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Application of the Ecological Network
Analysis (ENA) Approach in Water
Resource Management Research:
Strengths, Weaknesses, and Future
Research Directions

Ali Kharrazi and Tomohiro Akiyama

Abstract Population growth, climate change, and conflicting demand by industry
and agriculture are increasingly straining our planet’s water resources. In this light,
there is a need to advance holistic approaches and objective tools which allow
policymakers to better evaluate system-level properties and trade-offs of water
resources. This chapter contributes to the expanding literature in this area by
highlighting water resource management strategies based on the ecological network
analysis (ENA) approach. This chapter overviews the theoretical underpinnings of
the ENA approach and its application, limitations, and weaknesses for water
resource management research. Furthermore, through the case study of the Heihe
River Basin, this chapter demonstrates how to examine system-level properties and
their trade-offs relevant to the resilience of water services. The ENA approach
considers holistic trade-offs that may be used to evaluate alternative water recycling
and saving scenarios. This approach can complement multiple criteria decision-
making framework and scenario planning approaches and can be beneficial in
developing new applicable water resource management strategies.
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14.1 Introduction

With the expansion of anthropocentric activities and climate change, management of
scarce water resources has increasingly become one of the most critical challenges
for sustainable development. Water scarcity not only exacerbates the vulnerability of
food security but also increases the risk of geopolitical conflicts over water access
and control. Given the transdisciplinary nature of the challenges associated with
water supply and demand, the control and modification of individual sections may
lead to unpredictable effects on other sections of the water system. Sustainable water
resource management, therefore, requires an integrative evaluation of economic,
social, and environmental dimensions. A holistic approach to a water system allows
for a better understanding of the system-level dynamics of the water resource system
and results in more effective and relevant sustainable decisions (Xue et al. 2015).

Traditionally, water resource management has focused on economic dimensions,
while recently there has been a growing consensus on the necessity for more holistic
concepts such as integrated water resource management (IWRM). Discussions
surrounding IWRM began in the late 1980s and have evolved toward an overarching
conceptual umbrella incorporating integrated sustainable social, environmental, and
economic principles relevant to better water resources (Gallego-Ayala 2013).
Despite its conceptual advantages, the IWRM is weak in practicality and application
in the real world. Specifically, researchers have raised concern over the lack of
successful evidence of this approach in the literature and the inability of the concept
to offer analytical tools for highlighting cost-benefit trade-offs relevant to different
water resource management approaches (Chikozho 2008; Garcia 2008). The inabil-
ity to evaluate trade-offs is most critical with regard to groundwater resources where
there is less physical visibility of its flow and recharge dynamics.

The ecosystem services concept has also been proposed by researchers seeking
solutions relevant to economic and environmental dimensions (Garcia et al. 2016).
In this avenue, a trade-off analysis is conducted with multiple ecosystem services
and multiple stakeholders of a water system. This approach is beneficial toward
integrating divergent managerial perspectives arising from different environmental
and economic expenses and benefits. However, this approach may be overly com-
plicated and would require large amounts of difficult-to-quantify data reflecting costs
of each solution, detailed evaluations of the numerous stakeholders, and environ-
mental resources of the water system (Hering et al. 2010; Hering and Ingold 2012).

The criticality of trade-off analysis is most evident with the increasing shift in
recent years from consumption of surface water to consumption of less physically
visible groundwater sources. While measuring groundwater resources continues to
be a challenging endeavor, to a substantial extent conventional hydrological models
are theoretically able to predict groundwater dynamics. However, these hydrological
models are based on simplifying assumptions and are limited in reflecting network
flows such as groundwater recharge, feedback, and water cycles (Goderniaux et al.
2009). Furthermore, these models are limited in their ability to directly examine
system-level water network dynamics, most importantly, the resilience of the
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hydrological cycle. In this avenue, there is a critical need for advancing research on
the system-level properties of water resource systems and more importantly develop
objective tools to measure and communicate these properties for their application by
sustainability practitioners.

