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Introduction

Water managers are grappling with the challenge of providing water
to meet increasing human demand (Vorosmarty et al. 2010) while
sustaining diverse river ecosystems (Dudgeon et al. 2006). Govern-
ments in many countries have responded to this challenge by pro-
viding environmental flows (Le Quesne et al. 2010). Environmental
flows are “the quantity, timing, and quality of water flows required to
sustain freshwater and estuarine ecosystems, and the human liveli-
hoods and well-being that depend on these ecosystems” (Arthington
et al. 2018). A significant challenge remains in designing release
strategies for major infrastructure to meet environmental flow re-
quirements (Acreman et al. 2014; Arthington et al. 2006; Harman
and Stewardson 2005; Horne et al. 2017a). Releases from storage
to meet environmental water requirements are often guided by a
series of release rules (Harman and Stewardson 2005). However,

there are now a number of places where the water allocation system
allows for adaptive and ongoing decisions on how to release water
from storage to best meet downstream environmental needs (Horne
et al. 2017a, b)—a process termed active management (O’Donnell
and Garrick 2017).

Several strategies for implementing environmental flows are
used around the world. This includes a variety of legal mechanisms
used to allocate environmental water, each placing different de-
mands on the institutions responsible for implementing these mech-
anisms (Horne et al. 2017b; Le Quesne et al. 2010; O’Donnell
2014; O’Donnell and Garrick 2017; Speed et al. 2013). Broadly
speaking, allocation mechanisms for environmental water can be
categorized as (Horne et al. 2017b):
1. Those that impose conditions on other water users (such as con-

ditions on licenses to abstract water, conditions on storage op-
erators to release flow, and the implementation of a cap or limit
on total abstraction volume); and

2. Those that provide a legal right to water for the environment
[such as the Ecological Water Reserve in South Africa
(Republic of South Africa 1998) or Environmental Water Enti-
tlements in Australia (Commonwealth of Australia 2007)].
The first mechanism (here referred to as rules-based) is more

common. These mechanisms can be set through long-term planning
instruments and implemented consistently between years, in some
cases with varying rules depending, for example, on catchment in-
flows (i.e., wet, dry, or average). While it is possible to use a rules-
based approach with the second mechanism, it is also possible to
actively manage environmental water delivery decisions in re-
sponse to changing opportunities and risks rather than rules. If
an environmental water right is to be actively managed, an envi-
ronmental water manager is required to hold this water in storage
and make decisions about how to achieve the best environmental
outcomes. In doing so, the manager is not required to achieve any
prespecified flow regime but can make release decisions according
to changing conditions related to environmental conditions, system
storage state, decisions of other water users, and flows both current
and anticipated. This is similar to the way in which irrigators would
make decisions to call on their licensed water from storage, though
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of course any release decisions are subject to operational capacity
constraints and factors such as ensuring that downstream properties
are not flooded (Docker and Johnson 2017).

Environmental water rights are held in high regard for their legal
security and flexibility to adapt to changing conditions and environ-
mental needs (Godden 2005; Neave et al. 2015). It makes intuitive
sense that making release decisions according to changing conditions
would lead to better environmental outcomes in the long term. How-
ever, active management has a significant ongoing management cost
compared to rules-based environmental water releases (Docker and
Johnson 2017; Garrick 2015; O’Donnell and Garrick 2017; Pollard
and Toit 2011). The question thus arises: To what extent can ecologi-
cal outcomes be improved through active management of environ-
mental water?

This paper uses the Yarra River in Victoria, Australia, as a case
study to explore the difference in environmental outcomes achieved
when using a rules-based or active management approach to envi-
ronmental flow releases. Optimization is used as a tool to compare
the two approaches. The modeling outcomes using an active release
approach are then compared to various rules-based release strate-
gies to better understand the manner in which ecological outcomes
vary with management practice.

Optimization for Environmental Flows

Models that optimize environmental water releases can be used to
simulate active management decisions to maximize environmental
outcomes. Such optimization models, developed to support envi-
ronmental flow decisions, commonly include a representation of
the physical water resource system and operational constraints, a
representation of ecological outcome for each of a number of spe-
cies, and an objective function that accumulates these species out-
comes together considering spatial and temporal information
(Horne et al. 2016). While a wide range of existing studies use op-
timization to determine environmental flow releases (see Horne
et al. 2016 for a review), these have focused on environmental
flows provided through rules-based allocation mechanisms. Fur-
ther, previous optimization methods often used similarity to the
natural flow regime as a measure of ecological outcome (Chang
et al. 2010; Han et al. 2012; Ringler and Cai 2006; Shiau and
Wu 2013) or ecological response curves combined through least
squares or averaging (Higgins et al. 2011; Szemis et al. 2013).

