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This report documents the work of the Upper Missouri River Basin Pallid Sturgeon Workgroup
(Workgroup) during 2018. The report consists of minutes of the annual meeting of the Workgroup
Governing Board, minutes of the annual Workgroup meeting held in Billings in March 2018, updates of
on-going work and reports completed by members of the Workgroup and other contractors.
In order to limit the size of this document, where available, executive summaries of project reports are
used rather than entire reports. Also, where reports included large numbers of tables or multiple
appendices, much of this data is not included in this report. Users of this Annual Report are encouraged
to contact researchers, principal investigators or project leaders for more detailed information.
The Governing Board of the Workgroup during this period consisted of the following individuals. Their
work affiliation and the focus areas they represent are indicated.
Zach Shattuck, Chair, Montana Fish, Wildlife and Parks
Luke Holmquist, Montana Fish, Wildlife and Parks, RPMA 1
Mat Rugg, Montana Fish, Wildlife and Parks, RPMA 2
Landon Pierce, U.S. Fish and Wildlife Service, RPMA 3
Tyler Haddix, Montana Fish, Wildlife and Parks, Habitat
Pat Bratten, U.S. Fish and Wildlife Service, Research
Rob Holm, U.S. Fish and Wildlife Service, Propagation
Vacant, U.S. Army Corps of Engineers, Funding*
Ken Staigmiller, Montana Fish, Wildlife and Parks, Fish Health
Kevin Kappenman, U.S. Fish and Wildlife Service, Stocking and Tagging
*The Governing Board decided to have Ryan Wilson occupy the vacant position on the Governing Board
beginning in 2017.
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Meeting Notes from the
UBPSWG Governing Board Meeting
September 5-6, 2018
Billings, MT

The following are the notes from the September, 2018, meeting of the Upper Basin Pallid
Sturgeon Recovery Workgroup Governing Board. A summary of the action items assigned
during the meeting appears at the end of the meeting notes.
Zach Shattuck, Rob Holm, Ryan Wilson, Mat Rugg, Bill Rice, Luke Holmquist, Alyssa Fellow, Matt
Marsh, Ken Staigmiller, Landon Pierce, Wayne Nelson-Stastny, Yvette Converse, Kevin
Kappenman, Tyler Haddix, Pat Braaten and Bob Snyder were present at the meeting. Attending
by phone was Brian Marotz.
Wednesday, September 5

Opening Comments
Zach opened the meeting thanking WAPA for its support. Mat Marsh requested that WAPA
contractors submit their invoices in a timely manner, include as much project detail as possible,
and provide annual reports.
Wayne and Landon – MRRP process
The MRRP flow chart was discussed. The Middle Basin submitted seven issue papers for
transmittal to the fall Fish Team meeting. Four will move forward. There were no issue papers
from the Lower Basin. Zach is currently finalizing Upper Basin issue papers.
Zach commented that we need to better understand the Effects Analysis process and timeline.
Prior to the fall Fish Science there will be a webinar and data-dump along with preliminary
discussions on October 31-November 1. The Fish Science meeting will be on November 27 in
conjunction with the fall MRRIC plenary meeting November 26-29. Joe Bonneau would like the
information for the fall Fish Science meeting by mid-September.
The flow for the fall Fish Science process is;
Workgroup collection of issues and new information
Fall webinar
Fall Fish Science meeting
Adaptive management meeting (March)
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It was asked how others, besides USGS can bid on proposed projects.
Zach and Brian presented the Upper Basin issue papers:
Warmwater restoration below Ft. Peck Dam and selective withdrawal at Ft. Peck Dam.
Survival of larvae drifting through Intake Dam at various flows.
Larval drift duration, area of intersection, and habitat change at various Missouri River
discharges.
Wayne – Recovery Implementation Planning
The USFWS has begun its Species Status Assessment process. It will include breaking down
recovery strategies into actions. Partnerships are key to move forward. There is currently no
timeline for completion of the process.
Landon – RPMA 3
Stocking and leakage of fish downstream
USFWS has asked the Middle Basin for guidance in stocking and organization of RPMA 3 (put in
Middle Basin?). The Upper Basin’s role for RPMA 3 needs further discussion.
RPMA 3 update
The USACE has decided that population assessment in RPMA 3 will only occur every five years.
2019 will be the first year and consist of two days of trammel netting and two days of trotlining.
USACE will do monitoring.
Fish growth of later age classes is lower than earlier-stocked age classes.
Action item – Landon suggests the Workgroup discusses growth rates observed and prepare an
issue paper.
Zach – Current events
The Governing Board unanimously approved that Zach remain the Workgroup Chair.
Action item – Zach will send out the latest draft of the operating procedures to the Governing
Board and will collect the last round of comments. The Governing Board will vote on the final
approval later this year.
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Alyssa (WAPA’s funding agency representative) and Luke (RPMA 1 representative) were
approved as members of the Governing Board.
USACE and Bureau Reclamation signed the Workgroup MOU. Jodi Sunstedt (with WAPA) will
work to get them to sign.
Funding for the Workgroup Facilitator will run out at the end of the current contract (March
2019). The Upper Basin Workgroup will request through Don Skaar that MRNRC seek funding
to continue the Workgroup Facilitator contract.
Action item – Zach will find out remaining balance in MRNRC account for the facilitator
contract.
Final carrying capacity report should be done late September. Final approval of these reports
by the Workgroup is needed for researchers to remain in good standing with the Workgroup.
Action item – Zach will seek and assemble comments on the MSU carrying capacity reports.
Action items - Bob needs to bring “goodies” to these meetings.
Thursday, September 6
Luke – RPMA 1 update
Luke started working for MTFWP in July. This year’s high flows caused no settling to occur,
which is usually provides half of the Pallid Sturgeon sampled. Six reproductive Pallid Sturgeon
moved into the Marias. At least some of the females went atretic. Luke is waiting for histology
results to determine if a female spawned. Two females that were in their second reproductive
cycle went atretic. There are eight wild Pallid Sturgeon that are telemetered in RPMA 1.
Kevin – New tags needed
There is a need for tag that detects the rapid movement that takes place during spawning to
confirm spawning occurred. Bettel has developed such tags for other species. A letter of
support from the Workgroup to Bettel would encourage them to develop a tag appropriate for
Pallid Sturgeon.
Action item – Zach will draft a letter to Bettel to encourage development of a tag that identifies
spawning behavior.
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Mat, Tyler, Pat and Ryan – RPMA 2 update
Ryan
2018 had the latest spring that he has observed. Spring sampling was difficult due to high
water.
Recapture rates are increasing (67%). Ryan is investigating what this means. PIT tag retention
(<20% loss) has improved from previously (30%) due to handling training.
He is still seeing an issue with slow growth in stocked fish (’09 and ’16 cohorts are same size).
Matea Djokic with MSU has been using a “fat meter” to determine fat content of Pallid
Sturgeon. “Normal” values and ranges have not been determined. Relative condition of
captured Pallid Sturgeon appears to be good. He will investigate if there might be a genetic
(family) cause for the growth rates observed.
Kevin asked if we need a graduate student to data-mine to answer questions posed by
biologists. Perhaps Hillary Treanor or David Dockery could be used? Kate Norman, a USFWS
biometrician, might be able to do this type of work.
Action item (from) Tyler – There is a need to synthesize a summary of Upper Basin data about
growth stagnation for presentation to the 2019 fall Fish Science panel.
North Dakota has caught eight Pallid Sturgeon (three in one year) in Lake Sakakawea. Ryan has
caught 12 Pallid Sturgeon in Lake Sakakawea below where Bramblett did hid work.
Mat
He is starting his most intense sampling period using two crews. The Intake by-pass channel
project is moving forward, with groundbreaking ceremony in October. BuRec translocation
crews moved six fish (wild adults and HOPS) above Intake Dam. One adult male ran 90 miles up
the Powder River. Fish display individual, unique movement and spawning strategies. One
male HOPS moved up to Miles City.
Mat uses MTFWP and BuRec funding for his full-time technician. In high water years in Powder
River or if fish are in the Powder, MTFWP samples for larvae at the mouth of the Powder to
attempt to document spawning.
Pat
Some tagged females spawned, some went atretic. One female shed its tag. Spawning was
documented in 20 feet of water, deeper than ever seen before. Pallid Sturgeon free embryos
were captured.
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Tyler
In 2011, Pallid Sturgeon spawned in the Missouri River. In 2013, there were good flows from
the Milk River and females moved into the Milk, but spawned in the Yellowstone. In 2018,
there were good flows from the Milk and fish moved into the Missouri. Total flows in the
Missouri were around 20,000 cfs – first with the addition of the Milk, then from spillway
releases. Three gravid females (one wild) moved below the spillway. One spawned in the
Yellowstone, two possibly spawned in the Missouri. No known males moved into the Missouri.
The highest number of YOY sturgeon (species unkown at this time) were caught this year below
the Confluence.
Population assessment
Zach
Population assessment program is being updated. A new activity is “river sweeps” to coarsely
detect the location of telemetered fish. USACE is proposing crews don’t have to stay within
assigned reaches.
Ryan
There is a need for better communication between crews. He recommends an Excel
spreadsheet be posted on Google Drive with open access for crews to capture data closer to
real-time (on a weekly basis). Crews will track all life-stages of Pallid Sturgeon. USACE is
considering putting radios in smaller Pallid Sturgeon. Changes in sampling will break continuity
of existing data. Concerns about the accuracy of population estimates using the new system
were discussed.
Action item – Schedule a call with the RPMA 2 staff, Joe, Wayne and the USACE to discuss
improvements to the relevancy of the Population Assessment program.
Ken – Fish health
There will be a conference call next week to finalize the Pallid Sturgeon fish health assessment.
Wayne said what drove the desire for a health assessment was bringing Neosho NFH back on
line and speculation that missing cohorts in the Middle Basin might be hatchery-caused.
USFWS Fisheries and Assistant Regional Director approved the recommendation to create the
assessment.
Yvette - The changes to the database to add hatchery history and health assessment data
should be done in 2019.
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Pat – 2019 drift study
Pat would like to perform a drift study in 2019. The original plan to do one in 2018 was
cancelled due to the predicted high flows. The biological component of the drift model is still
missing. Current plans are to use 2-day old larvae and release them at Wolf Point to avoid
possible upstream causes of mortality in the 2016 study (turbulence?). The study logistics will
be worked through in February and March. It would be good to include LaRang’s mapping
crews. Mapping by the USGS will also be done.
Rob – Garrison Dam NFH
Three males were brought into GDNFH this spring. Two were cryopreserved. The third had
poor sperm. There are only a handful of cryopreserved males that have not been used to
create progeny. In 2017, boutique matings were used to create progeny that were stocked to
balance genetic representation among the Upper Basin RPMAs.
Kevin – Fish handling workshop at BFTC
About 30 people showed up for the training. There were many positive comments. Kevin
suggests that the workshop be repeated periodically, (perhaps during alternate years?). Videos
of the workshop were made. And will be posted to the website. Steve Krentz has the last
iteration of the handling protocol and it is ready for release.
Transition to new tag frequency
The importance of and transition to 134 kHz tags was discussed. (Note: Since this meeting, the
USFWS has sent out a notice implementing the transition to 134 kHz tags.)
Action item – Kevin will take the lead on resolving the transition issue.
Yvette – Stocking and augmentation plan update
The final draft will be out for review next week. (Note: Final comments/edits were due October
5.)
Pat – CART tags
Should we employ CART tags?. 2012 fish are due for transmitter replacement. The current
operating frequencies are becoming saturated. Do we go to 700 tags? Do we use 700 and
CART tags? Do we just use CART tags in females?
Action item – Pat will work with Mat, Tyler, Ryan, and Aaron DeLonay to investigate CART tag
information (battery life, etc.).
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Alyssa – WAPA funding
All FY2019 funding is committed, so no new projects or RFPs until FY2020. $175,000 should be
available in FY2020.
Action item – Zach, Alyssa, and Matt will further discuss contracting payments.
FY2020 project proposal
The Governing Board suggested the need to fund an update of the current Pallid Sturgeon
database and expand its structure to included hatchery history and health assessment data.
Gavins Point NFH broodstock management plan
GPNFH staff and the Northeast Fishery Center are developing this plan. Part of this plan will
include selection of fish for culling as fish densities are managed.
Upper Basin Workgroup March meeting
The March Workgroup meeting will be in Billings on March 19-20, 2019.
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Summary of Action Items
Landon suggests the Workgroup discusses growth rates observed and prepare an issue paper.
Zach will send out the latest draft of the operating procedures to the Governing Board and will
collect the last round of comments. The Governing Board will vote on the final approval later
this year.
Zach will find out remaining balance in MRNRC account for the facilitator contract.
Zach will seek and assemble comments on the MSU carrying capacity reports.
Zach will draft a letter to Bettel to encourage development of a tag that identifies spawning
behavior.
Tyler identified a need to synthesize a summary of Upper Basin data about growth stagnation
for presentation to the 2019 fall Fish Science panel.
Schedule a call with the RPMA 2 staff, Joe, Wayne and the USACE to discuss improvements to
the relevancy of the Population Assessment program.
Kevin will take the lead on resolving the transition issue.
Pat will work with Mat, Tyler, Ryan, and Aaron DeLonay to investigate CART tag information
(battery life, etc.).
Zach, Alyssa, and Matt will further discuss contracting payments.
Bob needs to bring “goodies” to these meetings.
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2018 Upper Basin Pallid Sturgeon Recovery Workgroup
Bozeman, MT
March 6-8
NOTE: The presentations of the speakers will be posted on the Pallid Sturgeon recovery
website.
The afternoon of March 6 the Bozeman Fish Technology Center sponsored a Pallid Sturgeon
handling and tagging workshop organized by Kevin Kappenman. It was a very successful
program.
Wednesday March 7
Zach opened the meeting thanking Bob Muth for sponsoring the handling and tagging
workshop. Pat and Ryan were recognized for the discovery of a 412mm juvenile Pallid Sturgeon
from the 2016 drift test caught on August 17, 2017. This fish is important because it
demonstrates that, given the less than optimal flow and thermal conditions present during the
test, survival of progeny from Pallid Sturgeon that spawn near the Milk River can survive.
Lou Hanebury, Larry Gamble and Anne Tews were recognized for their valuable contributions to
the Pallid Sturgeon recovery program and the Upper Basin Workgroup.
Website and Online library - Lorelyn Mayr
The online library is close to being released (later this spring). Access to the library must be
limited to members of workgroups. People will have to reset passwords to establish
connection. Look for an email from “wordpress”.
Anne Tews – RPMA 1
ACOE operations do impact RPMA 1. BOR operations at Canyon Ferry and Tiber dams affect
hydrograph. Pallid Sturgeon are found upstream almost as far as Morony Dam and in the lower
Marias River. They are common in the Coal Banks reach. Fish stocked as fingerlings comprise
20-40% of some age classes captured.
The ’97 age class are growing “normally”. Later age classes are growing slower and growth
goes asymptotic at about 500mm. They are not “skinny”, just not growing.
Although most sampling occurs near Fred Robinson, telemetry stations show fish use entire
river. The Marias is the only tributary in the upper Missouri that is used by Pallid Sturgeon and
Shovelnose Sturgeon.
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A PIT tag array at Loma Bridge was used to evaluate 134.2 kHz tags in SNS. 125 kHz tags are not
effective for use in movement studies. The 134s worked well for SNS. No evidence of tag loss
in tags placed within the abdomens of fish after months. Anne recommends expanding the use
of 134.2 kHz PIT tags.
Larval sampling, YOY sampling telemetry and temperature – Tyler Haddix
This project, in part, repeats the flow mod work in addition to population assessment. Pallid
Sturgeon used the Missouri in 2011 and 2013. 2013 had high flows from Fort Peck Dam (FPD)
but Pallid Sturgeon didn’t stay and they moved into the Yellowstone River before spawning.
Hatchery origin Pallid Sturgeon telemetry - Braaten, Haddix, Rugg
This WAPA-funded project to implants transmitters in hatchery raised Pallid Sturgeon (HRPS) to
follow them as they reach sexual maturity. Fixed stations on the Missouri, Yellowstone and
below the confluence are used as well as manual tracking. Blood samples are taken to assess
sexual maturity. Few fish have reached sexual maturity.
Almost half of HRPS use the reach below the confluence. This may be biased, as most fish are
captured and tagged below the confluence.
There is a need to develop a plan on coordinated/expanded telemetry program as HRPS
become sexually mature.
Pat – Pallid Sturgeon use, migrate and spawn in the Missouri and Yellowstone rivers.
Pallid Sturgeon Use, Migrations, and Spawning in the Yellowstone and Missouri Rivers During
2017 – Pat Braaten
The Yellowstone River was primarily used by Pallid Sturgeon in 2017.
Four Pallid Sturgeon (2 wild, 2 HOPS)went through the high flow side channel. Flows were
40,000-57,000 cfs. Five fish were translocated above Intake diversion. Movement by three
males (2 wild, 1 HOPS) into Powder River (about 100 miles) was documented. Some fish stayed
in the Yellowstone River.
Spawning of three females was verified. Spawning took place 6/18-6/22.
Intake fish passage – Mat Rugg
Mat presented a history of the Intake Diversion project.
Project objectives are to determine the current effects of Intake Diversion Dam on the
movements of native fish species:
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•
•

•
•

What species currently pass/don’t?
% given species that pass?
• When do they pass?
• Temporally? Environmental conditions?
Around or over dam?
Upstream, downstream, both?

Transmitters are surgically implanted in Sauger, Shovelnose Sturgeon, Blue Sucker, Paddlefish
and Pallid Sturgeon (hatchery and wild adults).
All downstream movement is over dam.
Upstream movement:
Blue suckers – over dam
SNS – side channel
Sauger – side channel & over dam
Paddlefish – side channel and over dam
PS adults – side channel (high flow), no passage (low flow)
PS juveniles – side channel (high flow), no passage (low flow)
PS yearlings – no passage
3D mapping – Brian Marotz
Rob Jacobson – 3D mapping provided a lot of information about particle movement in a flow
relatively cheaply.
Brian – Methodology over-estimates water velocity in bottom boundary (lowest 10 cm). Model
yields more than 90% of articles stall at least once.
Conclusions:
! The fastest drifters (<10%) could reach Sakakawea Reservoir in 6.5 days if they remain
suspended in the thalweg the entire distance.
! 90% of drifters are swept from the thalweg into low velocity habitats, which may be
hundreds of meters away from the thalweg.
! More than 50% stalled along riverbanks, islands and channel-spanning sand dunes
where juveniles could residualize (if other conditions were conducive to growth and
survival).
! Larvae cannot resist the current in most of the river, until they each low velocity areas
(interception habitat) where they must re-suspend or swim to continue drifting
downstream.
! Drifters near the bottom would not reach SAK for 31 days, indicating that drift duration
may not be limiting pallid sturgeon recruitment downstream of Fort Peck Dam.
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Pallid Sturgeon larval development, behavior, and swimming ability – David Dockery
Results:
There were no velocity effects on development.
15°C
20°C
Swim up occurred at:
10 dph
5 dph (Exclusive behavior
from hatch to this
age)
Settling/bottom orientation occurred*
11 dph
6 dph (Some continued to drift 30
dph)
Melanin plug expelled*
15 dph
8 dph
Presence of food in gut*
18 dph
10 dph
Yolk sac depletion*
15 dph
9 dph
*age when behavior was first observed.
Larvae swam up immediately post-hatch regardless of the substrate eggs were in. Larvae
drifted up to 71 days post-hatch and there was no upstream movement. Larvae are weak
swimmers. Larvae selected low (˂15 cm/s) environments, similar to their measured Ucrit values
(maximum aerobic capacity). If larvae cannot find adequate food, habitat, etc. they continue to
drift.
Pat – Noted that there were fewer thermal units to settling than predicted (200 TU) from fish in
wild to when behavior was first observed.
Effect of water velocity on growth, survival, and energy reserves of endogenous Pallid
Sturgeon larvae – Steven Chipps, Dan James, Joe Mrnak (on phone)
Larvae allocated similar amounts of energy regardless of flows. Larvae in a no-flow system
deplete energy reserves at a higher rate than larvae in a flowing system. Larvae experience
higher mortality at lower levels of velocity (chance of survival increases as velocity increases).
Native Chub Distributions Downstream of Gavins Point Dam on the Missouri River in
Nebraska - Thad Huenemann
Silver and Shoal chubs
– Established adult population closest to Dam
– Age – 0 remain present in reach
– Floodplain use during high water
Sicklefin and Sturgeon chubs
– Adults displaced downstream, Age – 0 further more
– High water greater impact to obligate big river species
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Sicklefin and Sturgeon chubs may be more susceptible to displacement by high flows as they
live in main river channel.
Linking Fish with Habitat, Linking Fish with Fish – Gerald Mestl
Velocity and depth are the only variables with useable data. Gerald presented some statisticbased relationships to show what habitats different species use and how much of these
habitats are available.
DNA analysis of fecal samples can be used to identify diet of fish. He would like to expand
testing to the entire range of pallid sturgeon.
Stocking and Augmentation Plan – Yvette Converse
Yvette is leading the rewrite of the Stocking and Augmentation Plan. Decision-making
processes are important components of the plan and include working within ESA and MRRP
processes. There was a discussion of the importance of the stocking and Augmentation plan.
Pallid Sturgeon Recovery Team & Workgroups – Wayne Nelson-Stastny
July to September – Opportunity to provide input to the fall science and MRRIC fish
workgroups. The workgroup needs to prioritize its needs and issues.
Missouri River effects analysis – Robb Jacobson
Robb described the EA process, progress and timeline.
Investigating flow releases from Fort Peck Dam has become a new priority. Model runs of
hypothetical hydrographs should be available by November, 2018. Ryan Larson is running the
model. Level 2 field experiments could occur as soon as 2019-2020.
Ideker Farms lawsuit can affect pallid sturgeon conservation efforts and require more
justification, higher burden of proof, an increased emphasis on human considerations and the
need to demonstrate competency and integrity. This suit contends that conservation high
flows resulted in take of private property under the 5th amendment.
Population assessment v2.0 – Michael Colvin
Michael presented the objectives of the new population assessment program and described the
on-going development process.
Lower Yellowstone Project - Pallid Sturgeon Translocation – David Trimpe and Eric Best
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Objectives:
• Capture, transport, and release motivated Pallid Sturgeon above Intake Diversion Dam
• Monitor translocated individuals to determine movements, and detect evidence of
spawning
• Monitor to detect free embryos in the Lower Yellowstone Main Canal and at Intake
Diversion Dam
The capture zone is from the fishing access site to the high flow side channel. The relocation
release site is the Stipek boat ramp.
•
•
•
•

5 fish were translocated
2 wild males and 3 HOPS (1 female, 1 male and 1 UNK)
3 fish (2 wild males and 1 HOPS Male) migrated into the Powder River
Located near Powderville which is near Powder RM 99-100

Monitored free embryos in main canal. None detected. Still in process of developing 2018
plan.
Lessons Learned in 2017
•
•
•
•
•
•
•
•

If passage is provided at Intake, fish will continue long upstream migrations (2014 & 2017)
Better understanding of life history/data collection techniques and reasoning (BOR)
Tagging
Egg Extraction
Blood Work
Increased tracking post-translocation
How do we handle tracking in the Powder River?
Communication is critical!