In light of the complexities and limitations of previous approaches to water
resource management, researchers have been exploring new directions arising
from interdisciplinary network approaches. The main strength of holistic network
approaches lies in their ability to illustrate system-level properties, trade-offs, and
network properties such as the resilience of the system. For example, while the
efficient extraction, transport, and consumption of water are commonly ascribed
policy decisions, their system-level effects, especially on the resilience of water
system, are not well understood (Scott et al. 2014). A resilient water system is
defined as a system with the capacity to persist in its ability to deliver water services
in the face of various disruptions and shocks, e.g., excessive water consumption,
droughts, and climate change impacts. Network approaches are especially beneficial
toward evaluating certain dynamics of the water system which are not easily and
physically visible – this includes most importantly the dynamics of groundwater
flow and recharge.

New insights toward evaluating system-level dynamics of water systems are
arising from information-based network approaches such as the ecological network
analysis (ENA). The ENA approach defines the dynamics of a resilient water system
as arising from a balance between network redundancy and efficiency. In this view, a
highly efficient water system maintains lower water flow redundancies and a weaker
capacity for resilience. For example, highly efficient irrigation systems of a river
basin may restrict the groundwater recharge flows and lower the system’s ability to
absorb water inflow shocks by relying on groundwater storage. Consequently, while
the rate of pumping water may not be increasing, the net amount of what is pumped
is increasing, leaving less residual to return to the aquifer. This has been referred
elsewhere to the paradox of the “net water use” which is similar to Jevons paradox.
Conversely, a highly redundant water system may result in excessive negligence,
water loss, and detrimental to the resilience of the water system. The main value of
the application of the ENA approach to water resource management research lies in
its potential to overcome the limitations of previous approaches and hydrological
models in reflecting system-level properties and trade-offs.

This article aims to introduce the ENA approach and discuss its strengths,
limitations, and future research directions to a wide audience of researchers and
practitioners in the area of water resource management. This chapter is organized as
follows: Section 14.2 discusses the theoretical underpinning of the ENA approach
and particularly focuses on network properties relevant to system resilience.
Section 14.3 presents a review of the literature applying the ENA approach to
water resource management research. Section 14.4 provides a case study example
of the application of the ENA approach toward evaluating the trends of river basin
network and applying relevant alternative scenario options. Finally, a discussion,
conclusion, and future research directions follow in Sect. 14.5.
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14.2 Ecological Network Analysis (ENA) Approach

The ecological network analysis (ENA) approach examines the emerging network
structure from the flow of materials, e.g., information, money, electricity, nutrients,
and water, among the node components of a system. This approach can be applied to
systems that can be pictorially depicted as a web structure, i.e., a collection of
compartment boxes connected by directed and weighted arrows that describe
exchanges of materials that allow the functioning of a system. Rather than empha-
sizing the particular characteristics of nodes within a system, the ENA approach
emphasizes the flow transfers between the nodes (Ulanowicz 1986). The ENA
approach allows for a detailed examination of the system-level properties of the
network and reveals network properties influencing the resilience of the system (Fath
and Patten 1999). The underlying assumptions of this approach are, first, that growth
and development are fundamentally two distinct system properties (Huang and
Ulanowicz 2014). While growth reflects an extensive property of a system, e.g.,
the size of a system as quantified through the total system throughput (TST),
development reflects an intensive property of organization within the system.
More specifically, the development of the system is based on two dialectically
related system-level network properties of efficiency and redundancy. In this avenue,
the second underlying assumption of the ENA approach is the notion that the
resilience of a networked system depends on the balance between network efficiency
and redundancy arising from the topology and magnitudes of the pathways through
which materials are circulated.

