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Abstract: A developing understanding of instream flow needs now supports maintenance of ecological flow regimes rather than a fixed,
time-invariant regulatory minimum flow. This shift is reflected in management of streamflow change created by existing reservoirs and
flow diversion structures. With an emphasis on regime-based approaches a new connectivity is demanded between reservoir operations
and the resulting downstream flow conditions. Complicating this situation is reservoir management that may be legally limited to flood
control and water supply requirements reducing options for supplying downstream needs. This paper proposes an approach to reservoir
operation that is based on ecological flow regime concepts. Reservoir operation is guided by six hydrologic indicators selected both to
meet the specific flow needs of the local indigenous fish community and to satisfy authorized reservoir operational rules. The approach is
based on incorporation of ecology and life history requirements of the fish community in the decision making process to better define and
meet flow needs. Optimization using nondominated sorting genetic algorithms provides a basis for reservoir operational schemes that are
expected to provide benefit to fish communities downstream while also meeting authorized reservoir storage needs.
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Introduction

In common practice, reservoir operations are often constrained to
meet a limited set of specifications, generally water supply �pub-
lic, industrial, and agricultural�, flood control, or power genera-
tion. However, reservoir construction alters river ecosystems
�Ward and Stanford 1983�. Reservoir effects include the creation
of migration discontinuities, alteration of carbon and nutrient
cycles, changes sediment transport, and altered flow regimes
�Ward 1976; Ligon et al. 1995; Power et al. 1996; Thoms and
Sheldon 2002�. Altered flow regimes affect water quality, energy
sources, physical habitat, and biotic interactions contributing to
the loss of ecological integrity in rivers �Poff et al. 1997�. Geo-
morphic changes in channels and floodplains related to flow
change make the aquatic ecosystems more vulnerable to other
human influences �Brookes 1994�. These observations, along with
a changing sense of environmental values, have led to an effort to
reevaluate the operational rules for reservoirs in order to meet
environmental needs through new management approaches.
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In the late 1990s, ecologists proposed the use of a natural flow
regime approach to address concerns of ecological integrity in
water resources management by comparing the discharge, timing,
and frequency of natural flow regimes with similar statistics of
altered flows �Poff et al. 1997�. A natural flow regime is a reason-
able ecological target because habitat conditions for indigenous
species are produced, sustaining ecological integrity. A natural
flow regime provides: �1� a seasonal pattern of flows reflecting
historical conditions; �2� timing of extreme events providing
needed magnitude and duration to produce historic habitat at
times needed in the life cycle of indigenous species; �3� a fre-
quency of return flows that produce floods and droughts to which
native species are adapted; �4� a seasonal and annual flow vari-
ability that accommodates species needs for reproduction and
growth; and �5� a rate of change in flows that does not exceed
species capacity for position maintenance or movement to safe
locations �Poff et al. 1997�. Thus a natural flow regime is the
foundation for management based on ecological flows, which is
emerging as a new paradigm for multiobjective water resources
planning and management. Natural flow regime objectives en-
courage decision makers to provide flows that protect down-
stream ecosystems, encouraging the identification of compromise
strategies that satisfy the conflicting objectives of both instream
flow needs of ecosystems and offstream human water needs
�Marchetti and Moyle 2001; Suen and Eheart 2006; Shiau and Wu
2007�.

Attempts to achieve more natural flows by modifying reservoir
operations are still in their early stages. Most of the past work
focused on the effects of generating artificial floods or how water
quality �e.g., dissolved oxygen, nutrients, or sediment� can be
changed �Barillier et al. 1993; Molles et al. 1995; Rubin et al.
1998�. High flow events play an important role in channel/habitat
creation and maintenance, but other aspects of flow need to be

incorporated into any comprehensive management strategy to
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provide the needed historical magnitude, frequency, duration,
timing, and rate-of-change conditions needed for ecosystems
�Richter et al. 1996, 1997; Poff et al. 1997�. Nevertheless, only a
few reservoir management schemes consider using historical hy-
drologic patterns to incorporate variability into the reservoir op-
erational schemes. The natural flow regime-based management
approach described in this paper is more complicated than exist-
ing operational schemes, but we assert the proposed approach
provides ecological flow benefits because natural flow require-
ments of indigenous biota are the basis for regime criteria �Koel
and Sparks 2002; Suen and Eheart 2006�.

