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Abstract

This report provides a synthesis of results obtained
between 2005 and 2008 from the Comprehensive Sturgeon
Research Program, an interagency collaboration between the
U.S. Geological Survey, Nebraska Game and Parks Com-
mission, U.S. Fish and Wildlife Service, and the U.S. Army
Corps of Engineers’ Missouri River Recovery—Integrated
Science Program. The goal of the Comprehensive Sturgeon
Research Program is to improve fundamental understanding of
reproductive ecology of the pallid sturgeon with the intent that
improved understanding will inform river and species manage-
ment decisions. Specific objectives include:

* Determining movement, habitat-use, and reproductive
behavior of pallid sturgeon;

* Understanding reproductive physiology of pallid stur-
geon and relations to environmental conditions;

» Determining origin, transport, and fate of drifting pallid
sturgeon larvae, and evaluating bottlenecks for recruit-
ment of early life stages;

* Quantifying availability and dynamics of aquatic habi-
tats needed by pallid sturgeon for all life stages; and

* Managing databases, integrating understanding, and
publishing relevant information into the public domain.

Management actions to increase reproductive success
and survival of pallid sturgeon in the Lower Missouri River
have been focused on flow regime, channel morphology, and
propagation. Integration of 2005-08 Comprehensive Sturgeon
Research Program research provides insight into linkages
among flow regime, re-engineered channel morphology, and
pallid sturgeon reproduction and survival.

The research approach of the Comprehensive Sturgeon
Research Program integrates opportunistic field studies, field-
based experiments, and controlled laboratory studies. The
field study plan is designed to explore the role of flow regime

and associated environmental cues using two complementary
approaches. An upstream-downstream approach compares
sturgeon reproductive behavior between an upstream section
of the Lower Missouri River with highly altered flow regime
to a downstream section that maintains much of its pre-
regulation flow variability. The upstream section also has the
potential for an experimental approach to compare reproduc-
tive behavior in years with pulsed flow modifications (“spring
rises”) to years without.

The reproductive cycle of the female sturgeon requires
several years to progress through gonadal development, oocyte
maturation, and spawning. Converging lines of evidence sup-
port the hypothesis that maturation and readiness to spawn
in female sturgeon is cued many months before spawning.
Information on reproductive readiness of shovelnose sturgeon
indicates that sturgeon at different locations along the Lower
Missouri River between St. Louis and Gavins Point Dam are
all responding to the same early cue. Although not a perfect
surrogate, the more abundant shovelnose sturgeon is morpho-
logically, physiologically, and genetically similar to pallid
sturgeon, and thereby provides a useful comparative model for
the rarer species. Day length is the likely candidate to define a
temporal spawning window. Within the spawning window, one
or more additional, short-term, and specific cues may serve
to signal ovulation and release of gametes. Of three potential
spawning cues — water temperature, water discharge, and day
of year — water temperature is the most likely proximate cue
because of the fundamental physiological role temperature
plays in sturgeon embryo development and survival, and the
sensitivity of many fish hormones to temperature change. It
also is possible that neither temperature nor discharge is cue-
ing spawning; instead, reproductive behavior may result from
the biological clock advancing an individual fish’s readiness
to spawn day after day through the spawning period until the
right moment, independent of local environmental conditions.
Separation of the individual effects of discharge events, water
temperature, and other possible factors, such as proximity to
males, will require additional well-controlled field experi-
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ments (for example, pulsed flow modifications from Gavins
Point Dam) combined with focused laboratory studies.

Telemetry derived movement and behavior data for
shovelnose and pallid sturgeon indicate consistent patterns
of upstream spawning migrations before spawning. Shovel-
nose sturgeon seem to be spawning at many locations, and
spawning of the population occurs for an extended time (1 to
2 months). Movement patterns vary between sexes; female
sturgeon generally move upstream and spawn at the apex of
their migration, whereas males choose to migrate upstream
to one or several spawning locations, or choose to remain
relatively sedentary. Environmental changes such as tempera-
ture fluctuations or extreme flow events may slow or disrupt
spawning migrations or inhibit spawning. Limited information
indicates that patterns of migratory behavior of pallid sturgeon
are similar to shovelnose sturgeon. Additional information
is needed on pallid sturgeon to determine whether or not this
species spawns during the same period, spatial extent, or range
of environmental conditions.

Tracking gravid (reproductive) female shovelnose and
pallid sturgeon from 2004—07 narrowed delineations of spawn-
ing habitat. In 2008, three separate pallid sturgeon spawning
patches were resolved to areas of several hundreds of square
meters by intensive tracking of three gravid female pallid
sturgeon of hatchery origin. Each of the three geographically
separated patches was on the outside of a revetted bend, with
deep, relatively fast, and turbulent flow. Because this is a
common habitat on the Lower Missouri River, these results
support the hypothesis that spawning habitat availability is not
a limiting factor in pallid sturgeon reproduction in the Lower
Missouri River.

Spawning at many locations scattered over a large spatial
extent and over an extended period may decrease the likeli-
hood of sturgeon finding suitable mates, and thereby increase
the potential for reproductive failure or hybridization. Widely
distributed spawning also may reduce the effectiveness of
short-duration flow modifications or discrete habitat restora-
tion projects in species recovery.

This study was the first to document spawning of pallid
sturgeon in the Lower Missouri River. Two wild pallid females
were tracked to apices of their migration in 2007; when sub-
sequently recaptured, they were determined to have spawned
completely. We have also documented spawning of hatchery-
propagated pallid sturgeon in the Lower Missouri River, indi-
cating that hatchery progeny are surviving, growing, reaching
reproductive maturity, and are now potentially contributing a
new generation of fish. Although this is a significant measure
of success for the species recovery program, uncertainties
remain about whether or not spawning results in successful
recruitment to the population.

Our results support the hypothesis that spawning location,
water velocities, growth rates, and drift dynamics determine
the spatial and temporal distribution of pallid and shovel-
nose sturgeon larvae and juveniles in the Missouri River.
Calculations based on mean reach velocities indicate that
drifting larvae that hatch along much of the Lower Missouri

River have the potential to drift into the Mississippi River.
Habitat restoration activities that facilitate spawning further
upstream, increase river length (by restoring cut-off channels),
or decrease drift distance (for example, by decreasing mean
velocities or increasing channel width and habitat complexity)
may assist in recruiting Scaphirhynchus sturgeon in the Mis-
souri River. Moreover, understanding of typical drift distances
of larval Scaphirhynchus sturgeon may provide useful guid-
ance for placement of channel-restoration projects intended

to provide rearing habitat. Our drift calculations indicate that
with present (2009) reach-averaged velocities, rearing habitat
would be most beneficial to pallid sturgeon downstream from
river mile 378, near the Kansas River confluence. Whether

or not such habitat is limiting for survival of larval sturgeon
has not yet been determined. The potential for Missouri River
larvae to drift into the Mississippi River indicates a need to
understand habitat functions and fate of larvae far downstream
from spawning sites and to integrate understanding of sturgeon
life history for a geographic area that includes the Missouri
and Mississippi Rivers.

Assessments of habitat dynamics indicate that most
habitat categories change little in area with changes in dis-
charge that would occur with proposed pulse-flow modifica-
tions. In contrast, morphodynamic assessments indicated that
flows similar in magnitude to pulse-flow modifications are
capable of transporting sediment and altering habitat substrate
at the local scale. Whether or not pulsed flows can “condi-
tion” spawning substrate at the right time, in the right place,
and in patches of the right size for successful pallid sturgeon
spawning remain unknown. Improved understanding of where
and when sturgeon spawn will be necessary to address these
questions. Our assessments of habitat availability and use
indicate that migrating adult sturgeon use specific areas within
available habitats, characterized by high variability of depth
and velocity, and low ratios of velocity to depth. Selection
of these habitats provides insight into combinations of flow
and channel form that support the energetic requirements of
migrating fish. Diminished areas of these habitats in the upper
channelized section of the river may indicate that habitat is
more limiting in this part of the river compared to upstream
and downstream sections. Lack of suitable migration habitat
in the upper channelized section may indicate a reproductive
bottleneck if fish are energetically limited in their migration to
spawning areas or in finding mates.

Introduction

The pallid sturgeon (Scaphirhynchus albus) is endemic
to the Missouri River and the Middle and Lower Mississippi
River from near the mouth of the Missouri River downstream
to the Gulf of Mexico (fig. 1) (Mayden and Kuhajda, 1997). It
was listed as a federally endangered species under the Endan-
gered Species Act in 1990 (55 FR36641-36647) by the U.S.
Fish and Wildlife Service (USFWS) because of extensive
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and Comprehensive Sturgeon Research Program study areas (lower right).
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habitat modification, an apparent lack of reproduction and
recruitment, commercial harvest, and hybridization with shov-
elnose sturgeon (Dryer and Sandvol, 1993).

Recovery of the species in the Missouri River (fig. 1)
depends on improving the understanding of ecological factors
that contribute to successful pallid sturgeon reproduction and
survival. Presently, (2009) recovery actions are guided by
biological opinions, issued in 2000 and 2003 (U.S. Fish and
Wildlife Service, 2000; 2003). The biological opinions empha-
size naturalization of the flow regime to provide flow-related
cues and to synchronize flow pulses, temperature, and turbid-
ity; reconfiguration of the channel to provide more diverse
aquatic habitat and to increase areas of shallow, slow water
[shallow-water habitat (SWH) defined as 0—1.5 m depth and
0-0.6 m/s current velocity]; and increased hatchery propaga-
tion. However, there remains little quantitative understanding
of how management actions and consequent physical changes
to the river environment affect sturgeon reproduction and sur-
vival (Bergman and others, 2008). Moreover, little is known
about the interacting roles of water quality and contaminants,
or biotic factors like nutrition, competition, predation, and
productivity.

Purpose and Scope

The purpose of this report is to synthesize research on
pallid sturgeon reproductive ecology from 2005-08. In 2005,
scientists at the U.S. Geological Survey (USGS) developed
an interdisciplinary research program at the request of the
U.S. Army Corps of Engineers. The Comprehensive Sturgeon
Research Program (CSRP) was designed to assess how differ-
ent life stages and essential activities of sturgeon respond to
a range of ecological factors. The CSRP has evolved into an
interagency collaboration of the USGS, Nebraska Game and
Parks Commission, U.S. Fish and Wildlife Service, and the
U.S. Army Corps of Engineers’ Missouri River Recovery—
Integrated Science Program.

The goal of CSRP is to improve fundamental understand-
ing of reproductive ecology of the pallid sturgeon and thereby
support decisions on river and species management. Specific
research objectives include:

» Determine movement, habitat-use, and reproductive
behavior of pallid sturgeon;

* Understand reproductive physiology of pallid sturgeon
and relations to environmental conditions;

* Determine origin, transport, and fate of drifting pallid
sturgeon larvae, and evaluate bottlenecks for recruit-
ment of early life stages;

* Quantify availability and dynamics of aquatic habitats
needed by pallid sturgeon for all life stages; and

* Manage databases, integrate understanding, and pub-
lish relevant information into the public domain.

The CSRP direction has been guided by results of stur-
geon research workshops convened in 2004 (Quist and others,
2004) and 2007 (Bergman and others, 2008); by hypotheses
that emerged about the role of a naturalized flow regime in
pallid sturgeon reproduction during a series of workshops in
2005 (Jacobson and Galat, 2008); and by feedback from an
independent science review (Sustainable Ecosystems Institute,
2008). Research objectives also have emphasized science
information gaps related to priority management issues,
including understanding the role of pulsed flow releases from
Gavins Point Dam and understanding of the functions of con-
structed shallow-water habitat in the sturgeon life cycle.

The CSRP research direction also has been guided by a
conceptual sturgeon life-history model (Wildhaber and others,
2007a) that was developed to organize understanding of the
reproductive ecology of the pallid sturgeon, to illustrate key
unknowns, and to help managers visualize pallid sturgeon
recovery efforts (fig. 2). Two features of the model have been
salient in affecting CSRP research. First, the model illustrates
that multiple life-stage transitions potentially can act as popu-
lation bottlenecks, indicating that processes and conditions at
a variety of life stages may need to be understood to manage
sturgeon populations. Second, the model illustrates that pallid
sturgeon migrate long distances upstream (DeLonay and oth-
ers, 2007b) and their larvae drift long distances downstream
(Braaten and others, 2008); therefore, processes and condi-
tions to support different life stages play out on different parts
of the river system. Understanding the geography of habitat
potential along the river is key to understanding how to man-
age habitat needs of specific life stages.
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Sturgeon Background

The CSRP is based on a foundation of available informa-
tion, including information on reproductive ecology of closely
related sturgeon species; information developed in laborato-
ries, hatcheries, and in the river systems; and general ecologi-
cal theory. This understanding has provided initial conceptual
models that have evolved as new information is developed,
specifically for the pallid sturgeon and the Lower Missouri
River. The following sections present an overview of existing
information on the reproduction, spawning behavior, and early
life history of Scaphirhynchus sturgeon.
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Figure 2. Conceptual life-history model of pallid sturgeon. From Wildhaber and others (2007a).

Scaphirhynchus Reproductive Cycle

The reproductive cycle of fishes is controlled temporally
by complex interactions of environmental factors so that
fish generally spawn at an optimal time for survival of their
offspring (Munro and others, 1990). The optimal period for
spawning may be characterized by several environmental
factors such as season, temperature, habitat, presence of a
mate, presence of food, or absence of predators. In fish species
with extended reproductive cycles and long periods between
spawning (more than one year), such as shovelnose and pallid
sturgeon, long- and short-term cues likely control different

specific physiological and behavioral functions (Munro and
others, 1990). For example, cues may be necessary at different
times to initiate oocyte maturation, stimulate migration, begin
ovulation, or complete spawning. Understanding the rela-

tive roles of long- and short-term environmental factors and
cues determining reproductive success is central to identify-
ing management strategies for recovery of Missouri River
sturgeon.

Shovelnose and pallid sturgeon in the Missouri River are
thought to have evolved to spawn in the springtime, presum-
ably when various factors would optimize success under natu-
ral conditions (Keenlyne, 1997). Female shovelnose and pallid
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and readiness to spawn.

sturgeon require multiple seasons between spawns for gonadal
development, so spawning is the culmination of a cascade of
events likely controlled by environmental factors operating
over the course of many months during the reproductive cycle.
These factors cue the phases of the reproductive cycle so the
fish are ready to spawn in spring.

We have begun to piece together those environmental
factors that may be important cues using well-supported
ecological theory, the innate reproductive strategy of the stur-
geon, and direct observations of the behavior and physiology
of the sturgeon under a variety of environmental conditions.
Understanding which environmental factors and cues result in
spawning is challenging because of difficulties in determin-
ing precisely when and where spawning occurs. In addition to
difficulty in documenting spawning because of large depths
and high turbidity, observations of fish behavior in a highly
altered river may not be indicative of optimal or successful
conditions.

One aspect of our approach has been to determine the
fish’s physiological readiness to spawn so we can more closely
define when spawning should occur, and thus identify and
evaluate the prevailing environmental conditions that could
cue spawning during that period. A general model of physi-
ological events preceding spawning can be applied to stur-
geon and provide a conceptual model of the expected relation
among diagnostic indicators and readiness to spawn (Dettlaff

and others, 1993; Redding and Patino, 1993) (fig. 3). During
the reproductive cycle oocytes grow, mature, are ovulated into
the body cavity, and then oviposited (spawned). The changes
taking place in the oocyte are reflected by the hormone levels
in the parent. While the oocyte follicle is growing, estradiol
(E2) is high and 11 ketotestosterone (KT) is low. Then, as
the oocyte matures, E2 decreases and KT increases. As the
oocytes matures in preparation for ovulation, the nucleus, or
germinal vesicle (GV), begins to move from its position in the
center of the egg towards the animal pole on the outside of the
egg. The polarization index (PI) is calculated as the distance
from the GV to the animal pole, divided by the egg diameter.
Approximately 75 percent of female sturgeon are ready to
ovulate when the PI decreases to less than or equal to 0.07.
For final maturation and ovulation, a cascade of hormonal
events must occur. The sequence is incompletely understood,
but includes decreases in both E2 and KT and interactions of
gonadotropic and maturation inducing hormones. The hor-
monal events are initiated after signaling from the fish’s brain
that conditions for spawning are appropriate.