This paper uses an optimization model, with a 1-year planning
horizon, to design a flow regime that meets multiple environmental
objectives. To improve the level of realism in the modeling of an
active management approach, two key developments to existing op-
timization methods were required for environmental water release
strategies: first, the direct representation of ecological outcomes
(rather than hydrological changes) including consideration of inter-
dependencies between species and individual aspects of the flow
regime (flow components) (Horne et al. 2017c), and second, consid-
eration of environmental dynamics and changing ecosystem prior-
ities among years. These two considerations are essential for active
management where releases of environmental water can vary from
year to year.

Methodology

The main objective of this article is to explore the differences in
environmental outcomes possible using an active management ap-
proach compared to a rules-based approach. The Yarra River (de-
scribed next) is used as a case study. An optimization model for the
Yarra system was used to develop a release strategy representing
(1) active management by allowing release decisions to vary at each

time step and (2) rules-based management using the same release
decisions for multiple years.

Case Study: The Yarra River in Victoria, Australia

The Yarra River originates in a steep forested region and flows
120 km downstream to enter Port Phillip Bay at the city of
Melbourne, Victoria, Australia (Fig. 1). The river is highly regu-
lated by large reservoirs from which water is diverted to supply
Melbourne and several irrigation diversions along the river. The
regulation of flows and volume of abstraction has altered the in-
stream flow regime significantly, with the annual flow at some
locations reduced to half the predevelopment flow (SKM 2012).

Currently, storage release rules provide a minimum base flow
throughout the year. The Victorian state government also holds
an environmental water right in the basin totaling 17 millionm3,
which is allocated each year as a priority. Water rights in the system
are based on the riparian doctrine (Productivity Commission 2003).
Melbourne Water, the environmental water manager, is responsible
for actively managing the environmental water right in the Yarra
River. Flow delivery constraints apply to different parts of the
system, including capacity constraints on storage release valves
and flooding constraints (Melbourne Water 2014). Subject to these
constraints, Melbourne Water decides when to release environmen-
tal water from the various reservoirs to achieve the best environ-
mental outcomes. Environmental water releases target management
objectives at three key reaches: Upper Yarra (Reach 1), Yering
Gorge (Reach 2), and Millgrove (Reach 5) (Fig. 1) (Melbourne
Water 2014).

The Yarra River supports a range of important environmental
values. Table 1 lists the objectives identified by the environmental
water manager as critical for environmental water management de-
cisions (H. Clarke, Melbourne Water, personal communication,
2015) that have been included in the optimization model. These
objectives were identified as part of a detailed environmental flow
assessment study (SKM 2012).

Modeling Approach

The analysis in this paper uses the Seasonal Environmental Water-
ing Decision Support (SEWDS) model (Horne et al. 2017a). This
model optimizes the source and volume of environmental water
releases to achieve the maximum environmental benefit, subject
to a series of water availability and physical system constraints
(Fig. 2). The SEWDS tool includes a representation of the river
network, data on catchment inflows, and nonenvironmental flow
releases (i.e., all water in the system that is not within an environ-
mental manager’s control, including irrigation releases on catch-
ment inflows downstream of storage) for a given planning year
and ecological models for the key environmental management
objectives of the river. The SEWDS model schedules the environ-
mental flow releases into a river (the decision) such that the total-
weighted sum of the ecological outcomes for all management
objectives over a planning horizon of 1 year is maximized (the ob-
jective). The model uses mixed integer linear programming (MILP)
and runs using a daily time step. The form of the core constraints
representing the water resource model in SEWDS is given in what
follows.