Plans for 2018
•
•
•
•

Similar to 2017
May 1st – June 15th (Depending on Flows)
MTFWP, Reclamation, and USGS
Same Capture and Release Points

WAPA – Matt Marsh
When leaders of WAPA-funded projects send in invoices they should provide more details
about line items such as how many people are involved, how much time was spent on the
project and what was accomplished.
Handling protocol update – Steve Krentz (on phone)
Transitioning from 125 kHz to 134 kHz tags will begin this year, probably this summer. Steve
will investigate exchanging 124s for the new tags. He recommends biologists use up the tags
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they have that they can’t exchange. People should also start purchasing readers for the new
tags.
Abdominal, larger tags won’t be the primary tag. Dorsal PIT tags will remain as the primary tag
due to concerns about expulsion of abdominal tags.
Transition to new tags will be to leave 125s in fish and implant “new” fish with 134s. The group
needs to consider whether to retag over old tags with 134s. There will have to be a database
link between old 125 PIT tag numbers with new 134 PIT tag numbers. The decision how to
proceed will be made through the tagging and handling protocol development process.
Anne – There is a reader that will read both types of tags for about $800.
SNS abdominal PIT tag study discussion - Anne Tews
Anne proposes using abdominal PIT tags, with double (dorsal and abdominal) tags.
Kevin – The Upper Basin ad hoc Tagging Committee asked and received a proposal from Anne
on implementing abdominal PIT tag study.
This type of tagging would be useful to fish movement studies in RPMA 2, especially monitoring
movement into tributaries such as the Powder River.
Oil spill response and training – David Rause
Department of the Interior awarded funding in FY17 for Pallid Sturgeon risk assessment and
response plan development and oil spill fish health sampling training and baseline sampling.
Population Assessment in Segments 2 & 3 – Tyler Haddix
This project, started in Montana in 2006, has seen a reduction in funding resulting in decreased
gear use and effort. Only trammel nets and trotlines are used. They no longer use mini-fyke
nets or otter trawl. Segment 2 is Fort Peck Dam to Wolf Point. Segment 3 is Wolf Point to the
confluence.
Pallid Sturgeon are no longer stocked in the school trust section as Ruggle’s study determined
that the habitat and water in this section it is more suitable for trout.
Most HRPS are grouped around 370-470mm. Fish are growing, but slowly. Only yearlings are
stocked.
Large fish captures have increased towards Fort Peck Dam after 2011 flood, but seem to be
returning to prior downstream locations.
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Tyler is seeing lots of “skinny” fish, even though the calculated relative condition is near 1.0.
Population Assessment in Segment 4 – Ryan Wilson
Otter trawl is best for sampling small native fish species that are potential Pallid Sturgeon
forage. Trotlines are best for sampling Pallid Sturgeon.
Seventy percent of HRPS caught are from Yellowstone River stocking sites.
They have only caught 1% of all stocked Pallid Sturgeon. They are not very effective at catching
Pallid Sturgeon. The captured 2016 age class Pallid Sturgeon from the 2016 drift study is one
fish from a family of 27,000 that were stocked as part of the study.
Population Assessment in Segments 5 & 6 – Dan James
This reach is from Fort Randall Dam to Lewis & Clark Lake. Segment 7 (below Gavins Point
Dam) was being sampled by SDG,F&P, but they have pulled out of the population assessment
program. The FWS will assume sampling in this area.
Garrison Dam NFH – Rob Holm
Rob presented a chart showing Upper Basin stocking history.
Family lot history is fairly consistent between GDNFH and GPNFH. Early life stage mortality
causes significant and undesirable hatchery selection and should be investigated.
Matings used to produce HRPS are 1 female to 3 males.
Gavins Point NFH – Jeff Powell
The Upper Basin captive broodstock population has 1956 total fish representing 147 wild fish
and 157 families. Cryopreservation of sperm is used for both Upper and Middle basin
conservation stocking programs.
Eleven captive broodstock females were spawned in 2017 for research requests. GPNFH also
produces fish for stocking in RPMA 3.
Seventy-nine Middle Basin wild and hatchery Pallid Sturgeon passed through the hatchery in
2017. Eight were reproductive females.
They are making lots of improvements to the hatchery infrastructure.
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Update on the SAMP and MRRMP-EIS - Joe Bonneau
The Corps hopes to attempt test flows out of Fort Peck Dam by 2019. They are hoping to have
the hydrograph designs completed by November, 2018. He is not sure how the Workgroup or
State of Montana can provide input. Flow releases will use the SAMP process and not require a
new information paper.
Marotz – Offered the use of FWP’s model for water management into and from Fort Peck
Reservoir.
Joe – Hopes that FWS lays out the role of workgroups and how comments and input from them
can be included in the process.
The Corps is considering sending a representative to Upper Basin Workroup meetings. Joe is
the most appropriate choice but has a full schedule.
Early life stage (4-5 dph) mortality – Lacey Hopper
Early life stage mortality can occur at two periods 4-5 dph and when fish go on exogenous
feeding.
Lacey looked at 99 fish from GDNFH that went through early life stage mortality. She observed
protein material imbedded in various tissues. Is this a sign of protein overload (even though
fish are still absorbing yolk sac)? She also sees vacuoles of unknown type in tissues.
The next steps are:
•
•
•
•

Evaluate healthy larvae to develop a baseline
Collect fish from multiple facilities
Virology testing to determine if a virus is the cause (A virus has been isolated from lae sturgeon
with early life stage mortality).
Other testing as needed.

Jeff – If no early life stage mortality is seen, he can see mortality at conversion to feed. Are
they related?
Hatchery managers will send sample larvae from all lots of fish to Lacey.
Pallid Sturgeon genetics monitoring – Jeff Kalie
The 2016 drift study PS captured was PIT tag 6C0097722 from family cross 1F497F1801 x
0A180E0E7E.
Project 3.7 identifies and assigns Pallid Sturgeon elastomeric marks to family.
17

NEFTC makes mating recommendations to GPNFH. Other projects include assessing
reproductive success of cryopreserved milt and working with Ed Heist to assess potential
Middle Basin broodstock and manage matings at Neosho NFH.
2018 sampling due dates for genetic assessment:
Potential broodfish and other adults - May 4, 2018 (?)
Unknown-origin individuals for spring analysis - June 8, 2018
Unknown-origin individuals for fall analysis - November 9, 2018
Broodstock collection coordination – Zach Shattuck
RPMA 1 – All telemetered fish are not sexually active. There will be no collection in RPMA 1 this
year.
RPMA 2 – The small group of bios will coordinate collection in PMA 2.
Reproductive indices of HRPS – Molly Webb
The hatchery program has kept PS from going extinct.
The age of maturity and spawning periodicity of Pallid Sturgeon is being determined. Youngest
male matured at 10 years, most mature at 4 years or more. Youngest female is possibly 14
years old, most are 18 years old or more (’97 age class). Males have either annual or bi-annual
spawning cycles. Spawning periodicity of females is 2 or more years (Molly would like a larger
sample size).
All sexually mature ’97 females in RPMA 1 have gone atretic – most probably due to “dummy
run”. It also could be that they aren’t finding mates or suitable spawning habitat, although ’97
females in RPMA 2 are also going atretic.
Molly sent out a memo for the females she would lie to see captured this year to assess
spawning status.
Northwestern Energy – Steve Leathe
Steve is retiring in 2018. He presented his observations of Pallid Sturgeon recovery during his
career and echoed concerns expressed at the meeting by RPMA2 reps about slow growth of
HRPS stocked after 2000. It appears that HRPS were grossly overstocked in RPMA1 during
2002-2010 and strategic population ‘culling’ should be considered to reduce overpopulated
year classes and over-represented genetic family groups. HRPS growth patterns should be
investigated to determine optimal stocking rates and ensure that a defining characteristic of
RPMA 1 (large adult size) is maintained in the future.
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Guy – The Workgroup needs to submit a new information paper to the SAMP process.
Annual reporting cycle – Bob Snyder
Reports are produced throughout the year:
•
•
•
•

Annual meeting minutes
Annual Report (spring)
Upper Basin Project Updates (January and July)
GB meeting and conference call minutes

Thanks for everyone’s help providing information in a timely manner.
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PERMIT NUMBER:
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MONTANA DEPARTMENT OF FISH, WILDLIFE AND
PARKS
NATIVE ENDANGERED SPECIES RECOVERY (Pallid
Sturgeon)
TE06447C-0
Missouri River upstream of Fort Peck Dam, Montana
Great Plains Resource Management Unit
Formerly known as Recovery Priority Management Area 1
(RPMA1)

PERIOD COVERED:
January 1, 2018 through December 31, 2018
PROJECT PERSONNEL: Luke Holmquist, Fisheries Biologist, lholmquist@mt.gov

INTRODUCTION
The Missouri River between Morony Dam and Fort Peck Dam contains the most
upstream habitat that supports a population of endangered Pallid Sturgeon (Figure 1)
in the Missouri River Basin. This reach was formerly designated as RPMA1 in the
original Pallid Sturgeon Recovery Plan (Dryer and Sandovol 1993) but has since been
redesignated as part of the larger Great Plains Management Unit under the revised
Management Plan (USFWS 2014). This reach is anthropogenically altered at the
downstream portion by the operations of Fort Peck Dam and the subsequent reservoir
and additionally at the upstream portion through impacts of multiple dams on the
Missouri River and on important tributaries including the Marias River. Most notably
Canyon Ferry Dam on the Missouri River and Tiber Dam on the Marias River (both
completed in the 1950’s) which alter the natural flow, temperature, and sediment
regimes in RPMA1. Holter Dam, Hauser Dam, and the five Great Falls Area dams
(Black Eagle, Rainbow, Cochrane, Ryan, and Morony) are run-of-river structures, and
thus have little impact on the hydrograph. Hydrological alterations and fragmentation
of the riverine ecosystem are suspected to be the root cause of population declines
across the species range. No natural recruitment or successful spawning event has ever
been documented for Pallid Sturgeon in RPMA1 (Holmquist 2017). The leading
hypothesis for recruitment failure is that if Pallid Sturgeon have successfully spawned
(although never documented) their offspring have not had sufficient drift distance to
complete the larval drift stage of their life history before encountering lethal conditions
in the transition zone at the Missouri River interface with Fort Peck Reservoir
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(hereafter called the transition zone) and dying (Braaten et al. 2008, Guy et al. 2015).
The small sample size of reproductive Pallid Sturgeon in RPMA1 has hindered our
ability to understand the reproductive ecology of the species as it relates to recruitment
and spawning failure. In 2007 the wild population was estimated to be 50 individuals
(USFWS 2007) and is assumed to be substantially smaller in 2018. Fortunately, in
response to observed recruitment failure in the wild, a conservation Propagation
Program was initiated in the 1990’s, which utilized the spawning of wild broodstock to
augment the wild population of Pallid Sturgeon. The oldest cohort (1997 year-class) of
hatchery-origin Pallid Sturgeon (HOPS) have started to reach sexual maturity in recent
years (Holmquist et al. 2018), and as the years go by, more and more HOPS will be
reproductively active. The larger sample size of reproductive fish allows for stronger
conclusions to be made regarding spawning behavior and success/failure.
Radiotelemetry has proved to be an invaluable tool for monitoring spawning season
movement and facilitating recapture of suspected ripe or post-spawn fish for
reproductive assessments and will continue to be an important tool for monitoring the
HOPS in the future.
Including the 1998 stocking event (732 age-1 fish), the Propagation Program has
stocked 109,768 fingerlings and 40,987 yearlings representing 14 year-classes (1998
through 2003 year-classes are absent in RPMA1). In recent years stocking numbers
have been reduced to 300 per family to increase genetic diversity (Heist et al. 2013).
Pallid Sturgeon are captured using set lines, trammel nets, and other gears and
information on catch rates and size are used to inform the evaluation of the stocking
program through assessments of growth rates, survival rates, movement, and habitat
use. Pallid Sturgeon catch rates prior to 2016 resulted in an estimation of 4,109 HOPS
remaining in RPMA1 (95% CI, 3489 to 4731; Rotella 2017), which was much lower
than the previous estimate of 7,935 (Rotella 2015).
METHODS
Sampling- Set lines and trammel nets are the primary gear used to capture Pallid
Sturgeon, although electrofishing and benthic trawls also catch low numbers of Pallid
Sturgeon. Standard fall trammel netting consisted of 20 7-minute net drifts in the Fort
Benton, Coal Banks, and Judith Landing Sections and 50 drifts in the historical section
(1996-present) at Fred Robinson Bridge. In 2018, high spring discharge (Figure 2)
precluded FWP personnel from deploying the 90 standard set lines below Fred
Robinson Bridge. These 90 overnight sets typically result in greater than 50% of Pallid
Sturgeon caught in RPMA1 on an annual basis. As a result, 30 drifts were added below
Rock Creek (last done in 2014) to increase the number of Pallid Sturgeon caught in
2018. Non-standard trammel netting was also conducted in both the Marias and
Missouri Rivers as part of targeted netting for sturgeon reproductive assessments. All
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sampled Pallid Sturgeon were measured (fork length [mm] and weight [g]) and
identified to year-class if possible (using external marks [elastomere or missing scutes]
or PIT tag[125 kHz FDX). Larger (>1000 g) and older fish (older than 2007 yearclass) had blood samples and gonadal samples (only when a radio was implanted)
collected for assigning sex and stage of maturity in collaboration with the Bozeman
Fish Technology Center. Unmarked fish had genetics samples taken, were PIT tagged,
and the L2 scute was removed. Relative Condition (Kn) was calculated for all fish
using the equation in Shuman et al. (2011) and visually compared among year-classes
and sampling years. Year-class representation (proportion of total catch) and growth
were also compared among year-classes.
Telemetry- In 2018, 88 Pallid Sturgeon (seventy-three 1997 year-class, eight wild, and
seven younger than 1997 year-class) were monitored with radio telemetry. Manual
tracking of the entire reach was completed monthly from April through October, and
more frequently during the putative spawning season (late-May through early-July).
Fish movements were also continuously monitored by 13 remote landbased receiver
stations on the Missouri River from Carter Ferry (RM 2089) downstream to just
upstream (Roads End; RM 1901.0) of the transition zone, and on the lower Teton and
Marias Rivers (Figure 1).
Pilot PIT Tag Study- Shovelnose Sturgeon were implanted with 23 mm 134.2 kHz
HDX PIT tags as part of an ongoing pilot study to evaluate the utility of passive pit tag
antennas for monitoring sturgeon movements in prairie streams and tag retention for
peritoneal insertion of the 23 mm tags. The pilot study uses Shovelnose Sturgeon as a
surrogate for Pallid Sturgeon, because currently the only acceptable PIT tag for pallid
sturgeon is a dorsally implanted 12 mm 125 kHz FDX tag, which has very limited
utility for passively monitoring fish movement. The Recovery Team is currently in the
process of transitioning to 134.2 kHz tags for Pallid Sturgeon but are leaning towards
smaller (10 or 12.5 kHz) FDX tag, which likely will not perform as well as the tags
used in the ongoing pilot study for generating passive detections.
RESULTS & DISCUSSION
In 2018, spring discharge was well above median historical flows (Figure 2; Figure
3), which resulted in no spring set line effort at Fred Robinson Bridge, challenging
radio tracking conditions, and challenging trammel netting, and all four PIT tag
antennas being damaged (Marias River readers may have been damaged by ice flows).
Without a spring Fred Robinson Bridge set line effort, only 172 Pallid Sturgeon were
captured in 2018 (Table 1) which is the lowest total annual catch since 2008 (Table 1).
We collected 93 genetic samples from new fish (no existing PIT tag), ten of which
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didn’t have a PIT or any visible external markings to allow year-class to be assigned.
Pending genetics results will assign these fish as HOPS or wild and link them back to a
year-class. To date there have been no wild-born juveniles captured in RPMA1.
Broodstock and Stocking - There were no broodstock taken from RPMA1 to the
hatchery in 2018, but
1,715 yearlings (50% at Loma and 50% at Fred Robinson Bridge) from the Garrison
Dam National Fish Hatchery were stocked. The yearlings were progeny from nine
families as a result of pairing four females and eight males. Average family size was
191 individuals and ranged from 18 to 297. No fingerlings were stocked in 2018.
Sampling– Of the 162 Pallid Sturgeon caught with trammel nets in 2018 the majority
were caught during standard sampling in the Robinson (N=55) and Rock Creek
(N=76) sections (Table 2). Pallid Sturgeon and Shovelnose Sturgeon CPUE both
decreased in the Fred Robinson Bridge reach in 2018, but was not much lower than the
2015 and 2016 catch rates observed prior to the recent 2017 peak (Figure 4).
Decreased CPUE were seen for both species in the high-water year of 2014 when only
14 Pallid Sturgeon were caught during Fred Robinson Bridge netting (Table 1). Six
HOPS were caught with trammel nets in the Marias River during the spring (Table 2),
three were targeted recaptures of black egg female 1997 year-class HOPS for
reproductive assessments, two were new 1997 year-class (radio tags were implanted),
and one was a 2014 year-class HOPS that was stocked at Fred Robinson Bridge (~130
miles downstream). Blood plasma samples have not yet been processed for the two
new 1997 year-class HOPS but are suspected to be males based on visual observation
of the gonad (no gonad sample was collected).
Size structure, Relative Condition, and Year-Class Survival – The size distribution of
Pallid Sturgeon caught by FWP in 2018 was similar to recent years with the largest
percentage caught having fork lengths between 450 and 550 mm (Figure 5). The
growth trajectories of 2005 year-class and younger fish continues to show much
slower growth after Age 4 than the length at age for individuals from the 1997 yearclass (Figure 6, Table 3). In 2018, the average size for a wide range of ages (Age 4-13)
was between and 450 and 600 mm, while average length for the 1997 year-class
exceeded 600 mm at age 9 and was 762 mm at age 13 (Figure 6, Table 3). Similar to
recent years, the mean relative condition (Kn) of the 2007 year-class is among the
highest for all year classes (Figure 7). We continue to see the results of low survival of
the 2005 through the 2008 year-classes which represent four of the five largest
stocking events, yet each make up less than 15% of our total catch (Figure 8).
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Alternatively, the 2009 year-class has very high representation in our catch the past
eight years (Figure 8).

Radio Telemetry – In 2018, FWP recorded locations for 88 radio-tagged Pallid
Sturgeon (seventy-three 1997 year-class, three 2005 year-class, two 2007 year-class,
two 2009 year class, and eight wild,) using radio telemetry. Monthly manual tracking
encompassed 1931 river miles tracked over 274 hours. We recorded 86 wild Pallid
Sturgeon relocations and 721 HOPS relocations. Remote station downloads resulted in
1,091 Pallid Sturgeon hits across the 13 stations. Nearly 50% of the radio tagged
population was located at least once upstream of Judith Landing (Table 4) and 7
individuals ventured at least 3 miles up the Marias River. In 2018, FWP collaborated
with a Montana State University Graduate student who used radio telemetry to study
movements and spawning success of reproductive female 1997 year-class HOPS in
RPMA1. Highlights of this collaborative effort include black egg female 1997 yearclass HOPS traveling up to 30.6 rivermiles up the Marias River in May and June
during the presumed spawning season. Discussion of those movement and spawning
success results for 2018 will be reported for Permit Number TE68706C-0 and will not
be discussed in any further detail here.
Pilot PIT Tag Study – In 2018, crews implanted 23 mm 134.2 kHz HDX tags into the
peritoneal cavity of 454 Shovelnose Sturgeon in the Missouri River (N=72) and in the
Marias River (N=382). A concern that has been raised about using peritoneal cavity
insertion of PIT tags in sturgeon, is that they may expel the tags during spawning. Past
years saw 100% retention in recaptures, with no documented tag loss. In 2018, we had
24 recaptures and all 24 retained their PIT tags. Of those twenty-four fish, three were
tagged in 2016, four were tagged in 2017, and seventeen were tagged earlier in 2018.
In 2018, ice flows and high spring discharge damaged the remote passive PIT tag
receiver stations on the lower Teton and Marias rivers in May and June 2018. As a
result, no Shovelnose Sturgeon detections were recorded in 2018. All except the south
bank Marias antennas were reinstalled and operational as of November 19th. In 2017,
the Marias River stations showed great promise for using this technology for
monitoring sturgeon movements in prairie streams (Tews 2017) and warrants a
discussion of utilizing 23 mm 134.2 kHz HDX tags and readers for monitoring Pallid
Sturgeon movements into tributaries. The advantages of new PIT tag technology over
radios are that the tags are substantially cheaper (can tag more fish), are substantially
smaller (can tag smaller fish), and do not use a battery (do not need replaced).
However, radio tags will still have utility because they allow active and passive
tracking of the fish rather than passive alone, which is vital to locating spawning sites.
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RECOMMENDATIONS
1. Continue to collect data for informing population and survival estimates for

2.

3.
4.
5.

6.

Hatchery-Origin Pallid Sturgeon, and how this information relates to stocking
densities.
Continue radio tracking Pallid Sturgeon, conducting reproductive assessments,
and improving upon existing knowledge of the reproductive ecology of Pallid
Sturgeon in RPMA1. In 2019 this will include collaborative work with
Montana State University graduate student Tanner Cox.
Increase Pallid Sturgeon sampling efforts in upstream sections including the
Marias River.
Make the switch to PIT tag technology that provides the ability to gather
passive detections at remote stations in tributaries and side channels.
Evaluate the practicality of estimating carrying capacity in RPMA1 as it relates
to stocking density and population size necessary for recovery goals to be
achieved.
Expand trawling and larval sampling efforts (spatially and temporally) to
improve understanding of Acipenseriform reproduction in RPMA1. Expanded
trawling efforts would also improve our knowledge about the relative
abundance and distribution of Sicklefin Chub and Sturgeon Chub, two species
of concern in RPMA1.
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FIGURES

Figure 1. Study area map of Recovery Priority Management Area 1 showing remote radio telemetry
receiving station locations.
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Figure 2. The 2018 Missouri River hydrograph at Fred Robinson Bridge, Montana for
mid-March to mid-July.

Figure 3. The 2018 Marias River hydrograph at Loma, Montana for mid-March to mid-July.
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Figure 4. Longterm trends in Pallid Sturgeon and Shovelnose Sturgeon CPUE during 50 standard fall
trammel net drifts in the Robinson Section of RPMA1.