While in the long term, natural systems have been observed to increase their
efficiency at the expense of their redundancy (Ulanowicz 1997), current levels of a
trade-off between these two system variables depend on agency behavior, environ-
mental constraints, and shocks or disruptions directed at the system. The efficiency
of a system can be defined as the degree of articulation or constraints of flows in a
network. In a water system, the efficiency of a system can be increased, for example,
through the development of irrigation and drainage canals and aqueducts. In more
objective and quantifiable terms, the average mutual information (Ulanowicz 2009;
Ulanowicz and Norden 1990) is used to define the network efficiency of a system as:

Efficiency ¼
X

i, j

T ij

T ::
log

TijT ::

Ti:T :j
ð14:1Þ

Here, Tij is a flow from agent i to agent j, Ti. ¼ ∑jTij is the total flow leaving
agent i, T.j ¼ ∑iTij is the total flow entering agent j, and the sum of all flows in the
system, T.. ¼ ∑ijTij, is known as the total system throughput (TST).

The redundancy of a system, the countering variable to efficiency, can be defined
as the degree of freedom or overhead of flows in a network. Network redundancy
reflects the diversity of pathways in a system and is critical for a system’s flexibility
and capacity to adapt to changing environmental conditions arising from shocks and
disruptions. In a water system, the redundancy of a system can be increased, for
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example, through the application of water reuse and recycling technologies or
through the expansion of wetlands and aquifer recharge. In more objective and
quantifiable terms, the conditional entropy is used to define the network redundancy
(Ulanowicz 2009) of a system as follows:

Redundancy ¼ �
X

i, j

T ij

T ::
log

T2
ij

T i:T :j
ð14:2Þ

Both values of efficiency and redundancy are intensive, dimensionless, and based
on units of information depending on the base logarithm used in their calculation,
e.g., bits if the base 2 logarithm is used or nats if the natural logarithm is used. In the
ENA literature, the natural logarithm is predominantly used in calculations.

Intuitively, following a disruption, networks with more diverse connections are
more flexible in rerouting their flows and maintaining critical functions. Conversely, a
more efficient network with a minimal number of well-organized connections can
concentrate its capacity for growth and development. As illustrated in Fig. 14.1,
overly redundant networks may be incoherent and lacking the efficiency to grow,
while overly efficient networks may be brittle and prone to collapse when subjected to
stress. To help determine a balance between constraint imposed by efficiency and the
flexibility provided by redundancy, the relative order in the system is introduced as:

α ¼ Efficiency= Efficiencyþ Redundancyð Þ, where 0 � α � 1 ð14:3Þ

The ratio α is a convenient way to express the degree of which property domi-
nates the system at a given time. Departing from the relative order and invoking the
Boltzmann measure (Boltzmann 1872) of its disorder, the level of a system’s
theoretical resilience can be expressed as (Ulanowicz et al. 2009):

Theoretical Resilience ¼ �α log αð Þ ð14:4Þ

From Eq. 14.4, a maximum value for theoretical resilience is derived as
1/e � 0.3704 (independent of the logarithm’s base). Empirical investigations have
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Fig. 14.1 The conceptual
model of the ecological
information-based approach
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determined that natural networks, e.g., ecosystems and food webs, lie in close
proximity to this maximum (Ulanowicz 2009), while economic systems indicate
higher levels of redundancy (Kharrazi et al. 2013). The maximum resilience value,
however, should be seen as a theoretical benchmark; optimal (minimal) vulnerability
of real heterogeneous systems under various environmental conditions may be
different from this value.

Theoretical resilience (Eq. 14.4) signifies the balance between efficiency and
redundancy as a single metric and therefore is useful in exploring and comparing the
configurations of heterogeneous networks. However, the analytical implications of
the variable are limited and should be approached with caution. Firstly, the variable
does not differentiate among shocks against which the network system might be
judged to be resilient. Secondly, despite arguments of biomimicry, derived from
evolutionary observations (Kharrazi et al. 2016a, b), it may be difficult to prescribe
an optimal level of theoretical resilience to socioeconomic networks. Without a
normative value, changes to the network configurations may be difficult to translate
into actions, strategies, and practices.