Currently (2009), we use sex steroids E2, testosterone
(T), KT, and the PI as diagnostic indicators of readiness to
spawn in the laboratory and field. According to the model
(fig. 3), a population of individuals that is cycling together and
at a similar state of reproductive readiness should demonstrate
predictable patterns with repeated sampling; as PI steadily



decreases, E2 increases then decreases early in the season, fol-
lowed by similar peaking blood concentrations of T and KT as
the fish get closer to ovulation and spawning.

According to ecological theory, the relative uniformity
and reliability of key environmental conditions during the
spawning period will determine the types of spawning cues
that are important to fishes (Wingfield and others, 1992). A
predictable spawning period would result from predictable,
annual environmental conditions. If the conditions are exceed-
ingly predictable, few, if any, additional environmental cues
would be necessary beyond an initial cue to initiate oocyte
maturation (Cohen, 1967). Alternatively, if environmental
conditions at the time of spawning are less predictable on an
annual time frame, a fish would tend to rely on one or more
specific environmental cues to adjust and synchronize its phys-
iology to spawn at a time favorable to survival of its young.
Environmental conditions that alter reproductive physiology
will be reflected by hormonal changes in the ovary or brain
(Kah and others, 2000). If environmental factors like dis-
charge, water temperature, or day length act to support or cue
spawning, then a relation between the factors and concentra-
tions of the diagnostic hormonal indicators might be expected.

Scaphirhynchus Sturgeon Spawning Behavior

Whereas sturgeon may be anadromous, potamodromous,
or amphidromous, all sturgeon species migrate upstream to
spawn in fresh water (Bemis and Kynard, 1997). Final matura-
tion of the gametes occurs during upstream movement, and
migration ends with spawning near the apex, or the upstream-
most location, of the fish’s movement (Bemis and Kynard,
1997). The timing, distance, and duration of spawning move-
ments vary by species. Sturgeon may migrate 10’s to 1,000’s
of kilometers (km) upstream before aggregating, spawning,
and depositing their eggs, often over coarse substrate in the
main channels in the upper reaches of larger rivers and streams
(Auer, 1996). Spawning migrations may be rapid and of
short duration, or they may occur in stages, requiring several
seasons for the upstream spawning run and downstream return
(Bemis and Kynard, 1997).

Reproductive shovelnose and pallid sturgeon generally
move upstream beginning in the late fall and early spring and
spawn in the spring and early summer (between April and
July) coincident with increasing day length, increasing water
temperature, and typically higher river flows (fig. 4) (Keen-
lyne, 1997). Timing, rate of movement, extent of migration,
location of spawning sites, and the reproductive behavior
of both species in the open Missouri and Mississippi Riv-
ers remain poorly understood. Spawning runs of shovelnose
sturgeon have been documented in the mainstem of the large
rivers, and in both large and small tributaries (Moos, 1978;
Christenson, 1975; Curtis and others, 1997). Sturgeon eggs are
adhesive and spawning is assumed to occur in relatively high
current velocity and turbulence over rock or coarse substrate
(Kynard, 1997; Paragamian and others, 2002; McDonald and
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others, 2006; Fu and others, 2007). No studies have docu-
mented spawning locations or behavior of shovelnose sturgeon
precisely, although spawning habitats have been inferred
(Keenlyne, 1997; Kennedy and others, 2007). The reproduc-
tive behavior of pallid sturgeon is assumed to be similar to
shovelnose sturgeon, although pallid sturgeon seem to be more
restricted to mainstem rivers like the Mississippi and Missouri,
and the lowermost reaches of large tributaries, like the Platte
River, Nebraska, and Yellowstone River, Montana (Kallem-
eyn, 1983; DeLonay and others, 2007b).

As with most sturgeon species, habitat alteration and
modification of river flows are thought to be associated with
poor reproduction and insufficient survival of young shovel-
nose and pallid sturgeon in the Missouri River (Kallemeyn,
1983; Dryer and Sandvol, 1993; Keenlyne, 1997). These same
environmental changes also may contribute substantially to
reported hybridization between the two species (Hubbs, 1955;
Carlson and others, 1985; Tranah and others, 2004). Whereas
poor reproduction and hybridization are symptomatic of
imperiled sturgeon populations in highly modified large rivers,
the precise, underlying mechanisms are complex and poorly
understood (Quist and others, 2004).

Scaphirhynchus Sturgeon Early Life History

Limited numbers of larval sturgeon have been collected
from the Mississippi and Missouri Rivers (Hrabik and others,
2007; Hesse, 2008). Numerous factors may be responsible for
limited collections, including lack of successful spawning,
low recruitment, high mortality, ineffective sampling methods,
inadequate sampling of drift and settling locations, or rapid
dispersal of sturgeon larvae in the Missouri and Mississippi
Rivers. The larval stage often can be a recruitment bottleneck
for fishes because of decreased mobility and sensory ability,
and increased vulnerability to anthropogenic environmental
alteration (Dettlaff and others, 1993; Scheidegger and Bain,
1995; Humphries and others, 2002).

Little quantitative information is available on the free-
embryo life stage of pallid and shovelnose sturgeon. Larval
development and the transition between critical early life
stages depend on temperature. After hatch, larval Scaphirhyn-
chus sturgeon drift in the water column and rely on substantial
yolk reserves for nutrition; yolk reserves are depleted and
exogenous feeding begins after 11-12 days at 19-21 degrees
Celsius (°C) (Snyder, 2002). Initiation of feeding and yolk
depletion would occur sooner at warmer temperatures, later at
colder temperatures. In natural settings, shovelnose sturgeon
initiate exogenous feeding at about 16 millimeters (mm) and
feed on dipterans and ephemeropterans (Braaten and Fuller,
2007). After hatching, larval pallid sturgeon drift for 11-17
days (Kynard and others, 2007; Braaten and others, 2008), and
shovelnose sturgeon drift for up to 6 days (Braaten and oth-
ers, 2008). The total distance that sturgeon larvae drift during
ontogenetic development is dependent on water velocity and
temperature (Kynard and others, 2007; Braaten and others,
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Figure 4. Conceptual model of Scaphirhynchus sturgeon spawning migration and behavior in the Lower Missouri River.

2008). The prolonged drift period of larval sturgeon and the
prevailing Missouri River velocities may require a long stretch
of free-flowing river to complete the ontogenetic drift cycle.
Larvae that drift into the headwaters of reservoirs probably do
not survive (Jager and others, 2002). Initiation of feeding on
or about day 10, coupled with the finding that sturgeon start
using benthic habitats on or about day 8, suggests occupation
of benthic habitats is related to food availability (Dettlaff and
others, 1993).

The stage when larval fishes begin feeding is often called
the “critical period” because they are highly susceptible to
mortality if food of the proper size and nutritional value is
not available within a short time period (Gisbert and Williot,
2007; Deng and others, 2003; Gisbert and Doroshov, 2003).
Lack of food during the transition period from endogenous
to exogenous feeding has deleterious effects on the sturgeon
digestive tract that may diminish growth and survival (Gisbert
and Doroshov, 2003; Gisbert and Williot, 2007). Similarly,
restricted availability and limited intake of food during the
first-feeding life stage may suppress growth (Deng and others,
2003).

Predation and competition also must be low for larvae
to survive to the juvenile life stage. The small size of feeding

larval sturgeon makes them particularly susceptible to mortal-
ity from predation. Water clarity of the Lower Missouri River
has increased since impoundment and may have increased
predation risk to small sturgeons that historically relied on the
river’s high turbidity as cover from sight-feeding piscivorous
fishes such as sauger (Sander canadensis), goldeye (Hiodon
alosoides), walleye (Sander vitreus vitreus), and smallmouth
bass (Micropterus dolomieu) (Hesse and others, 1989). Fur-
thermore, each sturgeon species encounters intra- and inter-
species competition at each life stage because of the number
of benthic species present in the Missouri River (Berry and
Young, 2004), all of which may be competing directly with
sturgeon larvae for food resources. Competition for space and
resources may continue as larvae develop into juvenile life
stages. Juvenile pallid and shovelnose sturgeon use the same
habitat during non-winter creating the potential for competi-
tion among species (Gerrity and others, 2008). Recent research
indicates that white sturgeon overwintering areas contain
high densities of sturgeon, indicating the potential for sea-
sonal intra- and interspecific competition for habitat resources
(Golder Associates, 2006).



Missouri River Background

Reproductive strategies of the pallid sturgeon evolved
within the physical context of the historical range in the Mis-
sissippi River Basin, yet efforts to recover the species must
take place within the system as it was altered for socioeco-
nomic benefits. Understanding of spatial variability and
temporal dynamics of the Missouri River system is essential
for understanding the reproductive strategy of the species,
and the constraints imposed by the alteration. In the natural
system, highly variable geology and strong climatic gradients
contributed to high variability in the flow regime and channel
morphology of the Missouri River. Dams and channel engi-
neering present additional punctuated variation along the river,
including barriers to migration.

The CSRP focuses on the Lower Missouri River, defined
as the part of the river downstream from Gavins Point Dam,
Nebraska, extending to the confluence of the Mississippi River
near St. Louis, Missouri (fig. 1). These boundaries serve to
narrow our research efforts, although we gain insights from
related sturgeon studies in the upper Missouri and Yellowstone
Rivers, inter-reservoir reaches of the Missouri River, and the
Middle and Lower Mississippi River. Studies on the Middle
Mississippi River are especially relevant to understanding
Lower Missouri River pallid sturgeon because of evidence that
sturgeon migrate between the two systems (Garvey and others,
2009). The following sections discuss the physical context
of the Lower Missouri River and the specific hydroclimatic
conditions existing during studies conducted from 2005 to
2008. Throughout the report, terminology is used to denote
geographically distinct lengths of the river. Segments are
defined as physically distinct lengths of the mainstem bounded
by major tributaries or geologic or engineering boundaries that
substantially affect flow regime or channel morphology. Sec-
tion is used to denote lengths of the Missouri River mainstem
encompassing multiple segments.

Physical Context of Missouri River

Exceeding 4,000 km long, the mainstem Missouri River
is the Nation’s longest river. At St. Louis, Missouri, it drains a
basin that exceeds 1,300,000 square kilometers (km?) in area
(Galat and others, 2005), and extends from the Mississippi
River on the east to the crest of the Rocky Mountains to the
west, and from the Ozark Plateaus in the south to the northern
Great Plains (fig. 1). The large hydrologic and geologic varia-
tion that exists within the Missouri River basin historically
offered a template of highly variable physical habitats avail-
able to migrating sturgeon.

The Missouri River Basin mixes snow-melt hydrology in
the Rocky Mountains and Great Plains with less predictable
runoff from frontal storms and tropical air masses from the
Gulf of Mexico. This leads to a characteristic double-peaked
annual hydrograph, with March and May—June flood pulses,

Research Approach 9

and naturally increasing flow variability moving downstream
(Galat and Lipkin, 2000; Pegg and others, 2003).

As the Missouri River flows from the Rocky Mountains
through the Great Plains, it traverses a broad area dominated
by annual precipitation ranging from 200 to 500 mm, a
precipitation range that generally results in maximum unit-
area sediment delivery rates (Langbein and Schumm, 1958).
Sediment contributions from the Great Plains are responsible
for the Missouri River’s large natural sediment flux (Jacobson
and others, 2009a) and dominance of the Mississippi River’s
sediment load (Meade, 1995).

Bedrock and surficial geology also directly affect physi-
cal aquatic habitats in the river corridor. Near Yankton, South
Dakota, the Missouri River flows across the southern bound-
ary of the Wisconsin glaciation (King and Beikman, 1974).
Upstream from Yankton, gravel-cobble deposits of glacial
origin are relatively common and may have provided suit-
able spawning substrate for sturgeon before construction of
Gavins Point Dam. Downstream from Yankton, the river flows
near the margin of pre-Wisconsin glaciers; however, because
as many as 540,000 years have passed since glacial drift was
deposited in the valley, the sediments have been mostly eroded
from the river corridor (Langer and others, 2002; Laustrup
and others, 2007). Coarse, particulate deposits do not become
common again until the river cuts through the Ozarks Plateau
in Missouri, where north-flowing tributaries deliver chert
gravel to the river (Laustrup and others, 2007).

Extensive deposits of late Pleistocene outwash under-
lie a broad alluvial valley extending from Yankton, South
Dakota, to near Glasgow, Missouri (fig. 1). Downstream from
Glasgow, the valley narrows from 8—12 km to 3—4 km as the
river cuts through sedimentary rocks of the Ozarks Plateau.
This abrupt change in valley character has been attributed to
a significant change in river alignment during the Pleistocene
(Heim and Howe, 1963; Galloway, 2005); the narrow valley
has the potential for substantially different aquatic habitat
because of frequent interaction between the channel and bed-
rock bluffs.

Research Approach

Progress in understanding reproduction and survival
of a rare fish in a large river has required development of
new approaches and new technology. In the CSRP, we have
applied biological, ecological, chemical, and physical scien-
tific expertise to address the challenging questions of how
multiple stressors may affect reproduction and survival of the
pallid sturgeon. We have collaborated with Federal and State
agencies to overcome the logistical challenges of studying
the fish over thousands of kilometers of the Missouri River,
and we have combined opportunistic field studies, field-based
experiments, and controlled laboratory studies into a portfo-
lio of approaches that provides new perspectives on sturgeon
reproductive ecology.
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Specific technical innovations have been necessary to
make progress in understanding sturgeon ecology. Progress
has been particularly dependent on the following.

* Methods for understanding fish behavioral patterns
through telemetry, archival data tags, and deployment
of acoustic imaging technology have been essential
to understand where, when, and how sturgeon use the
Lower Missouri River (DeLonay and others, 2007a;

DeLonay and others, 2007b). In addition to implement-

ing an acoustic telemetry project of unprecedented
scale, we have developed innovative approaches to
computerized data collection platforms, database
management, analysis, visualization, and reporting
of extensive telemetry datasets (DeLonay and others,
2007b).

* Trotline, gill net, and drifted trammel net modifications
have led to increased safety and efficiency in capturing
adult pallid sturgeon for telemetry studies and brood-
stock for propagation (DeLonay and others, 2007b).
Specialized gear type effectiveness has been further
enhanced through an informed-sampling strategy that
uses telemetry data to identify frequently used habitats
and to target individual sturgeon for recapture.

* Methods for assessing reproductive readiness of fish in
the laboratory, hatchery, and field using imaging (ultra-
sound and endoscopy), egg development, and blood
chemistry have provided new insights into sturgeon
reproductive physiology (Wildhaber and others, 2005;
Bryan and others, 2007; DeLonay and others, 2007b;
Wildhaber and others, 2007b).

» Methods for sampling larval sturgeon and assessing

drift rate and cumulative distance drifted by larval stur-

geon have substantially altered understanding of where
and how fast sturgeon larvae drift (Braaten and others,
2008; P.J. Braaten, U.S.Geological Survey, written
commun., 2009).

* Methods for measuring and modeling river habitat
dynamics using state-of-the-art hydroacoustics, and
innovative approaches to quantifying habitat variables
have vastly improved how habitats are quantified on
large, sand-bed rivers (Gacuman and Jacobson, 2005;
2006; 2007a; 2007b; Jacobson and others, 2007,
Reuter and others, 2008; Elliott and others, 2009;
Jacobson and others, 2009b).

» Methods for integrating understanding of sturgeon
through individual and population modeling have
provided a basis for identifying critical life stages,
additional information about Missouri River sturgeon
populations numbers and distribution, and key infor-
mation gaps for resource managers (Whiteman and
others, 2004; Bajer and Wildhaber, 2007; Wildhaber
and others, 2007b; Arab and others, 2008).

