ZUSGS

science for a changing world

Prepared in cooperation with the Missouri River Recovery—Integrated Science Program
U.S. Army Corps of Engineers, Yankton, South Dakota

Ecological Requirements for Pallid Sturgeon Reproduction
and Recruitment in the Lower Missouri River: A Research
Synthesis 2005-08

Scientific Investigations Report 2009—-5201

U.S. Department of the Interior
U.S. Geological Survey



Cover photograph index:

) (
Early spring sampling for reproduc- High-resolution multibeam Microscopic image of sturgeon
tive adult pallid sturgeon on Lower bathymetric map to charac- larval stage.
Missouri River. terize habitat around tagged

sturgeon locations.

y -
Endangered pallid sturgeon (Scaphi- Field researchers capture Scaphi-
rhynchus albus) (right) and shov- rhynchus sturgeon for telemetry
elnose sturgeon (Scaphirhynchus studies using baited trotlines.
platorynchus) (left) from the Lower
Missouri River, captured as part of
the USGS Comprehensive Sturgeon
Research Program.

J -

Photographs by U.S. Geological Survey personnel.




Ecological Requirements for Pallid
Sturgeon Reproduction and Recruitment
in the Lower Missouri River: A Research
Synthesis 2005-08

By Aaron J. DelLonay', Robert B. Jacobson', Diana M. Papoulias’, Darin G.
Simpkins', Mark. L. Wildhaber', Joanna M. Reuter!, Tom W. Bonnot?, Kimberly A.
Chojnacki', Carl E. Korschgen', Gerald E. Mestl®, and Michael J. Mac'

'U.S. Geological Survey, Columbia Environmental Research Center, Columbia, MO
2University of Missouri, Columbia, MO
3Nebraska Game and Parks Commission, Lincoln, NE

Prepared in cooperation with the Missouri River Recovery—Integrated Science Program

U.S. Army Corps of Engineers, Yankton, South Dakota

Scientific Investigations Report 2009-5201

U.S. Department of the Interior
U.S. Geological Survey



U.S. Department of the Interior
KEN SALAZAR, Secretary

U.S. Geological Survey
Suzette M. Kimball, Acting Director

U.S. Geological Survey, Reston, Virginia: 2009

For more information on the USGS—the Federal source for science about the Earth, its natural and living resources,
natural hazards, and the environment, visit http://www.usgs.gov or call 1-888-ASK-USGS

For an overview of USGS information products, including maps, imagery, and publications,
visit http://www.usgs.gov/pubprod

To order this and other USGS information products, visit http://store.usgs.gov

Any use of trade, product, or firm names is for descriptive purposes only and does not imply endorsement by the
U.S. Government.

Although this report is in the public domain, permission must be secured from the individual copyright owners to
reproduce any copyrighted materials contained within this report.

Suggested citation:

Delonay, A.J., Jacobson, R.B., Papoulias, D.M., Simpkins, D.G., Wildhaber, M.L., Reuter, J.M., Bonnot, TW., Chojnacki,
KA., Korschgen, C.E., Mestl, G.E., and Mac, M.J., 2009, Ecological requirements for pallid sturgeon repro-

duction and recruitment in the Lower Missouri River: A research synthesis 2005-08: U.S. Geological Survey Scientific
Investigations Report 2009-5201, 59 p.