Our aim in this paper is to use information from the ecology of
indigenous fish to select management options that achieve a use-
ful trade-off between human needs and aquatic ecosystem needs.
A multiobjective optimization method is used to find the Pareto
set of reservoir operation rules that satisfy both existing water
uses that do not consider downstream ecology, and ecosystem
needs are defined by predevelopment, or natural, flow conditions.
The basis for the optimization is incorporation of the intermediate
disturbance hypothesis from ecology �Connell 1978�. This hy-
pothesis suggests that ecosystems require periodic disturbance
that challenge species and promote more diverse communities of
organisms. The most robust assemblage of species in a commu-
nity will occur when there is significant but not overwhelming
disturbance �Connell 1978�. The intermediate disturbance idea is
incorporated into our optimization procedures through a fuzzy set
concept that provides the ecosystem needs objective. Downstream
effects of operating rules from the Pareto set are examined to
determine how the operation policies change the streamflow pat-
terns and how those patterns affect different fish communities
based on the ecological requirements species that is summarized
in an autoecology matrix �Suen and Herricks 2006�.

Methods

Study Area and Data

The Dahan River is located in Taiwan, 40 km southeast of Taipei
in the north of Taiwan. The river originates on Mt. Pingtien and
flows 135 km to the Pacific Ocean on the west side of Taiwan.
The Dahan has a drainage area of 1 ,163 km2. The Shihmen Res-
ervoir, built in 1964, is the most important hydraulic structure in
the Dahan River Basin �see Fig. 1�. It was built primarily to meet
the needs of irrigation, power generation, flood control, and do-
mestic water supply to the Taipei and Taoyuan areas. Its opera-
tional rules are based on 36 10-day periods. Every 5–7 years, the
reservoir administration reviews water rights for the major water
users to evaluate operational changes �Ministry of Economic Af-
fairs 2002�.

The average annual precipitation in the Dahan River Basin is
2,900 mm, approximately 68% of which falls in the wet season,
May to October. The average annual streamflow of the Dahan
River is 162.65 cm Although as many as 20 monitoring locations
have been active in the basin, many of these stations were aban-
doned after reservoir construction was completed and only eight
flow measurement stations are currently operated. Seven of these
20 stations provide a record longer than 40 years and are not
affected by reservoir construction and other hydraulic alterations
�e.g., irrigation channels, bank protection, etc.�. These undis-
turbed flow data were used to represent the target of ecological
flow regimes.
Historical fish sampling data in the Dahan River Basin are
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available for 12 locations for two periods in the 1980s and the
1990s �Water Resources Planning Committee 1986; Wang 1998�.
The 1981 and 1983 data sets are available for ten sampling sta-
tions that were sampled six times during this period. These sta-
tions bracketed the present position of the reservoir. The 1997 and
1998 data sets are available from seven of the 10 sampling sta-
tions that were sampled four times. A total of 32 species were
observed in these samples. Table 1 lists the most common fish
species divided into three community types. Types include indig-
enous species �i.e., species native to the area�, exotic or invasive
species �i.e., typically introduced species�, and generalist species
�i.e., those species that may be indigenous, but because of their
wide tolerance to environmental conditions they are considered
“rough” species and are not a target for management�. The use of
these community types supports an ecological focus in natural
flow regime management that favors desirable indigenous or na-
tive species.

Multiobjective Approach

Suen and Eheart �2006� proposed a model that incorporated the
ecological flow regime approach for multiobjective reservoir
management. In this model both ecosystem and human needs
were considered in reservoir operation considerations. The inter-
mediate disturbance hypothesis was incorporated into the analysis
using a fuzzy set concept leading to identification of an ecological
flow regime as the basis of the ecosystem needs objective. Fuzzy
logic theory generally uses a so-called membership function
to characterize the degree that a set of quantifiable parameters
takes on characteristics that are otherwise ambiguous or “fuzzy”
�Zimmermann 1991�. In the present case, a membership function
is applied to the streamflow data so as to give a high membership
score to streamflows that constitute intermediate disturbance �as
opposed to light or heavy disturbance �see Fig. 2��. Thus, the

Fig. 1. Shihmen Reservoir and Dahan River Basin
membership values of the intermediate ranges of ecohydrological
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indicators are close to 1 which represents the management target
of ecological flow regimes. The human needs objectives retain
domestic, agricultural, and power needs. The general form of the
two-objective approach can be written as

Max ZHuman = �
i

�iSIi ��
i

�i = 1 and 0 � SIi � 1� �1�

Max ZEcosystem = �
j

� jEHIj ��
j

� j = 1 and 0 � EHIj � 1� �2�

where SIi=shortage index for domestic, agricultural, and power
needs; EHIi=membership value of ecohydrological indicator for
ecosystem needs; and � and �=weighting factors.