Figure 5. Percentage of Pallid Sturgeon within 50 mm length bins for RPMA1 sampling efforts in 2014-2018.
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Figure 7. Mean condition (±SD) by year class of HOPS Pallid Sturgeon sampled in RPMA1 for the past six years
(2013-2018) of sampling.
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Figure 8. Proportion of annual HOPS catch from each year-class stocked during the past six sampling
years compared with the number of yearlings stocked from each year class for RPMA1.
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TABLES
Table 1. Pallid and Shovelnose Sturgeon trammel net catch and effort summary for 1996
through 2018 during fall standard netting in the historical Robinson Section (RM 19071925.3). The 1996-2007 values are the mean for that time period.
(19962007)

2008

2009

2010

2011

2012

2013

2014

2015

2016

2017

2018

6.8
0.6
6.0
0.13

28
0
28
0.56
146

42
0
42
0.82
271

39
0
25
0.50
347

39
0
39
0.78
302

99
0
99
1.98
334

106
0
106
2.12
451

14
0
14
0.21
217

67
0
67
1.34
257

61
0
61
1.22
229

103
0
103
2.06
414

58
0
58
1.16
172

210
1477
4.2

222
1693
4.4

227
1612
4.4

173
1838
3.5

125
1924
2.5

226
1884
4.5

253
1871
5.1

80
1862
1.25

108
1842
2.2

155
1797
3.1

181
1904
3.6

130
1950
2.6

6.8

6.8
50
262
1.6

7.0
50
303
1.7

7.0
50
291
2.0

7.0
50
272
2.4

7.0
50
215
2.0

7.0
50
278
1.7

7.0
64
376
2.7

7.0
50
320
1.8

7.0
50
284
1.9

7.0
50
354
1.8

6.9
50
272
2.1

Pallid Sturgeon
# Sampled
# Wild
# HOPS
Mean #/drift
All Gears Total Catch
Shovelnose Sturgeon
# sampled
mean weight (g)
number/drift
Effort Summary
Drift time (min)
# of drifts
Drift distance (m)
Depth (m)

262
1.9

Table 2. Pallid Sturgeon total catch by section and sampling gear for RPMA1 in 2018.
For trammel netting the subset caught during standard sampling only are in parenthesis.
Trammel Net Set Line Benthic Trawl Electrofishing Other
TOTAL
Marias River
6
0
6
Morony
0
0
0
0
Fort Benton
3 (3)
0
0
3
Coal Banks
5 (4)
1
0
6
Judith Landing
13 (10)
2
0
0
15
Fred Robinson
59 (55)
6
0
1
66
Rock Creek
76 (76)
76
TOTAL
162
2
6
1
1
172
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Table 3. Mean (±SD) fork length at age by year-class for recaptured pallid sturgeon in RPMA1 for the past 21 years of sampling.
1997

2009

2013

2

Age-1

291 (38)

297 (41)

324 (28)

326

Age-3
Age-4

463 (41)
435 (32)

396 (38)
425 (28)

409 (27)
422 (24)

374 (28)
429 (42)

409 (35)
459 (42)

431 (35)
467 (35)

462 (31)
454 (28)

425 (26)
452 (30)

435 (35)
455 (33)

449 (22)
468 (38)

413 (28)
-

-

Age-5

482 (30)

440 (36)

464 (53)

466 (34)

480 (28)

466 (26)

467 (28)

477 (23)

468 (6)

-

-

-

Age-6

527 (53)

478 (51)

507 (32)

474 (38)

491 (29)

472 (28)

477 (26)

486 (9)

-

-

-

-

Age-7

529 (34)

521 (32)

515 (30)

465 (31)

485 (28)

486 (30)

493 (24)

-

-

-

-

-

Age-8

558 (24)

523 (41)

534 (32)

480 (36)

500 (42)

498 (26)

529 (20)

-

-

-

-

-

Age-9

613 (69)

533 (53)

527 (32)

469 (57)

509 (30)

531 (37)

-

-

-

-

-

-

Age-10

674 (83)

540 (70)

524 (36)

501 (48)

536 (18)

-

-

-

-

-

-

-

Age-11

686 (83)

550 (92)

532 (37)

567 (115)

-

-

-

-

-

-

-

-

Age-12

727 (129)

582 (74)

565 (42)

-

-

-

-

-

-

-

-

-

Age-13

762 (62)

537 (45)

-

-

-

-

-

-

-

-

-

-

Age-14

854 (134)

-

-

-

-

-

-

-

-

-

-

-

Age-15

866 (162)

-

-

-

-

-

-

-

-

-

-

-

Age-16

878 (127)

-

-

-

-

-

-

-

-

-

-

-

Age-17

974 (105)

-

-

-

-

-

-

-

-

-

-

-

Age-18

1011 (109)

-

-

-

-

-

-

-

-

-

-

-

Age-19

1036 (103)

-

-

-

-

-

-

-

-

-

-

-

-l
-d

Age-20

1053 (109)

-

-

-

-

-

-

-

-

-

-

-

-

Age-21

1112 (56)

-

-

-

-

-

-

-

-

-

-

-

-

Age-2
--u
-n
-d
-e
-r
-l
-i

-n
-e
-d
-b
-o

f
ont denotes the largest mean length at age across all year classes -underlined italic font
denotes largest mean length at age for non-1997 year-classes
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387 (59)

342

Table 4. Number of pallid sturgeon (percentage of tagged population) located at or upstream of each remote ground station in
2018. Total tagged population was 88 individuals (8 Wild and 80 HOPS) in 2018.
Station Name
Carter Ferry
Fort Benton
Teton River
Bessette’s
Marias RM 3
Marias Confluence
Boneyard
Coal Banks Landing
Judith Landing
Stafford Ferry
Bird Rapids
Power Plant
King Island
Road’s End

River Mile
2089.0
2074.3
Teton 2.3
Marias 30.5
Marias 3.0
Marias 0.5
2050.4
2031.4
1984.0
1970.0
1955.8
1937.9
1920.1
1901.0

# HOPS (%)
1 (1%)
2 (3%)
1 (1%)
7 (9%)
7 (9%)
17 (21%)
28 (35%)
39 (49%)
40 (50%)
48 (60%)
54 (68%)
61 (76%)
76 (95%)
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# Wild (%)
4 (50)
5 (63%)
5 (63%)
8 (100%)
8 (100%)
8 (100%)

APPENDIX A (Note: This table has been deleted from the Annual Report for brevity. Please
contact Luke Holmquist for the information.)
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Summary
This interim report briefly summarizes work from 24 October 2017
through 25 October 2018 on the Missouri River from Morony Dam
downstream to the confluence with the Musselshell River, including the lower
Marias River downstream from Tiber Dam. A final report will be submitted
within 90 days of the completion of the agreement (30 September 2021). This
project is a continuation of a radiotelemetry project that has been in effect
since 2006 (Tews and Jensen 2013; Tews et al. 2018), and is partially funded
by the U.S. Bureau of Reclamation (USBOR), Northwestern Energy (NWE),
the U.S. Fish and Wildlife Service (USFWS) and Montana Fish, Wildlife and
Parks (MFWP). The USBOR is primarily interested on how USBOR projects
(Canyon Ferry Dam and Tiber Dam) influence endangered pallid sturgeon
movements and reproduction in the Missouri River upstream of Fort Peck
Reservoir and the Marias River downstream of Tiber Dam, Montana. In
2018, radio-tracking was a collaborative effort with a Montana State
University graduate student investigating pallid sturgeon reproductive
ecology and the previously described high rates of follicular atresia in females
(Holmquist 2017). Highlights of the 2018 work include the first documented
use of the Marias River by reproductively-active pallid sturgeon and the first
documented spawning event in the Missouri River upstream of Fort Peck
Reservoir.

Introduction
The Missouri River between Morony Dam and Fort Peck Dam
contains the most upstream habitat that supports a population of endangered
Pallid Sturgeon (Figure 1) in the Missouri River Basin. This reach was
formerly designated as RPMA1 in the original Pallid Sturgeon Recovery Plan
(Dryer and Sandovol 1993) but has since been redesignated as part of the
larger Great Plains Management Unit under the revised Management Plan
(USFWS 2014). This reach is anthropogenically altered at the downstream
portion by the operations of Fort Peck Dam and Reservoir and additionally at
the upstream portion through impacts of multiple dams on the Missouri River
and on important tributaries including the Marias River. Most notably Canyon
Ferry Dam on the Missouri River and Tiber Dam on the Marias River (both
completed in the 1950’s) which alter the natural flow, temperature, and
sediment regimes in RPMA1. Northwestern Energy operates Holter Dam,
Hauser Dam, and the five Great Falls Area dams (Black Eagle, Rainbow,
Cochrane, Ryan, and Morony) as run-of-river structures, and thus have less
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impact than Canyon Ferry and Tiber dams on the hydrograph and temperature
regime.
Hydrological alterations and fragmentation of the riverine ecosystem
are suspected to be the root cause of population declines across the species
range. No natural recruitment or successful spawning event has ever been
documented for pallid sturgeon in RPMA1 prior to 2018 despite evidence for
spawning aggregations (Holmquist 2017). The leading hypothesis for
recruitment failure is that if Pallid Sturgeon have successfully spawned
(although never documented) their offspring have not had sufficient drift
distance to complete the larval drift stage of their life history before
encountering lethal conditions in the transition zone at the Missouri River
interface with Fort Peck Reservoir (hereafter called the transition zone;
Braaten et al. 2008, Guy et al. 2015). The small sample size of reproductive
pallid sturgeon in RPMA1 has hindered our ability to understand the
reproductive ecology of the species as it relates to recruitment and spawning
failure. In 2007 the wild population was estimated to be 50 individuals
(USFWS 2007) and is assumed to be substantially smaller in 2018.
Fortunately, in response to observed recruitment failure in the wild, a
conservation Propagation Program was initiated in the 1990’s, which utilized
the spawning of wild broodstock to augment the wild population of pallid
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sturgeon. The oldest cohort (1997 year class [1997-YC]) of hatchery-origin
pallid sturgeon (HOPS) have started to reach sexual maturity in recent years
(Holmquist et al. 2018), and as the years go by, more and more HOPS will be
reproductively active. The larger sample size of reproductive fish allows for
stronger conclusions to be made regarding spawning behavior and
success/failure. As a result, MFWP and our collaborators have put a greater
emphasis on capturing and surgically implanting radio transmitters into larger
HOPS which are close to reaching sexual maturity. Radio-telemetry has
proved to be an invaluable tool for monitoring spawning season movement
and facilitating recapture of suspected ripe or post-spawn fish for
reproductive assessments and will continue to be an important tool for
monitoring the reproductive ecology of wild pallid sturgeon and HOPS in the
future.

Objectives under Agreement No. R16AP00218
1. Maintain the remote land-based radio receiving stations and organize

data into spreadsheet.
2. Download stations at least every six weeks during the field season and
as weather permits from November to March.

Figure 1. Map of the middle
Missouri River and ground
station locations.
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3. Manually track and locate radio-tagged fish from Fort Benton to
4.
5.
6.
7.
8.

9.

10.
11.

Road’s End at least once per month from April to October.
Locate spawning sites by tracking reproductively active pallid
sturgeon and shovelnose sturgeon during the spawning period
Radio tag up to 25 more PS-97 and any pallid sturgeon exceeding 2
kg.
Conduct brood stock collection of wild pallid sturgeon.
Recapture pallid sturgeon based on previous blood work to assess
reproductive condition and sample blood from captured PS-97.
Install radios in up to 10 pallid sturgeon from 550 grams to 2 kg
captured upstream of Stafford Ferry, with a focus on fish that use the
Missouri River upstream of Coal Banks Landing.
If pallid sturgeon spawning sites are identified, conduct larval fish
sampling downstream of pallid sturgeon aggregation sites as time
permits
Sort potential Scaphirhynchus sp. free embryos/eggs in the field for
genetic analysis.
Compile data in a summary report.

Methods
Capture and Surgery—Pallid sturgeon have been implanted with
radio transmitters when captured during standard sampling efforts (spring
long lining, fall trammel netting) and during targeted recapture trammel
netting since 2006. Pallid sturgeon have been tagged with various radio
transmitter models but currently the majority are implanted with Lotek
MCFT2-3L tags which have a typical battery life of 8 years and weigh 25
grams. Smaller pallid sturgeon (< 2 kg) are currently implanted with Lotek
MCFT2-3FM tags which only have a 2.4-year battery life but weigh a mere
10 grams. Transmitters are surgically implanted into the body cavity and have
an external antenna. Blood plasma samples were collected from all 1997-YC
pallid sturgeon and larger individuals from younger year classes (> 700 g).
All pallid sturgeon were sampled and handled using the handling protocols
developed for pallid sturgeon (USFWS 2012)
Tracking—Manual tracking of the entire reach was completed
monthly from April through October by boat, and more frequently during the
putative spawning season (late-May through early-July). Fish movements
were also continuously monitored by 13 remote land-based receiver stations
on the Missouri River from Carter Ferry (RM 2089) downstream to just
upstream (Roads End; RM 1901.0) of the reservoir transition zone, and on the
lower Teton and Marias Rivers (Figure 1, Table 1).
41

Table 1. Remote land-based ground station location, operating dates, and pallid sturgeon
detections in 2018.
Start Date End
Pallid Sturgeon
Station Name
River Mile
Date
Detections
Roads End
1901.0
Ongoing
Current
105
King Island
Power Plantb
Bird Rapids
Stafford Ferry
Judith Landing
Coal Banks Landing
Tetona
Bone Yard
Marias Confluence
Marias RM 3c
Bessette
Fort Benton
Carter Ferry
Total contacts

1920.1
1937.9
1955.8
1970.0
1984.0
2031.4
Teton 1.0
2050.4
Marias 0.5
Marias 3.0
Marias 30.5
2074.3
2089.0

Ongoing
Ongoing
4/26/18
Ongoing
Ongoing
Ongoing
5/2/18
Ongoing
Ongoing
Ongoing
6/5/18
Ongoing
Ongoing

Current
Current
Current
Current
Current
Current
6/26/18
Current
Current
Current
7/16/18
Current
Current

402
214
9
94
48
65
0
53
32
21
1
42
2
1088

a

Teton out of service most of
2018 due to flooding bPower
Plant station out of service
8/21-9/26 cMarias RM3 out
of service 8/30-9/24

Preliminary Results and Discussion
Tracking and sampling conditions were difficult in 2018 due to high
flows in the Missouri River and tributaries. Mean daily discharge in spring
2018 was well above historical median for the Missouri River post-Canyon
Ferry Dam (Figure 2) and Marias River post-Tiber Dam (Figure 3). The
magnitude of the 2018 Marias River spring rise resembled the hydrograph
prior to flow regulation, although still displaying characteristics of a regulated
river such as periods of rapid increases or decreases in discharge (Figure 3).
In 2018, 88 pallid sturgeon (73 1997-YC, 8 wild, and 7 younger than
1997-YC) were monitored with radio telemetry (Appendix 1). At the end of
the 2018 field season we had implanted eight new 1997YC, four younger year
class pallid sturgeon, and re-implanted a wild fish that had been missing since
2016. That brings the total of 1997-YC fish (>2 kg) to be tagged since 2016
to 28 (includes N=10 in 2016 and N=8 in 2017) and the total of younger year
class fish (< 2 kg) tagged above Stafford Ferry to 7 (includes N=3 in 2016
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and N=0 in 2017). Thus, we have achieved Objective 5 and are only 3 fish
short of achieving Objective 8. Blood samples were collected from 43
different HOPS in 2018 and blood plasma sex steroid analysis results are
currently pending.

Figure 2. Median daily discharge (cfs) at the Landusky USGS streamflow gauge (06115200) for 2018,
median prior to the construction of Canyon Ferry Dam, and after the construction of Canyon Ferry dam.
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Figure 3. Median daily discharge in the Marias River at the discontinued Brinkman USGS streamflow
gauge (06102000) for the period before the construction of Tiber Dam (1921 -1955) and at the Chester
USGS streamflow gauge (06101500) for the period following construction (1957 -2017; 2018).

Monthly manual tracking was conducted a minimum of once per
month from April to October for a total of 1,973 river miles tracked in 2018.
We recorded 86 wild Pallid Sturgeon relocations and 737 HOPS relocations.
Remote station downloads resulted in 1,079 Pallid Sturgeon detections across
the 13 stations (Table 1) in the 12-month period. Stations located further
downstream have more detections than those located further upstream, a
similar pattern as observed other years. From November to March the road
accessible remote stations (all except Bird Rapids and Eagle Nest) were
downloaded at least once every 6 weeks as long as weather and road
conditions allowed access to the stations. Nearly 50% of the individual radio
tagged fish were located at least once upstream of Judith Landing (Table 2)
and 7 individuals ventured at least 3 miles up the Marias River. In 2018, FWP
collaborated with a Montana State University Graduate student who used
radio telemetry to study movements and spawning success of reproductive
female 1997-YC HOPS. Six reproductively active female HOPS were tracked
in 2018 and all were in the Fred Robinson Bridge Area in April (Figure 4).
When flows increased, three of the six females rapidly migrated upstream and
entered the Marias River in May and June. Crews captured and radio tagged
two new (not previously radio tagged) 1997-YC HOPS in the Marias River
during June, but the reproductive status and sex of those fish will not be
known until the blood plasma sex steroid results are finalized. One confirmed
reproductively-active male was also in the Marias River at this time (Figure
44

5). This event was the first documented use of the Marias River by
reproductively-active pallid sturgeon (Figure 4 and 5) and are likely linked to
more natural spring flows in the Marias River. One black egg female 1997YC HOPS traveled up to 30.6 river miles up the Marias River in May and
June during the presumed spawning season. However, all reproductivelyactive pallid sturgeon exited the Marias River just prior to Tiber Dam
outflows being reduced from 2,125 cfs to 715 cfs on 21 June. The females left
the Marias River prior to water temperatures reaching 18°C (Figure 6), the
minimum observed spawning temperature for pallid sturgeon in the Upper
Basin, and recaptures showed these females had not spawned at this time.
Table 2. Migration patterns of hatchery-origin pallid sturgeon (HOPS) and wild pallid
sturgeon past remote stations on the Missouri River in 2018.

Location
Upstream of Carter Ferry
Upstream of Fort Benton
Upstream of Bone Yard
Upstream of Coal Banks Landing
Upstream of Judith Landing
Upstream of Stafford Ferry
Upstream of King Island
Upstream of Road’s End

River Mile
2089.0
2074.3
2050.4
2031.4
1984.0
1970.0
1920.1
1901.0

# HRPS (%)
1 (1%)
2 (3%)
17 (22%)
28 (36%)
39 (51%)
43 (61%)
61 (79%)
75 (97%)

*88 total individual fish monitored in 2018 (8 Wild and 80 HOPS).

Histological analysis of gonad samples from the females HOPS
showed that three fish underwent follicular atresia (9_6, 9_15, and 9_160) but
the other three fish likely spawned between RM 1927 and 1949.9 (9_171,
9_161, and 9_163; Tanner Cox, personal communication) in late June (Figure
4), the first documented pallid sturgeon spawning event by any pallid
sturgeon (wild or HOPS) in the Missouri River upstream of Fort Peck
Reservoir. Males did not exhibit the large upstream migrations observed by
the females, but many were found throughout the range of river miles where
spawning is thought to have occurred (Figure 5). Spawning events within the
range of RMs identified by Cox et al. would likely not result in substantial
natural recruitment, because insufficient drift distance is available
downstream of those sites before free embryos would encounter the anoxic
zone at the upper end of Fort Peck Reservoir.
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# Wild (%)

4 (50%)
5 (63%)
8 (100%)
8 (100%)

If spawning had occurred in the Marias River drift distance may be sufficient
for a portion of drifting free embryos based on estimates from Braaten et al.
(2008). A future larval drift test in RPMA1 would prove very valuable for
assessing whether or not drift distance is sufficient for Marias River spawned
pallid sturgeon to recruit to the juvenile population.
Larval sampling was conducted in the Marias River on 13 June. Four
paired 5-minute samples (8 total) were taken but 0 acipensiriform free
embryos or eggs were collected. The maximum median daily water
temperature recorded the week prior to sampling was 17.5 °C, well within the
optimal temperatures for shovelnose sturgeon spawning (Goodman et al.
2012; Kappenman et al. 2013) and was on the descending limb where
shovelnose sturgeon larval densities were greatest in a past study (Goodman
et al. 2012). However, crews were forced to dedicate time tracking fish in
both the Missouri and Marias rivers in June 2018 and larval sampling efforts
only included one day of sampling. The sampling gear and protocol used for
larval sampling in 2018 were likely inefficient, improved gear and protocols
will be used to larval sample in 2019.

Figure 4. Movements by female 1997 year class hatchery-origin pallid sturgeon in 2018 in relation to the timing of
increasing and decreasing discharge in the Missouri River (USGS streamflow gauge at Virgelle) and Marias River (USGS
streamflow gauge at Loma). Dotted lines above the Marias Confluence are fish that entered the Marias River and solid
lines are those that remained in the Missouri River. Note that the river mile axis labels include both Missouri and Marias
river miles upstream of the Marias Confluence.
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Figure 5. Movements by male pallid sturgeon in 2018 in relation to the timing of increasing and decreasing discharge
in the Missouri River (USGS streamflow gauge at Virgelle) and Marias River (USGS streamflow gauge at Loma).
Solid fish movement lines are 1997 year class hatchery-origin fish and dotted lines are wild pallid sturgeon. Dashed
lines upstream of the Marias Confluence are fish that entered the Marias River. N ote that the river mile axis labels
include both Missouri and Marias river miles upstream of the Marias Confluence.
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Figure 6. Median daily discharge (cfs) and temperature (°C) for the Marias River near Loma, Montana in 2018.
The solid horizontal line denotes when discharge exceeds the recommended 2000 cfs for shovelnose sturgeon
spawning in the Marias River. The area between the two horizontal dotted lines approximately represents the range
of spawning temperatures for pallid sturgeon in the Upper Basin. The vertical dashed line is that timing of a Water
Order Change that reduced Tiber Dam outflows from 2,125 cfs to 715 cfs on 21 June.
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(Note: The table appended to this report summarizing telemetry data has been removed for brevity.
Please contact Luke Holmquist for the information.)
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2018 Pallid Sturgeon Population Assessment and Associated Fish
Community Monitoring for the Missouri River: Segment 2
(Note: This is an executive summary. Please contact Tyler Haddix for the full report.)
The 2018 field season marked the 13th consecutive year of sampling for Pallid Sturgeon
Population Assessment crews in Segment 2 of the Missouri River. Although it was the 13th year
of sampling, it was the third consecutive year of a reduction in sampling gears. Starting in 2016,
otter trawl and mini-fyke nets were abandoned as standard gears.
A total of 12 randomly selected river bends were sampled in Segment 2 during the 2018
field season. All 12 bends were sampled once each, with trammel net, during both the sturgeon
and fish community seasons, respectively. Trotlines were used to sample each bend once, half
during the sturgeon season and half during the fish community season. In total, 200 trammel net
drifts accounted for over 47 km of river being sampled. Additionally, 96 trotlines, consisting of
20 hooks each, accounted for a total of 1,920 worm-baited hooks soaking in Segment 2 waters
during the 2018 season.
Sampling efforts throughout Segment 2 during 2018 resulted in the capture of 19 pallid
sturgeon, all of which were of hatchery origin. Seasonally, observations were nearly equal, with
10 and 9 pallid sturgeon captured during the sturgeon and fish community seasons, respectively.
Trammel net deployments were responsible for catching five pallid sturgeon, while trotline sets
led to the remaining 14 captures.
Given that no pallid sturgeon were captured in Segment 2 trammel net drifts during the
sturgeon season in 2018, CPUE was 0.0 fish/100m. The five pallid sturgeon observations during
fish community season led to a trammel net CPUE of 0.01 fish/100m. In turn, a combined-season
trammel net CPUE was calculated to be less than 0.01 fish/100m. Trotline captures in Segment 2
for the 2018 season led to seasonal CPUE of 0.21 fish/20 hooks and 0.08 fish/20 hooks for the
sturgeon and fish community seasons, respectively. In turn, a combined-season CPUE was then
tabulated at 0.15 fish/20 hooks.
The pallid sturgeon handled throughout Segment 2 during the 2018 field season averaged
469 mm in fork length and averaged 579 g in weight, with sizes ranging from 381 mm and 170 g
51