Although new technology, innovation, and interdisciplin-
ary integration have been important for improving scien-
tific understanding of pallid sturgeon reproductive ecology,
substantive challenges persist because of the inherent dif-
ficulties of working with a rare species in a large, muddy
river. Innovative technology will continue to provide new and
important insights, but well-documented understanding may
still require many years of observations to define reproductive
requirements and to provide information sufficient to support
management decisions.

The following sections present the CSRP research
approach, including the field research framework, use of the
shovelnose sturgeon as a comparative model, and specific
methods applied to study types. In this report, the discussion
of research methods is abbreviated because most of the infor-
mation is available in other published reports.

Field Research Framework

The CSRP was designed to include an evaluation of the
role of flow regime and associated environmental cues using
two complementary approaches to address hydroclimatic vari-
ation in the Lower Missouri River. An upstream-downstream
approach compares sturgeon reproductive behavior between
two river sections that differ markedly in hydrology and chan-
nel morphology. The upstream section has an altered flow
regime because of proximity to Gavins Point Dam, whereas
the downstream section maintains much of its pre-regulation
variability. On average, flow pulses in the downstream section
occur multiple times per year and are of substantially longer
duration and larger magnitude.

The upstream section also has the potential for an experi-
mental approach to compare reproductive behavior in years
with pulsed flow modifications to years without modifications
(U.S. Army Corps of Engineers, 2006; Jacobson, 2008; Jacob-
son and Galat, 2008). Flow pulses are expected to be released
from Gavins Point Dam approximately once every 3 years
on average (U.S. Fish and Wildlife Service, 2000; 2003) and
range in size up to 12,000 cubic feet per second (ft*/s) above
prevailing navigation discharges (U.S. Army Corps of Engi-
neers, 2006). Each year there is an opportunity to compare
upstream and downstream responses to flow pulses, although
the downstream section will lack the control on timing and
magnitude of the pulses afforded by manipulated releases in
the upstream section.

The combined design provides opportunity to examine
environmental controls on temporal and spatial patterns of
spawning behavior, habitat use and availability, reproductive
physiology, and larval drift for shovelnose and pallid stur-
geon. Habitat use and availability data derived from detailed
telemetry and hydroacoustic mapping enable a combined
use of exploratory, discrete-choice, and utilization distribu-
tion modeling (Millspaugh and Marzluff, 2001) to describe
fish habitat selection throughout the spawning season. Using
a combination of uni- and multivariate classical parametric



statistics, functional time series analyses, and hierarchical
Bayesian approaches on the data storage tags (DST), physi-
ology, telemetry, and drift data, we can assess predictor and
explanatory variables (both environmental and physiologi-
cal) potentially indicative of spawning behavior, successful
spawning, and larval drift. Results from this research frame-
work are amenable to statistical modeling to identify and rank
proximate cues necessary for successful spawning by Missouri
River sturgeon.

Field research approaches can be affected by prevail-
ing hydroclimatic conditions, as documented in the following
section of this report. The size and frequency of pulsed flow
modification releases allowed from Gavins Point Dam depend
on criteria enumerated in the Missouri River Master Manual
(U.S. Army Corps of Engineers, 2006). Pulsed flow modifi-
cations are precluded or prorated below specific volumes of
system storage; pulses also are precluded if downstream flow
limits are exceeded. In addition to variation programmed in
the Master Manual, tributaries downstream from Gavins Point
Dam can produce uncontrolled flows that deviate from the
ideal experiment. For example, years without planned pulsed
flow modifications are essential controls for flow-modification
experiments, but flooding from uncontrolled tributaries like
the James River (22 km downstream from Gavins Point Dam),
Vermillion River (63 km downstream from Gavins Point
Dam), and the Big Sioux River (124 km downstream from
Gavins Point Dam) can produce substantial flow pulses. Simi-
larly, year-to-year climatic variation in the Grand, Chariton,
Osage, and Gasconade River Basins can produce a wide range
of unpredictable flow pulses in the downstream segments.

The water-temperature regime also varies along the
Lower Missouri River, presenting another uncontrolled vari-
able in field studies. Water temperatures vary systematically
on an annual timescale, peaking in late July to early August,
and downstream temperatures typically are 2—5 °C warmer
than upstream temperatures during the summer. Short-term
variation of water temperatures may be affected by the
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temperature of water released from Gavins Point Dam (and
other dams in the Missouri River Basin), heating or cooling of
the channel through direct heat exchange with the atmosphere,
and indirect heating or cooling through mixing with tributary
flows. The interaction of these factors can be complex, and
their relative affects on temperature likely vary along the river
and by season. These interactions have not been well char-
acterized along the Lower Missouri River; initial data in this
report illustrate that water-temperature can vary independently
from discharge under some conditions.

Hydroclimatic Conditions 2005-08

The hydroclimatic setting for sturgeon studies during
2005-08 included the effects of extended drought in the Mis-
souri River system (fig. 5). From 200408, the system expe-
rienced storage levels that were the lowest since the reservoir
system was filled in 1967. As a result, conditions in 2006—-08
only were marginally conducive for flow modifications. In
2006, the threshold amount of water storage in the system
necessary for a pulsed flow release (drought preclude) was not
available in March, but it was available in May; consequently,
a 9,000 ft*/s pulse was released during May (fig. 6).

In 2007, system storage was insufficient for either March
or May pulses, so no pulsed flows were released from Gavins
Point Dam. Nevertheless, floods from the James, Vermillion,
and Big Sioux Rivers (fig. 1) contributed substantial spring
flow pulses between Gavins Point Dam and Sioux City, lowa
resulting in increased discharges at locations along the main-
stem Missouri River in 2007 (fig. 6). The James River had a
19,600 ft*/s pulse 5/11/2007, with an estimated 21-year return
interval. The Vermillion River produced 3 pulses of 1,700—
2,500 ft¥/s from early April to mid May. The Big Sioux River
produced a 23,000 ft*/s pulse 3/16/2007 and a 11,500 ft*/s
pulse 4/3/2007; the first pulse has an estimated return interval
of 5 years and the second of 2 years.

—
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Figure 5. Missouri River reservoir system storage on March 1 and May 1, 1967-2009, compared to drought precludes (limits below
which pulsed-flow modifications are not attempted) and the storage threshold below which pulses may be decreased on a pro-rated
basis (U.S. Army Corps of Engineers, 2006). Projections from 2009 are median runoff forecasts (U.S. Army Corps of Engineers, 2008).
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Table 1.
exceedances for 2005-08.

[ft’/s, cubic feet per second; %, percent]
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Mean annual discharge at Sioux City, lowa, and Boonville, Missouri, 1967-2008, with mean daily discharge and annual

2005 2006 2007 2008
U.S. Geological Mean
Survey str(_aam- annual Mean Annual Mean Annual Mean Annual Mean Annual
flow gaging discharge daily ex- daily  exceed- daily  exceed- daily exceed-
station name (f€/s) discharge ceedance discharge ance discharge  ance discharge ance
and number (ft¥/s) (%) (ft/s) (%) (ft¥/s) (%) (ft¥/s) (%)
Sioux City, lowa 3 g9, 20,360 95 21,920 85 20,110 98 18,820 100
06486000 > ’ ’ ’ ’
Boonville, Mo. 67,000 50,230 76 36,880 100 62,030 51 82,798 29

06909000

In 2008, March system storage was sufficient for a 5,000-
ft¥/s pulsed flow release on 3/23-3/26/2008 (fig. 6); however,
storage was insufficient to support a May pulse.

Upstream and downstream hydroclimatic conditions
often were different during 2005-08. Year-to-year variation
in discharge was high, particularly in the downstream section
(fig. 6; table 1). The mean daily flow at Boonville in 2005
was equaled or exceeded 76 percent of the years since 1967,
the year the reservoirs were full and began to be operated as a
system. In 2006 mean daily flow at Boonville was the lowest
on record with 100 percent exceedance, and in 2007 and 2008,
mean daily flows were 51 and 29 percent exceedance. The
wettest year in the upstream section (85 percent flow exceed-
ance at Sioux City) occurred during 2006, the driest year
at Boonville, and the driest year at Sioux City (100 percent
exceedance in 2008) occurred during the wettest year mea-
sured at Boonville.

The complexity of hydroclimatic variation observed dur-
ing these four years makes it challenging to isolate reproduc-
tive behavioral responses to specific pulses. Nevertheless, the
wide range of magnitude, duration, and timing of high- and
low-flow events encountered during this time assures that this
study assessed a wide range of hydrologic drivers.

Shovelnose Sturgeon Models

The CSRP has made extensive use of shovelnose stur-
geon as a model for understanding pallid sturgeon reproduc-
tive ecology and physiology. Despite evidence of substantial
decline, the shovelnose sturgeon (S. platorynchus) remains
relatively common in the Lower Missouri and Mississippi Riv-
ers (Becker, 1983). Its persistence and resiliency compared to
the larger pallid sturgeon may be because of its earlier matu-
rity, lower trophic status, and adaptability to a broader range of
environmental conditions (Keenlyne and Jenkins, 1993). Both
sturgeon species are adapted to large, turbid, riverine envi-
ronments; however, pallid sturgeon do not appear to use the

minor tributaries or clear-water riverine habitats frequented
by shovelnose sturgeon, and do not persist in the short reaches
of river between dams and reservoirs (Mayden and Kuhajda,
1997). Moreover, pallid sturgeon become piscivorous after
3-5 years of age, whereas the shovelnose sturgeon subsists
primarily on invertebrates (Modde and Schmulbach, 1977;
Carlson and others, 1985; Keenlyne, 1997). Nevertheless, the
morphological and genetic similarities clearly indicate that
these two sympatric species are closely related (Bailey and
Cross, 1954; Campton and others, 2000; Simons and others,
2001; Snyder, 2002). Consequently, the shovelnose sturgeon
offers opportunities to develop and test physiological indica-
tors and reproductive assessment tools that may be applicable
to pallid sturgeon. Understanding the reproductive ecology of
shovelnose sturgeon also contributes to a weight-of-evidence
approach to understanding reproductive ecology of pallid
sturgeon.

Reproductive Physiology

Photoperiod, water temperature, and in some environ-
ments, discharge are the primary factors thought to cue the
reproductive physiology of most fishes (Lam, 1983). Physi-
ological and morphological measurements allow scientists to
evaluate the direct biological responses of sturgeon to environ-
mental conditions. Responses may be general, such as stress,
or may be specific, such as indicating how close a sturgeon is
to ovulation. Our approach was to assess the reproductive con-
dition of sturgeon before their spawning migration, regularly
during their migration, and then again upon recapture (as soon
after spawning as possible) and relate the readiness to spawn
and success in spawning to location, discharge, water tem-
perature, and day length. Fish were collected in both sections
of the river to allow for comparisons of the different effects
of temperature and discharge on spawning. Limited addi-
tional fish samples were collected in 2005 from the Yellow-
stone River and from the Wabash River in 2007 as a proof of
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concept of the relations among upstream migration, tempera-
ture, and physiological indicators.

Readiness to spawn was assessed by using the PI, the
progesterone assay, and blood reproductive hormones (Dettlaff
and others, 1993; Wildhaber and others, 2007b). Spawn-
ing success was evaluated based on visual and microscopic
inspection of gonads and blood reproductive hormones
(Wildhaber and others, 2007b). As a gravid female progresses
towards spawning, the germinal vesicle (GV) of the oocyte
gets closer to the animal pole. Sometime during the migra-
tion of the GV to the animal pole (generally estimated as a
PI of <0.07), the hormonal system is cued that ovulation may
proceed. The fish has reached maturational competence at this
time. When conditions are suitable, the final stages of matura-
tion commence such that specific hormones (luteinizing hor-
mone and maturation-inducing hormone) are released, causing
germinal vesicle breakdown (GVBD) followed by ovulation.
The concentrations of sex hormones also change during the
course of migration, final maturation, ovulation, and spawn-
ing. Estrogen and testosterone typically are high when migra-
tion begins and decrease at different rates through spawning.
Additionally, some hormones, such as cortisol, reflect the
degree of stress the fish is experiencing, and their increase
has been correlated with changes in sex hormone levels and
failure to spawn. We measured cortisol in most blood samples
collected in these studies; however, interpretation of the values
has been difficult because reference values have been lacking.
Therefore, an additional set of laboratory experiments were
designed in 2006 to provide basal (low) and stressed (high)
reference values of cortisol for comparison to values obtained
in studies.

Movement and Behavior

We used both pallid and shovelnose sturgeon to study
spawning migration and behavior. The shovelnose sturgeon
provided abundant numbers of individuals for telemetry stud-
ies, and information derived from the shovelnose sturgeon
provide a model that can be compared and contrasted with
more limited observations available for the much less abun-
dant pallid sturgeon.

Telemetry transmitters were implanted surgically in
captured sturgeon to develop a geographic understanding of
fish migration and habitat usage. Telemetry transmitters were
complemented with data storage tags (DST) that use embed-
ded sensors to record depth (as pressure) and temperature. The
combination of tags was used to track fish in known reproduc-
tive condition and to record individually-based, behaviorally-
directed observations of location, movement, and habitat use
(DeLonay and others, 2007a; DeLonay and others, 2007b).
Our strategy was to follow the fish, and allow the fish, and
the implanted sensors it carries, to convey critical information
about the habitats and conditions it requires to feed, grow, and
reproduce. Fish were evaluated for reproductive readiness dur-
ing implantation procedures using minimally invasive imaging

tools and blood serum chemistry (see previous section).
Sturgeon were tracked in the Lower Missouri and Middle
Mississippi Rivers using specially designed research vessels
equipped with mobile, geo-referenced data-collection systems
(DeLonay and others, 2007b). Fish were targeted for recapture
during the post-spawn phase to determine whether or not the
individual had spawned and to recover the DSTs. Telemetry-
tagged fish are effectively and consistently recaptured by
precisely drifting large mesh trammel nets (7.6 cm x 40.6 cm
bar mesh) over the fish’s location.

From 2005 to 2008, the locations and species emphasized
varied as the CSRP adjusted to variable funding and direc-
tions provided by the U.S. Army Corps of Engineers (table
2). Studies in 2005 and 2006 focused on reproductive female
shovelnose sturgeon in upstream and downstream study sec-
tions. Fish were captured and implanted between the Platte
River, Nebraska, and the Big Sioux River, lowa (river mile
595-734), in the upper study section (fig. 1). Fish in the lower
study section were collected approximately between the Osage
River, Missouri, and the Grand River, Missouri (river mile
130-250) (fig. 1). Pallid sturgeon were included opportunisti-
cally, when and where possible; however, numbers of pallid
sturgeon were limited, and U.S. Fish and Wildlife Service
species-recovery priorities resulted in all reproductively ready
pallid sturgeon adults being transferred to hatcheries for inclu-
sion in the propagation program.

Studies in 2007 focused only on the upper study section
in a year without a planned spring pulse from Gavins Point
Dam. Although appropriate reference conditions in highly
altered systems are difficult to define, working in the upstream
section provided an opportunity to study the response of
shovelnose and pallid sturgeon in the 216 river miles immedi-
ately downstream from Gavins Point Dam to the Platte River,
Nebraska, in the absence of a managed pulse flow. The upper-
most 59 river miles have the least altered channel morphology
that exists in the Lower Missouri River (Elliott and Jacobson,
2006). Studies in 2007 included an extensive tracking study
of large numbers of reproductive female and male shovelnose
sturgeon, as well as non-reproductive individuals implanted in
two areas (river mile 648—685 and river mile 727-756) within
the upper study section. As a companion to the shovelnose
study, an intensive tracking study with a small number of
reproductive pallid sturgeon also was conducted.

In 2008, we expanded the intensive pallid sturgeon track-
ing study to include the upper and lower study sections. The
emphasis transitioned from shovelnose sturgeon to an exclu-
sive focus on movement, habitat use, and behavior of repro-
ductive and non-reproductive adult pallid sturgeon.

