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ABSTRACT

A group of river managers, stakeholders, and scientists met during summer 2005 to design a more naturalized flow regime
for the Lower Missouri River (LMOR). The objective was to comply with requirements under the U.S. Endangered Species
Act to support reproduction and survival of threatened and endangered species, with emphasis on the endangered pallid
sturgeon (Scaphirhynchus albus), while minimizing negative effects to existing social and economic benefits of prevailing
river management. Specific hydrograph requirements for pallid sturgeon reproduction are unknown, hence much of the design
process was based on features of the natural flow regime. Environmental flow components (EFCs) extracted from the reference
natural flow regime were used to design and assess performance of alternative flow regimes.

The design process incorporated a primary stage in which conceptual hydrographs were developed and assessed for their
general ecological and social-economic performance. The second stage accounted for hydroclimatic variation by coding the
conceptual hydrographs into reservoir release rules, adding constraints for downstream flooding and low-storage precludes, and
running the rules through 100 years of hydroclimatic simulation. The output flow regimes were then evaluated for presumed
ecological benefits based on how closely they resembled EFCs in the reference natural flow regime. Flow regimes also were
assessed for social-economic cost indicators, including days of flooding of low-lying agricultural land, days over flood stage,
and storage levels in system reservoirs.

Our experience with flow-regime design on the LMOR underscored the lack of confidence the stakeholders place in the
value of the natural flow regime as a measure of ecosystem benefit in the absence of fundamental scientific documentation.
Stakeholders desired proof of ecological benefits commensurate with the certainty of economic losses. We also gained insight
into the processes of integrating science into a collaborative management exercise. Although the 2005 collaborative effort
failed to reach a consensus among stakeholders on a naturalized flow regime, the process was successful in pilot-testing a
design approach; it helped focus scienctific efforts on key knowledge gaps; and it demonstrated the potential for collaborations
among scientists, stakeholders, and managers in river management decision making. Copyright © 2008 John Wiley & Sons,

Ltd.
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INTRODUCTION

Naturalization of the flow regime has become a paradigm
in river restoration and management (Poff ef al., 1997;
Richter et al., 1997; Tharme, 2003; Arthington et al.,
2006). In intensively engineered, multipurpose rivers like
the Missouri (Figure 1), society expects that benefits of
restoration will be balanced with social and economic
river values, including hydropower, water supply, navi-
gation, recreation, and flood control (Gore and Shields,
1995). The process of designing ecologically benefi-
cial, naturalized flow regimes on multipurpose rivers is
encumbered by a disparity of information among com-
peting management objectives. Typically, social and eco-
nomic values of water are well quantified, whereas eco-
logical values are not (Bunn and Arthington, 2002).
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Increasingly, decision-making strategies strive to incor-
porate a wide range of stakeholders’ views in river man-
agement and restoration (Ostdahl ez al., 2001; Zockler
et al., 2001; Buijse et al., 2002; Robinson and Whitton,
2004; Rogers, 2006).

The objective of this article is to relate the experience
of designing a naturalized flow regime on the Lower Mis-
souri River (LMOR, Figure 1) to theories and practice
of ecological flow management. Stakeholders, scientists,
and managers met during the summer of 2005 under the
auspices of the Missouri River Plenary Group (Plenary
Group) to attempt to design biologically effective spring
flow pulses on the LMOR. This effort was stipulated in
a Biological Opinion (U.S. Fish and Wildlife Service,
2000, 2003) as a reasonable and prudent measure to
remove the endangered pallid sturgeon (Scaphirhynchus
albus) from jeopardy under the U.S. Endangered Species
Act. This same Biological Opinion also stipulated mea-
sures to support two listed birds that nest and rear their
young on exposed sandbars along the Missouri River: the
threatened piping plover (Charadrius melodus), and the
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Figure 1. Missouri River Basin, Lower Missouri River (LMOR), and locations discussed in the text. The LMOR is defined as the river downstream
of Gavins Point Dam, near Yankton, South Dakota and upstream of the confluence with the Mississippi River in St Louis, Missouri.

endangered interior least tern (Sternula antillarum atha-
lassos). In contrast to a vision of holistic restoration of
the Missouri River (National Research Council, 2002),
this effort at flow-regime naturalization was strongly con-
strained by actions authorized by the Endangered Species
Act, and a host of other applicable legislation and legal
mandates, (Thorson, 1994; National Research Council,
2002; Lambrecht, 2005).

Although many approaches to designing flow regimes
have been proposed and are in practice (Tharme, 2003),
they provided only general guidance for the specific
issues of the LMOR. This case study illustrates practical
challenges to flow-regime design for large, multipurpose
river systems and it indicates how general approaches to
designing ecological flow regimes may need to evolve to
accommodate management constraints and stakeholders’
expectations.

Copyright © 2008 John Wiley & Sons, Ltd.

Flow-regime design

Design of flow regimes to meet multiple purposes
requires three fundamental types of information (Bovee
et al., 1998): (1) contextual understanding of the phys-
iography, climate, and social, economic, and histori-
cal framework of the river; (2) characterization of the
time series of discharge and associated sediment, water
quality, temperature, and geomorphic regimes under
management alternatives, and; (3) response functions
relating ecosystem and social-economic variables to
flow variables. Typically, these three types of infor-
mation are integrated within a decision-making frame-
work to design and assess alternative flow regimes
(Figure 2).

Contextual information is fundamental to the process
because river characteristics can be strongly influenced
by spatial variation in geologic controls, climatic regimes,
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Figure 2. Schematic of typical assessment process for water allocations for ecological needs (after IFIM, Bovee et al., 1998). Diagram is described
in text.

and the history of adjustments to river management (Hill-
man and Brierley, 2002; Grant et al., 2003; Rogers and
O’Keeffe, 2003; Jacobson and Galat, 2006). Information
on hydroclimatic time series addresses temporal variation
of water discharge, and by extension, much of the
temporal variation in related variables like sediment flux,
water temperature, and water quality. In natural river sys-
tems, these related variables can be expected to co-vary
to maintain ecosystem processes (Poff ez al., 1997); how-
ever, in managed systems reservoir regulation can decou-
ple the other variables from discharge, so naturalization
of the flow regime may not restore other processes (Ligon
et al., 1995; Schmidt and Wilcock, in press). A com-
plete flow-regime design for ecosystem purposes would
include independent assessments of controls on the other
variables and how they interact with discharge (Bovee
et al., 1998).

The third type of information comprises functional
relations between flow-regime variables and ecosystem
and social-economic responses. Typically, social and eco-
nomic responses to varying flow-management designs
are well-quantified, whereas ecological responses are not
(Pigram, 2000; Bunn and Arthington, 2002; Sklar et al.,
2005). How much ecological information is needed to
inform flow-regime design depends on many factors,
including the political and economic context, data avail-
ability, and the willingness of stakeholders to bear risks
of uncertainty (Pahl-Wostl et al., 2007).

In the ideal design process, the three types of informa-
tion are brought together to create conceptual hydrograph

Copyright © 2008 John Wiley & Sons, Ltd.

alternatives (Figure 2(A)). This process can be a ‘top-
down’ or ‘holistic’ approach in which the natural flow
regime provides a starting template that is altered to
meet competing demands (Arthington, 1998a). Alterna-
tively, a conceptual annual hydrograph can be built from
the ‘bottom up’ by identifying ecological (and social-
economic) functions that should be accommodated in the
flow regime (King et al., 2003). In the case of large, mul-
tipurpose river systems, the capability may exist to code
the conceptual models into simulation models that out-
put hydrologic time series, which, in turn, can be used
to drive models to predict time series of ecological and
social-economic responses (Figure 2(B) and (C)).

In the planning loop illustrated in Figure 2, the time
series of outputs of the ecological and social-economic
models would be assessed for their performance in
enhancing ecological functions and providing social-
economic services (Figure 2(D)). If a model fails to
meet objectives, alternative conceptual models would be
formulated to be tested through the same procedure.
If the predictions from the planning loop meet objec-
tives, the concepts would be applied in the real world
(Figure 2(E)) in an adaptive management implementa-
tion loop that acknowledges residual uncertainties in the
planning process and explicitly accommodates learning
(Walters, 1997).