to 990 mm and 6,000 g. The majority of individuals (all but one) fit into the stock size-class of
pallid sturgeon. Additionally, no major variances in relative condition were observed in Segment
2 during the 2018 season.
All 19 pallid sturgeon captured in Segment 2 during the 2018 field season were of known
year class, ranging from 2001 to 2016. Year class in order of abundance were; 2009 (n=5), 2006
and 2010 (n=4), 2007 (n=2), while 2001, 2002, 2008, and 2016 were all represented by one
individual, respectively. In regard to stocking location origination, 14 of the 19 pallid sturgeon
sampled in Segment 2 were of known stocking location, with all but one of the 14 originating in
the Missouri River. Stocking location in rank of abundance were; Wolf Point and Culbertson
(n=6), School Trust Fishing Access Site (n=1), while the lone Yellowstone River origination fish
was stocked at Intake Fishing Access Site.
A total of 632 shovelnose sturgeon, which was the most abundant species observed, were
captured throughout Segment 2 in 2018. Seasonally, more shovelnose sturgeon were captured
during sturgeon season (n=402) than during fish community season (n=230). Amongst gears,
trotlines observations (n=343) were more common than trammel net (n=289).
Trammel net drifts throughout Segment 2 in 2018 led to seasonal CPUE of 0.53
fish/100m and 0.63 fish/100m for the sturgeon and fish community seasons, respectively.
Consequentially, combined-season CPUE was then tabulated at 0.58 fish/100m. Trotline
deployments within Segment 2 during the 2018 season resulted in seasonal CPUE of 5.56 fish/20
hooks and 1.58 fish/20 hooks for the sturgeon and fish community seasons, respectively. The
combined-season CPUE was then calculated at 3.57 fish/20 hooks.
The shovelnose sturgeon sampled throughout Segment 2 in 2018 average 601 mm in fork
length and 862 grams in weight, with a range of 332 mm and 110 g to 803 mm and 2620 g.
Trotlines, on average, caught larger individuals (621 mm) than did trammel nets (577 mm). Like
pallid sturgeon, no major variations in relative weight were observed for shovelnose sturgeon in
Segment 2 for 2018. Presence of stock size or smaller size-classes of shovelnose sturgeon
continued to be rare in Segment 2 of the Missouri River.
Two blue suckers were captured in Segment 2 throughout the 2018 field season, both of
which were caught in random trammel net deployments during the sturgeon season. Because of
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lack of sample size, all three seasonal catch metrics were very low. Additionally, both
individuals (651 mm and 681 mm) were of adult-sized class.
A total of 55 sauger were captured throughout Segment 2 during the 2018 field sampling
season, all of which were observed during random trammel net drifts. Seasonally, more sauger
were observed during sturgeon season (n=42) than during fish community season (n=13). In turn,
a higher CPUE was observed during sturgeon season (0.18 fish/100m) than during fish
community season (0.06 fish/100m). A combined-season CPUE was then calculated at 0.12
fish/100m.
With the suspension of the otter trawl and mini-fyke net as sampling gears, virtually all
trend data for the small-bodied and young of the year target species was lost since 2015, which
was the last year in which those gears were used.
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2018 Pallid Sturgeon Population Assessment and Associated Fish
Community Monitoring for the Missouri River: Segment 3
(Note: This is an executive summary. Please contact Tyler Haddix for the full report.)
The 2018 field season marked the 13th consecutive sampling year for Pallid Sturgeon
Population Assessment crews in Segment 3 of the Missouri River. Although this was the 13th
year of sampling, it was the third consecutive year with a reduction in sampling gears and effort
from the historical program. Neither the otter trawl or mini-fyke net was used in sampling during
the 2016 through 2018 field season. Additionally, effort was also reduced by nearly half, from 22
to 12 standard bends since 2016.
As such, a total of 12 randomly selected river bends were sampled in Segment 3 during
2018. All 12 bends were sampled once each, with trammel net, during both sturgeon and fish
community seasons, respectively. Comparatively, trotlines were used to sample each bend once,
with half of the bends sampled during sturgeon season, and the other half sampled during fish
community season. Overall, 202 trammel nets were deployed throughout Segment 3 during the
2018 field season, which accounted for 48.0 km of river being sampled. Additionally, a total of
96 trotlines were deployed in Segment 3 during 2018.
A total of 36 pallid sturgeon were captured throughout Segment 3 during the 2018
sampling season, all of which were of hatchery origin. Seasonally, more pallid sturgeon were
handled during sturgeon season (n=23) than during fish community season (n=13). Trotlines
proved to be a more affective gear, catching 27 pallid sturgeon, while the remaining nine were
sampled via random trammel net deployments.
Trammel net CPUE throughout Segment 3 during the 2018 sampling year was recorded
at 0.05 fish/100m and 0.01 fish/100m for the sturgeon and fish community seasons, respectively.
In turn, a combined-season CPUE was then tabulated at 0.03 fish/100m. While trotline CPUE
was reported at 0.33 fish/20 hooks and 0.23 fish/20 hooks for the sturgeon and fish community
seasons, respectively, which to a combined-season trotline CPUE of 0.28 fish/20 hooks.
The pallid sturgeon captured in Segment 3 during 2018 averaged 423 mm in fork length
and 304 g in weight, with a range of 305 mm and 80 g to 980 mm to 3,960 g, with 92% of the
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individuals sampled falling into the stock size length category. Additionally, nothing outside of
the norm was observed regarding relative condition factor.
All 36 pallid sturgeon captured throughout Segment 3 in 2018 were of known year class.
Year class in order of abundance were; 2016 (n=9), 2008 and 2009 (n=6), 2010 (n=5), 2015
(n=4), 2013 and 2014 (n=2), 2001 and 2017 (n=1). In addition, 27 of the 36 pallid sturgeon
observed in Segment 3 were of known stocking location, with 20 individuals originating in the
Missouri River and the remaining seven originating in the Yellowstone River. Stocking
origination in rank of abundance were; Wolf Point and Culbertson each with 10 individuals,
Intake (n=5) and Fallon (n=2).
The sampling events throughout Segment 3 during the 2018 field season resulted in the
capture of 161 shovelnose sturgeon. Temporally, more shovelnose sturgeon were observed
during sturgeon season (n=107) than fish community season (n=54). In relation to gears, a
greater number were witnessed via trammel net (n=87) when compared to trotline (n=74).
Trammel net sampling led to seasonal CPUE, for the quality and above size class of
shovelnose sturgeon, the most frequently observed size class, of 0.20 fish/100m and 0.11
fish/100m for the sturgeon and fish community seasons, respectively. Seasonal catch rates led to
a combined-season CPUE of 0.15 fish/100m. Trotline CPUE was reported at 1.13 fish/20 hooks
and 0.42 fish/20 hooks for the sturgeon and fish community seasons, respectively. In turn,
seasonal trotline catch rates led to a combined-season CPUE of 0.77 fish/20 hooks.
The shovelnose sturgeon observed throughout Segment 3 in 2018 averaged 443 mm in
fork length and 330 g in weight, with a range of 288 mm and 90 g to 807 mm and 2,670 g. No
major variations of relative weight were observed during 2018. However, with the loss of otter
trawl as a sampling gear, the relative weight trends for the smaller size classes of shovelnose
sturgeon becomes harder to follow due to low sample size.
Although never overly abundant, blue sucker captures were not well represented in
Segment 3 sampling events during the 2018 field season. With the capture of only one individual
during sturgeon season and another individual during fish community season, seasonal catch
rates were very low. Although zero-catch season and years exist, it does not appear to be
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alarming, given that most of our blue sucker captures in any segment most likely relate to their
long spawning migration movements.
A total of 73 sauger were collected within Segment 3 during the 2018 sampling season. Like
those results witnessed in Segment 2, a higher proportion (78%) of Segment 3 sauger
observations came during sturgeon season, when compared to fish community season (22%). In
response, sturgeon season CPUE (0.22 fish/100m) was greater that the observed CPUE during
fish community season (0.08 fish/100m).
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2018 Field-based Biotic Assessments of Migration and Spawning –
Upper Missouri River and Milk River
(Note: This is an executive summary. Please contact Tyler Haddix for the full report.)

Discussion
Under normal operations of Fort Peck Dam and the associated hydrologic conditions in
the Upper Missouri River, very few wild adult pallid sturgeon use the Missouri River
downstream from Fort Peck Dam, particularly during the spawning season. However, the 2018
hydrological conditions were outside of the norm, with much higher than normal discharge due
to both early inputs from the Milk River and the Fort Peck Spillway, which began running on
May 8. Several adult pallid sturgeon migrated up the Missouri River to the areas just
downstream of Fort Peck Dam during flows of over 20,000 cfs during late April and early May.
Three females, one of wild origin (149.760 code 36) and two HOPS (149.760 code 177 and
149.620 code 54) were captured, assessed and found to be gravid. All three females spent time
from mid-May to mid-June in the areas just downstream of the Fort Peck Spillway. Wild pallid
code 36 made a long migration out of the Fort Peck project area around June 14 and was later
detected spawning in the lower Yellowstone River. However, both HOPS females (code 54 and
code 177) stayed in the Missouri River through the month of June. Neither HOPS females were
verified to spawn during 2018.
The 2018 field season was only the third time since the Flow Modification Project began
in 2001 that gravid females were observed using the Missouri River during the spawning season,
with the other years being 2011 and 2013. In addition, 2018 was only the second time that
gravid females were observed near Fort Peck Dam during June, which also occurred in 2011.
Similar to 2018, discharge exceeded 20,000 cfs during the spring in both 2011 and 2013, which
resulted in long migrations of pallid sturgeon up the Missouri River with some fish entering the
Milk River.
Documentation of use, spawning and reproduction in the Missouri River during 2011
indicates that the Missouri River may be used by pallid sturgeon under some hydrologic
conditions regardless of water temperature (DeLonay and others, 2014). Temperature is still a
very important variable as it would shorten embryonic development time, resulting in shorter
drift distance, as well as increase the overall productivity of this dam-affected section of the
Missouri River. Verification of successful reproduction by wild pallid sturgeon in 2011
demonstrated that spawning, fertilization, egg survival, and hatch can occur in the Missouri
River when flows deviate from conventional reservoir operations (DeLonay and others, 2014).
Additional information may develop understanding of how flow releases from Fort Peck Dam
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could be managed to increase attraction and retention of pallid sturgeon into this section, without
flooding. While over the years of the study very few sexually mature adult pallid sturgeon have
been observed in the Upper Missouri River to date, data from 2011 and 2018 indicate that
discharge of over 20,000 cfs likely influences a portion of the adult spawning population to
migrate up the Missouri River. While spawning has not as of yet been confirmed during 2018, it
was confirmed during 2011.
New research has demonstrated that there may also be enough drift distance for some free
embryos to transition out of the drift since a 2016 larval drift survivor was found on 8/25/2017.
This fish was released as a several hour post hatch larvae and released near the confluence of the
Milk River (where spawning was suspected to occur in 2011). On August 25, 2017, an unmarked
412mm sturgeon was collected at RM 1580.8 of the Missouri River just below the confluence of
the Yellowstone River. Genetic results confirmed this individual originated from a family cross
that was ONLY used for the drift study, released on 6/27/2016 (1F497F1801 x 0A180E0E7E)
and spawned on 6/21/2016.
The 2018 sampling year accounted for a total of 506 Acipenserformes free embryos. This
was the largest number of free embryos sampled since the beginning of the project in 2001. In
addition, the second most larval sturgeon were sampled during 2018 with the beam trawl, second
to only 2016. The large capture of Acipenserformes free embryos and Scaphirhynchus larvae
lends further evidence to the ecological importance of spring flows in the Missouri River
downstream of Fort Peck Dam.
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Pallid Sturgeon Population Assessment and Associated Fish
Community Monitoring for the Missouri River: Segment 4
2018
USFWS MRFWCO Bismarck, ND
The Missouri River below the confluence of the Yellowstone River is a highly dynamic system
and features a diverse assemblage of habitats that typify the historic conditions of the river. The
influence of the Yellowstone River and the seasonal fluctuations in the hydrograph, including the
immense sediment load, greatly influence the fish community, including the pallid sturgeon. The
elevation of Lake Sakakawea also influences the lower portion of segment 4.
The USFWS Missouri River Fish and Wildlife Conservation Office in Bismarck began sampling
the twelve random river bends of segment 4 on the 2nd of May and completed sampling on the
10th of October. Over 111,000 meters were drifted with trammel nets which included nearly
17,000 meters during a targeted sampling effort. Otter trawls were towed only 1,144 meters
during the sturgeon season due to high flows from the Yellowstone River in May, which resulted
in unsafe sampling conditions. 25,155 meters were trawled during the fish community season.
Additionally, mini fyke nets were set in 12 bends during the fish community season and trotlines
were deployed in 12 random bends during fish community season.
Pallid sturgeon (Scaphrynchus albus) is the primary target of this sampling effort. One hundred
seventy four hatchery released and one wild adult pallid sturgeon were captured in segment 4 in
2018. This was less than 2010 (N = 724), 2014 (N = 440), 2015 (N = 435), 2016 (N = 180) and
2017 (N = 178) but was the sixth most captured in fourteen years of sampling. Following
standard protocols we captured 52 pallid sturgeon in twelve random bends with trammel nets.
Trotlines caught 62 hatchery released pallid sturgeon while seven were sampled with the otter
trawl. Additionally, 50 hatchery released pallid sturgeon were captured during a three day
targeted sampling effort with trammel nets in the lower section of segment 4.
Pallid sturgeon from 17 of the 19 year classes that have been stocked in RPMA 2 were collected
in 2018. Pallid sturgeon from 11 stocking locations used within the Missouri and Yellowstone
Rivers above the confluence were sampled with the majority (63%) originating from
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Yellowstone stocking sites. Relative condition factor for all pallid sturgeon captured during this
effort ranged from 0.58 to 1.19 with an average relative condition of 0.97. Growth rates for
recaptured juvenile sturgeon ranged from 0.051 to 0.109 mm/day with younger sturgeon showing
a higher growth rate (Table 3).
A total of 271 shovelnose sturgeon S. platorynchus were sampled during the 2018 sampling
season in segment 4. The majority were sampled in trammel nets (N = 240) followed by the
otter trawl (N = 26) and trotlines (N = 7). Seventeen age-0 shovelnose sturgeon were captured in
2018. Quality and above size class fish continued to account for the majority shovelnose
sturgeon sampled.
In 2018, six of the eight native Missouri River species that were targeted for this assessment
were sampled. Sturgeon chub Macrohybopsis gelida were sampled in otter trawls (N = 50). A
total of 79 sicklefin chubs M. meeki were collected in segment 4 with all sicklefin chubs being
captured in the otter trawl. Western silvery minnows, Hybognathus argyritis, were captured
during the fish community season in mini-fyke nets (N = 3). A total of 12 blue suckers
Cycleptus elongates were collected in trammel nets. No young of the year blue suckers were
collected. Sauger Sander canadense were captured in all gears during both seasons. Trammel
nets captured the most sauger (N = 79), followed by mini-fyke nets (N = 10) and the otter trawl
(N = 6). Shoal chubs M. aestivalis and sand shiner Notropos stramineus were the only targeted
native species not captured in any gear. Sand shiners were collected in 2005, 2006, 2007, 2008,
2009 and 2013. Shoal chubs have not been sampled in segment 4 in 14 years of sampling. A
total of 9,440 fish representing 32 species were sampled in segment 4 of the Missouri River
during 2018.
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EXECUTIVE SUMMARY
Sustainable pallid sturgeon natural recruitment has not been observed since the
identification of the species. Mortality associated with an extended larval drift phase of
development is attributed to an almost complete lack of observed recruitment in the last 50
years. Larvae are hypothesized to drift into reservoir habitat and settle in an anoxic bottom layer,
resulting in mortality. Debate exists on larval drift behavior, duration and distance. To assess
current hypotheses, we measured the relations among larval development, settling behavior,
velocity, temperature, and habitat. We observed a strong relationship between temperature and
development, with most embryos observed transitioning to actively feeding larvae by 23 days
post hatch (dph) at 15° C compared to 13 dph at 20 °C. Most embryos developed bottom settling
behavior at 9 dph at 20 °C and ~13 dph at 15 °C. However, embryos/larvae cycled between drift
and bottom orientation until 30 dph in 0.61 m diameter circular tanks and 71 dph in a large oval
artificial river (20 m circumference). Swimming studies indicated that larvae are weak
swimmers and bottom velocities of selected settlement areas (<15 cm/s) approximated
maximum sustained swimming velocities. Flat smooth substrates were selected and food
availability appeared to affect distribution. Competition appeared to contribute to extended drift.
Based on observations, we hypothesize the drift phase of development will be extended if
suitable rearing habitat is not available. Dam management practices that aim to restore natural
temperature regimes and increase temperature of released water will greatly decrease drift
duration and distances. We observed no evidence that flow manipulation will affect larval
development rates, but it will certainly affect drift speed, drift distances, and habitat availability.
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EXAMINATION OF PALLID STURGEON (Scaphirhynchus albus) LARVAL
DEVELOPMENT, BEHAVIOR AND SWIMMING ABILITIES
INTRODUCTION
Sturgeon (Acipenseridae) originated 200-250 million years ago and remain one the oldest extant
family of species (Carmona et al., 2009). Despite surviving multiple mass extinction events and
glaciation/deglaciation events that dramatically changed the lentic, lotic, and marine landscapes,
26 of the 27 extant species of sturgeon are now listed as vulnerable, endangered, or critically
endangered (Billard and Lecointre, 2001; Lorke and Yew, 2005; Carmona et al., 2009). Pallid
sturgeon (Scaphirhynchus albus) are among the rarest surviving fish species in North America
(Kallemeyn, 1983).
Pallid sturgeon are endemic to the Missouri and Mississippi Rivers and some of their
larger tributaries and were first identified in 1905 as a separate species than shovelnose sturgeon
(Scaphirhynchus platorhynchus), a sympatric congener (Forbes and Richardson, 1905). Little
was known about pallid sturgeon until the late 20th century and early reports from commercial
harvest indicate that they were relatively rare compared to shovelnose, often less than 10% of
the catch of river sturgeon, and were most frequently observed in the upper reaches of the
Missouri in the Dakotas and Montana (Forbes and Richardson; 1905, Bailey and Cross, 1954;
Dryer and Sandvol, 1993). Commercial harvest and pollution are associated with initial declines
of river sturgeon, with a 10 fold decline in harvest mass observed between the
1890’s and 1950 (Carlander, 1954; Whitley and Campbell, 1974). However, harvest in the
Upper
Missouri was likely negligible or nonexistent and now fewer than 175 naturally produced pallid
sturgeon are estimated to live in the Upper Missouri Basin above Lake Sakakawea in North
Dakota (Kallemeyn, 1983; Dryer and Sandvol, 1993; USFWS, 2014). Surviving wild sturgeon
in the Upper Missouri River Basin are estimated to be at least 44 years old (Braaten et al., 2009).
Damming of the Missouri River began in 1926 and six large mainstem dams were built
by 1952 (Dryer and Sandvol, 1993). Extirpation and decline of local shovelnose sturgeon
populations was noted by the mid-20th century and associated with damming (Bailey and Cross,
1954). Dams can be damaging to large river species because they fragment, inundate and
eliminate critical habitat, isolate populations, alter flow and temperature regimes and reduce
sediment transport, turbidity, natural channel development and floodplain
connectivity/productivity (Bailey and Cross, 1954; Dryer and Sandvol, 1993; Nilsson et al.,
2005). All historical pallid sturgeon habitat has altered flow regimes, 36% of historical pallid
sturgeon habitat has been eliminated, and 40% has been channelized (Dryer and Sandvol, 1993).
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Because of an extended larval drift phase of embryonic development, pallid sturgeon are
particularly susceptible to habitat fragmentation (Kynard et al., 2002, 2007).
Despite evidence of successful spawning of pallid sturgeon in the Upper Missouri Basin
(USGS, 2007; Fuller et al., 2008; DeLonay et al., 2016), evidence of natural recruitment has
been extremely rare for almost 50 years, suggesting a recruitment bottleneck during embryonic
development (USFWS, 2000; Fuller and Haddix, 2012; Braaten et al., 2008, 2012a; Guy et al.,
2015). Pallid sturgeon embryos exhibit a swim up and drift dispersal behavior after hatching
until ~9-11 days post hatch (dph; temperature dependent), when larvae begin exogenously
feeding and are assumed to settle on the bottom (Conte et al., 1988; Kynard et al., 2002, 2007).
Estimates of drift distances from laboratory and field experiments suggest the remaining
segments of free-flowing Missouri River are not long enough for embryos to develop and they
likely end up in reservoirs or transition zones between rivers and reservoirs (Kynard et al., 2002,
2007; Braaten et al., 2008, 2010, 2012a). Field studies identified anoxic conditions near the
bottom in transition zones between rivers and reservoirs that resulted in embryonic death within
an hour when replicated in a laboratory; apparently identifying the cause of recruitment
bottleneck (Guy et al., 2015). However, skeptics of this hypothesis note that the vast majority of
embryos/larvae in river drift studies are not recovered and their behavior in relatively simple
laboratory environments may not translate to the complex hydraulic environments of large rivers
(Braaten et al. 2008, 2010, 2012a; Marotz and Lorang, 2017). Additionally, detailed flow
mapping and drift modelling indicate the Upper Missouri is very dispersive to particles and has
many retention areas that should provide embryos enough time to develop (Marotz and Lorang,
2017).
The purpose of this study was to examine the effects of abiotic factors on larval
development and behavior in order to better inform dam management and reassess the current
larval drift hypothesis. The effects of temperature and velocity on larval development were
examined in small circular channels. Habitat selection and larval behavior were examined in a
large artificial river with a complex hydraulic environment and a diversity of substrates and
habitats. Larvae were observed after exogenous feeding began to identify ‘post-settling’
behavior. Additionally, swimming abilities of larvae were examined to allow inference to
suitable bottom velocities for settling larvae. While extensive stocking has sustained the species,
the ultimate goal of a naturally reproducing and propagating species is out of reach until the
factors contributing to the lack of recruitment are better understood (USFWS, 2000; USFWS,
2008).
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METHODS
TEST FISH AND FACILITIES
Free embryos used in experiments were from two distinct spawning events and
parentage. Eggs were collected from pallid sturgeon held at Gavins Point National Fish Hatchery
(GPNFH; Yankton, South Dakota, U.S.) and spawned on 25 May 2017 and 13 June 2017. In
both spawning events eggs were hand stripped from three females and paired with sperm from
three males to provide three crosses. Eggs were fertilized at 16.9 °C and stirred with a mixture of
bentonite clay and water for 20 min to eliminate adhesiveness (Van Eenennaam et al., 2001).
Fertilized eggs were transported in an insulated cooler from GPNFH to the Bozeman
Fish Technology Center (BFTC; Bozeman, Montana, U.S.). Temperature during transport was
monitored with an Ertco High Precision Thermometer (Barnstead International, Dubuque, Iowa)
and varied less than 1.0 °C from the temperature at the time of fertilization (16.9 °C). Upon
arrival at the BFTC, eggs from all crosses were thoroughly mixed and treated with the
disinfectant Ovadine (Buffered PVP Iodine; 10 mL/L) for 10 min. Eggs were acclimated to
incubating temperatures by placing bags in a waterbath and gradually adding water to reach the
desired temperature (± 0.5 °C every 20 min). All eggs from the first spawning event were
incubated at 16.1 ± 1.0 °C whereas eggs from the second spawning event were split and
incubated at two water temperatures: 15.5 ± 0.5 °C and 20.5 ± 0.5 °C.
Eggs were incubated in 0.5 L McDonald jars provided with flow through water (0.15 –
0.2 L/min). Water from on-site warm and cold springs was mixed to obtain the desired
temperature and continuously passed through a packed-column degassing system. The degassing
system removed supersaturated nitrogen, reduced total dissolved gas levels, and maintained gas
levels at acceptable rearing criteria for aquatic species (Kappenman et al., 2013). Average
dissolved oxygen was 7.24 and 7.07 mg/L at 15 and 20 °C, respectively. Water temperature and
cumulative thermal units (CTU) were recorded hourly throughout all experiments with Optic
Stowaway Temp Data Loggers (Onset Computer Corporation, Bourne, Maine, U.S.). A
photoperiod of 12:12 h was maintained with overhead lighting throughout all experiments and
was supplemented with natural light from windows. Unfertilized, fungused, and dead eggs were
removed from jars at regular intervals.
Hatched free embryos swam up and out of McDonald jars into 1.8 m circular holding
tanks, where they were held for a maximum of 12 hrs before being assigned to an experiment.
Days post hatch (dph) were used to quantify age, with the day of hatch referred to as 0 dph.
Sturgeon in this study were classified as free embryos from hatch until the time of active feeding
and larvae thereafter (Balon, 1999). Fifty free embryos from each temperature treatment were
sampled on the day of hatch to assess length at hatch. Free embryos were first presented
Otohime Fish Diet (Reed Mariculture, Campbell, California, U.S.) at 7 dph. Feed particle size
(range: 250-1410 µm; B1, B2, C1, C2) was increased based on fish size. Larvae held in the
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small 0.61 m diameter circular tanks used to examine the effects of temperature and velocity
(“Velocity × Temperature” experiment) were fed twice daily with enough food to ensure excess
was continuously present on the bottom. Feed was continuously presented to larvae in larger
tanks using automated belt feeders. Tanks were cleaned daily. Free embryos/larvae sampled
from experiments were euthanized with an anesthetic overdose (MS222, 50 mg/L),
photographed (Nikon D750, AF Micro Nikkor 60 mm lens) on a metric ruler, and stored in
HistoPrep 100% alcohol (Fisher Scientific Company, Denver, Colorado). Photographs were later
analyzed using ImageJ (version 1.50i, Bethesda, Maryland) to measure length, yolk sac area, fin
curl, and presence/absence of melanin plug and food.
Total length was measured from the tip of the tail to the anterior tip of the head (Fig. 12)
for fish that had not developed a caudal filament (approximately <20.0 mm) and rounded to 0.1
mm. For fish with caudal filaments, total length was measured from the posterior end of the
notochord to anterior tip of the nose. The end of the notochord was approximated if necessary by
the point at which the ventral margin of the caudal fin membrane stops converging on the
notochord and begins to run parallel to the core of the caudal filament (Snyder 2002). The
relationship between length and dph was used to describe growth rate. Yolk sac area was
measured to the nearest 0.01 mm2 from photographs of the lateral view of free embryos. Yolk
sac area was only recorded when the yolk sac could be clearly distinguished and lipids were
excluded from the measurements. The yolk sac was considered to be absorbed when it was no
longer externally visible even though some internal yolk may have remained (Snyder 2002). The
relationship between yolk sac area and dph was used to describe yolk sac absorption rate. Fin
curl was measured on larvae that performed in the Usprint swim chamber tests. Fin curl was
quantified on a scale of 0-4 that represents the percentage of the outside margin of the pectoral
fin affected by fin curl: 0- no fin curl, 1 - <25%, 2 – 25 to 50%, 3 – 50 to 75%, 4 – 75 to 100%
outside margin affected. Measurements were made for both fins and added for a measure of total
fin curl.