14.3 Applying the ENA Approach in Water Resource
Management Research

While the roots of the ENA approach lie within the ecological modeling and food
web literature (Mukherjee et al. 2015), the approach has been gradually expanded to
other economic (Goerner et al. 2009; Huang and Ulanowicz 2014) and environmen-
tal research areas (Chen et al. 2011, 2015). The ENA is a well-matched research
approach for water system research as water systems encompass different inputs,
outputs, and transformations between their compartments. Within the water resource
management research domain, researchers have applied the ENA approach at dif-
ferent scales including, for example, at the level of urban, river basin, and virtual
water systems.

At the level of urban water networks, the ENA approach has been applied in
Albareto, Ravenna, and Sarmato in Italy (Bodini 2012; Bodini and Bondavalli 2002;
Bodini et al. 2012). Within these studies, the ENA approach was used to illustrate
water exchanges between the different sectors of the cities, and comparisons were
made between present network configurations and network configurations arising
from new water usage scenarios. In the same research vein, Pizzol et al. (2013) apply
the ENA approach in examining the urban water management system of Hillerød,
Denmark, using data from 2004 to 2008 and two future scenarios for 2015 and 2020.
In this study, the authors compare the network properties found in the urban water
system to natural ecosystems and discuss network-based strategies for increasing the
resilience of the system to flooding and heavy rain events.

The ENA approach has been most frequently applied to the level of river basins,
and most studies are based on case studies based in China. In one of the earliest
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studies in this avenue, Li et al. (2009) apply the ENA approach to six subsystems of
the Yellow River Basin in China based on data from 1998 to 2006. This study
develops new metrics based on the ENA approach and attempts to incorporate
socio-environmental properties underlying the supply and demand of water. In a
similar study, Li and Yang (2011) examine four subsystems of the Haihe River Basin
in China based on data from 1999 to 2002 and 2005 to 2007. Within this study, the
authors examine the optimal balance of network properties relevant to the resilience
of the water system, i.e., efficiency against redundancy, in seven distinct scenarios.
More recently, Hai et al. (2015) develop three new composite indicators based on the
concept of optimality within ENA approach and in combination with conventional
multidimensional social, economic, and environmental indicators. Using these com-
posite indicators, the authors examine four subsystems of Huaihe River Basin in
China from 2005 to 2011. The ENA approach has also been employed to examine the
network configurations of the Baiyangdian River Basin in China from 2008 to 2013.
Within this study, the authors attempt to advance the use of subsystem-level ENA
indicators in examining different scenarios of the water system. Finally, Kharrazi
et al. (2016a, b) examine the changes to system-level network configurations of the
middle reaches of the Heihe River Basin in China from 2000 to 2009. In this study,
the authors focus their discussion on the long-term resilience of the water system and
more specifically the effects of changes in the groundwater body levels. The authors
advance two hypothetical alternative scenarios, based on water recycling and saving
strategies, to improve the long-term resilience of the water system.

The ENA approach has also been applied at the scale of virtual or embodied water
flows. In this avenue, Fang and Chen (2015) construct virtual water network
consisting of six economic sectors for Ganzhou District in the Heihe River Basin
in China using data from 2002 to 2010. In addition to the system-level network
properties reflecting the efficiency and redundancy of the water system, this study
examines the dominant controlling sectors for water circulation and the utility
relationships between pairwise sectors within the system.

14.4 Applying the ENA Approach in the Middle Reaches
of the Heihe River Basin

Case studies are essential in advancing the application, practicality, and understanding
of the strengths and limitations of the ecological network analysis (ENA) approach for
water resource management research. Toward this end, we introduce a recent case
study research by Kharrazi et al. (2016a, b) in examining the trends of the network
properties of middle reaches of Heihe River Basin. The Heihe River Basin, China’s
second largest inland river basin, begins from the heights of the Qilian Mountains and
ends in the perimeter of China’s Gobi Desert (see Fig. 14.2). Given its bountiful water
resources, this river basin has increased the region’s capacity for agricultural devel-
opment, especially in its middle reaches. The increasing anthropogenic activities
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require further exploitation of the surface and groundwater resources and in turn
harming the ecology of the lower reaches. Realizing such critical trends, since the
2000s, the Chinese government has implemented regional water resource management
plans, e.g., agricultural water quotas, more efficient water canals, and water conser-
vation strategies (Cheng et al. 2006).