Contents
LAY 43 =T OSSPSR 1
0T VT3 T 3O 2
PUIPOSE @NA SCOPE ..ottt bbb 4
ACKNOWIBAGMENTS ...ttt ettt s 4
STUrGEON BACKGIOUNG ...ttt sttt 4
Scaphirhynchus Reproductive CYCIE ...ttt snnas 5
Scaphirhynchus Sturgeon Spawning BENAVIOT ..ot ssesesens 7
Scaphirhynchus Sturgeon Early Life HISTOMY ..o ssssesseenenns 7
Missouri RIVEr BaCKGrOUNG........c.ciueuiciicieisieteiste sttt st nses 9
Physical Context of MiSSOUN RIVET ...ttt ettt sttt sssssssnssns 9
LR T o] Y o o ] o TSP 9
Field ReSearch Framework. ...
Hydroclimatic Conditions 2005-08
Shovelnose STUrgeoN MOUEIS ...t sns e seens
Reproductive PhYSIOIOQY ..ottt
Movement aNd BERAVIOT ...ttt aen
o0 3 LV ) F= o 1] (0] OO
Habhitat ASSESSMENTS......cuiueiriectiieieei ettt
Habitat DYNamICS......cocueiciecte ettt
Habitat Availability....
HaDITAt SEIBCTION c.ucvuieicecte e
RESUIES ettt bRt
Reproductive PRYSIOIOQY ..ot sssssssesessssssssssessssssssssessessssssssssees
Matching Patterns to Discern Spawning CUES .......ccccvceeueeeerreineeeieee e senans 17
Gonad Abnormalities and TUMOIS ...ttt 19
Movement and BENAVIOT ...ttt sssessssssssssessessssnsesses 19
BTy Life HISTOMY cuovceiceciecccc ettt bbb 34
Habitat Dynamics, Availability, and Sel@CTiON ..o 39
Habitat DYNAMICS ..ot st s sttt ennen 39
Habitat AVailahility ..o 40
HabItat SEIBCTION c.uvvcicececcet et 42
SUMMATY N DISCUSSION ....vureeeeerrerireseessesseseseessesseses e ssssss e e ssssssseesssssssssessesssssnsessesssssnssssessssssssnsesas 51
Environmental Cues and Reproductive ReadinesSs .......cccuvcuveeeeereenerneeecteeseee s 51
Implications of Documented Reproductive MOVEMENTS.........coouiereerieenieneereeesseeseeeeeseeseeeenes 53
Implications of Larval Drift Timing and DiStanCe.........ccovvrvrereerrernereeesrseseeeseseesseeseessessesenees 53
Flow and Channel Form Management in Mediating Sturgeon Reproduction...........cccccveuuee... b4

RETEIENCES CIEEM.. ...ttt et s st e e st st se st se s s et ee st seen s s e e s et s sn s s e sns 54



Figures
1. Map showing Missouri River Basin and major tributary rivers with described range
of pallid sturgeon (Bailey and Cross, 1954) (lower left) and Comprehensive Sturgeon
Research Program study areas (I0Wer right)......c..coccecveeieenerseiecsiessessssesses s 3
2. Flow chart showing conceptual life-history model of pallid sturgeon. From Wildhaber
ANA OTNEIS (2007) ..ot ee e e e e et et et s er e seeeee s s eeseeneeeesenseneseeneeeanenaenernenen 5
3-4. Charts showing:

3. Conceptual model of sturgeon reproductive cycle and the expected relation
between diagnostic indicators and readiness t0 SPAWN.......cccceecveveevecveccreiseienenas 6

4. Conceptual model of Scaphirhynchus sturgeon spawning migration and behavior
iNthe LOWer MiSSOUN RIVET ... esessessesssssssssssssssssnsessnenns 8

5-11.  Graphs Showing:

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)........ N

6. Lower Missouri River hydrograph from 2005-08 with water temperature and
estimated spawning times of shovelnose and pallid sturgeon. Data from U.S.
Geological Survey National Water Information System (NWIS), available at http./
WatErdata.USGS.GOV/TIWIS ....cveeeereseervereesssessisssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssens 12

7. Polarization index (Pl) and hormone (17-beta Estradiol and 11 Ketotestosterone)
profiles of a population of gravid shovelnose sturgeon that was repeatedly
sampled as they Migrated UP MVET ... 18

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 (Pl) less than or equal to 0.07 and Pls
Greater than 0.07 ...ttt 20

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 t0 fall.........covererrneeresre e enes 22

10. Temporal trend in of individual polarization indices of gravid Missouri River
shovelnose sturgeon sampled from random and fixed sites within river miles
196.6-97.6 AN 811734 ... 24

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..........ccccoveveenenee 26

12.  Photographs showing examples of gonadal intersex found in sturgeon from the Mis-
souri 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 00CYteS 0N MATUIE TESTES ... s 28

13.  Graph showing incidence of sturgeon with intersex gonads among total male sturgeon
caught in the Missouri River between Gavins Point Dam and St. Louis, 2000-08. Num-

bers above the bars denote the total number of males evaluated..........cccccocoveveirrineennen. 29

14-15. Photographs showing:

14. Shovelnose sturgeon captured in the Missouri River with both an ovarian lobe (0)
AN @ TESTICUIAT TODE (T) ettt e e eeen e e eeseenen e e neneneen 29



16-19.