The Yarra River system is represented as a network of nodes and
directed arcs in the SEWDS model. The nodes represent reservoirs
and the start/end locations of a river reach. The directed arcs
represent (1) river reaches and (2) link reservoirs to the river at spe-
cific nodes.
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Table 1. Environmental water management objectives

Environmental water
management objective Required process

Relevant flow
component

Size of flow component (best case)
for Reaches 1, 2, and 5 (Fig. 4)

Preserve Australian grayling
(endangered diadromous
fish species)

Maintain water quality Summer low flow Reach 1: N/A
Ensure longitudinal
connectivity for fish passage

Reach 2: Weekly minimum flows >300 mL
Reach 5: Weekly minimum flows >300 mL

Autumn fresh event Reach 1: N/A
Provide access to
suitable habitat

Reach 2: 640 ML=day for 21 days
Reach 5: 1,900 ML=day for 21 days

Assist spawning and
migration

Spring fresh event Reach 1: N/A
Reach 2: N/A
Reach 5: 2,000 ML=day for 7 days

Preserve blackfish and
Macquarie perch

Maintain water quality Summer low flow Reach 1: N/A
Ensure longitudinal
connectivity for fish passage

Reach 2: Weekly minimum flows >300 ML
Reach 5: Weekly minimum flows >300 ML

Limit October to
November high flows

Reach 1: N/A
Provide access to
suitable habitat

Reach 2: Avoid pulses >300 ML=day
for 1 day (blackfish only)

Protect eggs and larvae from
high flow disturbances

Reach 5: Avoid pulses >500 ML=day
for 1 day (Macquarie perch only)

Protect Macroinvertebrates Provide access to suitable
habitat by scouring
sediments and algae from
pool and benthic surfaces
in riffles

Summer low flow Reach 1: N/A
Reach 2: Greater than 80 ML=day
Reach 5: Greater than 200 ML=day

Autumn fresh events Reach 1: N/A
Reach 2: Three events at 820 ML=day for 2 days
Reach 5: Three events at 3,500 ML/day for 2 days

Spring fresh events Reach 1: N/A
Reach 2: 820 ML=day for 2 days
Reach 5: 3,500 ML=day for 2 days

Maintain channel geometry Scour and remove sediment High flow Reach 1: 1,000 ML=day for 1 day
Reach 2: N/A
Reach 5: N/A

Sources: Adapted from Melbourne Water (2014) and SKM (2012).
Note: 1 ML ¼ 1,000 m3.

MELBOURNE

Yan Yean

Greenvale

Sugarloaf
Maroondah

Silvan

Upper Yarra

Legend

Yarra River catchment boundary

River network

Major storages

Environmental Flow Reach 5

Environmental Flow Reach 2

Environmental Flow Reach 1
1 in = 15 miles

Fig. 1. Yarra River Basin.
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Variables
xad: total flow on arc a on day d;
γad: binary variable that equals 1 if environmental flow is released
from arc a representing a link from a reservoir to the river on day d.

Constraints:
X

d∈D

X

a∈Ares∪Ahar

xad ≤ EnvTotal ð1Þ

X

a∈A−
n

xaðd−taÞ þ e−nd ¼
X

a∈Aþ
n

xad þ eþad ∀ n ∈ Nriv; d ∈ D ð2Þ

X

a∈Aþ
n

xad ≤ ResCapn ∀ n ∈ Nres; d ∈ D ð3Þ

xad ≤ ReachCapa ∀ a ∈ Areach; d ∈ D ð4Þ

xad ≤ ead ∀ a ∈ Areach; d ∈ D ð5Þ

xad ≤ Had ∀ a ∈ Ahar; d ∈ D ð6Þ

xad ≤ Capaγad ∀ a ∈ Ares; d ∈ D ð7Þ

xad ≤ Risebxbðd−1Þ þMð1 − γadÞ ∀ a ∈ Areach;

b ¼ downReachðaÞ; d ∈ D ð8Þ

xad ≥ Fallbxbðdþ1Þ −Mð1 − γadÞ ∀ a ∈ Areach;

b ¼ downReachðaÞ; d ∈ D ð9Þ

aad ≥ 0 ∀ a ∈ Areach ∪ Ares ∪ Ahar; d ∈ D ð10Þ

γad ∈ f0; 1g ∀ a ∈ Ares; d ∈ D ð11Þ

Constraint (1) guarantees that no more than the allocated vol-
ume of environmental water (EnvTotal) is released on arcs from
reservoirs (Ares) or harvested from a river (on arcs Ahar) for envi-
ronmental purposes. Constraint (2) maintains the water balance in
the river reaches, ensuring that the total flow coming into each node

in the river (Nriv) equals the total flow going out of the node on
each day of the planning period while respecting the travel time (ta)
for flow on each incoming arc. Note that A−