Assessments of designs on large rivers are complicated
by the need to accommodate multiple, often conflict-
ing, objectives, and by the typical disparity of infor-
mation content between ecological and social-economic
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ecosystem characteristics (EECs, Harwell et al., 1999). Flow regime is considered a master variable. However, in altered river systems—especially

dammed river systems—flow regime can be uncoupled from sediment, nutrients, temperature, and other regimes. Effects of management are first

evident in the ecosystem in Tier 1 EECs as direct effects. These effects propagate through habitat and biota EECs, typically becoming less clearly
linked to management. On the basis of Lubinksi and Barko (2003).

response functions. This disparity is illustrated con-
ceptually in Figure 3, a simple realization of a river
ecosystem consisting of drivers, regimes, and essential
ecosystem characteristics (EECs). EECs are defined to
group a wide range of ecosystem characteristics and
processes into classes that are meaningful to scientists,
managers, and stakeholders (Harwell ef al., 1999) and
can be viewed in three tiers based on the strength of their
linkages to management actions. Uncertainty in predict-
ing river responses grows as management effects prop-
agate through tiers of ecological structure and function
of a river system. Tier 1 is composed of geomorphol-
ogy, hydrology/hydraulics, and bio-geochemistry EECs
that will have measurable endpoints directly linkable to
the management action—for example, low pulse magni-
tudes, sediment concentrations, dissolved oxygen, water
velocities. On the right side of the diagram, Tier 2 con-
sists of the broadly defined habitat EEC —the integration
of physical, chemical, and biotic factors that determine
the space in which organisms of interest reside. The Tier
3 EECs relate specifically to biota of interest, and can be

Copyright © 2008 John Wiley & Sons, Ltd.

defined as population, community, or individual health
metrics. Social and economic characteristics (shown in
light grey on the left) are parallel to the ecological compo-
nents. Interactions of social values and biota EECs indi-
cate the trade offs that underlie many river management
decisions (Figure 3).

Many (but not all) pathways identified in the concep-
tual model indicate propagation of management actions
through Tier 1 and Tier 2 EECs before affecting biota or
social values in Tier 3. Because relations among EECs
are characterized by interactions, feedbacks, and uncer-
tainties, the linkages are more direct for Tier 1 and least
direct—subject to more complexity and uncertainty —for
Tier 3. Information needed to assess Tier 1 EEC’s linkage
to management is generally less costly and more certain
than that needed to assess linkage to the Tier 3 EEC.

One of the challenges to designing alternative flow
regimes is determining the level of scientific information
needed to inform the decision-making process: whether it
is necessary to predict very accurately what the ecosystem
response will be to a change in flow regime, or whether it
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is acceptable to infer the response from measurements or
predictions of Tier 1 or Tier 2 EECs that are more directly
linked to management. A second, related challenge is
reconciling the precise information content typically
available to assess social-economic responses (left side
of Figure 3) with the less-precise information available
to assess ecological functions (right side of Figure 3.
These two challenges were central in the design process
undertaken by the Missouri River Plenary Group, and
they are likely generic to river-management decision
processes world-wide.

Lower Missouri River

The Missouri River drains 137100 km? of North Amer-
ica (Galat et al., 2005a). The drainage basin encompasses
wide latitudinal and longitudinal diversity, with annual
precipitation varying from less than 300 mm/year in the
western plains to more than 1000 mm/year at its conflu-
ence with the Mississippi River near St Louis, Missouri.
Snowpack in the Rocky Mountains on the western mar-
gin of the basin can attain thicknesses of greater than 4 m
and acts to store winter precipitation for seasonal sum-
mer releases. The central and eastern parts of the basin
are susceptible to high-intensity run-off from summer
convective storms. Mean annual discharge at Hermann,
Missouri near the mouth is 2250 m?/s. Reservoirs in the
Missouri River basin provide a total of over 130 km® of
storage; 91 km?® of this storage is provided by the main-
stem system of six reservoirs that impounds 53% of the
drainage basin.

The mainstem reservoir system has substantially
altered the flow regime (Figure 4). The six mainstem
reservoirs were constructed between 1937 and 1963
and operation as system began in 1967 (U.S. Army
Corps of Engineers, 2004b). The system is managed for
multiple purposes including maintenance of navigation
flows, flood control, hydropower, public water supply,
recreation, and fish and wildlife resources. Galat and
Lipkin (2000) documented substantial alteration to
the annual hydrograph below the reservoirs, including
reduced intraannual flow variability with generally
decreased spring pulses and increased summer low
flows. The intensity of hydrologic alteration diminishes
somewhat downstream from the dams as tributaries enter
the Missouri River. The 590 km downstream of the
Kansas River confluence (at Kansas City, Missouri) has
increased summer low flows relative to natural levels,
but retains substantial intra-annual variability including
spring—summer flow pulses (Figure 4).

In addition to flow-regime changes, the LMOR has
been subjected to interacting changes in sediment regime
and channel morphology. The sediment regime of the
river also has been substantially altered as a result of
reservoir operations (Blevins, 2006). Before reservoir
construction annual sediment load of the Missouri River
measured just above the Mississippi River confluence was
288 mmt (Keown et al., 1986); after reservoir construc-
tion it had decreased to 68 mmt in the 1990s (Horowitz,

Copyright © 2008 John Wiley & Sons, Ltd.
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2003). The decrease in sediment load also has been asso-
ciated with decreases in turbidity that might directly
affect native fish fauna (Galat et al., 2005b).

Most of the LMOR (defined as the 1305-km section
between Gavins Point Dam and the confluence with
the Mississippi River, Figure 1) has been engineered
for bank stabilization and navigation. Engineering of
the channel of the LMOR began in the 1830s with
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clearing of large woody debris and bank stabilization to
improve conditions for steamboat navigation. Most of the
river’s engineering structures date from 1930 to 1970
(Ferrell, 1996). Presently, wing dikes and revetments
stabilize 1200 km of riverbanks, while narrowing and
focussing flow in the thalweg to maintain a self-dredging
navigation channel. These engineering structures have
created a narrow, swift, and deep channel from what was
historically a shallow, shifting, braided river, resulting in
the loss of as much as 400 km? of river -corridor habitats
(Funk and Robinson, 1974; Hesse and Sheets, 1993;
National Research Council, 2002; Galat et al., 2005a).

Flow-regime design objectives

Because the flow regime of the LMOR has been highly
altered by reservoir regulation, it has been implicated as
a proximal cause for decline of native species (National
Research Council, 2002; U.S. Fish and Wildlife Service,
2003). Biological information to support this inference
includes the general decline of native fish species, com-
mercial fish catches (Hesse, 1987; Pflieger and Grace,
1987; Hesse et al., 1989; Hesse and Sheets, 1993; Galat
et al., 2005a) and sandbar-nesting birds (U.S. Fish and
Wildlife Service, 2000) in the LMOR since regulation and
channelization. There is also some statistical evidence
relating greater catch-per-unit-effort of native cyprinid
and catostomid species to increased rising spring dis-
charges (Hay, 2006). The design objective for the 2005
Plenary Group meeting was therefore to restore elements
of the natural variability of the flow regime to support
endangered species, principally the endangered pallid
sturgeon, and two sandbar-nesting birds, the least tern
and piping plover (U.S. Fish and Wildlife Service, 2003).

Although other groups have articulated much broader
goals for Missouri River restoration (National Research
Council, 2002), the institutional and legal context of the
2005 design process limited the design objectives. The
scope of flow-regime changes was determined through
the formal consultation process under Section 7 of the
U.S. Endangered Species Act in which the U.S. Fish
and Wildlife Service issued a Biological Opinion (U.S.
Fish and Wildlife Service, 2000, 2003) detailing how
management of the river has affected protected species,
and suggested management actions. The critical processes
of the flow regime initially listed by the U.S. Fish and
Wildlife Service (2003) were:

1. building sandbars in 95 km of the LMOR downstream
from Gavins Point Dam, to support nesting of threat-
ened and endangered bird species,

2. connecting the main channel to the floodplain season-
ally, to augment nutrient and energy exchange, and to
provide fish access to overbank habitats,

3. maintaining nursery habitat for larval and juvenile
pallid sturgeon by achieving seasonal low flows in late
summer,

4. providing an environmental spawning cue for the pallid
sturgeon through some combination of discharge and

Copyright © 2008 John Wiley & Sons, Ltd.

discharge-related variables like temperature, turbidity,
and water velocity,

5. providing spawning habitat and/or ‘conditioning’ of
spawning habitat for pallid sturgeon by flushing fine
sediment from coarse substrate.