Early Life History

For early life history studies, we partitioned the Lower
Missouri River between Gavins Point Dam and river mile 590
into five subsegments based on locations of tributary con-
fluences with mean annual discharge greater than 350 ft/s,
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following Braaten and Guy (2002). Use of this finer segmenta-
tion of the Missouri River mainstem was intended to resolve
hypothesized hydrologic effects of medium-sized tributaries
on early life history. These subsegments were delimited at

the James River, Vermillion River, Big Sioux River, Little
Sioux River, and Platte River, all within the broader study’s
upstream section. Drifting larval fishes were sampled with
conical plankton nets [750-micrometer (um) mesh] two times
per week at fixed sites within river segments from March 8§,
2006 through August 8, 2006 and May 2, 2007 through August
10, 2007. In 2007, sampling also occurred in each of the major
tributaries (Simpkins and LaBay, 2007). Larval fish were
separated from debris and identified to genus using published
morphological descriptions and dichotomous keys (Snyder,
1980; Auer, 1982; Wallus, 1990; Snyder, 2002).

Habitat Assessments

Habitats were assessed to improve understanding of how
physical and chemical habitat may limit reproduction and sur-
vival of sturgeon. Assessments included the spatial distribution
of habitats, habitat changes with time, and habitat selection
by sturgeon during adult life stages. Habitat assessments can
be classified into habitat dynamics (variations in habitat with
time as a result of varying discharge and sediment transport),
habitat availability (measures of habitat that are available to a
fish, integrated for appropriate time scales), and habitat selec-
tion (measures of habitat selected from the range of habitats
available).

Habitat Dynamics

Intensive evaluations of habitat dynamics were completed
in four reaches of the Missouri River at Miami, Missouri (river
mile 259.6-263.5), Little Sioux, Iowa (river mile 669.6—
673.5), Kenslers Bend, Nebraska (river mile 743.9-748.1),
and Yankton, South Dakota reach (river mile 804.8-808.4)
(fig. 1). These reaches were selected because they are broadly
representative of the range of channel morphology exist-
ing in the Lower Missouri River. In addition, three of the
four reaches were identified as probable spawning reaches
because they were apices of shovelnose sturgeon migrations
in a related study in 2005 (DeLonay and others, 2007b). The
fourth reach (at Yankton, South Dakota) was selected because
it contains a large, natural gravel-cobble deposit thought to be
the best example of natural spawning substrate on the Lower
Missouri River (Laustrup and others, 2007). Hydrodynamic
modeling of habitat was used to systematically explore how
habitat metrics change with discharge, and to assess sensitivity
of habitats to flows envisioned for spring pulse-flow modifica-
tions (Jacobson and others, 2009b). Monitoring of channel
cross sections and indicators of sediment transport in the four
reaches during the 2-year study was used to assess background
rates of geomorphic temporal variability and sensitivity of sed-

iment transport to potential pulse-flow modifications (Elliott
and others, 2009; Jacobson and others, 2009b).

Habitat Availability

In a more extensive approach, we documented habitat
availability by hydroacoustic mapping of reaches of the Mis-
souri River in association with telemetric sturgeon locations.
The datasets and methods are documented in Reuter and others
(2008). The study design involved mapping depth, velocity,
and substrate characteristics in river reaches to assess habitat
use and availability. The dataset includes 153 reaches aver-
aging 2.4 km long, and incorporates 378 sturgeon locations.
In addition to primary measurements of depth, velocity, and
substrate characteristics, derivative habitat metrics included
bottom slope, velocity gradient (spatial variation in velocity),
and Froude number (a dimensionless number relating velocity
to the square root of depth times the gravitational constant).

Habitat Selection

We used quantitative understanding of how adult stur-
geon distribute themselves within the Missouri River to infer
which habitats are most supportive of sturgeon during the
adult life stage. Because of the extensive alteration of the
Lower Missouri River channel morphology, habitats used by
sturgeon may document the best available habitat, rather than
optimal or preferred habitats.

We evaluated habitat selection by comparing adult,
female gravid sturgeon locations to habitat available in the
surrounding reach. An exploratory analysis phase documented
broad measures of habitat selection and avoidance using
Ivlev’s selectivity coefficients (Reuter and others, 2009). This
was followed by a more detailed assessment of a part of the
data set in which we evaluated habitat selection using discrete
choice models (Cooper and Millspaugh, 1999; 2001) within
an information theoretic approach. The latter analysis identi-
fied whether or not selection for habitat characteristics was
associated with specific directions and distances from fish.
By comparing habitat selection models and their validation
performances across years and river sections, we assessed the
amount of longitudinal and temporal variation in sturgeon
use of the river (T.W. Bonnot, University of Missouri, written
commun., 2009).

Results

The following sections present results of the CSRP
research during 2005-08, organized by specific approach:
reproductive physiology; movement and behavior; early life
history; and habitat dynamics, availability, and selection.



Reproductive Physiology

Measurements of reproductive indicators provide time
series of reproductive conditions that may be compared with
time series of potential environmental spawning cues, and
thereby indicate whether or not there are cause-and-effect
links between the two. The following section presents the
results of this analysis, followed by ancillary information on
reproductive abnormalities of Missouri River sturgeon present
during the course of these studies.

Matching Patterns to Discern Spawning Cues

Similar results from a population of gravid shovelnose
sturgeon that were followed up the Yellowstone River in 2005
and for a population of gravid shovelnose from the Wabash
River in 2007 confirm the salient features of the reproductive
physiology conceptual model (fig. 7). These results demon-
strate that physiological indicators systematically document
reproductive progression of sturgeon and may, therefore, serve
to identify the environmental conditions required by sturgeon
for initiation and completion of the reproductive cycle.

Reproductive assessments of Missouri River shovelnose
sturgeon in upstream and downstream sections during four
seasons from 2005 to 2008, document consistent, predictable
spawning windows (fig. 6). Our field observations indicate that
black-egged Missouri River sturgeon captured in March with
PIs equal to or less than (<) 0.30 can spawn during that same
year, and our laboratory experiments have determined that the
eggs of more than 75 percent of females are ready to be fertil-
ized, if spawned, when PI is < 0.07. We analyzed data from
fish collections to determine the degree of predictability of the
annual pattern of the presence or absence of reproductively
ready sturgeon (fish with PI < 0.07). Using this latter criterion,
Colwell’s (1974) constancy/contingency model of predictabil-
ity indicates that the presence of fish physiologically capable
of spawning is a predictable event in the Missouri River. The
value for predictability (Pr) can vary between zero (minimally
predictable) and one (maximally predictable) and is composed
of the sum of constancy (C) and contingency (M). Constancy
is the uniformity of an event across time intervals, and contin-
gency is the temporal reliability of the event across the time
intervals. Predictability in the upstream and downstream sec-
tions is Pr=0.9 and Pr=1.0, respectively; therefore, based on
available data, the timing of the start of the spawning period,
as defined by the presence of fish with P1 < 0.07, can be
considered a highly predictable yearly event, which extended
during several weeks in each section (fig. 8). Moreover, the
finding of some fish with oocytes in a state of GVBD (indicat-
ing resumption of meiosis and imminent ovulation) as well as
data obtained through telemetry and collection of larvae, sup-
port the conclusion that spawning is occurring during the same
periods that we find reproductively ready females (Korschgen,
2007; Papoulias and others, 2007a).

Results 17

For sturgeon to be physiologically ready to spawn at the
same time in the spring every year requires a highly predic-
tive and annually reliable cue to initiate the reproductive cycle
months before spawning. If the timing of a reproductive event
is certain, then an organism only needs to respond to one or
a few reliable cues and can ignore others (Cohen, 1967). We
hypothesize that day length (or photoperiod) is the reliable cue
that starts the sturgeon reproductive cycle months before the
spawning period. Initiation of the cycle can be compared to
turning on an internal clock such that the sturgeon begins an
extended process of physiologically preparing (indicated by
decreasing PI values and changes in hormone levels) to spawn
during a specific optimal period in the spring.

Sturgeon in the Missouri River mainstem from St. Louis
to Gavins Point Dam are at varying degrees of readiness to
spawn within the spawning periods we have identified. This is
shown by the temporal and spatial distribution of physiologi-
cal indicators (PI and hormone levels) for individual fish (fig.
9). This pattern of readiness to spawn is not a consequence of
where fish were sampled within each section. Gravid females
exhibited a similar readiness to spawn whether they were
collected randomly or collected from a fixed location that had
been hypothesized to be a suitable spawning location (fig.

10); however, the patterns differ substantially between the
upstream and downstream sections. In the upstream section,
collected females were increasingly more ready to spawn
through the season. In the lower section, readiness to spawn
did not show the same trends, perhaps because multiple ‘runs’
of fish at different stages of readiness were sampled. Because
sturgeon are able to migrate hundreds of kilometers, it is
possible that in the Boonville section a combination of local
and transient fish were sampled that began migrating from dif-
ferent river miles, and thus would be at different reproductive
stages. Some of these fish spawn in this section, but a decreas-
ing PI pattern is masked by variation within the sampled popu-
lation. The patterns observed in the upper section are more
similar to those we have observed for groups of fish in the Yel-
lowstone and Wabash Rivers that are physiologically advanc-
ing towards spawning in unison. The observed monotonically
decreasing trend in PI during the spawning period in the upper
section may be related to the presence of the dam. Because

the dam acts as a barrier and prevents fish from migrating
upstream, individual readiness to spawn may be modified by
local environmental factors, and result in synchronizing a pre-
viously heterogeneous group. Alternatively, this may be a ‘run’
of fish cycling together and moving upriver together.

Measures of E2 and KT show promise as physiological
indicators sensitive to changes in environmental conditions
during the spawning period. The E2:KT ratio continually
decreases as the fish becomes increasingly ready to spawn
since E2 decreases and KT increases (fig. 11). During the
spawning periods, we observed a general negative rela-
tion between the ratio of E2:KT and water temperature (fig.
11). The relation is similar, but with more variability, to that
observed in the Yellowstone and Wabash Rivers.
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We evaluated the influence of environmental factors on
readiness to spawn with stepwise multiple regression. Dis-
charge, water temperature, and day of year associated with
E2:KT measures are highly correlated (p<0.0001), indicating
the challenge of separating causal relations. Nevertheless,
water temperature was the only significant variable entered
into the model and explained 68 percent of the variation in the
ratio of E2:KT with time (N=27, R=0.6768, p<0.0001).

Gonad Abnormalities and Tumors

Shovelnose and pallid sturgeon collected from the Mis-
souri River during 200508 were observed to have several
reproductive abnormalities. The most striking is the severe
and frequent incidence of intersex individuals with hermaph-
roditic gonads. In most cases, a testis with eggs was observed,
but occasionally an ovary will have small patches of testicu-
lar tissue embedded in it. The gametes can be at any stage
of development from immature eggs and sperm to fully ripe
(fig. 12). Although we are unable at this time to determine
the genetic sex of an individual, we assume that if the gonad
mostly is testicular, then it is a genetic male; if it is mostly
ovary, then it is a genetic female. The incidence of intersex
in male shovelnose sturgeon in the Missouri River is about
12 percent (fig. 13). Studies are underway to determine how
intersex develops, what causes intersex, and the severity of
the impact of intersex on reproductive behavior and viability.
Many species of sturgeon have been reported to show inter-
sex, but observations are rare, and most reports come from
greatly disturbed river systems in Russia (Papoulias and oth-
ers, 2007b). Experimental research with other species of fish,
amphibians, and reptiles has demonstrated that exposure to
various stressors such as radiation, food deprivation, changes
in temperature, hybridization, and natural and synthetic hor-
mones, as well as a diversity of chemicals that interfere with
the endocrine system, can result in the development of intersex
(Teh and others, 2000; Park and Kidd, 2005; Fujioka, 2006).
Endocrine-disrupting chemicals are present in water, sediment,
and biota in the Missouri River, but no studies have linked
their presence to intersex in sturgeon (Petty and others, 1995;
Echols and others, 2008; C.E. Orazio, U.S. Geological Survey,
written commun., 2009)

Other abnormalities, in addition to intersex, also have
been observed. Occasionally, individuals were determined to
have both a testicular lobe and an ovarian lobe, or missing a
lobe altogether (fig. 14). In many sturgeon, the shape or size
of each lobe of the pair of the gonad lobes differs greatly.
Microscopically, we have observed individual oocytes within
an ovary to be dividing as if the oocyte had been fertilized.
Commonly, we find scattered, swollen, fluid-filled oocytes in
mature ovaries and many atretic oocytes remaining in spent
ovaries. Lastly, we have found three teratomas in shovelnose
sturgeon, and one in a pallid sturgeon (fig. 15). Teratomas
are rare tumors derived from germ cells and usually contain
several types of tissues. Causes for teratomas and the other
gonadal abnormalities in the sturgeon are not known, nor have
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these disorders been evaluated for their effects on sturgeon
reproduction.

Movement and Behavior

Telemetry studies were conducted with 100 gravid female
shovelnose sturgeon in 2005 and 100 again in 2006. Fifty
females were captured and implanted with transmitters in
early spring before spawning in the upstream and downstream
sections. The goal was to determine the direction, timing, and
magnitude of sturgeon spawning migrations, and to determine
if shovelnose sturgeon were spawning and where. Several
pallid sturgeon were implanted opportunistically in 2005
and 2006, but none were in reproductive condition. Tracking
data indicated that reproductive female shovelnose sturgeon
implanted with transmitters and DSTs between February and
April generally move upstream to spawn (DeLonay and oth-
ers, 2007b) (fig. 16). In 2005, upstream spawning migrations
of shovelnose sturgeon averaged 74.7 km, with 50 percent
moving more than 62.8 km. In the lower study section, the
average upstream migration distance was 176.1 km with 50
percent of upstream migrants moving more than 190.9 km
(fig. 17). Results in 2006 were similar (DeLonay and oth-
ers, 2007b). Female sturgeon implanted in the lower section
moved earlier, farther, and faster than those implanted in the
upper section. Subsequent recapture of female shovelnose
sturgeon indicated that females moving upstream more than
16 km attempted to spawn or spawned completely, whereas
females that did not move upstream or moved downstream did
not spawn. Recapture attempts in 2005 and 2006 indicated that
85 percent (n=20, 2005) and 78 percent (n=23, 2006) of recap-
tured tagged female shovelnose sturgeon spawned completely
(DeLonay and others, 2007b).

Tracking location data and data from patterns of depth-
use recorded by DST tags indicated that female shovelnose
sturgeon migratory behavior generally can be characterized
by a single, often rapid upstream movement to the spawning
site, followed by a variable downstream return movement (fig.
18). As in other sturgeon species, spawning is hypothesized to
occur at the most upstream location, or apex, of the spawning
migration. Depth-use data recorded by DST tags implanted in
migrating female shovelnose sturgeon indicate a characteristic
pattern (fig. 16). During the pre-spawn phase, stationary fish
typically show low variability in depth use. At the onset of
rapid upstream migration, the variability in depth use increases
dramatically. Some of the variation in depth use results from
changing water depth as the fish migrates longitudinally
through bends and crossovers; an unknown part of depth-use
variation may be attributable to local, lateral movements that
would sample a range of depths. This pattern significantly
changes to one of low variability when the fish slows or stops
near the apex of its migratory route, indicating that the fish
has changed state and is initiating spawning (DeLonay and
others, 2007a; DeLonay and others, 2007b; Holan and others,
2009). Variation in depth use is low during the post-spawn
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Figure 8. The relation between spawning readiness, water temperature, and discharge. Stacked bars are the percentage
of gravid shovelnose sturgeon collected from the Missouri River with polarization index (P1) less than or equal to 0.07 and Pls
greater than 0.07.