To examine the steady-state network (Jørgensen et al. 2007) of the Heihe River
Basin, an eight-compartment model was constructed to represent the various hydro-
logical and consumption flows between the compartments. This eight-compartment
model represents hydrological inputs, outputs, and socioeconomic consumption

Fig. 14.2 A map of Heihe River Basin

266 A. Kharrazi and T. Akiyama



components of the river basin. The first compartment reflects rainwater, the second
compartment represents river water from the upper reaches, and the third compart-
ment reflects groundwater. The first three environmental compartments of the model
circulate water to the social-economic compartments (4–7), i.e., agriculture, natural
landscape, industry, and households. The output of the model to the lower reaches of
the river basin is represented in the eighth compartment. Particular to the case study
region, certain assumptions were made for this model. The groundwater recharge
from the natural landscape f53 was not considered because annual rainfall below
200 mm usually results in negligible groundwater body recharge (Scanlon et al.
2006). All flows are static annual flows of water (108 m3). Figure 14.3 illustrates the
network model, and Table 14.1 illustrates the construction of the matrix of the
network model, and a description of flows is given in Table 14.2. The data collected
for this model is from the year 2000 to the year 2009.

14.4.1 Heihe River Basin Case Study Results

Through the ENA approach, the evolution of the network topology of the middle
reaches of the Heihe River Basin from 2000 to 2009 can be revealed. As seen in
Table 14.3, the extensive variable of TST, reflecting the total flows of the system,
indicates a positive increase in the total size of the system during the 10-year period

Fig. 14.3 The eight-compartment water network flows of Heihe River Basin
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by 11%. While the overall scale of the network has increased in size, the inner
development of the system as reflected in the intensive network properties reveals
important changes in the configuration of the network. Specifically, the efficiency
(E) variable has increased by 6%, while the redundancy (R) variable has decreased
by 6% from 2000 to 2009. These trends warrant a more in-depth examination of the
inner dynamics of the water network.

Table 14.1 The matrix of the
network model and
corresponding row and
column number, where ( f )
are internal flows between the
compartments, (I ) are
boundary input flows, (u) are
boundary output flows, and
(o) is the water output to the
lower reaches of the river
basin

1 2 3 . . . . . . . . . . . . n n + 1

1 – – – f14 f14 – – – –

2 – – – f24 f25 f26 f27 f28 –

3 – f14 – f34 f35 f36 f37 f38 u1
. . . – – f43 – – – – – u2
. . . – – – – – – – – u3
. . . – – – – – – – f68 u4
. . . – – – – – – – f78 u5
n – – – – – – – – o1
n + 1 I1 I2 I3 – – – – – –