The scope of objectives for flow-regime design was
subsequently narrowed by U.S. Army Corps of Engi-
neers (2003b) (hereafter Corps) arguments that building
sandbars, reconnecting the floodplain, and providing low-
water nursery habitat were unrealistic under current oper-
ating constraints. Discharges needed to transport sand,
scour encroaching vegetation, or connect the floodplain
would conflict with flood-control benefits (U.S. Army
Corps of Engineers, 2003a). Moreover, channel incision,
channelization, and levees have limited the area of flood-
plain that would be inundated by managed flood pulses
(U.S. Army Corps of Engineers, 2003a, 2004a; Jacobson
and Galat, 2006).

Similarly, low summer flows to support larval and
juvenile nursery habitat for pallid sturgeon would conflict
directly with navigation on the LMOR (U.S. Army Corps
of Engineers, 2003b) and habitat gains would not be
large because of historical channelization (U.S. Army
Corps of Engineers, 2003a; Jacobson and Galat, 2006;
Tracy-Smith, 2006). These arguments for limiting flow-
regime design objectives were generally, although not
universally, acknowledged by participants in the Plenary
Group process. Hence, as an initial step in adaptive
management of sturgeon reproduction and survival, it
was agreed that design objectives would be restricted to
the role of spring-flow pulses in providing environmental
spawning cues and/or changing the quality or quantity of
spawning habitat for pallid sturgeon.

State of biological knowledge: pallid sturgeon spawning
requirements

Design of an alternative flow regime was challenged by
incomplete knowledge of the spawning requirements of
the pallid sturgeon. Although there is general agreement
that many large-river fishes require natural variability
of the flow regime for a range of life-history activities
(Junk et al., 1989; Poff et al., 1997), specific spawning
requirements of pallid sturgeon are not known (Keenlyne
and Jenkins, 1993; Quist et al., 2004; U.S. Fish and
Wildlife Service, 2007; Wildhaber et al., 2007).

Environmental factors considered to be primary drivers
of reproductive development, spawning migrations, and
spawning of riverine fishes in general include photope-
riod, water temperature, and river flow (De Vlaming,
1972; Welcomme, 1985; Lucas and Baras, 2001). Specifi-
cally, these three factors have been suggested as environ-
mental cues governing reproduction of sturgeons and pad-
dlefishes (Doroshov, 1985; Doroshov et al., 1997; Quist
et al., 2004). Photoperiod is unaffected by river man-
agement, leaving temperature and river flow as potential
design variables by the Plenary Group.

Some links between spawning and hydrologic vari-
ables can be inferred from indirect evidence. Spawning
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of the closely related and abundant shovelnose sturgeon
(Scaphirhynchus platorynchus) is believed to occur over
hard substrates (i.e. rock, rubble, or gravel) in primary
tributary streams or along borders of main river channels
(Keenlyne, 1997). Although actual spawning has not been
observed, captures of fish in spawning condition indi-
cates that shovelnose sturgeon spawn from 14.4 to 24 °C
beginning with initial appearance of spent females to the
last observation of females with large black eggs (Helms,
1974; Christenson, 1975; Elser et al., 1977; Moos, 1978;
Hurley, 1983; Keenlyne, 1997). Hatchery propagation
uses 18 °C as the optimal temperature for pallid sturgeon
spawning (Herb Bollig, U.S. Fish and Wildlife Service,
personal communication). Pallid sturgeons, like shovel-
nose sturgeon, have been observed to possess mature
gametes during periods coinciding with high river flows.
These observations are the primary basis for associating
the onset of spawning for both species with typical spring
flooding in rivers (Dryer and Sandvol, 1993; Mayden and
Kuhajda, 1997).

In addition, studies of Acipsenseridae provide weight-
of-evidence support for hypotheses that temperature and
flow regime may affect migration, spawning site selec-
tion, and spawning of Scaphirhynchus sturgeon. Hydro-
logic spawning cues have been indentified for Gulf
sturgeon (Acipenser oxrinchus de sotoi; Chapman and
Carr, 1995), white sturgeon (Acipenser transmontanus,
(Parsley er al., 1993; Paragamian and Kruse, 2001;
Paragamian et al., 2001), shortnose sturgeon (Acipenser
brevirostrum, (Buckley and Kynard, 1985)) and lake
sturgeon (Acipenser fluvescens, (Noakes et al., 1999)).
Importantly, spawning activity of Acipenser sturgeons
can be disrupted by varying flow regimes down-
stream from hydroelectric dams (Noakes et al., 1999;
Paragamian and Kruse, 2001), unusually high discharge
(Kynard, 1997), or abrupt temperature declines (Burch
and Binkowski, 2002).

Availability of suitable spawning habitat is critical
to reproductive success of sturgeons and spawning site
fidelity is high in some species (Bemis and Kynard,
1997). Sturgeons are litho-pelagophiles, depositing dem-
ersal (sinking) adhesive eggs that typically attach to hard
substrates. Newly hatched larvae become buoyant and are
dispersed by river flow. The hypothesis that spring-pulse
flows would operate to clean off spawning substrate is
based on similar processes that have been documented
with other sturgeon species, notably the Kootenai white
sturgeon. Lack of successful spawning for white stur-
geon has been attributed in part to lack of hard spawning
substrate that has been cleared of sand (Paragamian and
Kruse, 2001; Paragamian et al., 2001) and studies have
been conducted to estimate the flows needed to flush sed-
iment from spawning beds (Barton et al., 2005; Beren-
brock and Bennet, 2005).

Spring pulses may operate similarly on the LMOR to
clean sturgeon spawning substrate or make it available
at specific times during the year, but there are currently
no scientific studies to support these conjectures. Only
lately has there been a systematic attempt to identify

Copyright © 2008 John Wiley & Sons, Ltd.

and map the presence of gravel-cobble substrate in the
river (Laustrup et al., 2007) and to identify spawning
sites (Korschgen, 2007). Hence, the concept that spring
pulses would serve to condition or alter availability of
spawning substrate (goal 5) remains hypothetical on the
LMOR. It has also been proposed that sturgeon eggs can
drift with the current as much as 1 km/day (Paragamian
et al., 2001; Coutant, 2004). If this is true for pallid and
shovelnose sturgeon eggs, then sediment transport and
patch structure of habitats immediately downstream of
spawning sites also may be important in the immediate
post-spawn period.

Whereas many studies have associated aspects of
a river’s flow regime with sturgeon- spawning migra-
tions and spawning success, we are unaware of specific
research that has shown a direct link between sturgeon
reproductive success and a spring-flow pulse. Evidence
supporting a causal relation requires demonstrating that
successful spawning and hatching of larvae occur in years
with a spring-flow pulse, but is absent or greatly reduced
in years without a spring rise. Without this evidence, we
viewed the design objectives as both goals and hypothe-
ses to be tested through adaptive management.

DESIGN APPROACH

Given sparse understanding of the reproductive require-
ments of pallid sturgeon, it was not possible to guide the
LMOR design process with quantitative response func-
tions as envisioned in the diagram in Figure 2. As a
practical alternative, we combined analysis of the natural
flow regime and used available biological understanding
and social-economic requirements as constraints. The nat-
ural flow regime provides a range of specific parameters
(date of peaks, magnitude of pulses, duration of pulses,
rate of rise, and rate of fall) that can be used to design
alternative flow regimes (Richter et al., 1996, 1997; The
Nature Conservancy, 2005). The natural flow regime can
also provide a systematic basis for evaluating relative per-
formance of alternatives whether or not they have been
designed from the natural flow regime.

Design from the natural flow regime is conceptually
very similar to the flow translucency approach (Gippel,
2001), in which the natural flow regime provides an
understanding of the spectrum of magnitude, frequency,
and timing of flow. Elements of the natural flow are then
scaled down to accommodate diminished, regulated flows
while maintaining flow variability. In the next section we
describe how in the case of the LMOR, spring pulses
were isolated and scaled downward from the median to
attempt to reach a point at which both ecologic and social-
economic interests were satisfied.

Methods

This analysis focuses on flows released at Gavins Point
Dam (Figure 1). Performance assessment for ecological
objectives uses the streamflow gaging station at Sioux
City, Iowa, 125 km downstream from Gavins Point Dam.
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Five steps were used to design a naturalized flow regime:
(1) modelling the reference flow regime, (2) extraction
of ecologically meaningful characteristics of the flow
regime, (3) comparison with temperature and photope-
riod data, (4) synthesis of alternative conceptual flow
scenarios, and (5) comparison of modelled outcomes.