120 T T T T T T T T T 40
. 007 Suspected spawning 2006, River mile 811-734 |
| [ <007 period; polarization ]
—{} Temperature 142°C — ItEdexﬂeﬂq'lualm or less —— 208°C J 35
. an 0. ]
100 Discharge - ]
4 30
o ]
oc 4
E g i
o -4 25
S 1
o 4
» ]
5 12
= 60 ]
e ]
w 1 15
L ]
[ds)
= ]
= 40 4 10
& ]
o ]
w 4
o 4
] 5
20 ]
10
0 | | | ]
2 4 6 8 10 12 14 16 18 20 22 24 26 28
WEEK
MARCH 6 AUGUST 30
COLLECTION PERIOD
120 ‘ T T T \ 40
B 2007, River mile 811-734 |
| [ <007 Suspected spawning i
—F Temperature 18.8 °C — | period; polarization index — 24.1°C ]
_O_ Discharae equal to or less than 0.07 7 35
100 . — — ]
a _
w 4
oc 4
=2 4
£ 8 ]
<t 4
o
ot j
& i
(VN N
) N
=60 -
o 4
= i
(NN
5 i
o i
o _
5 4
E 40 ]
w 4
(&)
o i
w -
o 4
20 ]
N i
2 4 6 8 10 12 14 16 18 20 22 24 26 28
WEEK
MARCH 6 AUGUST 30

COLLECTION PERIOD

TEMPERATURE, IN DEGREES CELSIUS

TEMPERATURE, IN DEGREES CELSIUS

e b e e b e e b b b e b |

e b b b b b 1 |

Results

40,000
35,000
30000 2
o
(&)
w
w
oc
25000 &
o
o
o
20000 =
ju ]
(&)
=
[Ty
15000 2
<
p
(8]
7]
10000 ©
5,000
40,000
35,000
()]
=
30000 S
w
[72]
oc
w
oo
25000 &
[
(&)
@
]
o
20000 =
i
(4]
[a'=4
<<
p
15000 S
a
10,000
5,000

Figure 8. The relation between spawning readiness, water temperature, and discharge. Stacked bars are the percentage
of gravid shovelnose sturgeon collected from the Missouri River with polarization index (P1) less than or equal to 0.07 and Pls

greater than 0.07.—Continued

21



22 Ecological Requirements for Pallid Sturgeon Reproduction and Recruitment in the Lower Missouri River

0.55 I : T : : 100,000
| — Suspected spawning —— | 2006, River mile 197-98
050 [ period _
: : @ Estradiol 90,000
B QO  Polarization index 1
045 | I - 80,000
| | . &
040 | ® | =
I I - 70,000 5
0 | I o 1 =
| - 60,000 w
w
a {ﬁ) o O I »
030 | O i 2
= | 8 o | s
S | O | O = 50,000 e
E 025 < Q O @) Spawning readiness of E 5
E 8 ¢ : o polarization index 0.07 @) 4 a0000 ;
3 0 o o E a
e} o 4 3000 2
015 I =
| A @
@)
(N -1 20,000
0.10 (> L 3 )
S ! * 1
0.05 : * * < 10,000
'S |
o | ¢ . 40
| | _
-0.05 ' L I L L
APRIL MAY JUNE JU AUGUST SEPTEMBER
0.55 I T T I T T 100,000
| | 2007, River mile 197-98 |
050 | O | ~ 90,000
045 - :— Suspected spawning period —— : @ Estradiol ]
’ I I O  Polarization index -| 80,000 o
040 | I | | E
I o I * — 70,000 3
035 |- I [ Q 1 =
| | - 60,000 e
g | O %)
= 030 [ O 8 e} 1 s
Z I o O O 5000 B
2 P g e® O -
E UV I O 8 Spawning readiness of b E
= | O (@ Cp o O polarization index 0.07 J 40,000 =
o 02 [ @] =
S e I O o o I S
I e 9 1 Se) @ 4 30000 2
015 | I * L 2 =
be o, © 130 Olo & | =
@) * @) o, O - 20,000
010 - O o o & D o
B 28 19 ©°g ! s L e IO ]
005 F P © B * | & g 4 10,000
Se 38 o8 DAt Reinte
0 » » ‘ ® o
| | _
0.05 | 1 1 | 1 1
APRIL MAY JUNE JuLy AUGUST SEPTEMBER

Figure 9. Temporal and spatial distributions of individual gravid shovelnose sturgeon at different stages of readiness to
spawn, as indicated by polarization index and estradiol values, spring to fall.
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Figure 9. Temporal and spatial distributions of individual gravid shovelnose sturgeon at different stages of readiness
to spawn, as indicated by polarization index and estradiol values, spring to fal.—Continued
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Figure 10. Temporal trend in individual polarization indices of gravid Missouri River shovelnose sturgeon
sampled from random and fixed sites within river miles 196.6-97.6 and 811-734.
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Figure 11. Change in E2:KT (estradiol: 11-ketotestosterone) ratio in gravid shovelnose sturgeon from the Missouri River during two
years at two locations relative to prevailing flow and temperature conditions. The E2:KT ratio is a diagnostic indicator of readiness to
spawn. Estradiol increases very early in spring then decreases as the spawning cycle progresses; 11-ketotestosterone increases later
in the cycle, then decreases in close proximity to ovulation.
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Figure 11. Change in E2:KT (estradiol: 11-ketotestosterone) ratio in gravid shovelnose sturgeon from the Missouri River during two
years at two locations relative to prevailing flow and temperature conditions. The E2:KT ratio is a diagnostic indicator of readiness to
spawn. Estradiol increases very early in spring then decreases as the spawning cycle progresses; 11-ketotestosterone increases later
in the cycle, then decreases in close proximity to ovulation.—Continued
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Figure 12. Examples of gonadal intersex found in sturgeon from
the Missouri River. (A) Arrow denotes small clear early-stage
oocytes on immature testis. (B) Arrows denote early vitellogenic
oocytes on maturing testes. (C) Arrows denote mature oocytes
on mature testes.

phase, while the fish is at its presumed spawning location, then
increases episodically coincident with downstream movements
(fig. 16). Location and movement data collected in 2005 and
2006 indicate that shovelnose sturgeon may move consider-
able distances during spring spawning migrations, and that
spawning is occurring at multiple locations (fig. 18).

The objective of the extensive shovelnose sturgeon
study conducted in 2007 was to describe reproductive migra-
tory patterns of male and female shovelnose sturgeon, locate
aggregations of spawning adult sturgeon, and characterize
discrete spawning locations in the 216 river miles immediately
downstream from Gavins Point Dam, Nebraska. A companion
intensive telemetry study also was conducted with a small
number of pallid sturgeon in reproductive condition in the
same area with similar objectives. The overall goal of the
research was to provide data necessary to construct a model of
shovelnose sturgeon spawning to compare against the limited
information acquired using the pallid sturgeon during a year
when no spring flow pulses were released from the dam.

In February through April, 2007, 176 shovelnose
sturgeon were implanted with transmitters and DST tags. Of
these, 98 were gravid female shovelnose sturgeon, 21 were
reproductive males (ripe), and 57 were nonreproductive adults
of either sex. In addition 5 reproductive pallid sturgeon (2
females and 3 males) were captured and tagged using selec-
tive, targeted sampling protocols developed from telemetry
data on pallid sturgeon collected in 2005 and 2006. Tracking
crews surveyed more than 20,900 km of river and located
tagged sturgeon 4,771 times during the prespawn migra-
tion, spawning, and post-spawn period. Tracking crews also
selectively targeted shovelnose sturgeon for recapture during
their upstream migration, and immediately upon reaching the
apex of their migratory route. This was an attempt to provide
a measure of verification to support the hypothesis that female
sturgeon are spawning at their migratory apex. Of the 176
tagged shovelnose sturgeon, 109 were recaptured (62 percent),
their reproductive condition assessed, and the DST records
retrieved. Both gravid female pallid sturgeon also were recap-
tured following spawning.

In 2007, female shovelnose sturgeon generally followed
the characteristic pattern observed in previous years—a
single upstream movement to the probable spawning location
(fig. 18). Female sturgeon reached the apex of the migratory
movement from late April to mid June. Downstream move-
ment of post-spawn shovelnose sturgeon females was some-
what more variable. Some female sturgeon, later confirmed
to have spawned, lingered nearly motionless at the apex of
their spawning migration (presumed spawning site) for days
to weeks before moving downstream, whereas others turned
and rapidly moved downstream (fig. 18). Reproductive males,
however, appeared to be extremely variable among individu-
als, indicating that males may be capable of employing more
than one reproductive strategy (fig. 19). Some males behaved
similarly to females, moving rapidly upstream to a single
migratory apex. Other males exhibited a migratory pattern
with several upstream apices that presumably corresponded



16
| 106 55 |
14+ -
12 -
w
; L _
= 108
> 10 ]
L
w
oc L N
i
=
= 8 108 .
o
w - 4
(ds]
<
= i
w
(&5
o - N
w
o
4 - 4
2 - 4
0
2000 2001 2007 2008
Figure 13. Incidence of sturgeon with intersex gonads among

total male sturgeon caught in the Missouri River between Gavins
Point Dam and St. Louis, 2000-08. Numbers above the bars denote
the total number of males evaluated.
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lobe (0) and a testicular lobe (T).

Results 29

to multiple spawning sites and opportunities. Still other males
did not show a strong upstream movement, and instead moved
up and downstream along several river bends, perhaps survey-
ing multiple spawning locations within a river reach for ready
females. Nonreproductive adults generally moved less and
their movement patterns were extremely variable. Despite
increased numbers of tagged fish in a smaller geographic
area compared to 2005-06, few aggregations, or simultane-
ous locations of reproductive male and female sturgeon, were
observed. Based upon location, movement, and recapture
information, it is clear that shovelnose sturgeon are spawning
over an extended period of time at many locations along the
mainstem of the Lower Missouri River (figs. 6 and 20).
Targeted captures of selected shovelnose sturgeon in
2007 appeared to support the hypothesis that females are
spawning at the apex of their migration. Females captured
moving upstream in the mainstem Missouri River before
reaching their apex had not yet spawned. Females captured
while moving downstream in the mainstem Missouri River
either had already spawned or never did; however, in 2007,
flows from the major tributaries were unusually high, and an
unexpected number of shovelnose sturgeon in all reproduc-
tive states utilized tributaries, most significantly the Big Sioux
River. Of the 176 shovelnose sturgeon implanted in 2007,
65 (44 females and 21 males) were located at least once in
the Big Sioux River. Of the females present in the Big Sioux
River, 26 were gravid when implanted, and 12 of the males
were ripe. Distances moved in the Big Sioux River were not
related to reproductive state. The 44 females traveled upstream
a mean distance of 36.8 km. The 21 male shovelnose sturgeon
traveled a mean distance of 52.9 km up the Big Sioux River.
Patterns of tributary use were variable among shovelnose
sturgeon. Some sturgeon moved upstream in the mainstem
Missouri River to spawn following the expected characteristic
pattern then descended rapidly (presumably after spawning)
only to enter and move up the Big Sioux River. Others moved
rapidly up the Missouri River mainstem
and entered the Big Sioux River to spawn.
Still others moved up the Missouri River
into the Big Sioux River, then subsequently
moved out of the Big Sioux River, and
continued upstream in the Missouri River
mainstem to spawn at some distant loca-
tion. Spawning was verified for all three
patterns through selective recapture of
tagged individuals. The relative impor-
tance of tributaries to sturgeon repro-
duction in the Lower Missouri River is
largely unknown. We know from capture
efforts that sturgeon continue to feed for
at least a part of their upstream migration.
The observed use of tributaries in 2007
may indicate either the opportunistic use
of available food resources afforded by
tributaries, the flexibility of the shovelnose
sturgeon to utilize smaller tributaries for
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Figure 15.

Shovelnose sturgeon from the Missouri River with rare teratoma tumors. Of hundreds of sturgeon collected during 200508,

four individuals with teratomas were identified. (4) Ventral view. (B) Dorsal view. (C) and (D) Teratomas in body cavities.

spawning, or perhaps both. An inherent flexibility may explain
in part why shovelnose sturgeon remain relatively common,
whereas pallid sturgeon are endangered.

An increased number of shovelnose sturgeon entered the
Missouri National Recreational River (MNRR) segment to
spawn in 2007, compared to earlier years. Part of the increase
is attributable to the larger numbers of shovelnose sturgeon
implanted in the upstream section, and their close proximity to
Gavins Point Dam. For the most part, female spawning move-
ments were consistent with the expected pattern in this reach;
however, initial examination of the data indicates that move-
ment by some female shovelnose sturgeon females near the
dam may show a plateau pattern rather than a prominent apex
followed by downstream movement. Recapture of several
fish that appeared to plateau during their upstream migra-
tion indicated that the fish had not yet spawned or waited for
an extended period at this location to spawn. Among female
shovelnose sturgeon that did not spawn, two patterns were
prevalent. First, tagged sturgeon that never migrated upstream
or migrated upstream extremely slowly (approximately 28 per-
cent of reproductive females) generally did not spawn success-
fully. Second, fish that migrated upstream rapidly, but lingered
for extended periods, appeared to be less likely to spawn.

An in-depth analysis of these patterns is ongoing, but it is
likely that disrupted migration patterns indicate that a fish has
reached a suitable spawning location or a critical physiologi-

cal period, but conditions (environmental or lack of suitable
mates) are not favorable for spawning.

Intensively tracked gravid female pallid sturgeon exhib-
ited movement patterns similar to the characteristic migrations
made by female shovelnose sturgeon. The two female pallid
sturgeon tagged in 2007 were inferred to be of wild origin
based on their size, lack of hatchery marks, and genetic tests
for hatchery parentage. Both of these fish showed intervals of
rapid upstream movement, followed by intervals of variable,
slower downstream movement (figs. 21 and 22). They were
recaptured after the initiation of downstream movement dur-
ing the post-spawn phase. Upon examination of the ovaries,
both were determined to have spawned completely. The first
female was captured on March 29, 2007, at river mile 650.3
with an egg polarization index of 0.12, and moved nearly 80
km upstream from the implantation location before spawning
in the channelized reach downstream from Sioux City, lowa
(river mile 734), probably in late April to early May (figs. 6
and 21). The second female, captured on March 26, 2007,
at river mile 659.7, with an egg polarization index of 0.17,
moved 179.6 km upstream before spawning upstream from
Ponca State Park within the MNRR reach, probably in mid
May (figs. 6 and 22). It was recaptured after moving down-
stream to river mile 756.5 on May 23, 2007. This was the first
direct evidence that pallid sturgeon spawn in the MNRR reach
and in the channelized river upstream from the Platte River.
The DST data, in combination with telemetry relocations, are
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Depth and temperature recorded from data storage tag, discharge from the nearest upstream gages, and telemetry

locations for implanted reproductive female shovelnose sturgeon, SNS05-066. Fish was implanted in reproductive condition and later

recaptured and determined to have spawned.

the first complete records of adult pallid sturgeon migration
and spawning in the Lower Missouri River.

Data from tagged male pallid sturgeon in reproductive
condition are similar to data from male shovelnose sturgeon.
Limited data indicate that spawning male pallid sturgeon may
exhibit sporadic upstream migrations with multiple apices,
indicating multiple spawning events at multiple locations.

At no time were telemetry-tagged pallid sturgeon males and
females found in close proximity to one another in 2007. No
aggregations of tagged reproductive pallid sturgeon were
observed, although small numbers of tagged individuals limit
conclusions. The migration apex data indicate that, like shov-
elnose sturgeon, pallid sturgeon within these study segments
are spawning at multiple locations during a variety of condi-
tions (fig. 23).

Studies in 2008 expanded the intensive telemetry study
to include the lower and upper study sections. Large adult
pallid sturgeon (greater than 2.0 kg) were selectively targeted

for capture using large mesh gillnets (8.9 cm bar mesh) and
trotlines baited with earthworms in the Lower Missouri
River from the Platte River, Nebraska, upstream to the Big
Sioux River, lowa (upstream study section), and from the
Osage River, Missouri, upstream to the Grand River, Mis-
souri (downstream study section). Of the 218 pallid sturgeon
captured, 190 were hatchery-origin fish, and 28 were wild
fish (fig. 24). Length and weight data, and assessment of the
reproductive status of captured fish using minimally-invasive
methods, indicate that some limited reproduction and recruit-
ment are occurring in the Lower Missouri River. Immature,
non-reproductive, wild pallid sturgeon are present in small
numbers. Data also indicate that hatchery-propagated fish
appear to grow at a rate comparable to wild fish, are reaching
reproductive maturity, and are ready to spawn in the Lower
Missouri River.