Table 14.2 The flows and
their description of the Heihe
River Basin networks

Flows Description

I1 Precipitation

I2 Annual river discharge at YLX

I3 Groundwater discharge from mountainous areas

O1 Annual river discharge at ZYX

u1 Groundwater storage change

u2 Evapotranspiration from the farmland

u3 Evapotranspiration from the landscape

u4 Consumptive water use of industrial sector

u5 Consumptive water use of domestic sector

f14 Precipitation to the farmland

f15 Precipitation to the landscape

f32 Groundwater discharge to surface water

f24 Agricultural water use from surface water source

f25 Landscape water use from surface water source

f26 Industrial water use from surface water source

f27 Domestic water use from surface water source

f28 Surface water flowing from YLX directly to ZYX

f34 Agricultural water use from groundwater source

f35 Landscape water use from groundwater source

f36 Industrial water use from groundwater source

f37 Domestic water use from groundwater source

f38 Annual groundwater discharge to ZYX

f43 Groundwater recharge from agriculture

f78 Domestic waste water
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The health of the groundwater body is fundamental to the health of the river basin
network through time. Excessive extraction or insufficient recharge of the ground-
water component damages the health of the network through time. Given the static
nature of the annual data snapshots of the Heihe River Basin and the limited
understanding of the storage capacities, it is difficult to dynamically examine the
dynamics of the groundwater body component and its responses to flow changes in
the system. However, some insight can be attained by examining the input and output
trends of the groundwater body component. As seen in Table 14.4, it is evident that
the output consumption of the groundwater is increasing, while most critically, the
groundwater recharge is decreasing. Furthermore, it is evident that the hydrological
outputs of the groundwater have also been reduced. These trends indicate a critical
negative balance of the groundwater component of the Heihe River Basin.

The results of the trend in the network configuration of the Heihe River Basin
reveal two important points relevant to the long-term sustainability of the system.
The decreasing trend of firstly the network redundancy and secondly the groundwa-
ter recharge flows harms the long-term resilience of the water availability in the
middle reaches of the Heihe River Basin. The discussed trends indicate the decreas-
ing capacity of the system to withstand potential shocks and disruptions, for exam-
ple, hydro-environmental changes or excessive water consumption, and lower the
system’s flexibility in rerouting water flows in response to such stresses. The
weakening of the resilience of the system to potential stresses is perhaps best
illustrated in the flow changes directly affecting the groundwater body component.
Results indicate excessive extraction and more importantly a significant decrease in
recharge, i.e., a reduction of 31%, to this critical component. Considering the input-
output flow balance to the groundwater body component, the long-term health of the
system has been weakened. This may indicate a strong connection between improve-
ments in the irrigation canals and, consequently, decreasing water seepage and lower
groundwater recharge flows.

Table 14.3 Trends of ENA
variables of the Heihe River
Basin network from 2000
to 2009

Year TST (E) (R)

2000 85.45 1.00 1.53

2001 78.93 0.98 1.60

2002 85.19 1.04 1.50

2003 94.50 1.05 1.45

2004 79.98 1.03 1.51

2005 88.80 1.04 1.52

2006 90.50 1.06 1.46

2007 95.62 1.06 1.43

2008 93.51 1.04 1.49

2009 94.69 1.06 1.43

Average 88.72 1.04 1.49

Lowest 78.93 0.98 1.43

Highest 95.62 1.06 1.60

% change 11% 6% �6%
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14.4.2 Scenario Analysis

In response to the critical challenges discussed in the previous section, based on the
2009 network, two alternative scenarios are proposed. The first scenario focuses on
water recycling, while in the second scenario, in addition to water recycling, water
conservation and a groundwater recharge strategy are envisioned. In the first sce-
nario, water recycling is proposed between the agriculture, industry, and household
compartments of the system, i.e., between agriculture and industry as f46 and f64 both
for 0.5 108 m3, households and industry as f67 and f76 both for 0.25 108 m3, and
households and agriculture as f74 and f47 both for 0.25 108 m3. The amount of
recycled water reflects annual rates and therefore does not pressure the input and
output flows of the system. Furthermore, these small volumes demonstrate how
basic changes to the flow structure can affect network indices. In the second
scenario, water saving in the agriculture compartment by 0.5 108 m3 and its diversion
to the groundwater recharge ( f43) is proposed.

The results of the network configuration of these two scenarios can be seen in
Table 14.5. The results from the first scenario reveal a significant increase in the
redundancy (R) and a small decrease in the efficiency (E) of the system. In the
second scenario, these changes were more pronounced. Due to additional water flow
from recycled flows, results from both scenarios revealed an increase in the TST
value. Results from the second scenario revealed that the increase of groundwater
recharge flows ( f43) did not significantly change the network configurations of the
water system. However, the increasing recharge flows changed the input-output
balance of the groundwater body to positive levels and therefore consequently
improves the long-term health of the groundwater body compartment.