Modelling the reference flow regime. We used the
natural flow regime of LMOR as a design template
and as a performance reference. Systematic statistical
approaches have been defined for how to analyse flow
regimes in terms of variables considered important to
many ecological processes (Richter ef al., 1997, 2003).
Hydrologic modelling provided a mechanism to assess
a long unregulated discharge record, address climatic
variability, and simulate flow regimes for management
alternatives.

The Corps of Engineers’ Daily Routing Model (DRM)
(U.S. Army Corps of Engineers, 1998) synthesizes
LMOR flows based on historical data on tributary
inflows, calculations of streamflow depletions due to
evapotranspiration and consumptive use, and modifica-
tions of outflows according to water-control rules. The
model simulates how reservoirs would be managed under
a set of water-control rules, given the actual range of vari-
ability of historical inflow data. Historical inflow data
are available, or have been estimated, for the period
1898—1997. The DRM uses these data and water-control
rules to generate 100 years of daily flows for 14 loca-
tions on the mainstream Missouri River. The 14 locations
consist of nine streamflow-gaging stations on the LMOR
and five streamflow-gaging sites in interreservoir river
segments.

Of particular importance in our analysis is the
modelled-flow regime for the run-of-the river (ROR)
scenario. The ROR scenario estimates the natural flow
regime by modelling the river as if the reservoirs are
constantly full and simply passing inflows through them
(U.S. Army Corps of Engineers, 1998). Although this
model underestimates the flow somewhat in the sum-
mer because of overestimation of evapotranspiration from
the lake surfaces, it does a reasonable job of modelling-
known historical flows (Figure 5), especially the spring
pulses considered in this analysis.

Parsing ecological flow components. A systematic
approach to analysing hydrographs for ecologically
meaningful characteristics was developed by Richter
et al. (1996). Their approach extracts as many as 67
hydrologic parameters from natural and altered hydro-
graphs to evaluate type and degree of alteration (The
Nature Conservancy, 2005). A subset of these parame-
ters is called the environmental flow components (EFC)
group, which extracts information about low-flow events
and high-flow pulses (Figure 6(A)). The concept of EFCs
is used in our analysis, although the complexity of the
Missouri River hydrograph and the design task required
us to write custom computer code to extract information
on flow pulses.

Copyright © 2008 John Wiley & Sons, Ltd.

A fundamental challenge in applying the concept of
EFCs is parsing the continuous hydrograph into pieces
that can be considered biologically significant pulses.
In the extreme case, every event of rising, peaking,
and declining discharge could be identified as a pulse,
although it is unlikely that each of these would be
ecologically significant. In the ideal case, ecological
criteria would be available to define absolute discharge
thresholds or rates of change that could be used to
discriminate which pulses are significant.

Without such criteria, we used a two-step approach
in which the statistical properties of the population of all
possible pulses in the flow regime were subsequently used
to parameterize extraction of a subset of pulses that were
thought to be ecologically significant. The procedure was
automated by Perl scripts (Practical Extraction and Report
Language, ActiveState Corporation, Vancouver, British
Columbia). The basic steps were:

1. Develop an unfiltered pulse dataset (UPD) from the
ROR flow regime by identifying each rising, falling,
flat, and peak component of the time series.

a. Beginnings and endings of pulses were identified as
changes in slope from decreasing to increasing.

b. Peaks were identified as points or portions of the time
series in which increasing discharge was followed by
decreasing discharge.

c. Because hydrographs of regulated rivers are prone to
plateau periods of no measurable change, a criterion
was needed to assign a plateau to peaks or flats. We
used 7 days as a maximum plateau to be identified as
a peak.

d. Each pulse was attributed with start date, start dis-
charge, peak date, peak discharge, end date, and end
discharge.

2. Calculate simple EFCs for each of the UPD pulses
(Table I).

. Tabulate quantiles of the UPD pulses.

4. Tteratively test various quantiles for their utility as
parameters for extracting subsets of pulses of the UPD,
and for combining subordinate pulses into dominant
pulses. This is a subjective calibration step, in which
pulses are eliminated, combined, and extracted depend-
ing on the magnitude of EFCs relative to quantiles of
the UPD EFCs. For example, a pulse with a rising
peak magnitude less than the 10th percentile of the
UPD rising peak magnitude would be eliminated from
consideration if it was not part of a succeeding larger
pulse, or it would be combined with the next pulse
if together they exceeded the 10th percentile criterion.
The criterion we used for successful calibration was
how well the values delineated and extracted individ-
ual early and late spring flow pulses from the natural
flow regime of the LMOR (Figure 6(B)).

5.Once calibrated from the ROR flow regime, simi-
lar parameter values were used on all alternative-
managed flow scenarios. Extraction of filtered pulses
was based on:

w
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a. A primary criterion required candidate pulse peaks to 6. New EFCs were calculated from redefined starts, peaks,

equal or exceed the median discharge.
b. EFCs were calculated for pulses that met this first
criterion, and tested against a second criterion:

e The duration must equal or exceed the median duration
of the UPD.

o Either the relative rise or the relative fall must exceed
the 75th percentile of those variables from the UPD.

. If the pulse failed to meet the second criterion, it was
combined with the next pulse, and retested against the
second criterion.

. The next pulse in the time series was combined with
any pulse meeting the second criterion if the relative
rise to the next pulse peak was less than or equal to the
75th percentile of relative rise in the UPD.

Copyright © 2008 John Wiley & Sons, Ltd.

and ends of the filtered pulses, and tabulated.
7. All discharge values in the time series were then
reclassified as pulses or non-pulses.

The design process on LMOR also needed to differ-
entiate between the early and late spring pulses, because
of the possibility that they had different ecological func-
tions. The early pulse was defined as having the peak
date between 1 March and 30 April. The later pulse was
similarly defined as having the peak date between 1 May
and 31 July. The pulses may start or end beyond these
dates, but the pulses are differentiated from the record as
those with peaks that occur within these date windows.
EFCs for all pulses were imported into a spreadsheet
programme where they were filtered into early and late
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Figure 6. (A) Diagram showing the ecological flow components (EFCs) extracted from the Missouri River flow regime. (B) Portion of the reference
flow regime showing parsing and separation of dominant bimodal spring pulses.

pulses based on the criteria listed, analysed statistically,
and graphed.

Water temperature and photoperiod. We included
photoperiod and seasonal water temperature in design
because of evidence that flow pulses may need to be
synchronized with these variables for successful spawn-
ing. Both were treated as independent seasonally varying
variables.

Unlike many reservoir systems, water temperature
on the LMOR is minimally affected by reservoir
releases. Volume of Lewis and Clark Lake impounded

by Gavins Point Dam is small (0.61 km?®) and the lake
is shallow (mean depth 4.9 m; Galat ef al., 2005a). Con-
sequently, water has a short residence time (exchange
rate 0.04 years) and water temperatures coming out of
the power generation facility track seasonal air tempera-
tures fairly closely. Water temperatures are substantially
more equilibrated with air temperature 125 km down-
stream at Sioux City (Figure 7(A)). Short-term discharge
pulses, whether from reservoir releases or local run-off
events, tend to cool river water slightly, imposing short-
term variation on the seasonal trend (Figure 7(B), (C)).

Table I. Simple environmental flow components (EFCs) used in flow-regime analysis.

Environmental Calculation Units
flow component

Duration (End date) — (Start date) Days

Relative rising peak (Peak discharge) — (Start discharge) m’/s

Rate of rise (Relative rising peak) / ((Peak date) — (End date)) m?/s/d
Relative falling peak (Peak discharge) — (Start discharge) m3/s

Rate of fall (Relative rising peak) / ((Peak date) — (End date)) m?/s/d
Relative peak Greater of relative rising peak and relative falling peak m3/s

Copyright © 2008 John Wiley & Sons, Ltd.
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air temperatures, with minor departures due to weather events or local run-off. Water temperatures in early spring appear to be more sensitive to
discharge events than water temperatures in late spring and summer.

Temperature sensitivity to flow events is most evident
in the early spring. The lack of seasonal sensitivity of
water temperature to flow releases allowed us to treat
water temperature as an independent variable defined by
long-term climatic conditions, rather than a variable that
interacts strongly with discharge. Water and air temper-
ature data at Sioux City were used to determine dates
when spawning temperatures would be expected to be
achieved over the long term.