VELOCITY × TEMPERATURE
The effects of velocity and temperature on larval development were examined in a 3 × 2
factorial experiment. Average values of the three velocity treatments were 0, 10, and 21 cm/s.
Velocity treatments were chosen to provide a control treatment (0 cm/s) and approximate the
range of velocities free embryos may experience in the Upper Missouri Basin (Braaten et al.,
2008). Higher velocities that may be experienced were avoided due to excessive centripetal
forces and inability to make observations. Average values of the two temperature treatments
(nominally 15 and 20 °C) were 15.3 °C (SD=0.6) and 21.0 °C (SD=0.6). Temperature treatments
were chosen to approximate the predicted range of optimal spawning temperatures for pallid
sturgeon (Kappenman et al., 2013).
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Experiments were conducted in eighteen 0.61 m diameter circular tanks with a 0.46 m
depth. A 0.32 m diameter PVC insert was centered within the tanks to create a 0.15 m wide
circular channel into which embryos were placed. Tanks were provided with flow-through water
at a minimum rate of 5.7 L/min. In the 0 cm/s treatments, water entered the tank approximately 4
cm above the water surface from a vertically orientated opening with a 13.0 mm diameter. Water
entered the 10 cm/s and 21 cm/s treatment tanks from nozzles (6.2 and 10.6 mm diameters,
respectively) located along the outside wall and approximately 6 cm below the water surface to
provide a clockwise current. Nozzles were directed at the outside wall to disperse the strong jet
of water and limit damage to embryos. Water velocity was measured with a Marsh-McBirney
Flo-Mate 2000 current meter (Hach Corp., Loveland, CO, U.S.) at 0.6 × water depth (‘average
velocity’ of the water column) and 3 cm above the tank bottom (‘bottom velocity’) in the middle
of the channel at four equidistant locations (Table I). Nominal velocities (i.e. 0, 10, and 21 cm/s)
refer to the average of the velocities measured at 0.6 × D. Velocity treatments were randomly
assigned to tanks.
A full set of pilot studies were conducted with free embryos from the first spawning
event (25 May 2017) to determine key behaviors, observation techniques, sampling techniques
and experimental design. Observations from pilot studies were used to supplement results. In
pilot studies, observations occurred at 800 and 1600 hrs. However, due to limited differences
between observations we only conducted observations at 800 hrs with fish from the second
spawning event (13 June 2017). Early hatch embryos (hatched within 12 hours of the first
observed hatch) from the second spawning event were randomly assigned in groups of 10 to one
‘observation’ and two ‘sampling’ tanks for each treatment. Ten embryos were assigned to
observation tanks and 300 embryos were assigned to sampling tanks. Five embryos/larvae from
each treatment were sampled daily from one of the sampling tanks and total length (mm), yolk
sac area (mm2), presence of food, and presence of pigment plug were measured. Ten
embryos/larvae were sampled from tanks in which embryos/larvae were separated into groups
associated with the bottom and water column, with five from each group sampled. Observation
tanks were observed for 10-15 min daily between 10:00 and 13:00 hrs and mortality, proportion
in drift/on the bottom, swimming behavior, and horizontal /vertical orientation were recorded.
Mechanical vibrations created by tapping the tank and a directed jet of water from a pipette were
used to test the development and evolution of escape responses in embryos/larvae after
observations were completed. Mortalities in the observation tanks were replaced after
observations with embryos/larvae from a sampling tank of the same treatment. One-two minutes
of underwater video (Hero Session, GoPro, San Mateo, California, U.S.) and 10 min of overhead
video (Handicam HDR-XR-150, Sony, Tokyo, Japan) of each observation tank were recorded
daily and reviewed to supplement observation notes. Observations and sampling were taken
from 1-30 dph, dependent on survival.
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ARTIFICIAL RIVER
Free embryo/larval behavior was observed in a large oval artificial river (20 m
circumference; Fig. 3). The artificial river was fabricated by Hydro Composites, LLC
(Stockdale, Texas, U.S.) and consisted of two straight channels (6.42 m long and 1.56 m wide),
two river bends (5.81 m outside diameter and 1.56 m wide) and a center wall separating the
channels. Channels are labeled C1 and C2 and bends labeled B1 and B2 for reference (Fig. 4).
Water was supplied to the river via a re-use system, which used a mix of on-site cold and warm
spring water, and was maintained at 20.6 °C (SD=0.6 °C). A wooden wing dike (0.05 m length ×
0.60 m width × 0.60 m tall) was placed at the upstream end of C2 and a sandbag (0.30 m length
× 0.72 m width × 0.15 m tall) was placed 3.4 m downstream to create eddy habitat (Fig. 4).
Approximately 0.06 m3 of four substrate types were placed on the bottom of C1 with the size of
the substrates decreasing in the downstream direction: boulder (150-450 mm outside diameter),
cobble (18-45 mm), gravel (5-15mm), and sand (0.3-5 mm). Two Sulzer electric motors
(Sulzer/ABS RW 3022 A17/6 Mixers; Sulzer Inc. Switzerland) generated velocity and were
placed 0.8 m above the substrate, 0.4 m from the outside wall, and 2.9 m apart in C1. The
rheostat power setting was set at 95% to generate velocities >2 m/s to distribute the substrate.
Water depth varied from 0.92 – 1.13 m depending on the presence and thickness of
substrate. Additional large boulders were placed at several locations against the inside wall to
create additional eddy habitats over bare plastic and sand substrates (Fig. 5). The rheostat power
setting was decreased to 55% for a series of pilot studies conducted with free embryos from the
first spawning event (25 May 2017). However, the electric motors caused high mortality and a
high pitch and decibel noise that may have disrupted natural behavior. Subsequently, motors
were replaced with spray bars that spanned the width of the channel and were located 0.5 m
above the bottom and 3 m from the upstream end of each channel. After free embryos from the
second spawning event (13 June 2017) were assigned to the velocity × temperature treatments,
all remaining unhatched eggs (~5,000) were placed in/between boulder, cobble, gravel, and sand
substrates. Approximately 1000 larvae (17 dph) from the first spawning event (25 May 2017)
were placed in the river at the same time. A large mortality event occurred on 21 June 2017 and
the river was cleaned then restocked on 22 June 2017 with 1000 free embryos from the second
spawning event (5 dph) and 1000 larvae from the first spawning event (22 dph). Due to
mortality in the artificial river and subsequent replacement with larvae from holding tanks,
comparison of growth rates among rearing environments was not possible.
Embryos/larvae were observed daily, with 10 min of observation at each of the 10
observation windows. Observations techniques were the same as for the velocity × temperature
treatments. Five to fifteen minutes of underwater video (Hero Session, GoPro, San Mateo,
California, U.S.) and video taken from outside the observation windows (Handicam HDR-XR150, Sony, Tokyo, Japan) was taken daily and reviewed to supplement observation notes.
Observations were taken from 0-71 dph. After the completion of experiments, bottom velocities
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(3 cm above substrate) were measured with a Marsh-McBirney Flo-Mate 2000 current meter
(Hach Corp., Loveland, CO, U.S.) every 10 cm longitudinally and 6 cm latitudinally using a 30 s
fixed point average (velocities varied temporally at a given location). In river bends the current
meter was oriented parallel to the walls of the tank at the point of measurement and facing the
upstream direction. The river was not mapped during pilot studies but point measurements of
velocities where larvae were observed on the bottom were recorded.

SWIM CHAMBER
Ucrit tests were conducted in a small swim chamber (5 L; 30.0 × 7.5 × 7.5 cm test section;
Loligo Systems, Tjele, Denmark) to estimate maximum aerobic capacity and Usprint tests were
conducted in a large swim chamber (185 L; 87.5 × 25.0 × 25.0 cm test section) to estimate
maximum anaerobic capacity (Brett, 1964; Starrs et al., 2011). Swim chambers were equipped
with a motor and variable frequency driver that allowed rapid and precise velocity adjustments.
A Marsh-McBirney Flo-Mate 2000 current meter (Hach Corp., Loveland, CO, U.S.) was used to
calibrate velocity settings by taking 30 s fixed point averaged measurements at 0.6 times the
water depth for each velocity setting. Flow straighteners located upstream of the test section
provided rectilinear micro-turbulent flow and an approximately uniform velocity profile. Swim
chambers were supplied with the same flow through well water that supplied the holding tanks
and water temperature differed little (± 0.5 °C; range) among holding tanks and swim chambers.
Ucrit tests occurred at 21.1 ± 1.4°C and Usprint tests at 19.8 ± 1.1°C. Larvae from the second
spawning event were used for the Ucrit tests and were held in a 1.8 m circular tanks at 21.1 ± 0.6
°C. Ucrit tests were conducted daily beginning on 6 dph. However, embryos were not able to
complete the acclimation period (15 min at 5 cm/s) until 10 days post. Subsequently, ten larvae
were tested every other day until 32 dph. Larvae from the first spawning event were used for the
Usprint test (64-78 dph) and were held in a 1.8 m circular tank and the artificial river at 20.5 °C
(SD=0.6 °C ).
Tests began with a 15 min acclimation period at 5 cm/s followed by a 5 cm/s velocity
increase every 5 min in the Ucrit test and every 15 s in the Usprint test. Motors were turned off
when a larvae became impinged, which was defined as having greater than a third of their body
resting on the downstream grate for 3 s. After a 2 min rest, the test resumed at the velocity
increment where impingement occurred in the Ucrit test whereas velocity was reset to 10 cm/s in
the Usprint tests. The larvae was considered fatigued and the test ended after the third
impingement (Allen et al., 2006; Verhille et al., 2014). Ucrit and Usprint values were calculated
using the formula provided by Brett (1964):
(1)
Ucrit, Usprint = Ui + [U (ti × t-1)] where Ui is the penultimate velocity (cm/s), ti
is the amount of time (s) the fish swam in the final increment, t is the time increment
between velocity increases (300 s and 15 s, respectively) and U is the water velocity
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increment (5 cm/s). Only the highest recorded Ucrit/Usprint value out of the three attempts
were included in the data set used for analysis.

DATA ANALYSIS
Multiple regression was used to examine relationships among response variables (length,
yolk sac area, Ucrit and Usprint) and explanatory variables (see Table II for list of variables
examined). Interactions were included in models if they were hypothesized to be biologically
meaningful and/or patterns were observed in exploratory graphs. Extra-sum of squares F-tests
were used to determine the inclusion/exclusion of a covariate from the inferential model
(Ramsey and Schafer, 2002), with covariates with the least statistical support removed first.
Logistic regression was used to examine relationships among the presence of food, velocity,
temperature, length, and age. The same model selection process used for linear regression was
used for logistic regression with likelihood ratio tests used to assess statistical evidence (Ramsey
and Schafer, 2002). Length and age effects were examined in separate models due to the
correlation of these variables. Age, cumulative thermal units, and length at the onset and
conclusion of development events are presented (Table III).
A natural log transformation (ln) was applied to the absolute Ucrit (cm/s) values due to
data being severely positively skewed. Relative Ucrit/Usprint values (body lengths/s) were
calculated by dividing absolute Ucrit/Usprint values (cm/s) by fish length (cm). Differences in
relative Usprint between tanks was examined with a Welch two sample t-test (Ramsey and
Schafer, 2002).
Observational data was not statistically analyzed due to its subjectivity, lack of
normality, lack of linearity, and lack of replication. Instead, the first observation of new
behaviors, dominant behaviors, and shifts in behaviors are reported.
Assumptions of homogeneity of variance, normality, linearity, and multicollinearity for
regression analyses were assessed using plots of residuals versus fitted values, normal
quantilequantile plots, plots of response variables versus continuous explanatory variables, and
variance inflation factors, respectively. All assumptions were adequately met. Regression was
performed in program R version 3.2.3 (R Core Team 2015) using the lm function.

RESULTS
VELOCITY × TEMPERATURE
Emergence and Developmental Stages
Mass emergence of free embryos from the 1st spawning event occurred at 6 days post
fertilization (dpf; 97 CTU; incubated at 16.1 °C). Mass emergence of embryos from the second
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spawning event occurred 7 dpf (110 CTU) for eggs incubated at 15.5 °C and 4 dpf (82 CTU) for
eggs incubated at 20.5 °C. Embryos hatched at 15.5 °C were longer (8.2 mm) than at those
hatched at 20.5 °C (7.9 mm; t81=5.5, P<0.0001). Swim up behavior was observed immediately
after hatch.
Presence of food in stomachs at 15 °C was first observed at 18 dph (275 CTU) in the 0
cm/s and 11 cm/s treatments and 19 dph (291 CTU) in the 20 cm/s treatment. The proportion of
larvae with food in their stomachs generally increased with dph but remained less than 0.6 by 30
dph. At 20 °C the presence of food was first observed at 10 dph (205 CTU) and food was present
in all sampled larvae by 13 dph (268 CTU). However, the proportion of larvae with food in their
stomachs decreased markedly at 19 dph (398 CTU) and subsequent days. Logistic regression
indicated there was strong evidence for the relationship between age and presence of food to
depend on temperature (χ2=83.2, df=1, P<0.0001; Table IV, Fig. 6). Logistic regression
indicated there was no evidence for a relationship between presence of food and velocity in both
age (χ2=2.47, df=2, P=0.29) and length (χ2=3.35, df=2, P=0.19) models.
Length was a more precise predictor of the presence of food, with presence of food first
observed at an average value of 18.8 mm at 15 °C and 19.6 mm at 20 °C and the smallest
individuals observed with food present in the stomach were 18.3 mm and 18.4 mm at 15 and 20
°C, respectively (Table III). There was strong evidence for the relationship between length and
presence of food to depend on temperature (χ2=17.97, df=1, P<0.0001; Fig. 7). Food was not
present in any larvae that had not expelled their melanin plug or that had externally visible yolk
sac. Subsequently, sturgeon are classified as free embryos before 18 and 10 dph in the 15 and 20
°C treatments, respectively, and larvae thereafter.

Length
A quadratic relationship between length (mm) and days post hatch (dph) was observed
with the rate of growth being greatest directly after hatch, gradually decreasing, and eventually
becoming negative at 22 (337 CTU) and 13 dph (268 CTU) in the 15 and 20° C treatments,
respectively (Fig. 8). The negative growth rates may have resulted from larvae not feeding
efficiently on the provided food. Thus, only growth that was sustained by yolk sac utilization
was modeled in regression analysis. The expulsion of the melanin plug was used to indicate yolk
sac utilization was complete. Melanin plugs were first observed being shed at 15 (230 CTU) and
8 dph (163 CTU) in the 15 and 20° C treatments, respectively (Table III). The shedding of the
melanin plug did not differ among velocity treatments. All melanin plugs in sampled larvae were
shed by 18 (275 CTU) and 10 dph (205 CTU) at 15 and 20° C, respectively (Table III). Thus, a
reduced data set from emergence to 18 and 10 dph for the 15 and 20° C treatments, respectively,
was used for length analysis.
There was strong evidence for an association between growth rate and temperature
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(i.e. temperature × age interaction; F2, 609=311.3, P<0.0001), with the growth rate being
significantly greater at 20 than 15 °C (Fig. 8). There was no evidence that growth rate (F2,
606=1.1; P=0.32) or length (F2, 606=2.6; P=0.11) was associated with velocity.

Yolk Sac Area
Absence of externally visible yolk sacs were first observed at 15 (230 CTU) and 9 dph (184
CTU) in the 15 and 20 °C treatments and all sampled specimens lacked yolk sacs by 17 (260
CTU) and 10 dph (205 CTU), respectively. Analysis was performed on a reduced data set for
free embryos from emergence to when all sampled specimens lacked externally visible yolk sacs.
An approximately linear relationship was observed between yolk sac area and age (dph). There
was no evidence for a relationship between velocity and yolk sac area (F2, 508=2.4, P=0.09). Yolk
sac area and the rate of depletion was related to temperature (F2, 510=369.7, P<0.0001). The rate
of yolk sac depletion was 0.29 mm2/dph greater at 20 °C (0.71 mm2/dph, 95% CI= 0.65, 0.76)
than at 15 °C (0.42 mm2/dph, 95% CI=0.41, 0.44; Fig. 9).
An approximately linear relationship was observed between yolk sac area and length.
There was no evidence for a relationship between velocity and yolk sac area (F2, 508=0.5,
P=0.64). There was strong evidence for the rate of yolk sac depletion, relative to length, to
depend on temperature (F1, 508=45.6, P<0.0001). Yolk sac utilization resulted in a greater
increase in length at 20 °C than at 15 °C (Fig. 10): a 1.00 mm2 reduction in yolk sac area
resulted in a 1.42 mm increase in length (95% CI=1.36, 1.49) at 15 °C compared to a 1.89 mm
increase in length (95% CI=1.64, 2.24) at 20 °C.

Behavior
Individual free embryo/larval behavior and behavior among individuals was highly
variable. Thus, results focus on when behavior was first observed, behavior displayed by the
majority of free embryos/larvae, and notable temporal shifts in behaviors. Swim up behavior was
the only swimming type observed immediately after hatch until 10 dph in the 15 °C tanks and 5
dph in the 20 °C tanks. Generally, contact with the bottom or sides of the tanks initiated vertical
swim up behavior and contact with the water surface resulted in drift down behavior. The
frequency of swim up behavior (i.e. time between consecutive swim up behaviors) was notably
higher in the 20 °C tanks than the 15 °C tanks and higher in the 10 cm/s and 21 cm/s tanks than
the 0 cm/s tanks. The higher frequency of swim up behavior in the 10 cm/s and 21 cm/s tanks at
20 °C resulted in the majority of the embryos being located at the surface compared to embryos
being distributed throughout the column in the other treatments. Orientation of the swim up
behavior became less vertical and more horizontal as the embryos developed and concurrently
the speed of vertical migration slowed. The majority of embryos developed horizontal
orientation by 11 dph in 15 °C tanks and 5 dph in 20 °C. Horizontal orientation was
predominantly positive for embryos/larvae oriented on the bottom whereas embryos/larvae in the
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water column were almost equally positively and negatively oriented for the remainder of the
experiment.
Embryos were first observed orientating on the bottom 11 dph at 15 °C and 6 dph at 20
°C in all velocity treatments. This was associated with a transition from swim up - drift behavior
to steady sustained swimming. The proportion of embryos/larvae on the bottom in the 10 cm/s
× 20 °C and 21 cm/s × 20 °C treatments rose to peaks of 0.9 and 0.5 by 9 dph, respectively, then
fluctuated between the peak and 0.0 for the remainder of the experiment. Consistent trends in the
proportion of embryos/larvae on the bottom were hard to discern in the other treatments and the
proportion fluctuated drastically on a daily basis, but was generally less than 0.5. Differences in
yolk sac area, length, presence of food, and the expulsion of the melanin plug were not observed
among embryos/larvae sampled on the bottom versus those sampled in the water column.
Embryos oriented on the bottom were first observed holding position against the current in the 10
cm/s treatments at 11 dph in the 15 °C tanks and 6 dph in the 20 °C tanks. Embryos were able to
hold position for brief periods of time on the bottom in the 21 cm/s treatments at 12 dph at 15 °C
and 7 dph at 20 °C using areas of low velocity near the inside wall. When water velocity on the
bottom exceeded swimming abilities and resulted in downstream movement, larvae would swim
up into the water column and go back into drift. Larvae were not observed making upstream
progress while in the water column and tailbeat frequency was generally lower for larvae in the
water column vs. those attempting to hold position on the bottom.
Startle to touch associated with sampling was observed 1 dph at both temperatures.
Embryos displayed a ‘C-type’ startle response (a rapid movement of the body into the shape of a
‘C’’; Blaxter & Batty, 1985; Hardy & Litvak 2004) followed by a burst of swimming that lasts
longer than behavior not associated with a disturbance. A ‘C-type’ startle to mechanical
vibration was first observed 9-11 dph at 15 °C and 4 dph at 20 °C. Consistent startle responses to
a jet of water were observed at 10-11 dph at 15 °C and 3-5 days at 20 °C; a relationship between
velocity and a startle response was not observed. The most prevalent response to the jet of water
was to orient positively to it and swim against it, although fish occasionally swam away from the
jet. Fish on the bottom pressed their bodies against the bottom and quickly swam back to the
bottom if the jet displaced them. Prior to a startle response developing, the jet of water would
result in fish ceasing swimming activity and going into passive drift for a short period of time.
This response was occasionally observed after a startle response developed and was most
prevalent in the 10 and 21 cm/s treatments.