n and Aþ
n constitute

the set of arcs coming into and going out of node n ∈ Nriv.
Constraint (3) ensures that the total releases made from a reservoir
node in Nres on any day will not exceed the daily release capacity
of the reservoir. Constraints (4) and (5) model the channel capacity
constraints on the total flow in the river reaches, ensuring that no
environmental releases arrive at the reach on any day when the river
is overflowing due to a natural event [the nonenvironmental flow in
the river on the day (ead) is greater than the reach capacity] and that
the total flow in the reach remains within the channel capacity on
days when the nonenvironmental flows are within the channel
capacity. Constraint (6) guarantees that the total flow that stops
being harvested on a day at a particular location along an arc in
Ahar is not greater than the flow being harvested at that location
on that day. If an environmental water release is made from a res-
ervoir, then Constraints (8) and (9) model the rate of rise and fall
requirements for the reach immediately downstream of the reser-
voir. Constraints (10) and (11) define the scope of the variables.

The SEWDS model was extended in this study to include inter-
dependencies between species, temporal sequencing of environmen-
tal conditions, and changing environmental priorities between years.
These aspects provide additional information to inform active
management.

Representing ecological outcomes within an optimization
model is a significant challenge (Barbour et al. 2016; Horne
et al. 2016). Active management has the added complication of re-
quiring information on the temporal sequencing of environmental
conditions through time. Priorities for environmental flow releases
may then vary between years in response to the condition of differ-
ent ecological assets at different locations. Conditional probability
networks (CPNs) are adopted here because they allow for the rep-
resentation of species interdependencies, temporal sequencing of
conditions, and the marginal value of different flow conditions
(Horne et al. 2017c). CPNs accommodate dynamic behavior in
which ecological outcomes vary with antecedent conditions and
differences in flow sequencing. This is a critical consideration in
active management because the release decisions are heavily de-
pendent on the health of the various ecological assets at the end

Fig. 2. Overview of SEWDS optimization model structure to support environmental flow release decisions [developments that build upon function-
ality developed by Horne et al. (2017a) are marked with an asterisk].
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of the previous season. Environmental outcomes are represented
through a series of influence diagrams (Watthayu and Peng
2004), which are then translated to CPNs. These CPNs link flow
release decisions (decision nodes) for a given season to an outcome
(utility node) for an individual species, with important intermediate
processes linking the decisions to the outcome (chance nodes)
(Fig. 3). For example, the decision to provide a fresh or pulse event
(decision nodes) may impact the probability that fish spawning will
occur (chance node), which in turn impacts the likelihood of a par-
ticular fish species being in good, average, or poor condition (utility
node). Each chance and utility node in the CPN is governed by
probabilities that define how a given environmental state will lead
to a certain outcome in nodes further down the influence diagram.

In SEWDS, a linear objective is optimized (e.g., maximize ben-
efit to key identified species) subject to a set of linear constraints
(e.g., capacity constraints of river reaches, operational constraints
on releasing water from storages, dependencies in CPN models).
However, the conditional dependencies in the CPN may not be
straightforward, for example when the condition of one species de-
pends on the condition of another species (see example CPN in
Fig. 3). Binary variables are added in SEWDS to model such rela-
tions linearly. We demonstrate this for the CPN in Fig. 3.

Let L be the set of states for the summer low flow (e.g., good,
average, or poor). Let M and U be the sets of magnitudes and du-
rations at which a fresh event can be delivered for the species. Let C
be the set of states for the antecedent condition for the species, H
the set of states for habitat provision, S the set of states for spawn-
ing and recruitment, O the states for the overall objective for the
species, and R the set of states for the related species condition.

If the summer low flow is in condition l� ∈ L, and the fresh
event is delivered at magnitude m� ∈ M with duration u� ∈ U,
then the probability that the considered species will be in condition
o ∈ O can be determined using Bayes’ theorem as follows:

PðoÞ ¼
X

c∈C

X

h∈H

X

s∈S

X

r∈R
Pðojc;h; s; rÞPðcÞPðhjl�ÞPðsjm�;u�ÞPðrÞ

where P(.) is the probability function. To model this in SEWDS, we
include two types of binary variables:

yl, which equals 1 only if the summer low flow is in state l, and
zmu, which equals 1 if the fresh event is delivered at magnitude m
and duration u. The following constraints are added to the model
for each l ∈ L, m ∈ M, and u ∈ U:

PðoÞ ≤ X

c∈C

X

h∈H

X

s∈S

X

r∈R
Pðojc; h; s; rÞPðcÞPðhjlÞPðsjm; uÞPðrÞ

þ ð1 − ylÞ þ ð1 − zmuÞ

For brevity, we are omitting here the details of additional binary
variables and constraints to capture the definitions of yl and zmu.