20.

21-22.

23.

24-32.

15.  Shovelnose sturgeon from the Missouri River with rare teratoma tumors. Of
hundreds of sturgeon collected during 200508, four individuals with teratomas
were identified. (A)Ventral view. (B) Dorsal view. (C) and (D) Teratomas in body
CAVITIES cuvreceeeeete ettt bbb bbb bbb bbb bbb s bbb ae b s 30

Graphs showing:

16. 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..........cccccovcveuenes 31

17. Displacement of shovelnose sturgeon making an upstream migration in 2005
calculated by subtracting the capture and implantation location from the
maximum upstream location. Data are separated by study segment. Hatched
bars indicate sturgeon that were recaptured and determined to have spawned or
ALEEMPLEA T0 SPAWN...euieeeeeeceeee ettt st 32

18. Telemetry locations for implanted reproductive female shovelnose sturgeon,
SNS07-048, SNS07-135, SNS07-154, and SNS07-088. Fish were implanted in
reproductive condition in 2007, recaptured later the same year, and determined to
RAVE SPAWNEM ...t st 35

19. Telemetry locations for implanted reproductive male shovelnose sturgeon,
SNS07-099, SNS07-070, SNS07-103, and SNS-169. Fish were implanted in
FEProdUCTIVE CONUITION ...ttt et 35

Map showing 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 reproduc-

tive condition When implanted ..ot eenes 38

Graphs showing:

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 .........c.ccocueueereeeeeecceeeee s 4

22. 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 SPAWNEM ........cccuveeveerereerrereereeeereereeee s 42

Map showing Lower Missouri River segments and maximum upstream location (apex)
of telemetry-tagged female pallid sturgeon in 2007 and 2008. All fish were in reproduc-
tive condition when implanted, were tracked to their presumed spawning location,
then recaptured, and determined to have SPaWNEd ... 43

Graphs showing:
24. Length-weight relationship for wild and hatchery-origin pallid sturgeon
collected during 2008 spring sampling efforts in both the upper and lower study
EY =0 1] 1 TS RRTRS 44

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 .......ccccveveeecerreeneisereceesseee e 44

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 ........cocuviuriereneireeneireecre e 45



Vi

33.

34.

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 ........ccccuveeveerereerrereereeerreereeee s 45

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 ........ccccuvvveeecerreeseineiecee e 46

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 as a result of an air
temperature drop and was not associated with increased flow from Gavins Point
Dam OF TFIDULATIES ..ttt 47

30. Plot of normalized habitat variables (daily flow coefficient of variation, channel
width:depth ratio, annual suspended sediment load) by river mile showing
variability in habitat-controlling factors along the Lower Missouri River and 3-part
longitudinal division. Habitat variables are normalized by the maximum (most
natural) value of @aCH VAriabIe.. ...t n e 47

31. Histograms indicating habitat availability and habitat use, and bar charts of
selectivity coefficient, by major river section. Selectivity ranges from -1 (strong
avoidance) to 0 (no selection) to +1 (selection) (Reuter and others, 2009).............. 48

32. Spatial representation (A) and demonstrated effects (B) of physical aquatic
habitat variables included in a model explaining habitat selection by female
shovelnose sturgeon in the lower segment of the Lower Missouri River during the
2005 SPAWNING SEASON ..ceueureuereercreenireereseesesseesessesessessessesesssssesessessessesessesssssssssssssssssssecas 49

Map showing multibeam bathymetric map of spawning location of PLS08-004 near

river mile 369.5 1N 2008 ..ottt sns et naeen 50

Graph showing hypothetical roles of flow regime in pallid sturgeon reproduction and
TECTUIMENT 1ottt ettt ettt ettt ettt 52

Tables

1.