Crews attempted to implant two gravid females and three
ripe males in each study section in 2008. In the downstream
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study section, four gravid females actually were captured and
implanted with transmitters and DSTs; no ripe males were
collected. The four females were captured and implanted on
March 25, 2007, March 31, 2008, April 4, 2008, and April

23, 2008. All four females previously had been marked with
coded wire tags, indicating they were progeny of the hatch-
ery propagation program spawned in 1992 or 1997. In the
upstream study section, one gravid female and three ripe
males were implanted with telemetry devices. The female

was captured and implanted on April 11, 2008 and the males
were implanted on April 10, 2008, April 16, 2008, and April
24,2008. We also attempted to recollect, reevaluate, and retag
pallid sturgeon implanted in previous seasons. Seven teleme-
try-tagged pallid sturgeon were successfully recaptured, their
archival tags replaced, and new transmitters implanted; none
were determined to be in reproductive condition. Twenty addi-
tional untagged adult pallid sturgeon greater than 2 kg (not in
reproductive condition) also were implanted during winter and
spring collections.

Three of the four reproductive female pallid sturgeon
in the downstream section swam from 85 to 185 river miles
upstream before stopping at their presumed spawning loca-
tions (figs. 25-27). Based upon movement patterns and behav-
ioral observations, spawning was presumed to have occurred
near Glasgow, Missouri, at river mile 230.1 (figs. 6 and 25),
downstream from the Kansas River at river mile 366.4 (figs. 6
and 26), and just upstream from the Kansas River at river mile
369.5 (figs. 6 and 27). The fourth female was suspected to
have shed her transmitter, as the transmitter was stationary. All
three of the females that moved upstream were recovered and
were determined to have spawned by surgical examination of
the gonads. All three females stopped at the uppermost point
of their migratory movement (apex) and began a repeated
series of movements up and down along a 0.5-0.8-km length
of revetted outside bend. We believe these movements are
characteristic of spawning behavior. Repeated bouts of
movement ceased after 12-36 hours. Each fish then remained
stationary at the lowest point of the probable spawning reach
for several days to weeks, followed by moving downstream
at a variable rate. The archival tags matched the pattern
characteristic of migrating shovelnose sturgeon that also had
completely spawned in 200507 (figs. 25-27). All three pallid
sturgeon appear to have spawned in the downstream study
section during the first 10 days in May at water temperatures
between 16 and 18 °C. Downstream movement of post-spawn
females was extremely variable, but by late fall all three had
moved downstream into the Mississippi River.

The tagged gravid female in the upstream study section
was recaptured in early June after intensive tracking through
the spawning season. She was determined to have com-
pletely spawned based on direct observations of the gonads.
The DST was retrieved, and the transmitter was replaced. In
contrast to the fish in the downstream study section, the pat-
tern of the female in the upstream section was complex and
appeared to have been disrupted by a period of sharply lower
water temperature (figs. 6 and 28). The female made several
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upstream movements, paused, and then moved downstream.
She repeated the pattern several times before moving upstream
again, then finally moving downstream and remaining sta-
tionary. Because this fish did not follow the characteristic

apex model, the determination of the spawning location is
problematic.

Although a number of factors could explain the disrupted
pattern of movement of this fish, an examination of telemetry
and environmental data indicates that the disrupted pattern
may be related to rapid, large fluctuations (greater than 5 °C)
in water temperature during the pre-spawn migratory phase
(fig. 29). In particular, a 4 °C decrease in water temperature
on May 9-11, 2008, is associated with a pause in migration,
and decreasing temperatures on May 24 and May 28, 2008,
are associated with a reversal in migration direction. It also
is notable that these temperature decreases were coincident
with a significant decrease in air temperature, rather than
being related to either Gavins Point Dam releases or inflows
from tributaries (fig. 29). The May 9, 2008, migration pause
occurred during steady to slightly dropping discharges at
Yankton, South Dakota, and Sioux City, [owa, and steady to
slightly increasing water temperature at Yankton. Allowing
for a 1-day lag, the 4 °C water-temperature decrease at Sioux
City, lowa, is coincident with a 5 °C air temperature decrease
unrelated to discharge. A discharge pulse from May 18-19,
2008, from Gavins Point Dam had little to no apparent affect
on water temperatures just downstream at Yankton. The sub-
stantial water temperature decreases on May 24 and May 28,
2008, at Sioux City apparently also are unrelated to discharge
variation, but are coincident with similar air temperature
drops, allowing for slight lags. Hence, biologically significant
water temperature changes on the Lower Missouri River can
occur independent of discharge. Large temperature fluctua-
tions close to spawning have been noted to disrupt spawning
in other sturgeon species in hatcheries and in the field (Bruch
and Binkowski, 2002; Paragamian and Wakkinen, 2002).

Data on pallid sturgeon spawning adults from 2007 and
2008 indicate that pallid sturgeon are spawning in the Lower
Missouri River. Spawning is occurring at multiple locations,
at different times, and under a wide range of geomorphic and
hydraulic conditions. Although this study successfully docu-
mented spawning, it does not reveal whether or not spawning
occurred under optimal conditions, whether or not enough
eggs hatched, or whether or not young fish survived to contrib-
ute to the pallid sturgeon population.

Although no tagged pallid sturgeon in reproductive
condition were documented using tributaries during any year,
tagged wild pallid sturgeon moved short distances up some
tributaries. Tagged pallid sturgeon were detected 21.1 km up
the Big Sioux River, lowa, and 2.9 km up the Grand River,
Missouri. Both location events were associated with signifi-
cant flood pulses in the tributaries. This would indicate that
pallid sturgeon may make use of tributaries opportunistically
for feeding when conditions allow. Repeated tracking efforts
indicate that some non-reproductive, telemetry-tagged pal-
lid sturgeon also may have used the Platte River, Nebraska,
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supporting previous tracking studies that indicated exchange
of pallid sturgeon between the Platte and Missouri Rivers
(Peters and Parham, 2007).

Both sturgeon species are capable of long distance move-
ments and move freely between the Missouri and Mississippi
Rivers. Although shovelnose studies conducted in 2005-06
attempted to recollect gravid females as soon as possible after
spawning, a number of individuals migrated quickly down-
stream after spawning and eventually were relocated more
than 240 km downstream from the Missouri—-Mississippi River
confluence. One individual female reached her spawning apex
on May 23, 2008, at Missouri River mile 169.7, and was relo-
cated on July 20, 2008, more than 340 km downstream from
the confluence. The distances over which pallid sturgeon may
migrate to spawn in the open river was illustrated by gravid
females implanted in 2008. Spawning pallid sturgeon females
moved 137-298 km upstream from their capture location
before stopping to spawn. The three females from the down-
stream study section then migrated downstream 370-594 km
into the Mississippi River after spawning. One pallid sturgeon
in the Lower Missouri River has been observed to move more
than 1,600 km, upstream and downstream distances combined,
within an 18-month span. Documentation of long-range migra-
tions may become more common with use of longer-lived
telemetry tags and monitoring of pallid sturgeon throughout
their entire, multi-year reproductive cycle.

Early Life History

In total, 150 larval Scaphirhynchus sturgeon (undifferen-
tiated shovelnose and pallid sturgeon) and more than 100,000
other larval fishes were collected in 7,379 net-sets during
2006—-07. Scaphirhynchus sturgeon larvae were collected in
every sampled subsegment and in the Big Sioux and Platte
Rivers at least once (table 3). Most were collected from late
May through mid-June (96 percent), on inside bends (71 per-
cent), near the riverbed (58 percent), and between river miles
738 and 776 (44 percent), which is between the confluence
of the Vermillion and Big Sioux Rivers. A few larvae (N=06)
were collected from the Missouri River in July and August.
Only one was collected upstream from river mile 804 (con-
fluence with the James River), and one was collected in the
Platte River. No larvae were collected within the James River,
Vermillion River, or Little Sioux River subsegments. Assum-
ing that factors affecting the probability of capturing larvae
(including flow, turbidity, depth, and habitat complexity) were
similar among samples, and that other factors affecting sur-
vival of embryos and larvae (including predation, disease, and
contaminants) also were similar, relatively less spawning by
Scaphirhynchus sturgeon seems to have occurred or has been
less successful within these subsegments.

Scaphirhynchus larvae hatch at 7-9 mm total length
(Snyder, 2002), so larvae smaller than 10-mm total length
were assumed to be 0 days post hatch. Based on incubation
times of embryos and water temperatures in each segment,

most spawning was estimated to occur between May 28, 2006
and June 18, 2006, and May 18, 2007 and June 18, 2007,
spawning occurred on a more limited basis before and after
those time periods (Simpkins and LaBay, 2007). In 2007, zero-
days-post-hatch larvae were collected earlier in the Big Sioux
River and segments downstream from the confluence with

the Big Sioux River than in upstream areas (table 4). Conse-
quently, spawning appeared to follow temperature gradients by
occurring earlier in downstream segments and tributaries than
in upstream segments.

Larvae that were 10-mm total length and larger primar-
ily were collected downstream from the Big Sioux River, and
generally after smaller larvae had been collected in segments
upstream from this location. Based on size-at-age relations,
most of these larvae were estimated to be 1-3 days post hatch,
whereas the largest specimen was estimated to be 5-6 days
post hatch (Braaten and Fuller, 2007). Origins of these larvae
were estimated based on drift-rate models (Braaten and others,
2008) for each species and vertically averaged water velocities
existing at similar flows at USGS streamflow-gaging stations
in each segment. Predictions generally coincided with collec-
tions of zero-days-post-hatch larvae.

After establishing that the drift-rate models developed
for sturgeon in the Upper Missouri River accurately predicted
drift of day-zero larvae based on mean reach velocities, we
used those models to estimate where shovelnose sturgeon
and pallid sturgeon collected in 200607 would have tran-
sitioned into benthic habitats (table 5). If larvae collected in
our 2006—07 samples were shovelnose sturgeon, they would
have initiated transition to benthic habitats between river miles
245-623. Most of the larvae collected at our sites were pre-
dicted to make the transition between the Platte River and the
Kansas River. Only the largest larvae, which likely originated
from the Big Sioux River, potentially could transition to the
benthic life stage in the Missouri River upstream from the
Platte River; however, pallid sturgeon larvae would drift fur-
ther downstream. The earliest the largest pallid sturgeon larvae
would have transitioned to benthic habitats would be at river
mile 378 (near the Kansas River). The remaining larvae would
have made the transition between river mile 240 and several
miles down the Mississippi River.

Our larval catch results for 2006—-07 can be general-
ized to indicate potential for larvae to settle within the Lower
Missouri River mainstem. Using a range of reach-average
current velocities (Reuter and others, 2008) and ranges of days
to settling for shovelnose and pallid sturgeon (Kynard and
others, 2002; Braaten and others, 2008) result in calculated
potential drift distances of 304—1,770 km (table 6). Drifting
in a hydraulically-variable river, larvae would be expected
to disperse as they drift, resulting in a distribution of drift
distances for any specific cohort; this analysis does not include
variability that would result from longitudinal dispersion of
larvae. Because the calculation is based on measured mean
velocities at the reach scale, it incorporates some effects of
spatial variability of velocity, but the calculation may under-
estimate drift distance if drifting larvae are preferentially
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Table 3. Frequency of larval sturgeon collected with time in river sub-segments' and major tributaries in the Lower Missouri River.

[RM, river mile; --, no data; —, no sampling?]

Gavins Point James— Vermillion— Big Sioux— Little Sioux— Below Platte
Week Dam-James Vermillion Big Sioux Little Sioux® Platte? River’
RM 810-799 RM 799-772 RM771-733 RM 733-669 RM 669-595  RM 595-590

Big Sioux Platte
River® River’
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5/8-5/14
5/15-5/21
5/22-5/28
5/29-6/4
6/5-6/11
6/12-6/18
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'River sub-segments were established between confluences of major tributaries.
2Sampling did not occur during these times because of safety reasons associated with high flows and drifting debris.

3Segments below river mile 733 were not sampled in 2006.



Table 4.
River.

[RM, river mile; mm, millimeter; —, no sturgeon collected; --, no data; ( ), confidence intervals between parantheses]

Results

Mean total length of sturgeon larvae collected with time in river sub-segments' and major tributaries of the Lower Missouri

Week

Gavin's Point

Dam-James

RM 810-799
(mm)

James—
Vermillion
RM 799-772

(mm)

Vermillion-
Big Sioux
RM 771-733
(mm)

Big Sioux—

Little Sioux?

RM 733-669
(mm)

Little Sioux—
Platte?
RM 669-595
(mm)

Below
Platte?
RM 595-590
(mm)

Big
Sioux
River?
(mm)

Platte
River?
(mm)

2006

5/8-5/14
5/15-5/21
5/22-5/28
5/29-6/4
6/5-6/11
6/12-6/18
6/19-6/25
6/26-7/2
7/3-7/9
7/10-7/16
7/17-7/23
7/24-7/30
7/31-8/6
8/7-8/10

8.4(7.6-9.2)

9.3 (8.5-10.1)

8.0 (7.6-8.4)
8.5 (8.0-9.0)
8.2 (7.7-8.7)
9.2 (8.6-9.8)

4/30-5/6
5/7-5/13
5/14-5/20
5/21-5/27
5/28-6/3
6/4-6/10
6/11-6/17
6/18-6/24
6/25-7/1
712-7/8
7/9-7/15
7/16-7/22
7/23-7/29
7/30-8/5
8/6-8/10

8.2 (7.8-8.7)
7.7 (7.4-8.0)
8.4 (7.7-9.1)
7.9 (7.6-8.2)
8.5(8.3-8.7)

8.1 (7.8-8.4)
7.7 (1.3-8.1)
8.4 (7.9-8.9)
8.7(8.2-9.2)
8.3 (6.4-10.2)

8.2

7.9
9.5 (6.6-12.4)
7.9 (7.4-8.4)
8.2 (7.4-9.0)

11.7 (8.6-14.8)

7.2

7.9

6.4

7.7 (6.6-8.8)
9.1 (5.6-12.6)
10.7 (6.4-15.0)
9.1 (6.4-11.8)

13.2 (11.6-14.8)

8.2 (6.5-9.9)

12.3

8.9

7.7 (6.4-9.0)

9.1

'River sub-segments were established between confluences of major tributaries.

2Segments below river mile 734 were not sampled in 2006.
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Figure 20. Maximum upstream location (apex) of telemetry-tagged male and female shovelnose sturgeon and apex locations of female
sturgeon that were later recaptured and confirmed to have spawned in the upper study segment. All fish were in reproductive condition
when implanted.

concentrated in the thalweg where velocities would be higher,
as indicated by recent studies (P.J. Braaten, U.S. Geological
Survey, oral commun., June 2009). Nevertheless, these broad
calculations document the potential for long drift distances.
Larvae that are spawned over much of the Lower Missouri
River have the potential to drift into the Middle Mississippi
River. Pallid sturgeon larvae are unlikely to settle in Missouri
River habitats unless velocities are low, temperatures (and
maturation rates) are high, and the fish spawn in the uppermost
reaches of the river. Even for pallid sturgeon that might spawn
just downstream from Gavins Point Dam (an event that has not

been documented), typical drift rates would transport larvae
downstream from Kansas City before they settle. This result
has implications for where restoration of habitats intended for
larval rearing would be most effective on the Lower Missouri
River.