Copyright © 2008 John Wiley & Sons, Ltd.

Although timing of the second pulse was designed to
coincide generally with seasonal warmer water temper-
atures and annual maximum photoperiod, more specific
temperature criteria were designed to serve as the oper-
ational trigger for the release. Plenary Group scientists
agreed that the start of the second rise should occur on or
shortly after Missouri River water temperatures at Gavins
Point Dam reached 16 °C for the second time during the
season. This criterion was intended to couple initiation
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of the flow pulse with rising water temperatures slightly
below the temperature when pallid sturgeons are sus-
pected to spawn. The 90th to 10th percentile dates when
16°C occurred for the second time based on Missouri
River water temperatures both below Gavins Point Dam
and at Sioux City were 10 May to 6 June, respectively
(Figure 8), defining a broad window within which the
second pulse could be triggered.

Increasing photoperiod is likely to control initiation
of gametogenesis in sturgeons as it does in bony fishes
(Doroshov et al., 1997) and therefore was considered
important in reproduction of the pallid sturgeon. Annual
photoperiod at Sioux City is also shown in Figure 8.
Anecdotal historical information supported a minimum
photoperiod of 13 h for Missouri River sturgeon spawn-
ing, indicating photoperiod was less of a constraint on
timing of the second pulse than temperature (Figure 8).

Management for other species. The Plenary Group
design process focussed on spring pulses necessary to
promote spawning of the pallid sturgeon, but any changes
in flow regime had to avoid conflict with reproduction
and survival with the listed interior least tern and
piping plover. Although flow-regime management is not
currently called on to create the sandbars on which
these birds nest, flow regimes are managed to maximize
sandbar emergence and minimize flooding of their nests
from May—July (U.S. Fish and Wildlife Service, 2003;
U.S. Army Corps of Engineers, 2004b). Historically, bare
sandbars were probably maintained at higher elevations
than they are today because of the higher frequency of
floods capable of scouring vegetation and depositing sand
at those elevations. Higher-elevation surfaces would have
provided more nesting habitat at safe elevations above

Copyright © 2008 John Wiley & Sons, Ltd.

spring pulses. Under present-day conditions, nests are
concentrated closer to the water’s edge and are therefore
at risk of inundation from spring-pulse flows.

Migration of nesting terns and plovers into the Gavins
Point—Sioux City segment of the river occurs in mid-
May. Specific design guidance to protect nests was to
initiate the late pulse on or before 19 May with a peak
flow on or before 22 May (Figure 8; Michael Olson,
U.S. Fish and Wildlife Service, personal communica-
tion). This departure from the natural timing may serve
to desynchronize pulses from water temperature and pho-
toperiod, a possibility that was acknowledged as a com-
promise for multi-species management (U.S. Fish and
Wildlife Service, 2003). However, timing of the sec-
ond pulse to minimize flooding of nests could still be
accomplished within the temperature and photoperiod
constraints for pallid sturgeon spawning, as currently
known (Figure 8).

Synthesizing pulsed-flow regimes. Statistical parame-
ters of pulse peak dates, peak discharges, relative rising
peak discharges, durations, and rates of rise and fall
(Figure 6(A), Table II) were extracted from the ROR
flow regime for design guidelines and to compare perfor-
mance of synthesized flow regimes. The early and late
peaks were analysed separately to provide two sets of
design guides.

The statistical analysis of the flow regime was provided
to the Plenary Group as scientific information that could
inform the design process, but the actual process was a
negotiation that involved a wide range of perceptions,
policy positions, and values. In the process, conceptual
hydrograph designs were developed by three subgroups
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composed of managers, stakeholders, and scientists repre-
senting similar interests (pallid sturgeon, hydrology, and
social-economic) with the objectives of achieving some
combination of naturalized spring pulses and minimized
social-economic cost. A subset of the designs developed
by the Pallid Sturgeon Group used percentiles of rising
relative peak and duration of pulses in the reference-flow
regime to create conceptual hydrographs (Figure 8 and
Reference Flow (RF) series Table III). The Hydrology
Group (hydrological management unit (HMU)) series,
Table III) proposed pulses that were somewhat smaller
and more peaked than the RF series, and the Social-
Economic Group (socioeconomic classification (SEC))
series, Table III) proposed pulses that rose and fell very
fast relative to the others to minimize water use. In all
designs, the conceptual hydrographs were constructed
by adding the pulse components to a default navigation
hydrograph (for example, Figure 8).

For the RF series conceptual hydrographs, dates to
begin pulses were calculated as peak dates minus time
needed to reach the peak given median rates of rise
from the ROR flow regime. The time at peak was set
to 2 days because the natural hydrograph had relatively
short peaks and sturgeon experts felt it was the peak
itself or the rise to the peak, rather than its duration,
that provided migration/spawning cues for sturgeon. A
kinked fall was designed with 30% decrease over 3 days,
and the remainder of the declining limb constructed
to meet the design duration (Figure 8). Dates of pulse
peaks in the conceptual hydrographs were not estimated
from the dates in reference flow regime, but instead
were set through negotiation to minimize conflict with
other management purposes. The early peak date was set
to coincide with increased releases at the beginning of
navigation season and the second peak date was placed to
minimize interference with bird nesting. The start of the
navigation season, 1 April, is near the 60th percentile of
the natural flow regime’s early peak date ( Table II), and
therefore is consistent with the natural flow regime. The
latest acceptable date for a second peak to avoid conflict
with shorebird nesting (22 May) is substantially earlier in
the year than that of the reference flow regime, at about
the 25th percentile of the natural flow-regime peak date
(Figure 8). The interval 10—19 May was recommended
for the start of the second peak because these days would
generally coincide with water temperatures of 16 °C and
a rise starting on these dates would not jeopardize bird
nesting.

The RF group used the relative rising peak
(Figure 6(A)) for design and assessment, rather than the
absolute peak, because most fish experts thought that the
pulse’s role as a spawning cue would be measured as
a relative increase in discharge and associated water-
quality characteristics. Absolute discharge may be more
important for fish that spawn in floodplains or if eggs
or larvae require habitats that would only be available
during high flows (Coutant, 2004).

Conceptual hydrographs in the first stage of design
(A, Figure 2), were presented to the Plenary Group
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for discussion. Conceptual hydrographs included those
designed from percentiles of EFCs of the reference flow
regime and a variety of others that put more emphasis on
avoiding costs, but still included elements of the natural
flow regime (Table III). All conceptual hydrographs had
two pulses separated by a low-flow period, with the
second pulse declining to a low flow that was still capable
of supporting navigation.

Relative performance is challenging to assess based
on conceptual hydrographs alone, because actual flow
releases from reservoirs have to address interannual
hydroclimatic variability. Temporal variability was
assessed by simulating the conceptual hydrographs in the
DRM using thresholds and rules that take into account
varying hydroclimatic conditions (Table III). Storage
precludes account for low storage in the reservoirs during
drought by limiting spring-pulse releases. Precludes
stipulate an amount of storage that is necessary before
a pulse can be released, and may stipulate a proportional
decrease of flow for the pulse based on storage on certain
dates during the year (U.S. Army Corps of Engineers,
2006). The rules also account for high-flow years by
using flood-control constraints. Flood-control constraints
limit releases of pulses during wet periods by setting
maximum target flows at downstream locations in the
mainstem. Flood control constraints are the flows that
turn off upstream releases, so they must be relaxed
(increased) in many years to allow pulses to occur.

The conceptual hydrographs, storage precludes, and
flood-control constraints for selected designs were for-
malized as rules in the Corps’ DRM to create alternative
flow regimes (A to B, Figure 2). Each flow regime was
developed by modelling the same 100 years of hydrocli-
matic inputs, resulting in flow-regime datasets that can
be compared to one another.

Performance metrics. In past analyses of LMOR alter-
native flow regimes, various models have been used
to assess performance in terms of economic revenues
(including navigation, hydropower, water supply, and
flood-control benefits) and relative environmental perfor-
mance (including fish production, physical habitat avail-
ability, and wildlife resources) (U.S. Army Corps of
Engineers, 2004b). Whereas these environmental models

provide some quantifiable basis for understanding ecolog-
ical responses, they do not directly address specific ques-
tions relating to pallid sturgeon reproduction and survival.
Lacking these response functions, we based assessments
on how closely an alternative design reproduced EFCs in
the reference-flow regime. Hence, indicators of ecologi-
cal benefits specific to sturgeon reproduction and survival
were calculated as the relative rising-peak discharge for
pulses, the duration of pulses, and the number of early
and late pulses achieved per year. These values were cal-
culated from realizations of the DRM for the selected
designs (Table III).