Mortality
Mortality was low (≤10%) in 20 °C observation tanks up 16 dph, at which point
mortality rose exponentially resulting in 100% mortality by 21 dph in both observation and
sampling tanks (Fig. 11). Mortality in the 0 cm/s × 15 °C and 10 cm/s × 15 °C tanks first
occurred 4 days after emergence and daily mortality rate averaged 20% and 7%, respectively,
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between 4-18 dph. Mortality rate was low (≤ 10%) 19-27 dph before rising to 50% and 30% by
30 dph in the 0 cm/s × 15 °C and 10 cm/s × 15 °C tanks (Fig. 11). Mortality rate in the 21 cm/s
× 15 °C tank was low (≤ 10%) from emergence to 29 dph but rose to 50% on 30 dph.

ARTIFICIAL RIVER
Complex flow conditions and diverse substrate types were created in the artificial river
that approximated many habitat types present in the native waters of pallid sturgeon. Larger
substrates (boulder, cobble, and gravel) were confined to C1 and B1 while sand was distributed
to locations throughout the river (Fig. 5). Bare plastic was the most prevalent substrate (73.7%;
32.4 m2) followed by sand (9.6%; 4.2 m2), cobble (8.6%; 3.8 m2), gravel (5.0%; 2.2 m2), boulder
(3.4%; 1.5 m2), and a mixture of gravel and sand (0.7%; 0.32 m2). The largest deposits of sands
occurred at the downstream end of C1 and formed into small sand dunes (maximum height 15
cm). Fine sand of a tan color collected almost exclusively downstream of the sandbag (Fig. 4-5,
coarser sand was a dark grey). Average bottom velocity was 6.4 cm/s (SD=6.2) and ranged from
-12.2 cm/s to 24.4 cm/s. Areas of high velocity existed at the upstream ends of each channel and
low velocity areas existed at the upstream end of each river bend along the outside edge (Fig.
12). The wing dike created an eddy with a 1.43 m2 bottom footprint and multiple smaller eddies
were created behind the boulders, sandbag, along the inside wall.
Free embryos swam up immediately after hatch regardless of the substrate they hatched
in. Some embryos were observed getting stuck in the interstitial spaces among the cobble
directly after hatch for the duration of the observation period (10 min). However, this appeared
to be a result of a difficulty adjusting orientation and getting out of the tight interstitial spaces.
Swim up behavior was observed exclusively until 5 dph. Contact with the bottom or sides of the
tank usually initiated swim up behavior and contact with the water surface generally stimulated
drift down behavior. Embryos were predominantly in the lower half of the water column 0-1 dph
(≤.5 m) but were distributed throughout the entire water column thereafter. After 5 dph
orientation began to become more horizontal and a steady sustained swimming pattern was
observed.
Embryos were first observed on the bottom on 7 dph and the proportion of
embryos/larvae on the bottom reached a peak of approximately 0.9 on 10 dph and subsequently
fluctuated between 0.4 and 0.9. Fish were observed in the water column throughout the duration
of the experiment. Embryos/larvae predominantly settled on the plastic substrate in C2 and B2
(Fig. 4). From 7-10 dph embryos were often observed on the sand in front of and behind the
wing dike and the sand and gravel at the upstream edge of the boulders in C1 but were rarely
observed in these areas after 10 dph (Fig. 4-5). During this time (7-10 dph) one of the largest
congregation of embryos (100-200) was observed in the eddy line downstream of wing dike.
Embryos remained on the bottom in this area despite it being turbulent and flow direction
changing frequently and drastically.
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After 10 dph larvae were associated almost exclusively with plastic substrate in C2 and
B2 with the exception of the sand below the sandbag and the surfaces of the boulders in C1 (Fig.
4-5). Embryos/larvae were never observed settling on the cobble in C1 and rarely settled on the
large area of sand below the cobble on the downstream end of C1 (Fig. 5). Touching the cobble
substrate or swimming close to it generally resulted in embryos/larvae swimming higher in the
water column.
Embryos/larvae generally selected areas with velocities ranging from -5 – 15 cm/s. Eddy
habitat was not preferentially selected over habitat in the main current. Areas of high velocity
(>20 cm/s) were avoided by embryos/larvae throughout the duration of the experiment. Larvae
in the current swam vigorously to hold position on the bottom, but when water velocity
exceeded swimming abilities they generally swam up into the water column and swimming
intensity decreased. Larvae were never observed making sustained upstream progress while in
the water column or on the bottom. Loose congregations of embryos/larvae were observed but
contact with each other generally initiated a small startle response. Contact of smaller fish from
the second spawning event with larger fish from the first spawning event generally stimulated
swim up behavior for the smaller individual. Food availability appeared to have a strong effect
on larval swimming behavior. Food was experimentally withheld for 1.5 days on 7/30 (61 dph
larvae from first spawning event and 44 dph larvae from second spawning event) and resulted in
>90% of fish in downstream drift in the water column. When a large amount of negatively
buoyant food was added, >90% of fish settled to the bottom within 5 min.

SWIM CHAMBER
A total of 117 Ucrit tests and 75 Usprint tests were successfully completed. Larval pallid
sturgeon showed high motivation to swim in the swim chamber, with only a single larvae in an
Ucrit test not swimming during the acclimation period (removed from data set) and all larvae in
Usprint test completing the acclimation period. Larvae did not show a preference for swimming
on the bottom, rarely station held on the bottom, and were observed swimming throughout the
swim chamber. Most fish performed best on their 1st attempt: 44%/56% achieved their highest
Ucrit/Usprint value on the first attempt, 26%/29% on the second, and 30%/15% on the third.
Regression analysis provided evidence for relationships between Ucrit, age and length and
between Usprint, length, and holding environment (Table IV, Fig. 13-15). In both Ucrit and Usprint
tests, length had the largest effect on swimming abilities (Table IV). Absolute Ucrit (cm/s) was
positively related to length (P<0.0001) and age (P<0.0001; Fig. 13) whereas relative Ucrit (body
lengths/s) was negatively related to length (P<0.0001) and age (P<0.0001; Fig. 14). Age and
length were highly correlated (0.86) among the younger fish in the Ucrit tests but correlation
decreased (0.24) among the older fish tested in the Usprint tests and there was no evidence for a
relationship between age and absolute Usprint (P=0.18) or relative Usprint (P=0.58). There was
evidence for holding environment being associated with absolute Usprint in both the age (P=0.02)
and length (P=0.007) models, with Usprint values being an average of 5.3 cm/s (95% CI: 1.2, 7.5)
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greater for fish raised in the artificial river than in a 1.8 m circular tank after accounting for age
and 4.4 cm/s (95% CI: 1.0, 9.7) after accounting for length (Fig. 15). Similarly, there was strong
evidence for a relationship between relative Usprint and holding environment (P=0.007), with the
mean Usprint of fish from the artificial river (4.9 BL/s) being 0.5 BL/s (95% CI: 0.1, 0.8) greater
than the mean Usprint of fish from the 1.8 m circular tanks (4.5 BL/s). There was no evidence for
a relationship between fin curl and Usprint in any of the models (P>.15, Table IV).

DISCUSSION
Integrating information on pallid sturgeon larval behavior, swimming abilities and
habitat selection with environmental variables such as temperature, substrate, and velocity will
allow us to re-evaluate the larval drift hypothesis and better understand the early life history
recruitment bottleneck. In this study, we saw evidence that larval drift may continue after
exogenous feeding begins, resulting in longer drift distances. Temperature had a strong effect on
the rate of development and results were congruent with previous studies (Kynard et al., 2002,
2007, Webb et al., 2007). Tests and observations of swimming abilities indicate that larval pallid
sturgeon are relatively weak swimmers and drift is likely current dominated early in
development and the ability to move upstream is severely limited. Due to logistic restraints and
the complexity of accurately accounting for drift pathways and velocities, drift speeds were not
quantitatively measured. However, important experimental protocols were developed that will
facilitate and enhance future studies at the Bozeman Fish Technology Center. Additionally, a
photographic guide to larval development was developed that will facilitate the determination of
larval age in the field and help standardize length and yolk sac measurements. Although results
add to our understanding of larval drift and development, they call into question parts of the
larval drift hypothesis and demonstrate that further research is needed to understand the
recruitment bottleneck.
Pallid sturgeon are believed to spawn over coarse substrates (boulder, cobble, gravel) and
adhesive eggs attach to the substrate (Dettlaff et al., 1993; U.S. Geological Survey, 2007;
DeLonay et al., 2009, 2014, 2016). Time to hatch was highly correlated to temperature and mass
hatch was observed between 3-7 days after fertilization, which agrees with observations of
previous studies (DeLonay et al., 2016). Atlantic sturgeon (Acipenser oxyrinchus), shortnose
sturgeon (A. brevirostrum) and white sturgeon (A. transmontanus) all seek cover shortly after
hatch when appropriate substrates are provided but are observed displaying drift behavior when
substrates were not provided (Richmond and Kynard, 1995; Kynard and Horgan, 2002; Kynard
et al., 2002; McAdam, 2011). However, observations of embryos hatching out of various
substrates (sand, gravel, cobble, and boulder) confirms reports of swim up behavior occurring
directly after hatch for pallid sturgeon (Kynard et al., 2002, 2007).
We observed embryos drifting in the lower half of the water column (<0.5 m) from 0-1
dph; thereafter, embryos/larvae were observed drifting throughout the water column. Kynard et
al. (2002, 2007) observed embryos near the bottom from 0-5 dph, in the upper water column
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from ~6-9 dph, and near or on the bottom thereafter. However, these experiments were
conducted in a low velocity environment (2 cm/s) within a small testing apparatus (300 cm depth
x 15 cm diameter). Given that contact with surfaces generally elicit a swim up response, the
small diameter test tube may have resulted in artificial results. This is likely the case in all
laboratory studies, where the relative surface area of tanks in relation to water volume greatly
exceeds the ratio of bottom surface area to water volume in natural environments. Field
studies and collections (Braaten and Fuller, 2002, 2003, 2004, 2005; Braaten et al., 2008, 2012a)
indicate that embryos primarily drift close to the bottom. In the deeper, swifter, and more
hydraulically complex environments of the Missouri and Mississippi Rivers, it may be harder
for embryos to move up in the water column and their location may be primarily determined by
the current (Braaten et al., 2008). Additionally, given that free embryos are negatively buoyant,
swim up when they contact a surface, are relatively weak swimmers early in development, and
eventually settle on the bottom, it is reasonable to hypothesize that most embryos are transported
in drift near the bottom. Location in the water column has a large effect on drift distance, as
velocity mapping in the Missouri River below Fort Peck, Montana, has shown drift near the
bottom can be twice as slow as drift in the water column (Marotz and Lorang, 2017).
Embryonic swimming abilities were very weak and drift at this stage is likely current
dominated. Braaten et al. (2008) suggests drift speeds are similar to current, as this has been
observed in other sturgeon species: Beluga (Huso huso), Russian (Acipenser gueldenstaedti) and
stellate sturgeon (A. stellatus) drift at about 80-90% of the river velocity (Khoderevskaya, 2002,
cited by Gisbert and Ruban, 2003). The observed burst up – drift down cyclic behavior may
have evolved to keep embryos from getting stuck in interstitial spaces in the substrate, facilitate
exiting eddy habitat, and enhance entrainment in the main current. Swim up behavior in small
eddies behind boulders and the sandbag in the artificial river quickly removed embryos from
these retention areas and back into the current. Additionally, embryos were often observed
ceasing swimming activity after experiencing an abrupt increase in water velocity, which may be
an adaption to facilitate entrainment in the main current. However, many embryos caught in the
large eddy below the wing dike spent considerable time there and their ability to reduce retention
time in larger backwater areas remains unclear. Field studies indicate larvae drift for long
distances (245-530 km) and measured drift rates indicate larvae drift at rates slightly slower than
the main current (66-70 cm/s versus 72 cm/s mean water velocity; Bratten et al., 2008, 2012a).
However, given limitations on the volume and location of water sampled, it is likely these results
pertain to the fastest drifting individuals (Marotz and Lorang, 2017). Due to low recapture rates,
the fate of the vast majority of larvae is unknown (Braaten et al., 2008, 2012a). However,
recapture of juveniles from these studies indicate that some are able to develop before ending up
in reservoirs (Braaten et al., 2012b).
Velocity mapping of 338 km of the Missouri River downstream of Fort Peck, Montana,
and simulated drift pathways indicate that most drifting particles in the thalweg would be
dispersed into low velocity retention areas (i.e. backwaters, low-velocity river margins, and side
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channels) in less than 3.1 km (Marotz and Lorang, 2017). We did not observe behavior that
would allow embryos to quickly exit large backwater or low velocity areas far from the main
current and larval drift would be substantially slowed by entering these areas. Flow modeling
and drift simulations need to be further assessed with empirical observations of drifting particles
and embryos/larvae in order to understand how early life swimming behavior affects drift
distances and verify predicted drift distances.
Presence of food, which signifies the transition from free embryos to larvae, first
occurred at 275 CTU (18 dph) and 205 CTU (10 dph) at 15 and 20 °C, respectively. While the
transition at 20 °C closely matches the 200 CTU threshold described by Kynard et al. (2007), the
presence of food was noticed much later at 15 °C. Because we observed larvae at 15 °C having
difficulty feeding, it is possible that we misidentified this transition. However, observations of
the absence of the yolk sac and melanin plug, which were always observed before food was
observed, did not occur until 230 CTU. This indicates development, relative to CTU, occurred at
a slower rate at 15 °C than at warmer temperatures (Kynard and Parker, 2005; Kynard et al.,
2002, 2007), which is consistent with the lower yolk sac utilization efficiency we observed at 15
°C compared to 20 °C in the Velocity x Temperature experiments. These observations are likely
due to the effects of temperature on enzyme activity, metabolic rate, growth, and development
and deserve a closer physiological examination (Fry, 1971). Congruent with results from
previous studies, length was the most consistent predictor of larval development, with food
present in larvae 18-20 mm in length, regardless of temperature of age (Snyder, 2002; Kynard et
al. 2002, 2007; Braaten et al., 2002, 2008). These findings show artificially low hypolimnetic
releases will delay develop, increase drift distances, and ultimately decrease embryo survival.
Embryos were first observed settling on the bottom at 11 dph (168 CTU) at 15 °C and 67
dph at 20 °C (122-142 CTU). These observations closely preceded the expulsion of the melanin
plug and the initiation of exogenous feeding. Due to daily fluctuations in settling behavior and
an inability to discern when most embryos had developed settling behavior, we recommend
using the age when the yolk sac was absorbed in all larvae (17 and 10 dph at 15 and 20 °C,
respectively) as a conservative proxy of the duration of development needed to develop settling
behavior. This ‘drift duration’ closely matches previously reported ranges (Kynard et al.,
2007; Braaten et al., 2008, DeLonay et al., 2016). The absorption of the yolk sac was
accompanied by changes in body shape that facilitated swimming on the bottom (i.e. a flat
ventral surface and more fusiform shape). Comparison of length, yolk sac area, and
presence/absence of food and the melanin plug between embryos/larvae sampled on the bottom
and in the water column did not reveal any differences, indicating that embryos/larvae were
likely cycling between settling on the bottom and drifting behavior.
We observed drift in some portion of our sample until 30 dph in the Velocity x
Temperature treatment and 71 dph in the artificial river (i.e. the end of observations). Kynard et
al. (2007) suggest that larvae don’t migrate downstream after they settle to the bottom after ~200
CTU of development, based on behavior of other sturgeon species (Kynard et al., 2002; Kynard
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and Horgan, 2002; Zhuang et al., 2002; Kynard and Parker, 2005). They also note that they
observed yearling juveniles disperse downstream (B. Kynard, E. Parker, D. Pugh and T. Parker,
unpubl. data) and that it is unlikely that younger fish would also be dispersing. However, larval
drift studies in the Upper Missouri River indicate that some exogenously feeding larvae remain
in drift. Results from Braaten et al. (2012a) show similar drift speeds in the main stem Upper
Missouri among collected larvae aged 5-15 dph, although collection of older individuals became
rarer as drift distance increased (19.6 °C). Similarly, Braaten et al. (2008) observed overlap in
drift speeds of 1-17 dph embryos/larvae in a natural side-channel of the Upper Missouri (17.8 –
24.5 °C). The time post release that larvae were collected was most variable for 17 dph larvae
and drift speed slowest (0.20 m/s slower than the mean water column velocity). These results
could be explained by larvae cycling from settling on the bottom and swimming up into drift,
which was observed in our laboratory setting.
Steffenson et al. (2018) reports downstream dispersal from stocking locations for age-0
(mean: 153 dph, range: 64-202) to age-6 hatchery reared pallid sturgeon in the Lower Missouri.
The Lower Missouri is defined as the 1305 km of undammed river below Gavins Point Dam,
South Dakota, to the confluence with the Mississippi. This segment has been highly channelized
for navigation and much of the natural low velocity and shallow depth habitat has been
eliminated (Galat et al., 2000; Erwin and Jacobson, 2015). Generally, age 0-6 fish were
recaptured within 30 river kilometers (rkm) downstream from stocking locations but much
longer distances over a 1,000 rkm downstream were also observed (Steffensen et al., 2018).
Downstream movement of stocked juveniles has also been observed in the Yellowstone River
(Jaeger et al., 2007), Platte River (Snook et al., 2002), Lower Missouri River (Wilson et al.,
2008) and the Upper Missouri and Marias Rivers (Oldenburg et al., 2011). However, upstream
movement has also been observed among age-1 and older stocked fish (Jordan et al., 2006,
Klumb et al. 2012). Further research is need to identify movement patterns of young pallid
sturgeon, especially directly after initial settling. Our observations indicate movement is
predominantly downstream 0-71 dph and the rate of downstream movement is likely associated
with habitat availability.
Very little is known about pallid sturgeon habitat due to the complexity of studying
species in large turbid rivers, the rarity of the species, and very limited anecdotal data on habitat
use in natural systems before dams altered available habitat (Jordan et al., 2016). Adult and
juvenile sturgeon are often associated with sandy substrates in deep swift water in the main
channel (Bramblett and White, 2001; Jordan et al., 2006, Gerrity et al., 2008). Young of the year
pallid and shovelnose sturgeon in the Middle Mississippi River (320 river kilometers of
channelized river between the confluences of the Ohio and Missouri Rivers) were found to be
associated with sand substrates in low velocity (~10 cm/s) channel border areas (Phelps et al.
2010). Sand was the second most commonly selected substrate in the artificial river after the
plastic tank bottom. We hypothesize that plastic was selected due to its greater relative
availability and feeding efficiency being greatest on this flat smooth surface. Notably, we
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observed no larvae settling on the cobble substrate. Near-boundary turbulence associated with
cobble may have affected fish orientation and stability and deterred larvae from settling in these
areas (Tritico and Cotel, 2010; Silva et al., 2012).
Similar to Phelps et al. (2010), we observed larvae settling in low velocity areas (<15
cm/s) and avoiding or swimming up into drift when velocities exceeded this threshold. Selected
habitat appeared to be closely associated with estimates of maximum sustained swimming
velocities from Ucrit tests. If this association holds for older fish, Ucrit tests could be a useful tool
to predict when pallid sturgeon transition from low-velocity channel border habitat into the main
channel. Adams et al. (2003) reports mean Ucrit values of 36 cm/s for pallid sturgeon 180 dph,
indicating a slow increase in swimming abilities with age/length (mean length: 21.4 cm). Similar
Ucrit values have been reported for other sturgeon species and indicate that sturgeon are
relatively weak swimmers compared to other families of fish (Katopodis and Gervais, 2011;
Verhille et al., 2014). Adams et al. (2009) reports similar sprinting abilities, relative to size, for
young of the year pallid sturgeon ranging in size from 13.0-16.9 cm (40-70 cm/s) and 17.0-20.5
cm (55-70 cm/s). These velocities represent sprinting velocities that are sustainable for brief
periods (≤ 15 s; Brett, 1964). Upstream movement would be limited at these velocities and we
predict encountering these velocities would stimulate larvae to go back into drift.
Inter and intraspecific competition for habitat and food may effect drift behavior. Swim
up behavior was often observed among larvae from the first spawning event when they
contacted larger individuals from the second spawning event (18 day difference in age) and
dense congregations of larvae were never observed in the artificial river. Availability of food
appeared to be a strong determinant of larval habitat selection, with larvae mostly settling on the
bottom in the channel and bend (C2, B2) below the point of food entry despite similar habitat
(i.e. similar velocity and substrate) being available in the other channel and bend (C1, B1).
Relatively high densities of larvae and competition for food and habitat may have contributed to
the extended drift we observed in the artificial river. However, extended drift behavior was also
observed in the relatively low density observation tanks (Velocity × Temperature; 10 fish/tank)
and in the artificial river at the end of observations when less than 50 larvae were present (daily
sampling, mortality, and removal for swim studies decreased fish densities). Given the observed
influence of food availability on habitat selection, laboratory studies that use natural prey items,
such as midge (Chironomidae) and mayfly (Ephemeroptera) larvae, may provide more realistic
inferences on habitat selection (Braaten et al., 2012b; Sechler et al., 2012).
The ability of larvae to survive the transition from endogenous to exogenous feeding is
likely dependent on the availability of suitable habitat and sufficient food sources. Early life
stages are particularly sensitive to food deprivation and mortality associated with food
deprivation of larval pallid sturgeon reared at 17 °C was first observed at 17 dph and was 97%
by 23 dph (Kappenman et al., 2011). We observed a similar trend in the 20 °C Velocity ×
Temperature tanks, indicating larvae may have died from feeding inefficiently. Shallow water
and floodplain habitats generally support higher densities of zooplankton and benthic
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invertebrates and were likely historically important nursery areas for larval pallid sturgeon
(Thorp, 1992; Thorp and Delong, 1994; Ward and Stanford, 1995; Scheimer et al., 2001).
However, dams and channelization have disconnected the Missouri River from its floodplain and
resulted in a substantial loss of shallow water habitat (Hesse and Sheets, 1993; Gallat et al.,
1996; Bowen et al., 2003). These decreases in suitable habitat likely result in an extended drift
phase, delays in exogenous feeding, increased competition in areas with suitable habitat, and
ultimately increased mortality. Wilson et al. (2008) and Haddix et al. (2009a, b) report increased
concentrations of stocked pallid sturgeon downstream of stocking locations in the Upper
Missouri River. The potential effects of an extended downstream drift and subsequent elevated
competition in downstream stretches of management areas should be a consideration in stocking
protocols. Decreasing growth rates among stocked pallid sturgeon in the Lower Missouri River
may be an indication of elevated interspecific competition with the large population of
shovelnose sturgeon and intraspecific competition with hatchery reared pallid sturgeon (Pope et
al., 2010; Steffensen et al., 2018).
Results and observations from our study indicate that downstream drift may continue
after exogenous feeding begins if suitable habitat is not available. The extent of downstream
drift is likely highest in channelized segments, segments with low habitat diversity, or areas with
high levels of intra and interspecific competition. Embryonic swimming behaviors allowed
embryos to exit small retention areas and enter the main current, but are unlikely to significantly
reduce retention times in large retention areas. We observed the switch to exogenous feeding
occurring in almost half the time at 20 °C than at 15 °C. Dam management practices that
increase the temperature of released water will significantly decrease larval drift distances and
likely increase larval survival. We did not observe an effect of velocity on development rates.
Thus, decreasing flows will decrease drift distance during embryonic development. However,
the effects of flow regulation on habitat availability should be carefully considered as habitat
availability may also effect drift distances.
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TABLES
Table I. Average velocities and standard deviations (in parenthesis) of the three velocity
treatments in the Velocity × Temperature experiments examining the effect of temperature and
velocity on pallid sturgeon larval development. Positive velocity is in the clockwise direction.
Bottom velocities were measured 3 cm above the bottom of the tank and average velocities were
measured at 0.6 × water depth.
Treatment (cm/s) Bottom velocity
(cm/s)
0
-4.6 (0.5)
10
6.9 (1.4)
21
17.3 (2.4)

