hydrological and human-induced water
functions has emerged in response to this need [37,82,84], including
some anticipating responses to climate change [7,57].

By design, human-hydrologic systems (HHS) are composed, con-
figured and operated in order to generate desired services to down-
stream communities [9]. We dam rivers to store and supply water, we
connect surface flows to increase water provision, and we open wells to
bring groundwater to the surface for our use. The preferred config-
uration of a HHS is defined to meet human demands for specific func-
tions. Stakeholder demand for ecosystem services and, critically, their
tolerance for costs and risk of diminished or lost services [2] reveal
preferences for water system function and thus alternative design op-
tions. Traditionally, the engineering of water systems has been guided
by the imperative of sustaining specific services through the config-
uration and management of state variables (identity) for persistence
under historic hydroclimatic variability.

Water resources management interventions can lead to dramatic
changes in HHS identity and function, including unwelcome transfor-
mations, such as the drying of Lake Chad and the Aral Sea and the
degradation of innumerable river deltas and wetlands [9]. Climate and
environmental change will trigger further transformations, pushing
natural and human systems beyond thresholds of their current equili-
bria into novel states. Consequently, we must build and manage water
systems for their adaptability and transformability to new configura-
tions and new norms of function, avoiding collapse and mitigating the
costs of system failure. Water resources management approaches to
supply energy, food and water must be coupled with strategies for
building human social-ecological resilience at basin-scale, consistent
with natural freshwater ecosystem boundaries. In such efforts, we must
strive to maintain critical landscape functions such as moisture feed-
back from forests, precipitation, soil moisture and stable base flows key
to regional and planetary resilience [58,59,36].

We can design and manage water systems (HHS) for resilience
through changes in their composition and configuration or system
identity. We can moderate consumptive use and reuse, regulate tem-
perature and chemical inputs, manage water releases to maintain or
alter environmental flows, and deploy technologies that restore eco-
system services (e.g., pollutant, species and sediment removal). We can
also modify natural and hard infrastructure to provide for greater or
lesser water capture, storage, and flows [51]. Our decisions and designs
will either strengthen or impair freshwater ecosystem resilience, with
critical consequences for the provision of services vital to our economic
and social welfare. Given the inevitable change that will occur in
freshwater and HHS systems, our ability to predict and guide their
adaptation and transformation to avoid damaging and costly failures
and transitions to undesirable new states is fundamental to solving for
our resilience. Our managed adaptations and transformations should
aim to preserve as much of the natural freshwater ecosystem identity
and function as possible, to sustain their many valuable contributions to
human well-being, and to preserve their natural resilience capabilities.

4. Building resilience through water

Considering human systems generally, resilience refers to the ca-
pacity to continually adjust and self-organize in the face of change in
order maintain the current development path or to actively transform
onto a new development trajectory (e.g., [17,80,86]). This applies to
simple and to highly complex systems alike – from monoculture farms

to diversified economies, cities, and our human-managed Earth system.
Designing for the resilience of human systems can be dauntingly com-
plex, as a comprehensive articulation of system identity and function is
difficult to achieve, let alone to measure. Instead, we rely upon iden-
tifying conditions that can enable or support its emergence [11]. While
we have made important progress in describing the characteristics of
resilient systems and developing uniform frameworks and assessment
processes, e.g., [5,6,40,49,50,81] resilience must be measured not
merely by a system’s attributes and ”identity”, but fundamentally by its
ability to persevere in its function.

Solving for resilience requires that we design and manage human
systems for persistence and adaptability to preserve their function
under change and for transformability to enable system reorganization
towards a preferred state once current functions can no longer be sus-
tained. Technological innovation has been a hallmark of human de-
velopment and adaptation to social and environmental challenges and
will be fundamental to our successful response and future resilience.
Social feedback mechanisms can mediate transitions and build resi-
lience – social norms, cultural values, institutions, markets, technology,
knowledge, and learning all serve to inform our approach to managing
natural and human systems [16,14]. However, protecting and restoring
the ecological attributes and functions of natural systems are para-
mount to preserving the productive capacities of the Earth system and
its natural resilience. In our endeavor to build a productive and resilient
human future, preserving natural systems and their services is im-
perative.

The requirements for freshwater system resilience help to define the
limits of acceptable human system development and resilience, parti-
cularly when such development is predicated upon the certainty of
water services. Since human and water systems are coupled and co-
evolving, the identity and function of human systems commonly derive
from the availability and variability of water services and thus from the
conditions necessary for water system resilience. In designing for re-
silient human systems, water further serves as a “master variable” due
to its deep connections across all systems – agricultural, energy, in-
dustrial, urban – and virtually all aspects of the human endeavor. As a
necessary underpinning of human system resilience, water allows for
our estimation of boundary conditions and equilibria to design for
persistence, adaptability and transformability (PAT) in discrete and
complex systems and across scales. Additionally, as water is a critical
factor in natural and human system productivity and resilience from
local to planetary scales [16,58,59], it provides a coherent means of
understanding and managing vital teleconnections – from atmospheric
cycles to surface flows and soil moisture. Sound design and decision-
making for resilience require a coherent approach that reveals inter-
dependencies and enables a rigorous evaluation of development op-
tions. As, water is a finite resource essential to nearly all discrete human
systems (agriculture, energy) and complex systems (cities, economies)
alike, it provides a consistent and coherent basis for complex system
scenario modeling, planning for PAT, and choices among resilience
design and development alternatives. Moreover, because we can diag-
nose, design, and manage water system “identities” to provide specific
functions relative to changing conditions, water system resilience can
reveal what is necessary for the resilience of virtually all human sys-
tems. From these necessary resilience parameters, we may explore and
design for sufficient conditions for human system resilience by con-
sidering other stressors, drivers of system function, and threshold
conditions.

Water cannot address all system stressors (consider cybersecurity,
seismic activity, species extinction). Additionally, some systems are
inherently decoupled from water or designed to be so. However, as
water is necessary in virtually every system and vital in most, it pro-
vides a coherent basis for understanding and navigating complex
human system resilience in most instances. The particular opportunity
offered by water is that we can manage this vital input to and driver of
human system resilience through water system (HHS) design and
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operation. Deriving the necessary conditions for human system resi-
lience on the basis of what is required for water system resilience
provides a coherent means of understanding and navigating our future
development. In short, water is a master variable.

5. Conclusions

Throughout history, we have managed and transformed freshwater
ecosystems to fuel our development, with little regard for preserving
the component species, systems and natural functions vital to their, and
to our resilience. As we face prospects of Earth system change and
growing threats of water insecurity across the planet, we must no longer
heedlessly transform freshwater systems to pursue unsustainable gains
in human development. As water systems cross critical tipping points,
so will natural and human systems transform and risk collapse.
Consequently, our designs for managed adaptations and transforma-
tions should aim to preserve natural freshwater ecosystem identity and
function, to sustain their many valuable contributions to human well-
being, and to preserve their natural resilience capabilities.

Water is life. Humanity’s fate is intimately tied to the fate of
freshwater systems [16]. Any prospect of human development and re-
silience to planetary and societal changes that our future holds will
depend upon our careful stewardship of water systems. Solving for re-
silience through the medium of water may guide us through threshold
conditions, novel states, and alternative pathways towards resilience. In
the face of the complex and urgent challenge of solving for resilience in
the modern era, we submit that water may serve as a master variable
enabling a coherent approach to defining the conditions and actions
necessary to avoid collapse, and revealing pathways for our persistence,
adaptation and transformation to preferred futures.
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