Indicators of social-economic costs were developed
for the volume of water used in the spring pulses, and
in terms of the numbers of days at or over thresholds
of downstream flooding. Indicators for water use were
the total amount of water used in the conceptual spring-
pulse designs and the minimum storage levels attained
during the drought of the 1930s calculated from DRM
simulations (Table III).

During the Plenary Group deliberations, represen-
tatives of the downstream agricultural community
expressed dissatisfaction with the existing flood-control
benefits models used on the LMOR for calculating costs
of flooding. Instead of relying on models that calculate
flood damages when flows overtop the bank or levee,
they indicated that substantial flood damage could accrue
when flows in the main channel reached stages that inter-
fered with flow through flap gates on culverts that drain
fields on the landward side of the levees. Unimpeded
drainage from agricultural fields was considered particu-
larly important during the spring and early summer when
fields are being prepared for planting and locally heavy
rains are likely. Flap gates between Omaha, Nebraska,
and St Joseph, Missouri, were considered especially vul-
nerable to flow blockage because of channel aggrada-
tion in that segment (U.S. Army Corps of Engineers,
2004a). Lacking comprehensive interior-drainage hydro-
logic models for the entire LMOR valley bottom, Ple-
nary Group participants adopted specific locations and
discharges as indicators of flood effects on low-lying agri-
cultural lands (Table IV). The flow exceedances of these
flooding thresholds are not uniform along the river, indi-
cating variability in the design of drainage projects. For

Table IV. Discharges, stages, and exceedances at flows that indicate flood damage, Lower Missouri River.

Gaging station Discharge, at Local flood stage, Negotiated Exceedance of
NWS flood metre above limiting negotiated
stage, m3/s arbitrary datum discharge, m%/s limiting

discharge, %

Sioux City, lowa 3110 110

Omaha, Nebraska 3790 8-8

Nebraska City, Nebraska 2350 5.5 1330 22-6

St Joseph, Missouri 2520 52 1560 20-9

Kansas City, Missouri 5660 9-8 1870 213

Boonville, Missouri 4470 6-4 2430 16-8

Hermann, Missouri 5430 6-4 3110 17-9

Copyright © 2008 John Wiley & Sons, Ltd.

Ecohydrol. 1, 81-104 (2008)
DOI: 10.1002/eco



96 R. B. JACOBSON AND D. L. GALAT

this analysis we chose stage thresholds at Nebraska City,
Nebraska for March—April and May—June.

Discharges at U.S. National Weather Service flood
stages also were calculated using stage-discharge curves
at the main streamflow-gaging stations on the LMOR.
In the USA, flood stage is defined as a gage height
above which a rising water level creates a hazard to lives,
property, or commerce (National Weather Service, 2006),
so flood stage at these locations provides another, less
conservative indicator of costs potentially associated with
spring pulses. However, like flap-gate elevations, flood
stages are specific to conditions at given locations and
cannot necessarily be interpolated along the river with
confidence. For this analysis, we chose flood stages at St
Joseph, Missouri during April-June (Table IV).

We relied on graphical methods to communicate
analysis results to Plenary Group participants. Box
plots were used to show the distributions of EFCs
and social-economic indicators (Figures 9—13). Graph-
ical methods were supplemented with non-parametric,
Kolmogorov—Smirnov goodness-of-fit statistics compar-
ing cumulative distribution functions to the reference
hydrograph and to each other (supporting materials for
this article in Jacobson, 2008). These comparisons indi-
cate how distributions of ecological and social-economic
indicators vary by flow design and within the framework
of 100 years of hydroclimatic variability. Flow regimes
that are determined to be significantly different by this
test are not necessarily ecologically different, because
the Kolmogorov—Smirnov test assesses similarity of the
cumulative distributions of the variables, but does not
address whether specific parts of the distribution (say,
wet or dry extremes) are similar; the wet or dry tails
of the distributions may have important ecological func-
tions.

RESULTS OF ALTERNATIVES ANALYSIS

Results of the design alternatives analysis are reported
here and in supporting data in Jacobson (2008). Dis-
tributions of early-pulse relative rising peak magnitudes
vary little among design-flow regimes, but all designs
are significantly different from the ROR [Figure 9(A);
(Jacobson, 2008; Table I, p < 0.001)]. The designs based
on 25% of the reference hydrograph (RF series) have
somewhat lower medians and less range than the NWCP
(2004 water-control plan) and the HMU (multiple-use
series) and SEC (social-economic series). The late-
pulse magnitudes show a similar pattern except that the
NWCP has a significantly lower median than the ROR
and the other designs [Figure 9(B); (Jacobson, 2008;
Table II, p < 0.001)]. The RF25000 alternative has a
somewhat higher median than the other design alterna-
tives.

The distributions of early-pulse durations show less
variation than the peak magnitudes (Figure 10(A)). The
ROR flow regime has only slightly longer durations
than the design alternatives and the NWCP, in part

Copyright © 2008 John Wiley & Sons, Ltd.
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Figure 9. Box plots showing the distributions of magnitudes of rela-

tive rising peaks of pulses extracted from 100 years of modelled flows.

(A) Early peaks, March—April. (B) Late peaks, May—June. Abbrevia-
tions for flow regime scenarios are presented in Table III.

because of the long steady pulses that result from releases
for navigation. The distributions of late-pulse durations
show more marked variation of the ROR and NWCP
flow regimes compared to the others, but none of the
designed alternatives differ significantly from each other
[Figure 10(B), (Jacobson, 2008; Table IV)].

Social-economic costs indicated by days per year of
flooding of low-lying agricultural land showed simi-
lar patterns [Figure 11, (Jacobson, 2008; Tables V, VI)]:
costs of the ROR was significantly different and higher
than other regimes for early and late pulses (p < 0.001,
[Jacobson, 2008; Tables V, VI]). The days of flood-
ing for the early pulse for the NWCP did not dif-
fer significantly from any of the design alternatives.
Days of flooding of low-lying land during the late
pulse were significantly less for the NWCP compared to
most other designs [0.00 < p < 0.05, (Jacobson, 2008;
Tables V, VI)]. Costs associated with days over flood
stage at St Joseph’s, Missouri, are indicated in Figure 12
and Jacobson (2008; Table VIII). The ROR flow regime
is significantly different from the design regimes (p <
0.001), but none of the design-flow regimes are signifi-
cantly different from each other.

Social-economic costs associated with water used by
spring flow pulses are indicated by the distributions of
monthly minimum system storage [Figure 13, (Jacobson,

Ecohydrol. 1, 81-104 (2008)
DOI: 10.1002/eco



DESIGN OF A NATURALIZED FLOW REGIME—LOWER MISSOURI RIVER 97

300 T T T T T T T T T T
250 | . A
U’..
<
S
S0 200f . :
Sro
go§1w
o3z
EO
<5 100
2%
50
0
250 -
B
200 | :
o< o °
n3 o
=40 [ )
>= 8 .
Do 150f o :
553 .
b4 [ ]
S35 400} ¢ "“‘.
E s & 3 ‘
o 1
< [
Eye s 0
[ °
8< 5ot ]
0
\ > \) > o) > \)
FE & FES F F
S & F PSS
KE&E TN s

Figure 10. Box plots showing the distributions of durations of pulses

extracted from 100 years of modelled flows. (A) Early pulses,

March—April. (B) Late peaks, May—June. Abbreviations for flow-regime
scenarios are presented in Table III.

2008; Table VIII)]. No system storage data are applicable
for the reference flow regime since the ROR model is
calculated with the reservoirs completely full. Although
there is little apparent variation in storage distributions
among the flow designs, the RF distributions have slightly
higher medians than the others and are significantly
different from two of the HMU series.

Some insight into trade-offs between presumed eco-
logical benefits and social-economic costs can be gained
through bivariate plots of medians of the selected vari-
ables (Figure 14; Table III). In this analysis, the values
are normalized so the highest benefit (or lowest cost)
is 1.0. There is no guarantee that the designs selected
by stakeholders represent the universe of all possible
solutions or that they define an envelope of non-inferior
solutions. Nevertheless, the trade-offs between pairs of
objectives indicate the relative gains and losses moving
from one design to another.