14.4.3 Policy Considerations for Sustainable Water Resource
Management

The results of the trends of the network configurations of the middle reaches of the
Heihe River Basin reveal two important water resource management considerations.
First, the efficiency of the water network in the middle reaches needs to be
maintained at a level which also allows for ample water flow to the lower reaches.
The efficiency of the water network can be configured through water resource
management strategies promoting conservation, for example, through enhanced

Table 14.5 The system-level and subsystem-level indicators of the two alternative scenarios and
their changes relative to the 2009 network configurations

Index Original (2009) Scenario 1 Change (%) Scenario 2 Change (%)

TST 94.6928 108 m3 96.6928 2.11 96.6928 108 m3 2.11

E 1.0575 nats 1.0526 �0.46 1.0454 nats �1.14

R 1.4339 nats 1.5237 6.27 1.5211 nats 6.08
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water canals, less intensive agriculture, and water tariffs and quotas. Second, the
redundancy of the water network in the middle reaches needs to be maintained so as
not to harm the long-term health and resilience of the water system. As reflected in
the results of the case study, these two water resource management considerations
may pose trade-offs. In this avenue, the alternative scenarios may provide preferable
modifications to the network configurations which better reflect both of the above
considerations. However, these scenarios are realistic to a certain extent and do not
completely reflect economic or environmental costs.

14.5 Discussion and Conclusion

The ecological network analysis (ENA) approach enables important insights toward
the sustainable management of water resource systems. As a holistic approach, the
strength of the ENA approach lies in its ability to evaluate system-level trade-offs
and better policies in consideration of the resilience of the water system. As
illustrated in the case study of the Heihe River Basin, the ENA approach is
specifically insightful toward evaluating the health of physically less visible com-
ponents of water systems such as the groundwater flows and its recharge dynamics.
Through the ENA approach, the resilience of a water system is evaluated as a
balance between the network efficiency and redundancy of water flows. In the
case of the Heihe River Basin, higher network efficiency was achieved through
governmental efforts toward the improvement of irrigation canals and water usage
quotas. The success of these efforts was confirmed through increases in the value of
efficiency (E) of the system and evident through the increase of boundary outflows
to the lower reaches of the river basin. This outcome, however, resulted in lower
water flow redundancies. A highly efficient water system negates the capacity of the
system for resilience and its ability to absorb, for example, climatic and/or socio-
economic shocks. The detrimental effect of higher network efficiency resulting from
the implementation of the government’s water policy was best illustrated through the
changes to the input-output flow balance of the groundwater component of the
system.

While the ENA approach can raise awareness among policy- and decision-makers
of system-level trade-offs critical to resilient water resource management, the limi-
tations and weaknesses of the application of the approach should also be considered.
In this avenue, researchers should take caution in utilizing the ENA approach in
deriving optimal values for the network configurations and should instead consider
optimum values that meet local conditions – see Eq. 16 in Ulanowicz et al. (2009).
The discussions surrounding optimal network configurations can be traced to
research on natural ecological networks, where these systems were found to maintain
configurations within a window of vitality (Ulanowicz 2009). Based on this, some
researchers have advanced the idea of biomimicry and the need to change network
configurations toward this optimal point for maintaining system resilience. How-
ever, this line of reasoning is questionable and its application to systems involving
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human activities uncertain. Firstly, the literature examining the relationship of
natural systems to this optimal point is not systematic, and only 17 ecosystem flow
networks have been found to be in close proximity to this optimal point (Ulanowicz
2009). Therefore, to ascertain the existence of such optimality, more natural net-
works need to be examined. Secondly, while biomimicry in itself is not necessarily
without merit, the brutal evolutionary dynamics underlying such optimality may not
be possible or desirable in systems involving socioeconomic agents. Therefore, it is
questionable whether the evaluation of systems against an optimal point is indeed
fruitful – systems may, in fact, maintain heterogeneous optimal points based on their
environmental surroundings and the potential shocks and disruptions they may face.
Toward this end, it may be insightful to examine whether if networks from different
classes of systems, e.g., water, energy, food, and trade, cluster around certain ranges.