The CPNs for each environmental objective were developed
through an expert elicitation process. For further details on the
Yarra system CPNs, readers are referred to the Supplemental Data.
The example in Fig. 3 is structured around outcomes for fish;
however, CPNs can similarly be produced for other types of envi-
ronmental management objectives (such as vegetation, macroinver-
tebrates, and channel form).

A major challenge in accommodating ecological models in
decision-making is to develop a comparable scale of conditions
or outcomes across management objectives. In this article the
common approach of defining states or severity ratings (good, aver-
age, and poor condition) associated with a scale of zero to one is
used (King et al. 2003; Sale et al. 1982; Young et al. 2003).

Temporal sequencing is included in the SEWDS model by pro-
viding the ecological outcomes at the end of the previous year as
the starting ecological conditions at the start of the current year
(Fig. 2). To include the ecological priorities in SEWDS, the con-
dition of the environmental assets of management interest at the
start of a year are used to inform the relative weights (wsr) of differ-
ent environmental assets in the objective function. This approach
gives more importance to species that are in poorer condition at the
start of the planning year compared to other species. To achieve

Fig. 3. Example structure of an influence diagram (which would be backed by a CPN) to develop an environmental water regime. The decision nodes
relate to the decision to provide particular flow components through environmental releases combined with exogenous flow (all nonenvironmental
flow releases), with the aim of improving a specific ecological outcome (given by the utility node), with the causal relationship mapped through
chance nodes. [Developments that build upon functionality developed by Horne et al. (2017a) are shown in small capital letters.]
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this, a higher weight is included in the objective function for spe-
cies with a high probability of being in poor condition at the start of
the year. More precisely, the weight of an ecological species s in
reach r is given by the following equation:

wsr ¼ αPs
good þ βPs

average þ γPs
poor

where Ps
good, P

s
average, and Ps

poor = probabilities that species s is in a
good, average, and poor state at the start of the planning year, re-
spectively; and α, β, and γ = fixed parameters, with α < β < γ. The
initial conditions for each asset at the start of each year can be de-
fined by the user or else obtained from the outputs of the optimi-
zation model at the end of the previous year. In this article there is
no attempt to model the different priorities that might arise from
societal value judgments (e.g., whether a species is iconic or en-
dangered). However, it is recognized that these exist and they could
easily be represented in the objective function in adjusting relative
weighting among environmental assets.

Analysis Conducted

An active management scenario was modeled for a period of
49 years (with a water year in this region defined as July to June)
spanning from 1963 to 2011. The current environmental water right
in the Yarra is 17 millionm3; however, the model was also run with
higher and lower limits on environmental water releases to consider
how the benefits of active and rules-based management might
change under these different scenarios.

Because there are no current environmental release rules in the
Yarra system for direct comparison, the outcomes from the active
management scenario were first used to develop appropriate release
rules. Current environmental water planning (and relevant decision
support tools) is generally based on assessments for specific
climate-based scenarios or representative years (Basdekas et al.
2014; Cardwell et al. 1996; Chen 2011; Melbourne Water 2014;
Ringler and Cai 2006; Yang and Yang 2012). In this study, the
water releases suggested by the SEWDS model were analyzed
to examine the basis for developing rules-based releases for differ-
ent climate types. Similarly, the SEWDS model was used to deter-
mine whether there was consistency in the timing of environmental
water releases and the size of other catchment stream flows and
storage releases.

Two different environmental release rules were developed. The
rules define a recurring monthly release pattern for wet, average,
and dry years. The two approaches used to develop these rules were
based on the following factors:
1. Optimization of active management, where the release rules

were defined as the median monthly release determined by
the SEWDS model for each individual year (“median of indi-
vidual optimized releases”); and

2. Rules defined by optimizing a set of rules across dry, wet, and
average years so that the environmental outcomes are maxi-
mized while ensuring that the monthly releases are the same
across years. Separate sets of rules were derived for three dif-
ferent climatic conditions, where each set of rules were based on
the analysis of 10 years of streamflows representative of wet,
dry, and average conditions selected from the 49 years of avail-
able records (“release rules optimized across years”).
Importantly, these patterns were used only to define the

monthly release volume, and the daily releases were allowed to
vary within each month. Antecedent conditions and capacity con-
straints on flow releases in the Yarra River were the same for both
scenarios.