The general form of these trade-off curves (Figure 14)
is concave upward, indicating inefficient solutions in
which there is a steep trade-off between ecological and
social-economic objectives. The exception is system stor-
age (Figure 14(A)) which appears relatively insensitive
to ecosystem objectives: early and late relative rising
pulse peaks can be increased to nearly 80% of that

Copyright © 2008 John Wiley & Sons, Ltd.
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Figure 11. Box plots showing the distributions of durations that flow

would interfere with drainage of low-lying agricultural land through

flap gates extracted from 100 years of modelled flows. (A) Early pulses,

March—April. (B) Late peaks, May—June. Abbreviations for flow-regime
scenarios are presented in Table IIL.
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Figure 12. Box plots showing the distributions of durations days above
National Weather Service flood stage at St Joseph, Missouri, April—June.
Abbreviations for flow-regime scenarios are presented in Table III.

possible under the ROR while decreasing system stor-
age only 10% from that possible under the NWCP.
Another observation evident from the bivariate trade-offs
is that relatively modest increases in presumed ecological
benefits entail substantial decreases in social-economic
benefits if the social-economic benefits are measured in
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Figure 13. Box plots showing the distributions of storage levels in
reservoir system. Abbreviations for flow-regime scenarios are presented
in Table III.

terms of days of flooding of low-lying agricultural lands.
The costs of the designs investigated, however, vary lit-
tle among themselves while the ecological benefits vary
substantially. That is, once the investment is made in
diminished social-economic benefits moving from the
NWCP to the alternative designs (Figure 14(A), (B), (C)),
substantial ecological benefits (inferred from degree of
similarity to the ROR) can be gained without further loss
of social-economic benefits.

DISCUSSION

Decision making with inadequate information is not
uncommon in river management (Walters, 1997; Tharme,
2003). Whereas the LMOR flow-regime design process
had the benefit of strong, technical modelling support,
it was challenged by a short timeframe and substantive
gaps in critical biological information. Notwithstanding
the scientific uncertainties, the process went forward in
an attempt to use the best available information to inform
naturalization of the flow regime.

Ultimately, the participants in the LMOR Plenary
Group Process failed to reach consensus on design of
spring pulses. There were probably many social, eco-
nomic, political, and technical reasons that stakeholders
failed to reach full consensus. Among the technical rea-
sons, it was clear that reasoning from the natural flow
regime did not provide sufficiently quantitative predic-
tions of the ability of spring pulses to improve repro-
duction and survival of the pallid sturgeon. As one of
the stakeholders noted: ‘To date there is little informa-
tion to support the hypothesis that the native fishes of the
Missouri River, including the endangered pallid sturgeon,
are cued to spawn by flood pulses’. (Jorgensen, 2006). In
terms of the conceptual model in Figure 3, stakeholders
were unwilling to accept the inference that the alterations
to the flow regime measurable in Tier 1 would propagate
effectively to the desired biological result in Tier 3.

Copyright © 2008 John Wiley & Sons, Ltd.
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fits and social-economic costs, among the current water control plan
(NWCP), the reference flow regime (ROR), and design alternatives.
(A) Magnitude of relative peaks plotted with days of flooding of
low-lying agricultural land (at Nebraska City, Nebraska) and system stor-
age. (B) Duration of pulses with days of flooding of low-lying agricultural
lands. (C) Magnitude of relative peaks plotted with days exceeding flood
stage at St Joseph, Missouri.

At the same time, stakeholders had available to
them very precise numbers defining the loss of social-
economic benefits (left side of Figure 3), from which they
were willing to infer direct financial losses. Moreover,
simple trade-off analysis indicated that substantial pro-
portional losses of many social-economic benefits would
be incurred before inferred ecological benefits would
increase (Figure 14(A), (B), (C)).

Design considerations

The 2005 design approach on the Missouri River was
strongly constrained by a framework of river laws, the
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U.S. Endangered Species Act, and institutional missions
and authorities of participating agencies. Unlike water-
regulation concepts like the Water Framework Direc-
tive (European Commission, 2000), US regulations lack
emphasis on holistic measures of biological integrity
(Adler, 2003). Moreover, Plenary Group stakeholders
showed little interest in pursuing consideration of other
ecosystem services that might be related to naturalized
flow regimes. Hence, the design was narrowly focussed
on issues related to the endangered species. Although the
Endangered Species Act has been frequently criticized
for its narrow focus, it has also been recognized as the
dominant law in the USA for species conservation (Karr,
1990; Rohlf, 1991; Clark et al., 2002), and the LMOR
experience is therefore not unusual.

Without the ability to quantify sturgeon reproductive
responses to flow pulses, the design process turned to
the natural flow regime for guidance in deriving design
parameters and evaluating relative performance. Designs
that extracted percentiles of EFCs from the natural flow
regime were similar to the ‘flow translucency’ approach
in using the natural flow regime as a template for a design
flow regime (Gippel, 2001). Design from the natural
flow regime also implicitly incorporates aspects of a
holistic, ‘top-down’ approach which assumes that flow
regimes closer to the natural flow regime would have
greater ecological benefits (Arthington, 1998b). That is, if
the flow regime was restored, other ecological functions
would necessarily follow. Two implicit assumptions of
holistic approaches are (1) flow regime is the master
variable, and other factors like sediment, temperature, and
water quality do not vary independently to a substantive
degree, and (2) ecological responses to flow components
are linear, non-threshold functions (Poff er al., 1997,
Stewardson and Gippel, 2003). Moreover, designs based
on EFCs in the reference flow regime assume that
the correct EFCs have been identified. In the case of
designs for pulses that are intended to achieve a specific
reproductive response, this assumption is critical.

The design process also used elements of a ‘bottom-
up’ or ‘building block’ approach (Arthington, 1998b;
King et al., 2003) in assembling pulses to peak at par-
ticular times to match the best available information on
water temperature and photoperiod constraints on stur-
geon spawning. Adjusting the late pulse to an earlier
time during the year was inconsistent with the natural
flow regime, but was intended to build a composite flow
regime from elements needed for reproduction of both
shorebirds and sturgeon. The most fundamental example
of the building block approach was using the naviga-
tion season hydrograph as the foundation for flow-regime
designs.

Initially, the LMOR process emphasized change in
flow management to benefit one species, rather than
designing for holistic benefits to the ecosystem (Richter
et al., 2003, 2006; Tharme, 2003). Lacking the specific
information to design for pallid sturgeon reproduction and
survival, however, forced the design process to rely on the

Copyright © 2008 John Wiley & Sons, Ltd.

natural flow regime, an approach that may have ancillary
benefits for other species.

Information and process needs

The design process focussed attention on unknowns
in the Missouri River ecosystem and on challenges to
collaborative decision making. In particular, it under-
scored the need to develop more fundamental informa-
tion on pallid sturgeon reproductive requirements and
responses to flow modifications, and to develop a mod-
elling process that forecasts biological responses in ways
that would be considered credible and useful by stake-
holders.

Improving response functions. Modifications of flow
regimes on large, multipurpose river systems necessarily
involve trade-offs, with some services increasing at the
expense of others to maximize system benefits. In a
decision-making context where stakeholders can evaluate
some social-economic benefits and costs very precisely
(for example, hydropower or flood-control benefits),
there is an expectation that ecological benefits and cost
estimates will be similarly precise. The design process
on the LMOR indicated that many stakeholders were
uncomfortable with prospects of incurring losses of
system benefits (real or perceived) without assurance
that prospects for the pallid sturgeon would improve.
The assumption that a naturalized flow regime would
result in increased sturgeon reproduction was ultimately
inadequate.

In recognition of these knowledge gaps, the Plenary
Group process also generated hypotheses that became
the framework for an adaptive management monitoring
plan. The monitoring and assessment plan includes exten-
sive evaluations of sturgeon movements in response to
flow pulses, physiological monitoring of sturgeon pop-
ulations, and assessments of habitat use, availability,
and geomorphic change (Korschgen, 2007). The assess-
ment began in 2005 and is intended to continue over
the next 5—10 years, comparing years with and without
flow pulses. Similar field-based assessments were imple-
mented in 2005 to document effects on drainage and
flooding of low-lying agricultural lands.