This multiobjective model allows water managers to find the
Pareto optimal frontier between ecosystem and human flow man-
agement strategies and to identify operating rules that strike an
acceptable balance between these two needs. The essential idea of
the Suen and Eheart �2006� model is to maximize the water sup-
ply for human needs while maximizing the similarity of managed
flow regimes and ecological flow regimes, which are intended to
sustain ecosystems. The focus of this paper is on the use of infor-
mation on fish species that is used to select a small set of ecohy-
drological indicators that parsimoniously describe important
natural system characteristics for optimization while reducing the
complexity of model calculations.

Ecohydrological Indicators

An ecological flow regime incorporates the essential features of a
natural flow regime to maintain the structure and the functional
integrity of a target community �Herricks and Suen 2004�. In a
previous study, Suen et al. �2004� identified a suite of ecohydro-
logical indicators, called the Taiwan Ecohydrology Indicator Sys-
tem �TEIS�. The TEIS is a group of hydrologic statistics selected
to characterize the magnitude, duration, timing, frequency, and
rate-of-change based on flow requirements of Taiwan fish species.
There are 69 TEIS indicators, however, to facilitate use in water
resources policy analysis, a reduced set of indicators is needed to
make modeling and analysis tractable.

Ecologically, the best method for selection of a reduced set of
TEIS indicators would be determination of the habitat conditions
produced by a given discharge for each species of interest con-
sidering all life stages of each species. Although there are meth-
ods of flow-related habitat assessment �e.g., Bovee �1982��, these
methods are typically site specific, are available for a limited
number of species, and require extensive additional analysis to
address regime requirements. Furthermore, the complexity of at-
tempting this approach for 30 species renders it impossible be-

Table 1. Indigenous, Exotic, and Generalist Species in the Dahan River

Indigenous species Exot

Acrossocheilus paradoxus Cha

Candidia barbatus Cypri

Crossostoma lacustre Gamb

Hemimyzon formosanum Hypostomu

Leiocassis adiposalis Oreochrom

Microphysogobio brevirostris Oreoch

Rhinogobius brunneus Tila

Zacco pachycephalus
cause the detailed habitat preference data needed for Taiwan fish
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species are not available. In the absence of detailed habitat pref-
erence data, an alternative must be found to link flow information
and species presence for use in analysis. The link used in this
paper is the autecology matrix �Suen and Herricks 2006�. The
Taiwan fish autecology matrix assembles ecological requirements
of fish species in a table that supports rapid assessment of envi-
ronmental, ecological, or other requirements of these species. It is
possible to conduct a community analysis where the environmen-
tal requirements for a group of species can be determined. For
example the matrix supports determination that a group of species
require stable spawning conditions during the same time period or
require maintenance of pools or riffle areas. These requirements
can be translated into flow needs based on watershed conditions.
An autecology matrix analysis allows relatively easy identifica-
tion of the environmental and ecological requirements of fish
communities �Suen and Herricks 2006�. In the Dahan River, in-
formation from the autecology matrix analysis was used to iden-
tify expected responses of indigenous species to flow regimes
provided by modified reservoir operational rules.

Selection of Indicators

To support the multiobjective analysis of reservoir operation a
reduced set of hydrologic indicators was needed. Based on the
autecology matrix �Suen and Herricks 2006�, it was possible to
identify conditions favorable to indigenous species. The condi-
tions selected also produced conditions unfavorable for exotic, or
generalist, species �Moyle and Light 1996�. For instance, indig-

Hydrological indicators
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enous species require flows typical of high discharge periods dur-
ing typhoons �hurricanes� and extended low flows during the dry
season �Bernardo et al. 2003�. Exotic species are poorly adapted
to high discharges so a return to historical flow conditions with
periodic high discharge conditions would be expected to benefit
indigenous species �Tew et al. 2002, Matthews 1986�. Therefore,
the indicator “wet season 3-day maximum” was used to establish
a possible rule for reservoir operation that would mimic typhoon-
related flow events that would be expected to benefit downstream
indigenous species.

Other hydrologic conditions that, if produced by reservoir
management procedures, would be expected to benefit indigenous
species include the “dry season 3-day maximum,” the “number of
high flow events within each dry season,” and the “mean of all
positive differences between consecutive values in the wet season
�rising rate�.” These indicators are related to the increased stage
and flow velocity and can be related to spawning based on general
habitat conditions and habitat stability. For example increased dis-
charge produces deeper pools, higher average velocity in pools,
and expansion of habitat in riffle areas. Because indigenous spe-
cies tend to be riffle spawners with eggs attached to coarse sub-
strates not moved by higher flows, these species are at an
advantage. Correspondingly, exotic species tend to be bottom-
nesting, preferring low to no velocity in pool areas �Suen 2005�.
Although the spawning periods of both indigenous and exotic
species are similar, the coarse substrate habitat selected by indig-
enous species is less susceptible to damage by stage or velocity
changes than the fine substrate habitats commonly used by exotic
species. The mean duration of low flow events was used to iden-
tify reduced riffle area and the length of time low velocity pools.