Average velocity
(cm/s)
-0.25 (0.7)
10.3 (1.3)
20.8 (1.9)
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Table II. List of response variables examined in each larval pallid sturgeon experiment and their
associated explanatory variables.
Response Variable
Experiment
Explanatory Variables
Presence of food
Velocity × Temperature
Age, length, temperature, velocity
Length (mm)
Velocity × Temperature
Age, temperature, velocity
2
Yolk sac area (mm ) Velocity × Temperature
Age, length, temperature, velocity
Ucrit (cm/s)
Small swim chamber; Ucrit
Age, length
Ucrit (BL/s)
Small swim chamber; Ucrit
Age, length
Usprint (cm/s)
Large swim chamber; Usprint
Age, fin curl, length, tank
Usprint (BL/s)
Large swim chamber; Usprint
Age, fin curl, length, tank
Metrics: Age (days post hatch), fin curl (qualitative scale of percentage of outside edge of
pectoral fin affected), length (mm; total length), tank (holding/rearing environment), temperature
(° C), Ucrit/Usprint (cm/s and body lengths/s) and velocity (cm/s).
Table III. Age (days post hatch), cumulative thermal units from hatch (CTU, from hatch), and
total length (mm) for important developmental features of pallid sturgeon free embryos/larvae in
the Velocity × Temperature experiments. Results from 15 and 20 °C treatments presented; no
differences among velocity treatments was observed. Age, CTU, and length presented as a range
(min, max) from the first observation to when the developmental feature was observed in all
sampled individuals.
Response Variable

Hatchb
c

Presence of food
Absence of melanin
plug
Absence of yolk sac
Bottom orientation

Age

Length (mm)a

CTU

15

20

15

20

15

20

0

0

0

0

7.2, 8.9

7.6, 8.9

18, 23

10, 13

275, 352

205, 268

18.8 , 18.5

19.6 , 20.3

15, 18

8, 10

230, 275

163, 205

18.2, 18.5

18.8, 19.7

15, 17
11d

9, 10
6, 9

230, 260
168

184, 205
122, 184

17.9, 18..5
16.5

18.8, 19.7
16.7, 18.3

a

Length values represent the average of all individuals with the presence of
developmental feature on the first day the feature was observed and the day when the feature
was observed for “all” larvae
b
Hatch at length is presented as the minimum and maximum lengths observed for
sampled embryos c Food was never observed for all larvae. The range presented is the first
observation of food to the predicted peak proportion of larvae with food present in stomachs
from logistic regression. d No peak observed for fish oriented on the bottom for the 15 °C
treatments, only values for the first observation of bottom orientation presented
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Table IV. Regression table for relationships among length, yolk sac area, Ucrit, Usprint, age,
temperature (T), velocity, and holding environment (‘tank’) from larval pallid sturgeon Velocity
× Temperature, Ucrit, and Usprint experiments. A “×” is used to indicate interactions between
variables.
Explanatory
Response variable variable
Probability
of intercept age
presence of food

β (± SE)
-5.42 (0.45)
0.19 (0.02)

t
12.1
9.8

P-value
<0.0001
<0.0001

1.6
6.9

0.10
<0.0001

-14.60 (1.80)
0.73 (0.10)
-14.48 (4.00)
0.83 (0.21)

8.1
7.4
3.7
3.9

<0.0001
<0.0001
0.0003
<0.0001

8.4 (0.12)
0.9 (0.02)

71.9
34.8

<0.0001
<0.0001

T20

-1.2 (0.22)

5.5

<0.0001

age × T20

1.0 (0.08)

12.8

<0.0001

age2

-0.02 (0.001)

14.2

<0.0001

age2 × T20

-0.05 (0.007)

6.8

<0.0001

T20
-1.43 (0.87)
age × temperature 0.50 (0.07)
Logistic regression
Probability
of intercept length
presence of food
T20
length ×
temperature
Logistic regression
Length
intercept
age

2

F 5,607 =2727.1; adjusted r =0.96; P<0.0001
Yolk sac area

Yolk sac area

intercept
age

7.00 (0.08)
-0.42 (0.01)

82.9
52.9

<0.0001
<0.0001

T20
-0.13 (0.15)
0.9
T20 × age
-0.29 (0.02)
12.5
2
F3,508=1288.4; adjusted r =0.88; P<0.0001
intercept
13.41 (0.25)
54.7
length
-0.70 (0.02)
43.5

0.38
<0.0001

T20
-2.37 (0.40)
6
T20 × length
0.17 (0.03)
6.8
2
F3,508=861.4; adjusted r =0.84; P<0.0001
ln(Ucrit ) - Absolute intercept
2.19 (0.07)
32.26
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<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

<0.0001

ln(Ucrit) - Absolute

age
0.03 (0.003)
8.22
2
F1,115=67.5 ; adjusted r =0.36 ; P<0.0001
intercept
2.17 (0.06)
34.88

<0.0001

Ucrit - Relative

length
0.02 (0.002)
9.27
2
F1,115=85.9; adjusted r =0.42; P<0.0001
intercept
8.02 (0.41)
19.59

<0.0001

Ucrit - Relative

age
-0.09 (0.02)
4.96
2
F1,115=24.6; adjusted r =0.17; P<0.0001
intercept
8.26 (0.38)
21.84

<0.0001

Usprint -Absolute

length
-0.08 (0.01)
6.06
2
F1,115=36.7; adjusted r =0.24; P<0.0001
intercept
14.73 (17.33)
0.85
1.36
1.41
2.47

0.18
0.16
0.02

Usprint - Absolute

age
0.34 (0.25)
fin curl
1.32 (0.93)
tank
5.34 (2.17)
2
F3,71=4.3; adjusted r =0.12; P=0.008
intercept
-4.94 (5.92)

0.83

0.41

length
0.49 (0.06)
8.09
fin curl
0.75 (0.66)
1.14
tank
4.36 (1.57)
2.77
2
F3,71=28.7; adjusted r = 0.53; P<0.0001

<0.0001

<0.0001

<0.0001

0.4

<0.0001
0.26
0.007

intercept
3.55 (1.38)
2.6
0.01
age
0.01 (0.02)
0.6
0.58
fin curl
0.07 (0.07)
1
0.33
tank
0.45 (0.17)
2.7
0.01
2
F3,71=3.1; adjusted r = 0.08; P=0.03
Usprint - Relative
6.3
<0.0001
intercept
4.01 (0.64)
0.5
0.62
length
0.03 (0.06)
1.1
0.29
fin curl
0.08 (0.07)
2.7
0.009
tank
0.46 (0.17)
2
F3,71=3.1; adjusted r = 0.08; P=0.03
Metrics: Age (days post hatch), fin curl (qualitative scale of percentage of outside edge of
pectoral fin affected), length (mm; total length), tank (holding/rearing environment), temperature
(° C), absolute Ucrit/Usprint (cm/s), relative Ucrit (body lengths/s), velocity (cm/s), and yolk sac
area (mm2). T20 is categorical variable equal to 1 for 20 °C treatments and 0 for the 15°
Usprint - Relative

C treatments and tank is equal to 1 for fish held in the artificial river and 0 for fish held in the
1.8 m circular tank.
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FIGURES
Figure 1. Photographic guide of pallid sturgeon embryonic development 1-7 days post hatch
(dph) for embryos reared at 15 and 20 °C from the Velocity × Temperature experiments.
Examples of total length and yolk sac area measurements are denoted by white lines. There was
no evidence for a relationship between velocity and length or yolk sac area.

Note: Local contrast enhanced in photograph to facilitate identification of developmental
features.
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Figure 2. Photographic guide of pallid sturgeon embryonic development 9-15 days post hatch
(dph) for embryos reared at 15 and 20 °C from the Velocity × Temperature experiments.
Examples of total length and yolk sac area measurements are denoted by white lines. Yolk sac
was no longer externally visible 15 dph and 9 dph at 15 and 20 °C, respectively. There was no
evidence for a relationship between velocity and length or yolk sac area.

20 °C

15 °C
9 dph

11 dph
dph

13 dph

15dph

Note: Local contrast enhanced in photograph to facilitate identification of developmental
features.
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Figure 3: Photograph of the artificial river used in observational pallid sturgeon larval drift
experiment.

Figure 4. Plan view of artificial river identifying important structures and features.
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Figure 5: Substrate map of the artificial river.

Figure 6. Logistic curves describing the relationship between the probability of the presence of
food and age of pallid sturgeon in the Velocity × Temperature experiment for the 15 (T15) and
20 °C (T20) treatments. There was no evidence for a relationship between the probability of the
presence of food and velocity.
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Note: All larvae were deceased by 21 dph in the 20 °C treatment.
Figure 7. Logistic curves describing the relationship between the probability of the presence of
food and length (mm) of pallid sturgeon in the Velocity × Temperature experiment for the 15
(T15) and 20 °C (T20) treatments. There was no evidence for a relationship between the
probability of the presence of food and velocity.

Figure 8. Relationship between pallid sturgeon length (mm) and days post hatch for the Velocity
× Temperature treatments. Temperature treatments are denoted T15 (15 °C) and T20 (20 °C).
There was no evidence for a relationship between length and velocity. Regression curves were
calculated from a reduced data set consisting of day post hatch before the melanin plug was shed
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(18 and 10 dph for 15 and 20° C treatments, respectively).

Figure 9. Relationship between pallid sturgeon yolk sac area (mm2) and days post hatch for the
Velocity × Temperature treatments. Temperature treatments are denoted T15 (15 °C) and T20
(20 °C). There was no evidence for a relationship between yolk sac area and velocity. Regression
curves were calculated from a reduced data set consisting of day post hatch while externally
visible yolk sac was visible (17 and 10 dph for 15 and 20° C treatments, respectively).

Figure 10. Relationship between pallid sturgeon yolk sac area (mm2) and length (mm) for the
Velocity × Temperature treatments. Temperature treatments are denoted T15 (15 °C) and T20
(20 °C). There was no evidence for a relationship between velocity and yolk sac area.
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Regression curves were calculated from a reduced data set consisting of day post hatch while
externally visible yolk sac was visible (17 and 10 dph for 15 and 20° C treatments, respectively).

Figure 11. Daily mortality rates in the six Velocity × Temperature observation tanks. Deceased
pallid sturgeon were replaced daily after mortality counts to maintain a sample size of ten.
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Figure 12. Contour velocity map of the artificial river. Each velocity measurement (n=6588)
represent 30 s fixed point averages taken 3 cm above the substrate.

Figure 13. Relationship between absolute Ucrit (cm/s; n=117) and A) age (days post hatch;
R2=.36) and B) length (cm; R2=0.42) for larval pallid sturgeon.
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Figure 14. Relationship between relative Ucrit (Body lengths/s; n=117) and A) age (days post
hatch; R2=0.17) and B) length (cm; R2=0.24) for larval pallid sturgeon.

Figure 15. Relationship between absolute Usprint (cm/s; n=75) and fish length (TL, cm; R2=0.53)
for fish held in a 1.8 m circular tank and 20 m (circumference) oval artificial river.
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Executive Summary:
The Pallid Sturgeon, (Scaphirhynchus albus), is a large-bodied and federally endangered
fish that is native to large rivers in Montana. Although conservation propagation programs have
been established to maintain populations, current stocking regimes and high juvenile survival
rates may lead to unnaturally high densities, particularly in the upper Missouri and lower
Yellowstone Rivers of Recovery Priority Management Area (RPMA) 2. These findings have led
natural resource managers to question whether sufficient food resources exist to maintain both
hatchery-reared populations of Pallid Sturgeon and other co-existing native fish species in the
future. This question is not trivial; if resources are limiting to Pallid Sturgeon, costly stocking
programs will continue to be carried out with little sustainability, exacerbating the root problem
of decline.
Our study broadly aimed to 1) estimate secondary production of benthic
macroinvertebrates in the Missouri and Yellowstone Rivers, 2) quantify the ‘invisible web’ of
trophic interactions that sustain Shovelnose Sturgeon and Pallid Sturgeon in the lower
Yellowstone and upper Missouri rivers, 3) examine how these trophic interactions are influenced
by both physical habitat features and river impoundment, and 4) use this information to estimate
how much macroinvertebrate food resources are demanded to fuel current populations of Pallid
Sturgeon, while accounting for other dominant fish consumers. While our approach did not
include estimating the availability of forage fish for adult and future populations of Pallid
Sturgeon (i.e., hatchery-origin and wild), the availability of macroinvertebrate food resources
continues to be recognized as a critical component, and potential bottleneck, for the future
survival, growth, and development of hatchery-reared Pallid Sturgeon.
To accomplish our objectives, we first constructed maps of benthic substrata at six
reaches in the Missouri and Yellowstone rivers throughout RPMA 2 using recent advances in
side-scan sonar technology. Following habitat quantification, we sampled macroinvertebrate
assemblages throughout the year (October 2014-October 2015) from a variety of habitats (e.g.,
sand, wood, rocks) at each reach to estimate assemblage composition, density, biomass, and
secondary production. Additionally, we constructed sturgeon-specific energy-flow food webs by
combining estimates of macroinvertebrate production with estimates of Pallid Sturgeon and
Shovelnose Sturgeon, hereafter referred to as Scaphirhynchus spp., diets, density, and size
structures using targeted efforts at multiple reaches on the Missouri River. This approach allowed
us to elucidate specific food resources that fueled sturgeon production and understand how these
resources were influenced by Fort Peck Dam. Finally, we used a macroecological modeling
approach to estimate consumption fluxes to the dominant members of the Missouri River fish
assemblage. Using this approach, we estimated resource demand relative to resource supply to
address the question of Pallid Sturgeon food limitation and distance to carrying capacity in
RPMA2.
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Our results highlighted strong and consistent relationships among geomorphology, the
quantity and composition of associated macroinvertebrate assemblages, and food-web
interactions in RPMA 2. Macroinvertebrate density, biomass, and secondary production
estimates were strongly related to habitat type, with low estimates in sand and much higher
estimates in rock, wood, and off-channel habitats. Therefore, reaches that were composed
primarily of sand habitat (e.g., Wolf Point, MT on the Missouri River and Sidney, MT on the
Yellowstone River) had much lower total macroinvertebrate production estimates (i.e., food
availability for insectivorous fish) than reaches composed of larger, more stable sediments (e.g.,
Fort Peck, MT on the Missouri River and Elk Island on the Yellowstone River). Furthermore,
small geomorphological “hotpots” of stable and isolated habitats were often found to
disproportionately provide food resources for Scaphirhynchus spp. We suggest that many of
these areas can be easily identified by their geomorphological characteristics, and as such, may
be prioritized and managed accordingly.
Our study also illustrated the influence of Fort Peck Dam on physical and biological
characteristics of the Missouri River. We found that the tailwaters below Fort Peck Dam
experienced stable flows and temperatures, low turbidity, and contained large sediment sizes.
With the exception of stable flows, which occur throughout the Missouri upstream of the
Yellowstone River confluence, these physical habitat characteristics were largely distinct to the
tailwaters. This unique environment below Fort Peck Dam contained considerably higher
quantities of macroinvertebrates (with respect to density, biomass, and production), yet much
lower macroinvertebrate diversity compared to all other study reaches. However, we found that
sediment sizes shifted from coarse substrate to fines, turbidity levels increased, and temperature
regimes became more variable with increasing downstream distance from the tailwaters,
resulting in sharp declines in macroinvertebrate quantities and gradual increases in assemblage
diversity. Interestingly, macroinvertebrate diversity seemed to peak just above the
YellowstoneMissouri River confluence, suggesting that diversity of the macroinvertebrate
assemblage was able to recover prior to this large input to the Missouri River.
These findings have important consequences for food webs that sustain Scaphirhynchus
spp. in the Missouri River. For example, food webs in an upper Missouri River section (nearest
to Fort Peck tailwaters) consisted of high macroinvertebrate production, high Shovelnose
Sturgeon density, and low Pallid Sturgeon density; these characteristics resulted in high flows of
energy through the food web, yet low overall complexity (fewer feeding links). Conversely, food
webs from a lower Missouri River section (below the Yellowstone confluence) consisted of much
lower macroinvertebrate production, lower Shovelnose Sturgeon density, and higher Pallid Sturgeon
density, resulting in much lower flows of energy through a more complex and reticulate food web.
Differences in food-web complexity may have strong implications for the continued management
Pallid Sturgeon and other native fish in RPMA 2, as complexity in foodweb architecture (high
numbers of feeding links) has been linked to food-web stability, defined as “the long-term persistence
of interacting species.”
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Using a modeling framework that drew from macroecological techniques and approaches
in ecosystem ecology, we estimated that ~80% of total macroinvertebrate production is currently
needed to fuel the production of the dominant fish assemblage in the Missouri River. This
finding is important, especially given that some of our estimates of fish assemblage demand
exceeded estimates of macroinvertebrate food resources. Additionally, other less abundant fishes
were not considered in this approach and may also compete for macroinvertebrate food
resources. However, it must be noted that our estimates of energy demand varied considerably
and were strongly sensitive to estimates of fish density. Given that fish densities were predicted
using a theoretical model, and not empirically measured, future studies are needed to refine and
validate these estimates.
This research represents one of the largest studies to quantify benthic habitat types with
fine-grained resolution in large rivers, one of the largest-scale studies of macroinvertebrate
assemblage production, and one of few studies to estimate energy flows through large river food
webs. As such, we were able to link patterns in the physical habitat template to food-web
dynamics that sustain Scaphirhynchus spp. populations among large and ecologically meaningful
scales. Additionally, because our study reaches encompassed a gradient of influence from a
large-river dam, we could examine how river modification reverberates through the physical
habitat to influence the structure and dynamics of sturgeon-centric food webs. As the
hatcheryreared populations of Pallid Sturgeon reach larger sizes and incorporate more fish in
their diets, estimates of prey-fish production will be necessary to estimate how much of these
resources are available in the environment.

Introduction:
Annual stocking and high estimated survival of hatchery-raised juvenile Pallid Sturgeon
(Scaphirhynchus albus) may place strong energetic demands on food resources throughout
Recovery Priority Management Area (RPMA) 2 (Rotella 2015). If the amount of available food
cannot meet this demand, stocking regimes could exceed the carrying capacity for Pallid
Sturgeon, resulting in a suite of potential effects on conspecifics, as well as other species in the
ecosystem. Due to the concerns of over-stocking, we assessed the potential for food limitation of
sturgeon by combining quantitative estimates of available food resources (i.e., supply) with
empirically estimated energetic requirements (i.e., demand) of the Pallid Sturgeon and
Shovelnose Sturgeon (Scaphirhynchus platorynchus) and modeled estimates of demand for other
dominant fish species. Shovelnose Sturgeon, a potential competitor of juvenile Pallid Sturgeon,
were considered in detail due to their high numbers throughout RPMA 2 (Haddix et al. 2008a,
2008b, Wilson et al. 2008) and similar trophic status as juvenile Pallid Sturgeon (French et al.
2013).
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Juvenile Pallid Sturgeon and Shovelnose Sturgeon are widely recognized as benthic
insectivores (Braaten et al. 2007, Hoover et al. 2007, Wanner et al. 2007, Spindler et al. 2012,
Dutton 2018, see results below); therefore, to assess the potential for food limitation of juvenile
Pallid Sturgeon, we quantified the availability of benthic macroinvertebrate food resources
throughout RPMA 2. While our approach does not include estimating the availability of forage
fish for adult Pallid Sturgeon (i.e., hatchery-origin and wild), availability of invertebrate food
resources (i.e., secondary production) continues to be recognized as a critical component, and
potential bottleneck, for the future survival, growth, and development of the species (Wildhaber
et al. 2007). To quantify the availability of macroinvertebrate resources for juvenile Pallid
Sturgeon, we estimated secondary production of benthic macroinvertebrate assemblages.
Secondary production, or the formation of heterotrophic biomass over time, is a dynamic
measure that more adequately represents the availability of resources than more static measures,
such as density or biomass (Benke 1984, 1993). Due to the potential mismatch between the largescale movement of sturgeon and the traditionally small-scale macroinvertebrate sampling
schemes (Bramblett and White 2001, Gerrity 2005), care was taken to estimate
macroinvertebrate production over correspondingly larger spatial scales. Following our
estimation of macroinvertebrate assemblage production, we quantified energetic demand of
juvenile Pallid Sturgeon and Shovelnose Sturgeon using energy-flow food webs that relied on
measured estimates of sturgeon density and diet composition. Finally, to estimate the energetic
demand of macroinvertebrates by other dominant fish species we utilized a macroecological
modeling approach (see description below).