Results

A common approach to managing environmental flows using rules
is to formulate release strategies based on annual inflows (dry, aver-
age, or wet conditions). To assess the potential for developing rules
that vary with climatic conditions, the outputs from the SEWDS
model were analyzed to determine whether there was any consis-
tency in the patterns of optimum release made during dry, wet, and
average years. The statistical similarity in release strategies under
different inflow conditions for a range of different water right vol-
umes is presented in Table 2. In the Yarra River system, for allo-
cations up to 35 millionm3 a year, the differences in the outcomes
between average and dry years are statistically significant; however,
there is not enough evidence to suggest that the environmental out-
comes from wet years are different than those from average years
(Table 2). For high allocations (e.g., 100 millionm3) differences
between all year types become nonsignificant. This suggests that
when using a rules-based approach, there may be merit in devel-
oping a different strategy for dry years, but there is probably no
benefit in having different rules for average and wet years.

In the majority of years, a large amount of environmental water
is used to enable the Australian grayling to spawn (a key fish spe-
cies included in the management objectives) (Table 1). This indi-
vidual flow component was therefore examined in more detail to
look for common release triggers that could inform the develop-
ment of rules regarding release volumes. Fig. 4 shows that while
there is considerable variation in the volume of water required to
meet spawning flow requirements, there is little systematic varia-
tion between wet, average, and dry years. This indicates that

Table 2. Probability from one-way analysis of variance (ANOVA) to test
differences in total environmental outcomes between wet, average, and dry
years (defined by Reach 5 annual flows)

Year types tested

Environmental allocation (GL)

5 10 17 25 35 100

Wet, average, dry 0.0003 0.0000 0.0001 0.0020 0.0116 0.0692
Wet, average 0.8556 0.4661 0.3824 0.2834 0.2280 0.3311
Average, dry 0.0005 0.0001 0.0008 0.0134 0.0682 0.1776

Note: Statistically significant results (probability <0.05) are in bold.

Fig. 4.Magnitude and variability in water used for Australian grayling
spawning event separated based on wet, average, and dry years. There
is no clear difference in release volumes targeting Australian grayling
based on year type.
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different annual climatic conditions have little impact on the opti-
mum environmental water release volumes for spawning (Fig. 4).

The environmental flow assessment defines a spawning fresh
event by both the magnitude and the duration of the flow event
(SKM 2012). In some instances, it may be more beneficial to
use water to extend the duration of an event and, in others, to in-
crease the magnitude of the event. The best approach will be in-
fluenced by the existing river flows (i.e., catchment inflows and
releases made from storage to satisfy the demands from other water
users) and the capacity constraints of both the channel and release
infrastructure. Fig. 5 indicates little dependence between the mag-
nitude of the spawning event and the peak monthly flows when no
environmental releases occur. It can be seen from the scatter of
points in Fig. 5(a) that it would be difficult to develop a release
rule that would ensure successful spawning events in Reach 2 when
peak monthly flows are less than 1 millionm3=day. Fig. 5(b) shows
that a similar situation exists in Reach 5, though here the corre-
sponding threshold is 5 millionm3=day. These results suggest that
there is little potential for developing rules based on the analysis of
peak monthly flows. Further analysis to support this is provided in
the Supplemental Data.

The lack of consistency in the patterns when optimized in indi-
vidual years made it difficult to develop event-based release rules.
Instead, release rules were developed based on monthly release

patterns, with different recommendations for wet, dry, and average
years (Fig. 6).

Fig. 7 shows a comparison of the environmental outcomes ob-
tained when environmental water is actively managed (shown in
black), and where it is managed using rules based on (1) the median
of individual optimized releases (light gray) and (2) release rules
optimized across years (dark gray). In the Yarra system, the figure
shows that active management significantly outperforms rules-
based releases, providing an improved outcome for the Australian
grayling population for the same volume of environmental water.
Results are similar for other environmental management objectives
(such as macroinvertebrates). As expected, the optimized release
rules perform better than rules based on median monthly releases.
Fig. 6(b) shows that over the past 10 years, the optimized release
rules have performed as well as active management in terms of re-
cruitment of Australian grayling. This is due to the specific years of
data used in developing the optimized release rules. The past
10 years of record have been predominantly dry, and this sequence
was thus used to define the rules-based strategy for dry years. When
looking further back in the historical sequence, the rules do not
perform as well.