The final indicator “mean streamflow for each 10-day period”
is related to flow magnitude relationships to habitat. High flows
maintain stream channel conditions �Leopold et al. 1964; Ward
and Trimble 2004� producing stream habitats that connect the
channel with riparian areas �Hupp and Osterkamp 1996�. An al-
ternative indicator was the use of “the coefficient of efficiency of
the yearly trend of hydrograph” which takes into account both
mean streamflow for 10-day period and “timing of annual ex-
treme conditions.” This coefficient shows how close the yearly
hydrograph is to an ideal hydrograph �a natural flow regime tar-
get�. It can be written as

CE = 1 −

�
i=1

36

�Qi − Q̂i�2

�
i=1

36

�Qi − Q̄�2

�3�

where Q̂i=10-day mean of the preconstruction period streamflow;

Qi=observed 10-day streamflow; and Q̄=mean of the observed

Table 2. Selected Ecohydrological Indicators for Reservoir Operational

Ecohydrological indicator

Coefficient of efficiency of the yearly trend of hydrograph

Wet season 3-day maximum

Dry season 3-day maximum

Number of high flow events with in each dry season

Mean duration of low flow events

Mean of all positive differences between consecutive values in the wet
season �rising rate�
10-day streamflow.
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This approach of translating hydrologic characteristics into
habitat properties provides a reduced set of ecohydrological indi-
cators that produce habitats favorable for indigenous species. The
following six indicators comprise the reduced set selected for
optimizing reservoir operation to enhance native or indigenous
fish species: �1� “coefficient of efficiency of the yearly trend of
hydrograph”; �2� wet season 3-day maximum; �3� dry season
3-day maximum; �4� number of high flow events within each dry
season; �5� mean duration of low flow events; and �6� mean of all
positive differences between consecutive values in the wet season
�rising rate� �see Table 2�. The operational goal in pursuit of the
ecological objective is to maximize the similarity between the
downstream streamflow characteristics produced after reservoir
construction and the natural flow regime characteristics �Suen and
Eheart 2006; Suen and Herricks 2009�.

Results and Discussion

A nondominated sorting genetic algorithm program �Deb et al.
2002� with a population size of 1,000 was used to solve the mul-
tiobjective reservoir operation problem. The improvement of non-
dominated solutions is observed to plateau after 300 generations.
The algorithm is stopped after 400 generations. There are 84 so-
lutions for the two-objective functions in the Pareto front �see Fig.
3� and each of these 84 solutions represents a storage rule curve
for reservoir operation. The decision variables are the storage
levels of the 36 10-day periods, which constitute the storage rule
curve for reservoir operation. We can choose different storage
curves from the Pareto front solutions. These storage rule curves
provide the guidance for managers to adjust the water level in the
reservoir throughout the year in pursuit of the two objectives. The
solutions near Point A represent emphasis on the ecosystem ob-
jective, while those near Point B represent emphasis on the
human needs objective.

A hydrologic scenario is provided by daily streamflow data for
calculation of each hydrologic indicator. For each effective stor-
age solution on the Pareto front, 39 hydrologic scenarios are used
to determine the ecological flow characteristics related to a spe-
cific operation storage curve. Fig. 4 shows the cumulative fre-
quency curves of 84 effective storage solutions on the Pareto front
for the six ecohydrological indicator membership values. A higher
membership value represents an intermediate range of the hydro-
logic disturbance which is assumed to be better for aquatic eco-
systems �Suen and Eheart 2006�. In the wet season, about 20% of
hydrologic scenarios can provide high 3-day maximum member-
ship values �Fig. 4�b��. But in the dry season, most 3-day maxi-
mum membership values are low �Fig. 4�c��. In the wet season,
the reservoir must release a large amount of water during strong
typhoon events because the effective storage has reached the de-

y

Ecological translation

Magnitude of streamflow supporting the required physical habitat
environmental factors

Typhoon-season high flow and change in substrate composition

Spawning-season high flow and change in substrate composition

Spawning-season changes in flow and pool/riffle availability

Required spawning environment suitability

Changes in flow velocity and substrate composition
Strateg
signed storage curve. It is then easier to achieve a higher mem-
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bership value during this period. In the dry season, the reservoir
stores most of the inflow to reach the designed storage curve, so
the 3-day maximum value would be lower than it was before the
reservoir was built. The membership value would be lower under
those circumstances because of the reservoir operation.