Mean annual discharge at Sioux City, lowa, and Boonville, Missouri, 1967-2008, with

mean daily discharge and annual exceedance for 2005—08 ...........cccceeoeererverererrerrerneennnns 13
Numbers of pallid sturgeon and shovelnose sturgeon implanted with transmitters and
recaptured in two Lower Missouri River study areas, 2005-08............ccocoeurenernrerineenenns 15
Frequency of larval sturgeon collected with time in river segments and major tributar-
ies in the Lower MiSSOUT RIVET ...ttt 36
Mean total length of sturgeon larvae collected with time in river segments and major
tributaries of the Lower MiSSOUN RIVET ..o 37

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 ... 39
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 oth-
BIS, 2008) ...ttt ettt e et er s ee et et s e e e e et et et s eneeeeeeeneenenneeaneneneaes 40
Summary of categorical data by river section, including percent of map area, percent
of relocations, and Ivlev's selectivity coefficient.........cccveeerccccsesececcse s 51



Conversion Factors, Abbreviations, and Datums

Inch/Pound to SI
Multiply By To obtain
Length
mile (mi) 1.609 kilometer (km)
Flow rate
cubic foot per second (ft*/s) 0.02832 cubic meter per second (m*/s)
Sl to Inch/Pound
Multiply By To obtain
Length
micrometer (um) 0.0000397 inch (in.)
millimeter (mm) 0.03937 inch (in.)
centimeter (cm) 0.3937 inch (in.)
meter (m) 3.281 foot (ft)
kilometer (km) 0.6214 mile (mi)
meter (m) 1.094 yard (yd)
Area
square meter (m?) 10.76 square foot (ft?)
hectare (ha) 0.003861 square mile (mi*)
square kilometer (km?) 0.3861 square mile (mi*)
Volume
cubic meter (m?) 264.2 gallon (gal)
cubic meter (m?) 35.31 cubic foot (ft?)
cubic meter (m?) 1.308 cubic yard (yd®)
Flow rate
meter per second (m/s) 3.281 foot per second (ft/s)
cubic meter per second (m?/s) 35.31 cubic foot per second (ft*/s)
Mass
gram (g) 0.03527 ounce, avoirdupois (0z)
kilogram (kg) 2.205 pound avoirdupois (1b)

To communicate effectively with stakeholders, managers, and other scientists working on the
Lower Missouri River, this report uses a mix of U.S. customary units and International System

of Units (SI) units of measure. Distances along the Missouri River are given in river miles

upstream from the junction with the Mississippi River at St. Louis, Missouri, as measured by
the U.S. Army Corps of Engineers in 1960. Discharges are provided in the customary units of
cubic feet per second. Reach-scale hydraulic variables—depth and velocity—are in Sl units
of meters and meters per second.

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
°F=(1.8x°C)+32

Vertical coordinate information is referenced to the North American Vertical Datum of 1988

(NAVD 88)

Horizontal coordinate information is referenced to the World Geodetic System of 1984

(WGS 84)

vii






Ecological Requirements for Pallid Sturgeon Reproduction
and Recruitment in the Lower Missouri River: A Research

Synthesis 2005-08

By Aaron J. DeLonay, Robert B. Jacobson, Diana M. Papoulias, Darin G. Simpkins, Mark. L. Wildhaber,
Joanna M. Reuter, Tom W. Bonnot, Kimberly A. Chojnacki, Carl E. Korschgen, Gerald E. Mestl, and Michael J.

Mac

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



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

Oocyte growth
(Extends for weeks and/or months)

Oocyte maturation

OvulationK&ESpavwning
(Occurslinihoursiorddays)

"‘--....

Gonadotropic

Gonadotropic

Maturation inducing Maturation inducing

o *»,  hormone1 hormone 1 hormone 2 hormone 2
*
. -
- E diol (E2) 0.‘ "¢ \ - " e my /
St * o
radiol , i P ’( N N , . \\
0: v / “’ * \ 4 / - \
.: ¢ / ' \ o/ ) \
.
N pd * \ e/ AN
D ’ A Y
o A § e \ ¢/ v\
: s I 0.‘.\ . I . \
. ~ \,
." ! I 1 "0‘ I ' \
*
““0 /] , ' “.’l 1 \
.--"\‘ ! ’ ! |‘ ' "N, ' ‘
] Y ¥
'
11-ketotestosterone (11KT) ' | ! \ I ...""l--..... ! \‘
M| | .
>1.0 0.09 0.07 0.05 0.03 GVBD* * germinal vesical breakddown is the

time when ovulation occurs

POLARIZATION INDEX
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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,
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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).
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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 tr