With active management, on average 14.5 millionm3,
13.2 millionm3, and 12.8 millionm3 of environmental water is
released for dry, average, and wet years, respectively, whereas

(a) (b)

Fig. 5. Relationship between thresholds of spawning event provided in each year and peak flow in month in which event starts in (a) Reach 2; and
(b) Reach 5.

(a) (b)

Fig. 6. Monthly environmental water volumes available for wet, average, and dry years under (a) median monthly release rule; and (b) optimized
release rule.
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under the rules-based approach, all 17 millionm3 of environmental
water is released for each year type. Thus, the active management
approach leads to a total savings of approximately 14%, 22%, and
25% of environmental water for dry, average, and wet years,
respectively.

Discussion and Conclusion

While environmental water downstream from storage has tradi-
tionally been provided through rules-based releases, there are
now allocation mechanisms that also allow for the possibility
of active management. A question arises as to how much addi-
tional benefit is gained when decisions for environmental releases
can be made on an ongoing and adaptive basis about the timing
and magnitude of releases from storage. Where active manage-
ment is possible, it is useful to understand whether additional ben-
efits from managing water in this manner outweigh the additional
costs and resources required. This article provides a first step to-
ward answering this question by demonstrating that it is possible
to systematically compare the environmental outcomes achieved
through active management compared to a rules-based approach.
An optimization tool was used to simulate the active management
of an environmental water regime in a highly regulated river. The
Yarra River case study demonstrates that the outcomes achievable
through active management are appreciably better than those
achievable through rules-based delivery of environmental water.
This suggests that there would be merit in further exploring the
use of legal rights to manage environmental water and in inves-
tigating how such approaches may improve environmental out-
comes without additional water.

However, it is important to consider two issues in more detail.
First, the analysis undertaken in this article assumes perfect fore-
sight; that is, at the time watering decisions are made, the optimi-
zation model “knows” how the streamflow for the year will unfold.
It is expected under these circumstances that the greater the degree
of freedom in the model, the better the outcome. The modeling
exercise serves to examine the extent or size of the difference in
outcomes. However, in reality, an environmental manager or stor-
age operator works under uncertainty concerning future climate
conditions, and accordingly, future work should investigate the out-
comes once climatic uncertainty is incorporated into the modeling
framework. One approach currently being investigated is the use of
a stochastic modeling framework that considers uncertainty via the

use of a so-called scenario tree using forecast data. In this approach,
different future conditions are given a probability of occurrence,
with each time step having options that branch from the suite of
conditions possible to the previous time step (Powell 2014). This
modeling approach produces solutions that hedge over the range
of possible future conditions, enabling environmental water man-
agers to make decisions that put them in the best position to be able
to manage outcomes no matter what climate scenario unfolds. This
may result in a very different release pattern from that with perfect
foresight about future climate. This remains an area for further re-
search, both from a technical perspective and considering how a
model that acknowledges uncertainty in this way would be used
by mangers in their institutional setting.

The second consideration is that active management of environ-
mental water requires an institutional framework and resources to
enable these ongoing decisions (O’Donnell and Garrick 2017).
There are costs associated with these additional resources (Garrick
2015), and this must be compared to the potential improvements in
ecological outcomes.

An optimization model that determines how to use environmental
water with active management and perfect foresight is effectively
modeling the best possible outcome for a volume of environmental
water (as it provides the model with the most information and the
fewest possible constraints). If the outcome from this model run
shows highly variable release patterns between years, it is likely that
a rules-based approach would be inadequate. Where release patterns
are more consistent between years, it may be possible to achieve
similar outcomes through a rules-based approach.

Environmental water is usually allocated using a mechanism that
is the most cost-effective or politically expedient. This article dem-
onstrates that it is also relevant to consider the ability of different
allocation approaches to achieve environmental outcomes during
implementation. Active management has the potential to improve
efficiency of use, which is going to be increasingly important for
all environmental water managers under growing human populations
and climate change.
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