Although approximately 70% of hydrologic scenarios provide
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Fig. 3. Pareto front of the ecosystem needs and human needs objec-
tive. Point A has the highest ecosystem needs objective fitness; point
B has the highest human needs objective fitness.

Table 3. Correlation Coefficients between the Ecohydrological Indicator M

COE W3Max

All 84 solutions on the Pareto front

COE 1.0000

W3Max 0.1033 1.0000

D3Max �0.0517 0.0315

DNHF 0.0164 �0.1664

MDLF 0.3460 0.2039 �

WRR 0.0018 0.0737

The eight solutions closest to Point A on the Pareto front

COE 1.0000

W3Max 0.0256 1.0000

D3Max �0.0557 �0.0102

DNHF 0.0129 �0.3387

MDLF 0.4280 0.1553 �

WRR �0.0355 0.0186

The eight solutions closest to Point B on the Pareto front

COE 1.0000

W3Max 0.1745 1.0000

D3Max �0.0311 �0.0698

DNHF 0.1141 0.0028 �

MDLF 0.2171 0.3296 �

WRR 0.0693 0.0322

Note: COE: coefficient of efficiency; W3Max: wet season 3-day maximu

the dry season; MDLF: mean duration of low flow events; and WRR: wet seas
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similar frequency levels of mean duration of low flow events as
the 84 effective storage solutions on the Pareto front �Fig. 4�e��,
the other 30% provide a different mean duration of low flow
events and those low-membership-value scenarios may pose a
threat to aquatic ecosystems. Only 20–30% of hydrologic sce-
narios provide high membership values for wet season rising
rate, which indicates that by storing water in the wet season the
reservoir operation results in the streamflow rising rate lower than
that which is needed to meet an ecological flow regime objective
�Fig. 4�f��.

This analysis suggests that reservoir operation affects six eco-
hydrological indicators simultaneously but to different degrees. A
particularly effective storage solution may favor one or two indi-
cators, but disfavor others. A parsimonious way of assessing these
trade-offs is via correlation coefficients between the ecohydro-
logical indicator membership values from the Pareto front effec-
tive storage solution operations, shown in Table 3. Dry season
3-day maximum and wet season rising rate reveal the highest
correlation, while other correlations are relatively small for all 84
solutions on the Pareto front �Table 3�. The table shows that each
ecohydrological indicator is unique and important. The eight so-
lutions closest to two ends �Points A and B� on the Pareto front
are also selected to compare differences between emphasizing
human and ecosystem needs �see Table 3�. The correlations be-
tween �1� the number of high flow events in the dry season and
wet season 3-day maximum; �2� coefficient of efficiency and mean
duration of low flow events; and �3� number of high flow events
in the dry season and dry season 3-day maximum membership
values reveal the three largest differences in correlation �0.3415,
0.2109, and 0.2009, respectively� between the near-A and near-B
solutions.

Table 4 shows the probabilities of other indicator levels when

rship Values from the Pareto Front Effective Storage Solution Operations

DNHF MDLF WRR

0

5 1.0000

0 �0.1458 1.0000

9 �0.0177 �0.3324 1.0000

0

3 1.0000

2 �0.3502 1.0000

0 0.0367 �0.2276 1.0000

0

6 1.0000

8 �0.1946 1.0000

4 �0.0979 �0.2037 1.0000

ax: dry season 3-day maximum; DNHF: number of high flow events in
embe

D3Max

1.000

0.036

0.236

0.665

1.000

0.093

0.164

0.649

1.000

0.107

0.178

0.644

m; D3M

on rising rate.
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Fig. 4. Frequency levels of �a� coefficient of efficiency; �b� wet season 3-day maximum membership value; �c� dry season 3-day maximum
membership value; �d� number of high flow events in the dry season membership value; �e� mean duration of low flow events membership value;
and �f� wet season rising rate membership value from the Pareto front effective storage solutions
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7, and
the probability of an ecohydrological indicator is known. For ex-
ample, when selecting the eight solutions closest to Point A,
17.9% of wet season 3-day maximum membership values are
high �H�. When the wet season 3-day maximum membership
value is high, 55.4, 44.6, and 0% of the number of high flow
events in the dry season membership values are low �L�, medium
�M�, and high �H�, respectively. On the other hand, when select-
ing the eight solutions closest to Point B, 28.2% of wet season
3-day maximum membership values are high, and 37.5, 19.3, and