The application of the ENA approach to water systems is also weak in consider-
ing changes in the quality of the water flows. The issue arises when one considers the
various qualities and their suitability for consumption. For example, while water
used for agriculture can be reused by industry, water used for the industry may
perhaps not pass the quality requirement for household consumption. As the ENA
approach assumes the quality of all water flows as equal, researchers need to take
caution and also consider the qualitative aspects of water flows in the system under
their examination. In the meantime, a number of different models have been
developed to investigate material cycles in river basins. They have been developed,
respectively, to examine nitrogen cycles (Do-Thu et al. 2014), phosphorus cycles
(Strokal et al. 2015), and other chemical compositions. Overcoming existing chal-
lenges around these models such as data availability and uncertainty, it becomes
possible and worthwhile to integrate ENA with them.

The values of the network configurations resulting from the ENA approach may
be affected by how the researcher develops and designs the model reflecting the
water system. In this avenue, the discretion of the researcher in considering the scale,
boundary, and detail of the components of the water system is important. The
inclusion or exclusion of nodes representing environmental, water distribution, and
socioeconomic components may, in fact, result in the reduction or increase of
pathways within the network and influence the values of the network configuration.
Although researchers are limited in their ability to model a system based on data
availability and policy relevance, it is necessary to take into account the limitations
of taking under consideration all components of a system and the effects that model
design may have on network configuration values.

For future research, it is necessary to advance the applicability of the ENA
approach for water resource management and make it more communicable to policy-
and decision-makers. Toward this end, more scenarios testing the resilience of the
water system to various probable and possible socio-environmental shocks are
necessary. These scenarios increase the ability to situate the network configurations
of a system to relevant policy deliberations. In the same vein, the ENA approach can
also be utilized toward the examination of the system-level effects of water policy
scenario options. As illustrated by the two alternative scenarios in the case study of
the Heihe River Basin, water conservation, recycling, and groundwater recharge
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policies can alter network configurations and positively affect the resilience of the
water system. In the case study of the Heihe River Basin, the alternative scenarios,
although not far from reality, were hypothetical in nature and did not consider the
social, economic, and environmental feasibilities and costs. Therefore, new research
directions are essential in better situating water scenario planning options utilizing
the ENA approach. In this avenue, the multi-criteria decision analysis (MCDA)
framework is a promising research direction. The MCDA framework allows for the
performance ranking of various scenario decisions against multiple criteria which
may be even measured through different units (Hajkowicz and Collins 2007). The
MCDA framework is also beneficial towards more stakeholder community engage-
ment and decision-making transparency and allows system-level deliberations to be
better grounded in social, environmental, and economic realities.

The future application of the ENA approach to water resource management can be
strengthened through more abundant and higher-quality data sets. These data sets
should include various hydrological and socioeconomic flows reflecting urban,
regional, and river basin water systems and enable researchers to better compare
findings across different research scales. While the ENA approach has been applied to
analyze steady-state system-level properties and trade-offs of water resources, it also
has the potential to make more detailed temporal and spatial analytical insights. In this
vein, the ENA approach can, for example, be used to integrate material cycle, hydro-
ecological, and multi-agent models based on the finite element method. Although the
spatial differences among administration, river, and groundwater basin boundaries
pose challenges of boundary setting and data collection, it is probable that the
integration of these models would be a promising future research area. Furthermore,
as water resource management is an issue of optimization of the allocation of water
resources and given the increasing amounts of data used for toward their analysis, it is
worthy to examine new approaches based in quantum computing as well as quantum
annealing to solve relevant combinatorial optimization problems. Finally, new direc-
tions leveraging big data, citizen science, low-cost sensors, and hydro-informatics are
also promising approaches in this avenue (Chen and Han 2016).

This chapter expanded on the theoretical underpinnings of the ecological network
analysis (ENA) and discussed the strengths, weaknesses, and limitation of its
application in water resource management research. It is hoped that this article
inspires further research in applying the ENA approach toward sustainable water
resource management and advancing this holistic approach for practical water policy
deliberations.
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