Drift rate and drift distance could be substantially smaller
for shovelnose sturgeon, as they may spawn in lower-velocity
tributaries; they drift at rates slower than reach-average current
velocity; and they mature to settling stage in a shorter time
frame than pallid sturgeon (Braaten and others, 2008). Hence,
the Lower Missouri River may be more likely to retain and
recruit shovelnose sturgeon compared to pallid sturgeon.
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Table 5. Collections of sturgeon larvae greater than 10 millimeters total length and estimated ages and origins with information
about corresponding collections of day-0 larvae within or near estimated time of hatch and origins.

[mm, millimeters; MSR, ranges that extend into the Mississippi River; --, no data]

Collection of day-0 larvae

Habitat transition site'

engh D "Wer  Ase  Origin iver mile) _
(mm) mile (days) (river miles) Date River mile Shovelnose sturgeon  Pallid sturgeon
Earliest Latest Earliest Latest
11.1 5/22/07 663 1.0-2.0 715-756 5/22/07 2732 443 370 59 MSR
10.5 5/23/07 593 5-1.0 619-654 5/22/07 672 280 244 MSR  MSR
11.0 5/24/07 674 1.0-2.0 725-767 5/22/07 772,736 458 397 70 MSR
12.6 5/30/07 596 2.0-3.0 698—748 5/25/07 752 400 339 27 MSR
- - - - - 5/29/07 736, 739 - - - --
10.9 5/30/07 599 1.0-2.0 649-716 5/29/07 727 343 281 MSR  MSR
11.9 5/31/07 666 1.5-2.5 730-802 5/29/07 794 449 381 87 MSR
12.3 6/5/07 592 2.0-3.0 699-749 6/3/07 727,724,739, 736 415 347 40 MSR
10.6 6/7/07 595 1.0-1.5 646-685 6/6/07 724,739 317 350 MSR  MSR
154 6/14/07 672 5.0-6.0 821-893 3. 620 566 375 MSR
13.1  6/14/07 672 3.0-4.0 772-832 6/12/07 772 571 511 238 MSR
10.7 6/15/07 772 1.0-1.5 795-821 -- 573 548 113 MSR
10.3 6/15/07 739 5-1.0 751-772 6/12/07 772 491 459 159 MSR
12.6 6/19/07 599 2.0-3.0 695-768 6/15/07 772 435 380 103 MSR
- - - - - 6/18/07 739 - - - -
13.8 6/21/07 596 3.0-4.0 752-799 6/18/07 739 492 432 160 MSR
13.8 5/30/07 Platte  3.0-4.0 - - - - - -

"Habitat transition site is the range of locations in river miles that shovelnose and pallid sturgeon larvae were predicted to transition from the drift into

benthic habitats.

’From Big Sioux River.

3Since no larvae were collected above river mile 799, this larvae likely came from the Big Sioux River. Larvae within a day of the age range were cap-

tured below the Big Sioux River, though not in the Big Sioux River.

Habitat Dynamics, Availability, and Selection

Habitat assessments included characterizations of the
variability related to varying discharge, variability related to
erosion and deposition, variability of the habitat framework
along the river, and evaluation of habitats selected by adult
sturgeon. Habitat selection is a measure of affinity for a suite
of physical conditions compared to all habitat conditions avail-
able within a river reach.

Habitat Dynamics

Hydrodynamic modeling in the four intensive reaches
demonstrated the utility of hydrodynamic modeling in explor-
ing habitat structure as a function of discharge. Areas of many
of the habitat types were insensitive to discharge changes that
would be involved in pulsed-flow modifications (Jacobson
and others, 2009b). Among habitat metrics that were explored,
zones of convergent flow were identified as areas that most
closely correspond to spawning habitats of other sturgeon
species, as identified in the scientific literature, and that are

consistent with sparse data on pallid sturgeon spawning loca-
tions in the Lower Missouri River (described in preceding
sections). Areas of convergent flow varied little with dis-
charges that would be associated with spring pulsed flows, and
relations with discharge changed negligibly because of erosion
and deposition in the reaches between 2006 and 2007.

Other habitat measures demonstrate how physical habitat
varies with discharge and among the four reaches. Wake
habitats, defined by areas of relatively high velocity gradients,
seem to correspond with migration pathways of adult pallid
sturgeon. Habitats with low Froude number correspond to
low energy areas that may accumulate passively transporting
particles, organic matter, and larval fish. Among the modeled
reaches, the Yankton, South Dakota, reach had substantially
longer water residence time for equivalent flow exceedances
than the other three modeled reaches. Longer water residence
times result from greater flow resistance in the relatively wide,
shallow channel, and may be associated with longer residence
times of passively transported particulate materials and drift-
ing larvae (Jacobson and others, 2009b).
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Table 6. Calculated river mile at which pallid sturgeon larvae would settle out from drift, based on 9, 13, and 17 days drift time
(Kynard and others, 2002; Braaten and others, 2008) and reach-average velocities of 0.7 and 1.2 meters per second (Reuter and

others, 2008).

[—, larvae would drift out of the Lower Missouri River]

Reach-average velocity, meters per second

5 days 9 days 13 day 17 days

fﬂi‘:’;'l'l'g 07 12 07 12 07 12 07 12
1811 622 487 471 28 320 - 168 -
800 611 476 460 217 309 - 157 -
750 561 426 410 167 259 - 107 -
700 511 376 360 117 209 - 57 -
650 461 326 310 67 159 - 7 -
600 411 276 260 17 109 - - -
550 361 226 210 - 59 - - -
500 311 176 160 - 9 - - -
450 261 126 110 - - - - -
400 211 76 60 - - - - -
350 161 26 10 - - - - -
300 11 - - - - - - -
250 61 - - - - - - -
200 1 - - - - - - -
150 - - - - - - - -
100 - - - - - - - -
50 - - - - - - - -

!Gavins Point Dam, Nebraska

Morphodynamic responses in the four reaches varied
considerably by reach and year (Elliott and others, 2009). The
Yankton reach was the most stable during monthly and annual
timeframes. The Kenslers Bend and Little Sioux reaches
exhibited substantial amounts of deposition and erosion,
although net change generally was low in both reaches. Total,
or gross, geomorphic change was greatest in the Kenslers
Bend reach. The Miami reach exhibited varying rates of depo-
sition and erosion and low net change. The Yankton, Kenslers
Bend, and Miami reaches experienced net erosion during the
time that bracketed the managed May 2006 spring pulsed-flow
event from Gavins Point Dam. The monitoring data indicate
that flow pulses of the scale considered in design of the flow
pulses (spring rises) on the Lower Missouri River are capable
of transporting sediment in all four reaches and, therefore,
have the potential to flush fine sediment from spawning sub-
strate where hard substrate occurs at depth.

This confirms one of the roles attributed to spring pulsed
flows by the Biological Opinion: that pulsed flows may be
capable of conditioning spawning substrate (U.S. Fish and
Wildlife Service, 2000; 2003). As described in this report,
however, additional data indicate that areas of converging flow
on outside bends are selected by pallid sturgeon for spawning.

Because substantial areas of these habitats constantly are
flushed free of fine sediment, it is unlikely that the spring
pulses are needed to condition this type of spawning habitat.
Conditioning may be more important in supporting spawning
if natural gravel-cobble deposits in mid-channel positions in
non-channelized segments are superior for spawning success.
Extensive gravel-cobble deposits of natural origin exist across
the channel in the Yankton reach (Laustrup and others, 2007;
Reuter and others, 2008), but spawning has not been docu-
mented there.

Habitat Availability

Habitats available to pallid sturgeon vary substantially
along the 1,305 km of the Lower Missouri River. Unlike
natural rivers, habitat quality and quantity in the highly altered
Missouri River are controlled largely by the nearly indepen-
dent interaction of flow regime and engineered channel mor-
phology (Jacobson and Galat, 2006). Variation in these factors
defines a template of existing habitat patches with variable
suitability to support life-stage functions, including migra-
tion, feeding, spawning, larval drift, and overwintering. The
distribution of hard, coarse substrate was hypothesized to be a
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Figure 21. Depth and temperature recorded from data storage tag, discharge from the nearest upstream gage, and telemetry locations
for implanted reproductive pallid sturgeon PLS07-007. Fish was implanted in reproductive condition, later recaptured, and determined to

have spawned.

primary control on availability of spawning habitat; however,
a substrate survey of the entire river determined that natural
deposits, bedrock, and rock engineered structures provide sub-
stantial potential spawning habitat for nearly the entire length
of the Lower Missouri River (Laustrup and others, 2007).

To document the range of habitat conditions encountered by
adult sturgeon during spawning migrations, 153 reach-scale
hydroacoustic maps of sturgeon habitat from river mile 27.3 to
807.9 were used (Reuter and others, 2008; Reuter and others,
2009). Habitat maps, flow-regime data, sediment-transport
data (Jacobson and others, 2009a), results of hydrodynamic
modeling (Jacobson and others, 2009b), and results of habitat
monitoring (Elliott and others, 2009) support a three-part lon-
gitudinal division of habitat availability (fig. 30).

* The upstream section (minimally engineered, Gavins
Point Dam to Sioux City, lowa) is characterized by
a highly altered flow regime and the greatest chan-
nel complexity, indicated by high width to depth
ratios. The upstream parts of this section near Gavins
Point Dam are morphologically stable because of an
armored bed and lack of sediment supply; however,

the downstream parts of the section are narrower, and
have adequate sediment supply to support high rates
of annual geomorphic change. Normalized annual
suspended sediment load is lowest in this section and
is indicative of retention of sediment in the reservoir
system. Although natural spawning substrate is abun-
dant in this reach and channel complexity is high, low
turbidity and associated water-quality conditions may
limit habitat functions.

* The middle section (upstream channelized, Sioux City,

lowa, to Kansas City, Missouri) is characterized by a
highly altered flow regime that recovers some variation
moving downstream and the lowest channel complex-
ity, as indicated by the low normalized width to depth
ratio. This section also has been documented to have
intra- and interannual channel morphological variation
that is substantially greater than upstream and down-
stream sections (Elliott and others, 2009). Annual sus-
pended sediment loads increase through this section.
Engineered rock deposits provide abundant potential
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Depth and temperature recorded from data storage tag, discharge from the nearest upstream gage, and telemetry

locations for implanted reproductive pallid sturgeon PLS07-004. Fish was implanted in reproductive condition, later recaptured, and
determined to have spawned.

spawning substrate. The constricted, simple channel
may present an energy barrier to upstream migrating
sturgeon, and lack of marginal habitat probably limits
retention of drifting larvae.

* The downstream section (downstream channelized,

Kansas City, Missouri, to St. Louis, Missouri) shows a
progressive downstream increase in flow-regime vari-
ability, and it maintains a normalized width to depth
ratio intermediate between the minimally engineered
and upstream channelized sections. Suspended sedi-
ment loads are highest here, although they amount

to only 17 percent of pre-dam values (Jacobson and
others, 2009a). Engineered rock deposits, bedrock
exposures, and natural gravel-cobble deposits provide
potential spawning substrate. Slow current velocity in
marginal habitats and greater channel complexity may
minimize migration energy and provide sites for larval
retention.

Habitat Selection

Adult pallid and shovelnose sturgeon select characteristic
physical habitat during and after their spawning migrations
(Reuter and others, 2009). The selected habitats presumably
indicate environmental conditions that are the most suit-
able — among those available — for migrating long distances
and for feeding. Exploratory analysis of telemetric sturgeon
locations within hydroacoustic habitat maps indicates that
sturgeon select velocities 0.5-0.8 meters per second (m/s) in
the minimally engineered section, 0.4—1.0 m/s in the upstream
channelized section, and 0.3—1.0 m/s in the downstream
channelized section (fig. 31). Sturgeon avoid flat areas of
the channel in all sections and tend to select bottom slopes
of 2-20 degrees in the minimally engineered and upstream
channelized segment; in the downstream channelized segment,
sturgeon selected bottom slopes of 2—12 degrees. Sturgeon
avoid velocity gradients (relative change in velocity per meter
distance) of 0—2 percent per meter in all segments and select
areas of relatively high velocity gradient: 0.6-3.0 percent per
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Lower Missouri River segments and maximum upstream location (apex) of telemetry-tagged female pallid sturgeon in 2007

and 2008. All fish were in reproductive condition when implanted, were tracked to their presumed spawning location, then recaptured,

and determined to have spawned.

meter in the minimally engineered section, 0.8—4.0 percent/m
in the upstream channelized section, and 0.6-3.2 percent per
meter in the downstream channelized segment. In the mini-
mally engineered section, sturgeon selected areas with Froude
numbers (a dimensionless number calculated as the velocity
divided by square root of depth times gravitational constant)
of 0.06-0.15; in the upstream channelized section, they
selected 0—0.15; and in the downstream channelized section,
they selected 0.03—0.15.

Throughout the river, sturgeon selected strongly for
substrate provided by engineered structures (revetment, wing
dikes) and moderately for fine sediment (silt and mud); stur-
geon avoided areas of transporting sand (table 7). Adult stur-
geon strongly avoided shallow-water habitat (SWH, defined
as 0—1.5 m deep, 0-0.60 m/s velocity [U.S. Fish and Wildlife
Service, 2003]) in the minimally engineered section, selected

SWH in the upstream channelized segment, and showed little
selection or avoidance in the downstream channelized section
(mapping of SWH was constrained in this study to depths
greater than 0.6 m so area of shallow-water habitat 0-0.6
m was not assessed). Sturgeon selection for depth also was
less systematic along the river compared to other variables,
perhaps because of interactions between depth selection and
co-varying factors like turbidity (Reuter and others, 2009).
Detailed evaluation of habitat selection using discrete
choice models demonstrates that direction and distance
are inherent in sturgeon’s association with physical habitat
characteristics (T.W. Bonnot, University of Missouri, written
commun., 2009). Specifically, based on shovelnose sturgeon
locations and habitat maps (Reuter and others, 2008), sturgeon
were shown to select slower velocities, shallower depths, and
high variability in velocity and depth along a path between the
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Figure 24. Length-weight relationship for wild and hatchery-origin pallid sturgeon collected during 2008
spring sampling efforts in both the upper and lower study segments.

Figure 25. Depth and temperature recorded from data storage tag, discharge from the nearest upstream gages,
and telemetry locations for implanted reproductive pallid sturgeon PLS08-004. Fish was implanted in reproductive
condition, later recaptured, and determined to have spawned.
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Figure 26. Depth and temperature recorded from data storage tag, discharge from the nearest upstream gage, and telemetry locations
for implanted reproductive pallid sturgeon PLS08-008. Fish was implanted in reproductive condition, later recaptured, and determined to
have spawned.

Figure 27. Depth and temperature recorded from data storage tag, discharge from the nearest upstream gage, and telemetry locations
for implanted reproductive pallid sturgeon PLS08-009. Fish was implanted in reproductive condition, later recaptured, and determined to
have spawned.
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Figure 28. Depth and temperature recorded from data storage tag, discharge from the nearest upstream gage, and
telemetry locations for implanted reproductive pallid sturgeon PLS08-014. Fish was implanted in reproductive condition,

later recaptured, and determined to have spawned.

fish and the bank (fig. 32). Sturgeon also selected locations
with a higher degree of small-scale, non-systematic spatial
variation in velocity upstream and downstream. Although vali-
dation results for models in the upstream- and downstream-
channelized sections in 2005 demonstrated good predictability
across those sections, differences in their model parameters
are likely associated with the different geomorphologies of
the two sections (see section on habitat availability, earlier
in this report). The ability of models to predict across years
(2005-07) was poor, which could be a function of interactions
between discharge and morphology. Rates of annual geomor-
phic change also vary by section (Elliott and others, 2009).
Although the importance of variability in surrounding depths
and velocities is consistent across models, enough variation
exists in models and their ability to predict across years and
river sections to support the idea that specific use of the river
by sturgeon varies temporally and longitudinally.