Table 4. Conditional Probabilities �All in Percent� between the Ecohydr
Solutions

The eight solutions closest to Point A on the Pareto front

COE W3Max D

L M H L M H L

COE L 23.1 66.7 11.1 22.2 22.2

M 41.0 62.5 12.5 25.0 62.5

H 35.9 78.6 14.3 7.1 42.9
W3Max L 69.2 22.2 37.0 40.7 48.1

M 12.8 20.0 40.0 40.0 60.0

H 17.9 28.6 57.1 14.3 28.6
D3Max L 46.2 11.1 55.6 33.3 72.2 16.7 11.1

M 17.9 14.3 57.1 28.6 42.9 0.0 57.1
H 35.9 42.9 14.3 42.9 78.6 14.3 7.1

DNHF L 43.9 17.5 49.6 32.8 59.9 17.5 22.6 49.6

M 33.3 28.8 37.5 33.7 76.0 0.0 24.0 35.6

H 22.8 25.4 29.6 45.1 77.5 22.5 0.0 54.9
MDLF L 2.6 100.0 0.0 0.0 100.0 0.0 0.0 0.0

M 2.6 0.0 100.0 0.0 100.0 0.0 0.0 100.0

H 94.9 21.6 40.5 37.8 67.6 13.5 18.9 45.9
WRR L 51.3 15.0 55.0 30.0 70.0 5.0 25.0 75.0

M 20.5 25.0 25.0 50.0 75.0 12.5 12.5 25.0

H 28.2 36.4 27.3 36.4 63.6 27.3 9.1 9.1

The eight solutions closest to Point B on the Pareto front

COE W3Max D

L M H L M H L

COE L 25.6 50.0 30.0 20.0 20.0

M 43.6 64.7 11.8 23.5 55.9

H 30.8 50.0 8.3 41.7 41.7
W3Max L 56.4 22.7 50.0 27.3 45.5

M 15.4 50.0 33.3 16.7 16.7

H 28.2 18.2 36.4 45.5 50.0
D3Max L 42.3 12.1 57.6 30.3 60.6 6.1 33.3

M 26.9 38.1 33.3 28.6 38.1 38.1 23.8
H 30.8 33.3 33.3 33.3 66.7 8.3 25.0

DNHF L 39.1 29.5 50.8 19.7 51.6 21.3 27.0 27.0

M 25.0 26.9 46.2 26.9 67.9 10.3 21.8 61.5

H 35.9 20.5 33.9 45.5 53.6 12.5 33.9 45.5
MDLF L 12.2 28.9 50.0 21.1 92.1 0.0 7.9 42.1

M 6.7 28.6 71.4 0.0 66.7 9.5 23.8 9.5

H 81.1 24.9 40.3 34.8 50.2 18.2 31.6 45.1
WRR L 51.6 24.8 55.3 19.9 60.2 14.9 24.8 67.1

M 25.3 10.1 36.7 53.2 59.5 0.0 40.5 30.4

H 23.1 44.4 25.0 30.6 44.4 33.3 22.2 0.0

Note: For COE values: L is less than 0.35, M is between 0.35 and 0.
membership values: L is less than 0.3333, M is between 0.3333 and 0.666
43.2% of the number of high flow events in the dry season mem-
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bership values are low �L�, medium �M�, and high �H�, respec-
tively. It shows that when considering the solutions favorable to
human needs �close to Point B�, the probability is high that the
number of high flow events in the dry season and the wet season
3-day maximum membership values are both high. This is impor-
tant when considering the solutions favorable to ecosystem needs
�close to Point A�. It is important to recognize that within any one
group of species, the species specific responses to environmental
conditions may vary. This analysis suggests that although not all

l Indicator Membership Values from the Pareto Front Effective Storage

DNHF MDLF WRR

H L M H L M H L M H

66.7 33.3 41.7 25.0 11.1 0.0 88.9 33.3 22.2 44.4
12.5 53.1 30.5 16.4 0.0 6.3 93.8 68.8 12.5 18.8
42.9 40.2 31.3 28.6 0.0 0.0 100.0 42.9 28.6 28.6
40.7 38.0 36.6 25.5 3.7 3.7 92.6 51.9 22.2 25.9
40.0 60.0 0.0 40.0 0.0 0.0 100.0 20.0 20.0 60.0
14.3 55.4 44.6 0.0 0.0 0.0 100.0 71.4 14.3 14.3