Improving assessment and modelling capability. The
framework used by the LMOR design process was simi-
lar to that of the instream flow incremental methodology
(IFIM) (Bovee et al., 1998) in that it included considera-
tion of flow alternatives using flow models and ecological
response functions in a negotiating framework. The abil-
ity to combine hydroclimatic time series with alternative
flow-regulation rules is a critical part of the decision
making process (Figure 2). The LMOR process bene-
fited from existence of a daily hydrologic routing model,
which provided a means to assess relative flow-regime
performance over 100 years of climatic variability.

In presenting model results to stakeholders we tried to
emphasize three contextual themes.

Ecohydrol. 1, 81-104 (2008)
DOI: 10.1002/eco



100

e Two reference conditions. Both the ROR and the
NWCP were presented as references so stakeholders
could see how much a particular design performed as
a change from current conditions or as change toward
an ideal, historical condition.

e Inherent temporal variability. Rather than focussing
on mean or median statistics, when possible we pre-
sented graphics and statistics that illustrated populations
of hydrologic variables resulting from hydroclimatic
variability. Box plots seemed to be an effective means
of communicating within- and among-design variability
(Figures 9-13).

e Spatial variability. We emphasized that along the
1300 km of the LMOR, spatial variability in channel
morphology and tributary inputs is expected to alter
the ecological benefits and social-economic costs asso-
ciated with redesigned flow regimes. Appreciation of
spatial variability of the river added new questions to
the process, including how much of the river would
be affected appreciably by pulsed flows, and whether
those segments of the river had specific importance to
pallid sturgeon reproduction and survival.

The LMOR design process also demonstrated the
importance of modelling in a collaborative, stakeholder-
driven process. Stakeholders were able to design alterna-
tive conceptual hydrographs and submit them to the DRM
to produce modelled-flow regimes that could be used for
statistical analysis or to drive other effects models. How-
ever, the modelling process lacked real-time interaction
that could have provided stakeholders with the ability
to explore a wider range of alternatives. The ability to
run a wider range of alternative simulations would allow

R. B. JACOBSON AND D. L. GALAT

more complete analysis of the trade-off functions, pos-
sibly identifying more efficient solutions (Figure 14). A
modelling process that allows stakeholders free rein to
explore efficiently and rapidly a wide range of alterna-
tives would better support the decision-making process.

Epilogue

Although the LMOR Plenary Group process failed to
reach consensus on a design, the results were used by the
U.S. Army Corps of Engineers in their implementation
of a pulsed flow in spring 2006. The 2006 annual
operating plan (AOP) borrowed two key concepts from
the design discussions. First, the shapes of the pulses
were more natural than the previous, default design (U.S.
Fish and Wildlife Service, 2003), having 2-day peaks
rather than 2-week plateaus, and kinked, asymmetric
receding limbs (Figure 15). Second, the AOP set criteria
that the second peak would occur within a window
1-19 May, with a release only after daily mean water
temperature downstream of the dam had reached 16°C
for the second time that season. The latter provision
was made to assure that the second peak occurred near-
suspected pallid sturgeon spawning temperature. The
designed peaks were modest with a planned increase of
340 m?/s above winter flows for the early peak (11th
percentile of the reference flow regime) and a late peak of
340-450 m?/s above navigation flows (6—10th percentile
of the reference flow regime). Because of general drought
conditions in the basin, the second peak was planned to
be 340 m?/s in 2006 (Figure 15).

The actual releases were substantially different from
the concept (Figure 15). The early pulse was not released
because of insufficient storage in the system. Because of
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Figure 15. Comparison of planned 2006 flow modification (U.S. Army Corps of Engineers, 2006), actual 2006 discharge, interquartile range of the
reference hydrograph (ROR), and three alternative design conceptual hydrographs. Descriptions of alternatives are in text.
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low-navigation traffic, flows were kept fairly low until
12 May, and then were increased by 260 m?/s (3rd per-
centile of the reference hydrograph) to about 715 m?/s.
Discharge was held near 715 m?/s for 2 days and then
dropped 120 m3/s to about 595 m3/s over 3 days. After
that flows were cycled 1 day up, 2 days down, from
524 m3/s to 715 m3/s until 13 June. Flow cycling was
intended to keep birds from nesting at low elevations
on sandbars (U.S. Army Corps of Engineers, 2006).
The actual pulsed-flow modification in 2006 illustrates
the practical challenges of implementing a flow-regime
change within the context of highly variable hydrocli-
matic conditions and multiobjective and multiple-species
management.

SUMMARY AND CONCLUSIONS

During the summer of 2005, a group of managers, stake-
holders, and scientists met to design a naturalized flow
regime for the LMOR in the USA. Decision making
on the Missouri River has had to confront issues com-
mon to large rivers worldwide: to increase ecological
functions while minimizing conflicts with other river ser-
vices. The objective of the Missouri River process was
to restore elements of natural variability specifically to
support reproduction and survival of the endangered pal-
lid sturgeon (S. albus). Design was constrained by legal
authorities, institutional roles, the need to avoid flooding
of sandbar nesting birds, as well as by competing social-
economic system services such as navigation, recreation,
flood control, and hydropower. The Missouri River expe-
rience documents some of the practical challenges to flow
naturalization on multipurpose river systems.

Specific spawning requirements for pallid sturgeon
reproduction—timing, magnitude, rate of change, and
sequence—are not known and depend, at least in part,
on concurrent factors such as water temperature and pho-
toperiod. Lacking specific, biologically defined design
parameters, the general approach used to design alter-
native flow regimes was based on elements of the natural
flow regime, informed by general understanding of stur-
geon biology, and constrained by requirements of other
species and competing uses. We used EFCs extracted
from the reference natural-flow regime for two purposes.
Percentiles of the EFCs were used to design a subset of
spring pulses that recovered 5—50% of the relative rising
peak and duration of the natural flow regime. EFCs from
the natural flow regime were also used to assess relative
performance of flow regimes that were designed with less
emphasis on recovering natural variability.

The design process incorporated a primary stage
in which conceptual hydrographs were developed and
assessed in terms of relations to the natural-flow regime,
how well the pulses synchronized with water tempera-
ture and photoperiod, how much water they drafted from
system storage under average conditions, and the extent
to which they conflicted with other species and other
system uses. The second stage accounted for hydrocli-
matic variation by coding the conceptual hydrographs

Copyright © 2008 John Wiley & Sons, Ltd.
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into reservoir release rules, adding constraints for down-
stream flooding and low-storage precludes, and running
the rules through 100 years of hydroclimatic simulation.
The results of the simulations provide a consistent basis
for assessing flow-regime alternatives over a broad range
of conditions. The output flow regimes were then eval-
uated for presumed ecological benefits (based on how
closely they resembled EFCs in the reference natural flow
regime) and for social-economic cost indicators, includ-
ing days of flooding of low-lying agricultural land, days
over flood stage, and storage levels in system reservoirs.
A simplified trade-off analysis indicated that more-natural
pulses were associated with substantial increases in flood-
ing of low-lying agricultural lands and small increases of
days over flood stage. Reservoir system storage was not
particularly sensitive to naturalization of the flow regime
under the designs considered.

Our experience with flow-regime design on the LMOR
emphasizes several key issues that are probably generic
to ecologically based river management. First, design
based on the natural flow regime is compelling for its
value in addressing holistic ecological concerns and for
providing design guidance in the absence of specific bio-
logical requirements. However, stakeholders who could
potentially lose benefits would not accept performance
relative to the natural flow regime as a sufficient indica-
tor of ecological benefit. Stakeholders desired proof of
ecological performance commensurate with the certainty
of their losses. Second, the ability to simulate the results
of alternative flow regimes under a representative range
of hydroclimatic conditions is essential for assessments
in realistic context. In a collaborative, stakeholder-driven
environment, simulations are most effective when they
can be used interactively to explore a wide range of pos-
sibilities. Third, a flow regime design is only a template.
Implementation under real-world conditions may diverge
substantially from the design intent in order to reconcile
competing system benefits.

Finally although this particular negotiation failed to
reach a consensus, the process was successful in devel-
oping a design approach, focussing science on key knowl-
edge gaps, ultimately influencing flow management, and
demonstrating the potential for collaborations among sci-
entists, stakeholders, and managers in decision making.
Rogers (2006) has asserted that the key challenge in
river management is to develop collective understanding
among scientists, citizens, and managers; experiences on
other large river restoration projects confirm the need to
invest in collective understanding (Buijse et al., 2002).
The LMOR example supports this idea and the con-
clusion that collective understanding and fundamental
science are both necessary conditions for progress in
flow-regime management; neither alone appears to be
sufficient.
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