Analysis of depth-use patterns, documented through
data storage tags (DSTs), lends support to the hypothesis that
spawning sturgeon exhibit lower levels of depth variability in
their swimming pattern during the spawning season, compared
to non-spawning surgeon (Holan and others, 2009). These
analyses confirm the idea that adult sturgeon select areas of
complex gradients at the edges of the thalweg of the Lower

Missouri River during and after spawning migrations. Such
areas are relatively small in area in the upstream engineered
section of the river, Kansas River to Big Sioux River, indicat-
ing that favorable migration pathways may be limiting in this
section.

In a few cases during 200608, intensive tracking was
able to constrain probable spawning locations to reaches or
patches (100’s—1,000’s of square meters). During 2008, three
hatchery-origin pallid sturgeon were tracked to probable
spawning locations on three separate bends of the Lower Mis-
souri River located between river miles 230 and 269. Recap-
ture of the female sturgeon indicated that they had dropped
their eggs in or near these sites. The three sites were unre-
markable for the channelized river: sturgeon were located in
areas of convergent flow (zones of converging velocity vectors
and increasing discharge per unit width) over coarse riprap
on the outside of bends (fig. 33). Spawning in these common
habitat patches may indicate that suitable spawning habitat is
not a limiting factor for reproduction of the pallid sturgeon on
the Lower Missouri River. Alternatively, spawning in these
locations may be selection of the best available habitat, rather
than optimal habitat, and spawning in such areas may not nec-
essarily result in successful recruitment to older life stages.
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Figure 29. Discharge, water temperatures, and air temperatures from May to June, 2008. Temperature events associated

with interruption in the migration of PLS08-014 show that water temperature declined at Sioux City, lowa as a result of an air

temperature drop and was not associated with increased flow from Gavins Point Dam or tributaries.
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EXPLANATION
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DeLonay and others, 2007b; Aaron J. DeLonay,
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Figure 33. Multibeam bathymetric map of spawning location of PLS08-004 near river mile 369.5 in 2008.



Table 7.
selectivity coefficient.

Summary and Discussion

Summary of categorical data by river section, including percentage of map area, percent of relocations, and lvlev’s

Generalized substrate

Shallow-water . e s
Terrain classification

habitat
_ = — 3
° - = = e =
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Percentage of map area
Minimally engineered 82.1 7.5 2.8 53 23 11.1 88.9 44.0 1.7 29.8 24.5
Upstream channelized 79.6 4.2 1.6 10.4 4.1 1.0 99.0 37.0 2.8 29.6 30.6
Downstream channelized 80.0 8.5 5.0 43 2.2 3.1 96.9 324 1.7 333 32.6
All 80.0 5.8 2.7 8.1 3.4 3.5 96.5 35.7 2.1 31.4 30.7
Percentage of relocations
Minimally engineered 72.8 14.1 33 5.4 43 3.8 96.2 29.3 3.8 14.3 52.6
Upstream channelized 66.1 5.8 4.1 6.4 17.5 2.2 97.8 21.4 10.7 33.7 342
Downstream channelized 82.6 43 8.7 0.0 43 3.7 96.3 20.4 5.6 53.7 20.4
All 69.6 8.4 4.2 5.6 12.2 3.0 97.0 24.1 7.5 29.7 38.8
Ivlev's selectivity coefficient
Minimally engineered -0.06 0.31 0.07 0.01 0.31 -0.49 0.04 -0.20 0.38 -0.35 0.36
Upstream channelized -.09 17 43 -.24 .62 38 -.01 =27 .58 .06 .06
Downstream channelized .02 -32 27 -1.00 32 .09 0 -23 .52 23 -23
All -.07 18 22 -.18 57 -.07 0 -20 .55 -.03 12

Summary and Discussion

The goal of the CSRP is to improve fundamental under-
standing of reproductive ecology of the pallid sturgeon, and
thereby to inform river and species management decisions.
Management actions to increase reproductive success and
survival of pallid sturgeon in the Lower Missouri River have
been focused on flow regime, channel morphology, and propa-
gation (U.S. Fish and Wildlife Service, 2003). Integration of
our 2005-08 research provides some insights into how flow
regime and re-engineered channel morphology may relate to
pallid sturgeon reproduction and survival.

Emphasis on the role of flow regime evolves from its
prominence as a driver of aquatic ecosystems (Poff and others,
1997), the degree of alteration of Missouri River flow regime
(Galat and Lipkin, 2000), and the centrality of reservoir opera-
tions in Missouri River restoration strategies (Beechie, 1990;
National Research Council, 2002; U.S. Fish and Wildlife
Service, 2003; U.S. Army Corps of Engineers, 2004). A broad
set of hypotheses for the functions of flow regime in pallid
sturgeon reproduction (fig. 34) have been narrowed to focus
specifically on spawning cues, habitat conditioning, habitat
availability, and larval drift (Jacobson and Galat, 2008). The
relevant management questions are: can flow modifications be
designed — within other constraints — to improve the probabil-

ity of reproduction and survival of pallid sturgeon and, if so,
how can the modifications be optimized?

Re-engineering of channel morphology has focused
on establishing more shallow, slow-current-velocity habitat
(SWH) with the goal of increasing rearing habitat for larval
and juvenile pallid sturgeon (U.S. Fish and Wildlife Service,
2003). A relevant management question is: where along the
river will SWH projects be effective in providing habitat for
retention and rearing of larvae?

The following sections discuss new understanding of
ecological requirements of pallid sturgeon developed during
2005-2008 in context of the management actions. Although
the quantity and quality of information on pallid sturgeon
reproductive ecology have increased substantially since the
inception of the CSRP, considerable uncertainty persists in
understanding critical life-stage components. Results from
the CSRP and related studies provide a basis for continued
adaptive learning about how management of the river affects
recovery of the species.

Environmental Cues and Reproductive
Readiness

Converging lines of evidence support a model in which
a gravid female sturgeon’s reproductive maturation and

51
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Figure 34. Hypothetical roles of flow regime in pallid sturgeon reproduction and recruitment.

readiness to spawn is cued many months before a predictable
spawning date. Day length, because it is such a reliable annual
cue, is a likely candidate to initiate the biological clock and
define a temporal spawning window. Our data suggest that
sturgeon at different locations between St. Louis, Missouri,
and Gavins Point Dam, Nebraska, are all responding to the
same early cue that starts their biological clocks ticking. The
sturgeon then move upriver until they are reproductively ready
to spawn and find the appropriate local conditions for spawn-
ing. We further hypothesize that within the spawning window,
one or more additional, short-term, and specific cues may
serve to signal ovulation and release of gametes. Because the
sturgeon are likely spawning for a long period over a latitudi-
nal gradient with variable conditions, ovulation and spawning
may be cued by localized factors or events.

Of three potential spawning cues — water temperature,
discharge, day of year — water temperature is the most likely
proximate cue because of the fundamental physiological role
of temperature in sturgeon embryo development and survival,
and the sensitivity of many fish hormones to temperature
change. Temperatures known to support sturgeon embryo

survival existed within the downstream and upstream study
sections during periods when telemetry data, PI values, or
larval drift indicate that spawning was likely. There is no
known direct link between discharge (independent from other
factors) and sturgeon reproductive physiology, although indi-
rect effects because of discharge-mediated water temperature
changes are possible. Furthermore, discharge was extremely
variable across study sections and years, although sturgeon
exhibited no apparent changes in physiological spawning
indicators. Alternatively, it is possible that neither tempera-
ture nor discharge is cueing spawning. What may be happen-
ing is simply the biological clock is advancing an individual
fish’s readiness to spawn day after day through the spawning
period until the right moment, independent of temperature and
discharge conditions. In such a case, site-specific informa-
tion related to the presence of male sturgeon may be the most
important factor to begin spawning.

Further refinement of our understanding of spawning
cues will require defining more precise relations between envi-
ronmental conditions and physiological indicators of repro-
ductive physiology. Separation of the individual effects of



discharge events, water temperature, and other possible factors
will require replicates of field experiments (controlled releases
from Gavins Point Dam and additional years of upstream/
downstream comparisons) combined with precise physiologi-
cal indicators and focused laboratory studies.

Implications of Documented Reproductive
Movements

Movement and behavior data for shovelnose sturgeon
indicate consistent patterns of upstream spawning migrations
before spawning. Shovelnose sturgeon appear to exhibit signif-
icant flexibility: spawning at many locations, over an extended
period both in the mainstem and in tributaries. Shorter drift
distances of shovelnose sturgeon larvae, earlier and more
frequent reproduction, and less reliance on piscivory (Modde
and Schmulbach, 1977; Carlson and others, 1985; Keenlyne
and others, 1994), likely explain the differences in abundance
between the two species.

Movement patterns of reproductive adult shovelnose
sturgeon indicate that patterns of spring spawning migration
vary between sexes. Female shovelnose sturgeon generally
move upstream and spawn at the apex of their migration,
whereas males choose to migrate upstream to one or several
spawning locations, or choose to remain relatively sedentary.
Female shovelnose sturgeon movement patterns support a
consistent model, and we hypothesize that disrupted patterns
of migration and behavior may translate into failure to spawn
and reduced spawning success. Sudden temperature drops dur-
ing a season of generally increasing temperatures may slow or
disrupt spawning migrations or inhibit spawning.

Pallid sturgeon reproductive behaviors share many
similarities with shovelnose sturgeon behavior. Pallid stur-
geon migrate upstream to spawn and female pallid sturgeon
likely spawn at the apex of their migratory movement. Similar
to shovelnose sturgeon, pallid sturgeon males exhibit more
complex migratory patterns, perhaps because of males seek-
ing reproductive females or males attempting to spawn at
multiple locations over the spawning period. The data indi-
cate that spawning occurs at several locations in the Lower
Missouri River. The three spawning patches that have been
identified have a relatively narrow range of hydraulic and
geomorphic characteristics. These patches, on the outside
of revetted bends, have deep, relatively fast, turbulent flow,
similar to convergent flow areas identified as spawning areas
for white sturgeon (Paragamian and others, 2002; McDonald
and others, 2006) and Chinese sturgeon (Fu and others, 2007).
Convergent-flow areas are relatively insensitive to changes in
discharge (Jacobson and others, 2009b) and may be less sensi-
tive to temperature variations than other areas with suitable
coarse substrate. Pallid sturgeon have shown the capacity to
migrate long distances during spawning; however, because of
the short duration of these intensive studies and the focus on
spring migration and the spawning event, a complete under-
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standing of reproductive migration and critical pre-spawn and
post-spawn habitats is lacking.

Although we have documented the fact that pallid
sturgeon spawn over a broad geographic extent, the data are
insufficient to determine whether or not spawning is more
synchronous, and spawning locations more discrete and local-
ized, than observed for shovelnose sturgeon. Less synchronous
spawning and broadly distributed spawning sites allow for
greater flexibility in a large, extremely mobile riverine spe-
cies to select suitable spawning habitat and favorable condi-
tions for fertilization, survival, hatch, and transport of young.
Conversely, spawning at many locations scattered over a large
spatial extent and over an extended period could increase the
rarity of the species by encouraging hybridization by limit-
ing spawning aggregations, reducing the likelihood of finding
suitable mates, and reducing the effectiveness of management
options like short-duration pulsed-flow releases and spatially
isolated channel restoration projects. If additional research
indicates discrete aggregations of pallid sturgeon in specific
places and at specific times, it would follow that aspects of
the flow regime or site-specific spawning habitat restoration
actions could enhance sturgeon reproduction. Additional track-
ing and behavioral data are necessary to develop the informa-
tion needed for managers to allocate their efforts among the
various management options available.

This study is the first to document spawning of hatchery-
propagated pallid sturgeon in the Missouri River. Evidence
indicates that hatchery progeny are surviving, growing,
reaching reproductive maturity, and now spawning; however,
although this is a significant measure of success for the species
recovery program, uncertainties remain about the viability
of hatchery-raised progeny. It is unknown whether or not
hatchery fish are responding to the same environmental cues
as wild fish and whether or not hatchery fish are spawning
successfully, in terms of producing viable fertilized eggs and
larvae. Studies of reproductive success of steelhead trout, for
example, have concluded that progeny of hatchery stocks have
substantially decreased reproductive success (Araki and oth-
ers, 2007). More information is needed to evaluate the relative
contribution of hatchery fish to reproduction, recruitment, and
population recovery in the Lower Missouri River. Additional
data on the movement of adult wild sturgeon are needed to
refine the understanding of sturgeon meta-populations and
the genetic structure of populations (Schrey and Heist, 2007).
Movement data on adult hatchery progeny may provide man-
agers with information needed to balance the risk of popula-
tion augmentation in the Missouri River to locally adapted
populations in the middle and lower Mississippi River.

Implications of Larval Drift Timing and Distance

Our results support the hypothesis that spawning loca-
tion, water velocities, growth rates, and drift dynamics deter-
mine the spatial and temporal distribution of pallid sturgeon
and shovelnose sturgeon larvae and juveniles in the Missouri
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River. Natural recruitment of pallid sturgeon juveniles in

the Missouri River appears to be low, especially in upstream
segments (Dryer and Sandvol, 1993). Natural recruitment of
shovelnose sturgeon juveniles in the Missouri River upstream
from the Platte River currently (2009) may be dependent

on successful spawning in tributaries, such as the Big Sioux
River. Channel restoration activities that facilitate spawn-

ing further upstream or decrease drift distance (for example,
by decreasing mean velocities, increasing channel length or
width, or increasing channel complexity) may assist in recruit-
ing Scaphirhynchus sturgeon in the Missouri River. Moreover,
understanding of typical drift distances of larval Scaphirhyn-
chus sturgeon may provide useful guidance for placement of
channel-restoration projects that are intended to provide rear-
ing habitat. Our drift data indicate that, with present channel
velocities, rearing habitat would be most beneficial to pallid
sturgeon downstream from river mile 378, or near the Kansas
River confluence. Whether or not such habitat is limiting for
survival of larval sturgeon has not yet been determined, nor
has it been determined whether or not larval drift into the
Mississippi River is beneficial or detrimental to survival. It
also should be noted that other conditions may limit effective-
ness of habitat restoration for larval rearing, such as aggre-
gate dredging in the Kansas City reach of the Missouri River
(Jacobson and others, 2009a).

Flow and Channel Form Management in
Mediating Sturgeon Reproduction

The distribution of physical habitat along the Lower
Missouri River (fig. 31) is the template provided for sturgeon
to carry out their life history. Diminished habitat quantity and
quality have been associated with decline of pallid sturgeon
and, as a result, restoration of elements of the habitat template
have been articulated as a primary goal for recovery of the
species (U.S. Fish and Wildlife Service, 2000; 2003). Assess-
ment of habitat dynamics indicates that areas of most habitat
categories are relatively insensitive to changes in discharge
that would occur with pulse-flow modifications (Jacobson and
others, 2009b). In contrast, morphodynamic assessments indi-
cated that flows similar in magnitude to those under consider-
ation for pulse-flow modifications are capable of transporting
sediment and altering habitat substrate (Elliott and others,
2009). Whether or not pulse flows can “condition” spawning
substrate at the right time, in the right place, and in patches of
the right size for successful pallid sturgeon spawning remains
unknown. Improved understanding of where and when stur-
geon spawn will be necessary to address these questions.

As documented in this report, tracking data document
that hatchery-origin pallid sturgeon attempt to spawn on riprap
on revetted outside bends. These observations support the idea
that availability of habitats with necessary substrate character-
istics may not be limiting for sturgeon spawning. Conversely,
the abundance of this habitat could contribute to lack of repro-
ductive success by decreasing densities of fish aggregations

and probabilities of successful mating. Our assessments of
habitat availability and use indicate that migrating adult stur-
geon use specific areas within available habitats, characterized
by high spatial variability of depth and velocity and low values
of Froude number. Selection of these habitats provides insight
into combinations of flow and channel form that support the
energy requirements of migrating fish. Diminished areas of
these habitats in the upper engineered section of the river
support the idea that habitat is more limiting in this part of the
river compared to upstream and downstream sections. Lack of
suitable habitat in the upper engineered section may indicate a
reproductive bottleneck if fish are energetically limited in their
migration to spawning areas, or in finding mates.
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