47.2 25.7 27.1 0.0 5.6 94.4 83.3 11.1 5.6
64.3 21.4 14.3 0.0 0.0 100.0 42.9 28.6 28.6
29.5 49.1 21.4 7.1 0.0 92.9 14.3 28.6 57.1

24.1 0.0 0.0 100.0 57.7 23.4 19.0
52.9 0.0 2.9 97.1 40.4 23.1 36.5
33.8 11.3 7.0 81.7 54.9 11.3 33.8

100.0 0.0 0.0 100.0 0.0 0.0 100.0
0.0 0.0 37.5 62.5 100.0 0.0 0.0

35.1 46.3 34.1 19.6 51.4 21.6 27.0
10.0 49.4 26.3 24.4 0.0 5.0 95.0

50.0 50.0 37.5 12.5 0.0 0.0 100.0
72.7 29.5 43.2 27.3 9.1 0.0 90.9

DNHF MDLF WRR

H L M H L M H L M H

40.0 45.0 26.3 28.8 13.8 7.5 78.8 50.0 10.0 40.0
23.5 45.6 26.5 27.9 14.0 11.0 75.0 65.4 21.3 13.2
33.3 25.0 21.9 53.1 8.3 0.0 91.7 33.3 43.8 22.9
36.4 35.8 30.1 34.1 19.9 8.0 72.2 55.1 26.7 18.2
16.7 54.2 16.7 29.2 0.0 4.2 95.8 50.0 0.0 50.0
27.3 37.5 19.3 43.2 3.4 5.7 90.9 45.5 36.4 18.2

25.0 36.4 38.6 12.1 1.5 86.4 81.8 18.2 0.0
59.5 14.3 26.2 0.0 2.4 97.6 34.5 36.9 28.6
40.6 18.8 40.6 22.9 17.7 59.4 25.0 25.0 50.0

32.0 6.6 9.0 84.4 41.0 31.1 27.9
23.1 14.1 3.8 82.1 56.4 26.9 16.7
34.8 17.0 6.3 76.8 59.8 17.9 22.3
57.9 21.1 28.9 50.0 21.1 26.3 52.6
81.0 52.4 14.3 33.3 52.4 23.8 23.8
22.5 40.7 25.3 34.0 56.1 25.3 18.6
14.9 31.1 27.3 41.6 5.0 6.8 88.2
30.4 48.1 26.6 25.3 12.7 6.3 81.0
66.7 47.2 18.1 34.7 27.8 6.9 65.3

H is larger than 0.5. For W3Max, D3Max, DNHF, MDLF, and WRR
H is larger than 0.6667. Bold numbers represent high membership values.
ologica

3Max

M

11.1

25.0

14.3
11.1

0.0

57.1

26.3

11.5

11.3
0.0

0.0

18.9
15.0

25.0

18.2

3Max

M

40.0

20.6

25.0
18.2

66.7

22.7

41.0

15.4

19.6
0.0

9.5

32.4
18.0

39.2

33.3

5, and
species’ specific needs will be met, needs can be preferentially
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met for indigenous species as a group by controlling flows to
produce near natural conditions for these two ecohydrological
indicators.

Ties to Ecological Habitat

Although none of the 84 solutions from the Pareto front set are
dominated by any other solution when both human needs and
ecosystem needs objectives are considered, each solution still pro-
duces different outcomes for both human and ecosystem objec-
tives. However, further scrutiny of all 84 Pareto front solutions
with regard to the six ecohydrological indicators reveals possible
attractive management options that may protect downstream fish
communities while acceptably meeting human needs. At the same
time, there are negative effects that are hiding just below the
surface of some of the 84 solutions. For example, although only
30–40% of the hydrologic scenarios may provide significantly
different mean duration of low flow events based on which solu-
tion is chosen from the Pareto front �Fig. 4�e��, the preferred
habitat unit, habitat cover, and some water quality parameters
may be affected depending on which storage rule curve is used to
operate the reservoir. Longer low flow durations downstream may
reduce riffle habitat and create more shallow pools that favor
exotic species. Water quality �e.g., dissolved oxygen and salinity�
is expected to be worse under low flow conditions and will
threaten the survival of indigenous species that do not tolerate
poor water quality. Although the differences of 3-day maximum
membership values of the same frequency level are relatively
small when the reservoir operates under the 84 effective storage
solutions on the Pareto front �Figs. 4�b and c��, smaller 3-day
maximum values are expected both in the dry season and the wet
season. Reduction in the high flow events by reservoir operation
is known to influence channel habitat �Ligon et al. 1995; Ber-
nardo et al. 2003� often leading to reduced habitat complexity.
The simplified channels lose some important habitats for indig-
enous species, such as spawning gravels, which may be buried by
silt and not restored by periodic high flows. Another issue is gen-
eral habitat availability. If the natural frequency of channel form-
ing events is changed, spawning of indigenous species is likely to
occur on a reduced scale because of reduced riffle habitat areas,
and deposition, scour, and substrate movement may compromise
spawning by burying or flushing away eggs. With a reduction of
the frequency of high flow events exotic species can maintain
their population because spawning success is improved when
nests are not scoured by high flows. To favor indigenous species,
designed high flow events should be incorporated in the opera-
tional strategy.

Since only 20–30% hydrologic of scenarios can provide high
membership values of wet season rising rate �Fig. 4�f��, the con-
struction of reservoirs will produce altered flow conditions that
are difficult to mitigate. This finding suggests that post-reservoir
construction there is only a 20–30% chance that the downstream
flow regimes could provide similar velocity and substrate condi-
tions to those produced by natural flows in the wet season. Be-
cause the life span of most indigenous species is about three years
�Suen et al. 2004� it is unlikely that populations can be sustained
when good conditions might be expected only every 4–5 years
�based on 20–30% chance of these conditions recurring�. Unless
these types of conditions can be mitigated by other enhancements
to indigenous species �e.g., stocking�, the loss of indigenous spe-
cies would be expected. It is clear that, barring such strategies,
indigenous species are threatened by reservoir construction and

their populations may eventually decrease.
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Each ecohydrological indicator can be used to identify man-
agement procedures that would promote better conditions for the
indigenous species group through a favorable set of storage rule
curves. Although emphasis on a specific indicator may produce
benefits, to assure fish community success considering all uncer-
tainties, the six ecohydrological indicators should be used to-
gether to address ecological flow regimes needs that will benefit
the indigenous species community. It is impossible to provide
high membership values simultaneously for six ecohydrological
indicators in 1 year �refer to Table 4� by using any particular
storage rule curves. It is also impossible to increase indigenous
species population in one year by using any of the storage rule
curves to operate reservoirs. The benefit of an ecological flow
regime approach is that it accounts for good and bad years and
produces management schemes that will provide for the long-
term sustainability of target groups. The regime-based approach
for operating reservoirs needs time to provide a better environ-
ment for aquatic ecosystems. In one year, it may provide one or
two higher membership values of ecohydrological indicators, and
in another year, it may provide higher membership values of other
indicators. To assure success in any management program, water
resources managers and engineers should work closely with bi-
ologists to monitor the fish communities. This monitoring effort
should be based on ecological time scales that assure population
success. An adaptive management strategy could reduce the im-
pact of reservoir operation on fish communities, but it should be
emphasized that such a strategy must be designed in cognizance
of the goals of achieving long-term averages of its objectives. A
strategy that attempts to adapt too quickly risks over-adapting and
instability.

Conclusions

The adoption of an ecological flow regime approach is possible
for existing reservoirs through modified storage rule curves. Al-
though reservoir operation is rarely designed to address down-
stream ecosystem needs, it is possible using the approach
described in this paper to develop adaptive strategies to enhance
indigenous fish communities downstream from reservoirs in Tai-
wan. The key to the development of new procedures is the incor-
poration of information on the environmental requirements of
indigenous species that can be met by influencing the hydrology
in downstream areas. Using ecological requirements of targeted
indigenous species groups it was possible to identify the likely
effect on each group to ecohydrological indicators selected from
the Taiwan Ecohydrology Indicator System. A reduced set of in-
dicators was shown to provide needed information related to in-
digenous species sustainability. These indicators were used in a
model that allowed evaluation of trade-offs through a Pareto-
optimal frontier that allows reservoir managers to choose the rela-
tive emphasis to be placed on ecosystem versus human needs.
This model also identified the critical need to consider reservoir
operations over a long term, providing for the needs of the indig-
enous fish community through adaptation of operational schemes
to meet ecological requirements of the fish community. Although
reservoir operation may cause hydrologic alteration, it is still pos-
sible to satisfy human water needs while creating ecological flow
regimes that can maintain, if not benefit, an indigenous species
community. The results show that the effects on environmental
indicators are determined by how the reservoir is operated. It
should be recognized, however, that such a regime-based ap-

proach is to be considered a multiyear management strategy, and
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that, while incorporating natural flow variability into reservoir
release rules would provide long-term benefit to aquatic ecosys-
tems, improvements in ecological integrity are not necessarily
expected to be immediate.
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