Study reaches:
Our study area is embedded within the Great Plains Management Unit (GPMU), which
spans a large geographic region including Montana, North Dakota, and South Dakota (Jordan
2013). Our area of focus includes the upper Missouri River (encompassing 338 river kilometers),
and the lower Yellowstone River (encompassing 114 river kilometers). This area is designated as
a high priority action area for Pallid Sturgeon recovery efforts (Welker and Drobish 2011) and is
thought to contain river habitat that “provides the best opportunities for restoration of natural
conditions conducive to natural recruitment” (Webb et al. 2005).
Within the study area, the Missouri River has a relatively low gradient (0.011% 0.028%), and benthic habitat is dominated by a shifting-sand substrate (Galat et al. 2001) with
off-channel areas of shallow, low-flow habitats (Yager et al. 2013). Geologically, the Missouri
River is surrounded by the Bearpaw shale formation near Fort Peck Dam and transitions to
stream-deposited sediment of the Fort Union formation (Haddix et al. 2007). Fort Peck Dam
exerts a strong influence on the physicochemical environment of the Missouri River including
dampened temperature oscillations (lower summer temperatures and higher winter temperatures;
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Braaten unpublished data), increased sediment size directly downstream of the dam, reduced
sediment load and turbidity, and an altered hydrograph (Bowen et al. 2003, Welker and Drobrish
2011). The Missouri River gradually transitions to a warm turbid river with sandbar and island
formation around Wolf Point Montana (Galat et al. 2005; river km 2739) and is thought to regain
much of its natural physical characteristics downstream of its confluence with the Yellowstone
River (Bramblett and White 2001).
The lower Yellowstone River is composed of two distinct geomorphological areas within
RPMA 2. The upstream area, from Intake Diversion Dam to Elk Island (river km 113-40), has a
slightly higher gradient (0.046%), and is composed of a sinuous to irregular channel with
numerous islands, backwaters, chutes, and cobble/gravel substrate. The downstream area, from
Sidney Montana to the confluence of the Missouri River (river km 40-0), has a lower gradient
and predominantly sandy substrate (Bramblett and White 2001). Overall, the Yellowstone River
exhibits warmer summer temperatures, and higher peak discharge, turbidity, sediment loads, and
suspended sediment concentrations than the Missouri River upstream of the confluence.
Our six study reaches (12 - 36 km in total length) within RPMA 2 were selected to
represent the existing variation in river geomorphologic and thermal characteristics (Figure 1).
Three reaches in the Missouri River were located upstream of the Yellowstone River confluence
(i.e., Fort Peck at river kms 2838 - 2826, Wolf point at river kms 2739 - 2724, and Nohly at river
kms 2557 - 2542), and one reach was located between the confluence and the headwaters of Lake
Sakakawea (Williston at river kms 2500-2470). Two lower Yellowstone River reaches include a
segment between Intake Dam and Elk Island (Elk Island at river kms 113-80) and a reach below
the city of Sydney Montana (Sidney at river kms 40 - 25).

Methods:
To estimate variation in macroinvertebrate assemblage production among large reaches
throughout RPMA2, benthic habitats (e.g., sand, cobble/gravel, large rocks) were first quantified
(2013-2014). This critical piece of information was required to stratify our macroinvertebrate
production sampling effort by the aerial extent of major habitat types (i.e., greater sampling effort
was allocated to larger or more variable habitats). We believe that this larger-scale perspective
was vital to accurately quantifying food availability for larger-bodied, mobile consumers, such as
Pallid Sturgeon and Shovelnose Sturgeon.

Benthic habitat quantification
Side-scan sonar was used to continuously quantify benthic habitats at the six reaches
described above, ranging from 12-36 km in length, due to the large spatial extent and high
turbidity of our study reaches. Side-scan sonar is an active remote sensing system that produces
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two-dimensional imagery of the riverbed by transmitting and receiving high frequency (455 –
800 kHz) sound waves that are reflected from underwater objects (Kaeser and Litts 2010).
Continuous large-scale swaths of sound waves produce “echograms” containing spatially explicit
information of riverbed texture (Buscombe et al. 2015). These textures are then geo-referenced
and delineated as different habitat types based on an a priori classification scheme and displayed
on maps with dimensional accuracy (Kaeser and Litts 2012; Figure 2).
Benthic habitat data were collected from August-November 2013 via side scan sonar
across six study reaches (see above) totaling 159 river kilometers in the Missouri and
Yellowstone rivers. Briefly, continuous “swaths” of habitat were quantified by taking
consecutive overlapping raw sonar images using a Humminbird® 898c side-scan sonar unit
mounted on a moving boat. These images were paired with corresponding Global Positioning
System (GPS) coordinates (i.e. waypoints), and a set of GPS coordinates that referenced the boat
path (i.e., trackpoints) using a GPSMAP® 76S. Multiple parallel passes were required at each
study reach to ensure that benthic habitats were quantified across the entire wetted river channel.
It is important to note that, due to logistical reasons, benthic habitat quantification took place
during late summer and fall baseflow conditions. Therefore, it is likely that we missed some side
channels and backwater habitats that were not inundated or accessible during the time of habitat
quantification. To account for this, we quantified off-channel habitats that are likely inundated
during high flows using multiple years of aerial imagery taken at different water levels.
Following data collection, a variety of geoprocessing steps were used to transform the
raw rectangular sonar images into spatially accurate mosaic raster layers that can be displayed on
a map with dimensional accuracy (see Kaeser and Little 2012 for a full description
geoprocessing). Once the raw sonar images were created into spatially-explicit mosaics, a
substrate classification scheme (e.g., sand, boulders, cobble/gravel) was devised in ArcGIS ® to
delineate unique habitat features. Additionally, off-channel habitats (e.g., side channels and
backwaters) and instream islands were classified using multiple years of aerial photography in
ArcGIS®.
Methods for ground-truthing habitat maps and assessing map accuracy followed
protocols outlined by Kaeser et al. 2012. A total of 789 random GPS locations were selected
from the habitat maps and visited in the autumn of 2017. Care was taken to stratify these
reference points based on the proportion of habitat in each reach. For example, more reference
points were selected for ground-truthing sand habitat in reaches where sand was the dominant
(~90%) habitat type. Reference points were located from a boat using a GPSMAP® 76S
receiver. At each location, a 3-m-long PVC pole was used to scrape the substrate beneath the
boat, providing tactile information on the substrate texture (Collins and Flotemersch 2014). A
standard error matrix was used to assess classification accuracy using both the classified and
reference data.
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Flow and temperature regimes
Water temperature was recorded during the study period every 15 minutes in the main
channel with HOBO® temperature data loggers (Onset Computer Corp, Bourne, MA) that were
anchored to the stream bank with cable. Although we were unable to obtain continuous
measurements of temperature during times of ice cover and high discharge, we used relationships
between water temperature and surrounding air temperature to coarsely model water
temperatures throughout the entire study period.
Discharge during the study was obtained on the Missouri River at Wolf Point, Montana
United States Geological Survey (USGS) gaging station # 06177000 and on the Yellowstone
River at Sidney, Montana USGS gaging station # 06329500.

Macroinvertebrate production sampling and estimation
Macroinvertebrates were sampled on five occasions between October 2014 and October
2015 at the same six locations in RPMA 2 where habitats were quantified to estimate assemblage
density in major habitat types (Figure 3). On each occasion, we used a stratified sampling design
based on areal proportions of major benthic habitats to allocate between 25-30 samples per reach
(Table 1). Although random sampling was desirable, many of our samples were biased towards
what was feasible from a boat. Additionally, care was taken to distribute macroinvertebrate
sampling throughout the entire study reach (12 – 36 km; see Figure 2 far right for an example). A
variety of methods were used to quantitatively sample macroinvertebrates in major benthic
habitats. A Ponar dredge sampler (0.052 m²) attached to a sounding reel on a boat was used to
sample sand habitats, a Hess sampler (0.086 m²) was used for cobble/gravel substrata, woody
debris were collected into 250 µm mesh bags and scrubbed, a stovepipe core (0.031 m²) was used
to sample depositional backwater habitats, and large rocks were carefully collected into buckets
and scrubbed. All samples were poured through a 250 µm sieve and preserved in 8% buffered
formalin with a sample label for analysis in the laboratory. One length and three circumference
measurements were used to estimate the surface area (m2) of each piece of large woody debris
sampled using the formula for a cylinder. Digital pictures of all large rocks were obtained in the
field and surface areas were measured using image-analysis software (Image J®).
In the laboratory, macroinvertebrate samples were rinsed through stacked 1 mm and 250
µm sieves to separate coarse (>1 mm) and fine (<1 mm >250 µm) organic matter size classes.
Macroinvertebrates in the two size classes were sorted from organic materials under a dissecting
microscope. Fine samples with large numbers of macroinvertebrates (>200) were subsampled
using a Folsom plankton wheel. Macroinvertebrates were identified to the lowest possible
taxonomic level, in most cases genus, using Merritt et al. (2008) and Smith (2001).
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Macroinvertebrates were measured to the nearest millimeter (body length) and biomass (g dry
mass was estimated using published length/mass regressions (Benke et al. 1999). A correction
factor of 0.9 was applied to dry mass estimates to estimate ash-free dry mass (AFDM; Benke et
al. 1999). For prohibitively large samples, the first 30 individuals in each taxon were measured
and individuals counted but not measured were assumed to have the same size distribution (Cross
et al. 2013).
Secondary production (g AFDM/m2/yr) was estimated using the size-frequency method,
instantaneous growth rate method, or by multiplying bootstrapped annual biomass estimates by
published production/biomass ratios (Benke and Huryn 2006). For estimates produced using the
size-frequency method, we used a temperature corrected CPI (cohort production interval) using a
Q10 approach (see Cross et al. 2013 for a detailed description). This correction factor was used to
account for differences in development time due to the strong influence of Fort Peck Dam on
temperature regimes (Table 2). For each method described above, we used bootstrapping to
generate medians and 95% confidence intervals for annual invertebrate density, biomass, and
production (Benke and Huryn 2006, see Cross et al. 2013).
To obtain “reach-scale” estimates of macroinvertebrate density, biomass, and production,
we produced habitat-weighted vectors by multiplying bootstrapped production values in each
habitat by the relative proportion of that habitat per average square meter. These values were
summed among habitats to generate a new habitat-weighted data column. Differences in mean
annual assemblage density, biomass, and secondary production among habitat types and study
reaches were assessed by overlap of bootstrapped 95% confidence intervals (Effron and
Tibshirani 1993, Benke and Huryn 2006). Values with non-overlapping confidence intervals
were considered significantly different at α = 0.05. All secondary production computation was
conducted in R (R Development Core Team 2010; code developed by Benjamin J. Koch and
James R. Junker).
Macroinvertebrate assemblage structure was examined using non-metric
multidimensional scaling (NMDS) in the statistical package Primer v.6.2 (Clarke and Gorley
2006). Macroinvertebrate annual biomass estimates were square-root transformed to balance the
contributions of rare and common taxa (Zar 1996) and averaged for habitats within reaches.
Analysis of similarity (ANOSIM) was used to test for statistical differences in assemblage
structure among habitats within reaches (McCune and Grace 2002). We used a similarity
percentage (SIMPER) analysis to identify taxa responsible for significant differences in
assemblage structure.
Multivariate dispersion analysis on convex hulls was used to examine how patterns in
macroinvertebrate beta diversity differed among study reaches. Briefly, each point within the
NMDS ordinations represents a distinct macroinvertebrate assemblage on a given habitat type, at
a sampling date, weighted by mean monthly biomass. Within this cloud of points, convex hulls,
which represent the smallest polygon that encloses all points at a given reach, were constructed,
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and the dispersion of these hulls represented our estimated of beta diversity at each reach
(Maloney and Mungia 2011). Beta diversity was chosen over other metrics of diversity (e.g.,
Shannon alpha) because it incorporates differences in communities among habitat types within
reaches, and thus provides the most appropriate estimate of diversity in complex and
heterogeneous environments.

Pallid and Shovelnose Sturgeon production estimation
Estimates of Pallid Sturgeon and Shovelnose Sturgeon density and size structure were
obtained for two reaches in the Missouri River, an upper Missouri River section (Population
Assessment Program segment 2) and a lower Missouri River section (Population Assessment
Program segment 4), where intensive mark-recapture efforts were conducted to estimate densities
of the two species. These two reaches represent extremes on a spectrum of river modification in
the Missouri River RPMA 2, and may therefore serve as valuable endpoints when examining
food webs in RPMA 2. The two reaches are described in Haddix et al. 2009 and Wilson et al.
2009, respectively, and can be found in Figure 1. Size-at-age curves from Koch and Steffensen
(2009; shovelnose) and Braaten et al. (2012; pallid) were used to convert size-specific densities
to age-specific densities for each reach, and thereby obtain estimates of annual growth rates for
each species using the formula:
Interval (annual) Growth Rate = ln (mean Biomassage x + 1 / mean Biomassage x).
Additionally, mean annual biomass (g AFDM) for each age class was estimated using the
formula:
Interval (annual) Biomass = Biomassage x + 1 + Biomassage x / 2.
Using these two equations, reach-scale estimates of secondary production for each fish species
was estimated using the instantaneous growth rate method (Hayes et al. 2007) using the formula:
Interval (annual) Secondary Production = Interval (annual) Growth Rate x Interval (annual) Biomass
Age-specific estimates of secondary production were then summed among all ages to estimate
secondary production for the entire fish population (Cross et al. 2013). Finally, reachwide
estimates of secondary production were divided by the total reach area (5-km reach length, 293
m and 356 m river width for Williston and Frazer, respectively) to obtain estimates of secondary
production at a similar scale as macroinvertebrate food resources (g AFDM/m2/year).
It is important to note that mark-recapture density estimates of Scaphirhynchus spp. at the
two reaches described above were estimated from late-autumn aggregations of sturgeon, and thus
most likely reflect higher than normal densities. Therefore, estimates of Scaphirhynchus spp.
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production and consumptive demand (described below) may also be similarly high and should be
interpreted with caution.

Scaphirhynchus spp. diet quantification
Diet composition of Scaphirhynchus spp. was quantified in the Missouri River and Yellowstone
River in June, September, and October in 2013 and May through August in 2014 (Dutton 2018).
Diets were collected by Montana State University (MSU), Montana Fish, Wildlife and Parks
(FWP), United States Geological Survey (USGS), and the United States Fish and Wildlife Service
(USFWS). Trammel nets, otter trawls, and angling were used to sample Scaphirhynchus spp., but
trammel nets were the primary gear. For detailed information regarding diet collection see Dutton
(2018).
All Scaphirhynchus spp. were measured to fork length (mm) and weighed (g). Pallid
Sturgeon were scanned for passive integrated transponder tags (PIT), and checked for elastomers,
radio tags, and missing scutes. Scaphirhynchus spp. collected by MSU in 2013 and 2014 were
gastric lavaged using a modified 12-volt bilge pump. A plastic tube was inserted to the beginning
of the stomach while fish were held dorsal side down. Stomach contents were washed into a 250µm sieve and transferred into Whirl-Pak bags containing 10% buffered formalin. All other
Scaphirhynchus spp. collected were gastric lavaged using a method similar to that described by
Foster (1977) and tested by Wanner (2006). A pressurized sprayer provided a reservoir for water
throughout the process. A pistol-grip garden sprayer was fitted with a flexible 5.5-mm outside
diameter polyethylene tube to supply water throughout the process. All diet samples were
transferred from the tray, through a 250-µm sieve, and into Whirl-Pak bags with 95% ethanol to
be further processed in the laboratory.
All macroinvertebrates in fish diets were identified to the lowest taxonomic level
(typically Genus) in the laboratory (Merritt et al. 2008). The first 30 individuals of each genus,
per stomach sample, were measured to the nearest millimeter (not including cerci or antennae;
Cross et al. 2011). Length data were converted to mass using a length-mass regression and then
converted into ash-free-dry-mass (AFDM) to estimate biomass (Burgherr and Meyer 1997;
Benke et al. 1999). Scaphirhynchus spp. diets that consisted primarily of one prey item (e.g.,
Chironomidae) were subsampled. Subsampling was conducted on samples that contained
hundreds of individual macroinvertebrates of a single genus. Samples were subsampled (1/21/32)
using a Folsom plankton wheel to equally divide the sample each time without bias (Parker and
Huryn 2006; Bertrand et al. 2009).
All fish prey in diet samples were identified to species, if possible. In 2016, all
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Scaphirhynchus spp. found in diet samples were identified to species using genetic methods at
Southern Illinois University-Carbondale. All fish, including those that were unidentifiable, were
measured to the nearest millimeter for total, standard, and fork length. All fish and fish parts
were dried at 60°C for a minimum of 36 hours and then ashed in a muffle furnace at 500°C for
approximately 6 hours to obtain AFDM (Edwards and Huryn 1995; Nakano et al. 1999).
Diets used in energy-flow-food-web analysis (described below) were restricted to
Scaphirhynchus spp. collected in Population Assessment Program segments 1, 2 and 4 in the
Missouri River. Furthermore, diets were not considered if they contained a very small number of
prey (empty stomachs). Biomass of taxa comprising diets were averaged among all individuals at
a site to obtain the average proportion of each diet item by mass.

Sturgeon-centric energy-flow food webs and trophic basis of
Scaphirhynchus spp. production
We used the trophic basis of production method (Benke and Wallace 1997) to quantify
the amount of energy flow from prey taxa to sturgeon in the Missouri River. Energy-flow food
webs have been used in previous studies to identify key pathways of energy flows supporting
consumers, and as such, have been applied to address hypotheses of food limitation (Huryn 1998,
Bellmore et al. 2013.). The construction of energy-flow food webs utilized three sources of data
that were largely described in more detail above, 1) the proportions of various diet items ingested
by sturgeon, 2) estimates of literature derived assimilation and net production efficiencies of each
food item, and 3) secondary production estimates of both macroinvertebrate food resources and
Shovelnose Sturgeon and Pallid Sturgeon consumers. Together, these pieces of information are
used in the following three equations to estimate energy flow from macroinvertebrates to
sturgeon. The first equation utilizes assimilation efficiencies and diet information to estimate the
relative amount of annual sturgeon production attributed to different food types,
𝐹𝑖 = 𝐺𝑖 x 𝐴𝐸𝑖 x 𝑁𝑃𝐸,
where 𝐹𝑖 is the relative fraction of annual sturgeon production attributed to each prey type, 𝐺𝑖 is
the proportion of prey type i in the fish diet, 𝐴𝐸𝑖 is the assimilation efficiency of prey type i (0.7
for all animal prey items in this study, Cross et al. 2013), and NPE is the net production
efficiency (0.25 used in this study, Bellmore et al. 2013). The second equation converts the
relative amount of annual sturgeon production attributed to different food types to an actual
amount,
𝐹𝑖
𝑃𝐹𝑖𝑗 =𝑛 X 𝑃𝑗,
∑𝑖 =1
𝐹𝑖
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where 𝑃𝐹𝑖𝑗 is the amount of sturgeon j’s production attributed to each food type and 𝑃𝑗is the
annual production of sturgeon j. Finally, the third equation estimates annual consumption flows
to sturgeon,
𝑃𝐹𝑖𝑗
𝐹𝐶𝑖𝑗 =

,
𝐴𝐸𝑖 x 𝑁𝑃𝐸

where 𝐹𝐶𝑖𝑗 is the annual consumption of each food type i. Consumption flows to Shovelnose
Sturgeon and Pallid Sturgeon were summed to estimate total energetic demand (mg
AFDM/m2/year) of the different sturgeon populations.
Due to logistic limitations in sampling sturgeon density and low sample sizes in diet
estimation from the Yellowstone River, energy-flow food webs and trophic basis of sturgeon
production could only be estimated at two “sections” in the Missouri River. An upper section
(hereafter referred to as upper MO RPMA2), encompassing Population Assessment Program
segments 1 and 2, and a lower section (hereafter referred to as lower MO RPMA2) encompassing
Population Assessment Program segment 4. These two sections of the Missouri River represent a
gradient of alteration by Fort Peck Dam and may provide crucial information for how river
alteration influences the supply and demand of resources for Pallid Sturgeon in RPMA 2. The
upper section utilizes estimates of macroinvertebrate production and Shovelnose Sturgeon diets
from Population Assessment Program segment 1 and pallid diets and Scaphirhynchus spp.
density estimates from Population Assessment Program segment 2 (Figure 4). The lower section
uses estimates of macroinvertebrate production, Scaphirhynchus spp. diet quantification, and
Scaphirhynchus spp. density estimates from Population Assessment Program segment 4 (Figure
4).

Energy flows to the dominant fish assemblage: Supply and
demand of macroinvertebrates in the Missouri River
Energy-flow food webs were also constructed to quantify consumption fluxes (i.e.,
energetic demand) to a variety of abundant fish species in the Missouri River, albeit at a coarser
resolution than the sturgeon-centric webs described above. Our overarching goal was to provide
a broad generalization of a typical Missouri River food web (excluding directly beneath Fort
Peck Dam). In contrast to the sturgeon-centric food webs, empirical estimates of
nonScaphirhynchus spp. fish densities, diets, and efficiencies were unavailable and thus were
estimated using techniques from macroecology (Jennings and Blanchard 2004, McGarvey et al.
2010) and ecosystem ecology (Benke and Wallace 1997) described in detail below.
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In order to estimate fish consumptive demands, reliable estimates of density are needed.
However, aside from Shovelnose Sturgeon and Pallid Sturgeon, no empirical estimates of fish
density were directly measured in the study. Instead, fish densities were estimated using a
macroecological approach that predicts densities from average individual body sizes. While this
framework contains a number of caveats and can only provide coarse estimates, it is an
encouraging option for estimating the density of organisms in systems where quantitative
sampling is logistically prohibitive (Jennings and Blanchard 2004, McGarvey et al. 2010). The
underlying relationship between individual size and density, referred to as self-thinning, assumes
that smaller organisms are more abundant than larger organisms in resource-limited systems due
to a lower per-individual demand for resources (Frechette and Lefaivre 1995). In essence, an
assumed fixed amount of food resources can be distributed among a greater number of small
individuals than large individuals. This relationship between an organism's size and density
represents an important and repeated pattern in ecology (e.g., Elton pyramid, Elton 1927).
As a proof-of-concept for our extrapolated density estimates, we developed an empirical
size-density relationship (hereafter referred to as a 'size spectrum') between fish densities
(number of individuals/m2) and mean individual masses (g wet weight/m2) for five species in the
Missouri River (Blue Sucker: Cycleptus elongatus, Shovelnose Sturgeon: Scaphirhynchus
platorynchus, Sauger: Sander canadensis, Sicklefin Chub: Macrhybopsis meeki, and Sturgeon
Chub: Macrhybopsis gelida) for which considerable data exist. These taxa span four orders of
magnitude in average body size (1.2 – 3,638 g wet weight) and were chosen because their
average size, estimates of catch per unit effort (CPUE), and capture efficiencies were widely
available from agency reports and published literature. Additionally, these five fish species were
caught using active gears (trammel nets and benthic trawls) with defined sampling areas,
permitting defensible estimates of density per unit area of river (Kubecka et al. 2012).
The CPUEs and average lengths (mm total length) of the five focal taxa were compiled
from annual population assessment reports (Haddix et al. 2006a, 2006b, 2007a, 2007b 2008a,
2009a, 2009b, 2010a, 2010b, 2012a, 2012b). Data from 2011 were excluded due to historically
high water levels. Catch per unit effort was converted to numbers of individuals per m2,
assuming a net drift distance of 100 m and net widths of 38.1 m and 4.9 m for trammel and trawl
nets, respectively (Haddix 2012a). Furthermore, density estimates were corrected using
speciesspecific gear capture probabilities (Blue Sucker/trammel = 0.29, Shovelnose
Sturgeon/trammel = 0.3, Sauger/trammel = 0.03, Sauger/otter trawl = 0.01, Sicklefin Chub/otter
trawl = 0.05, Sturgeon Chub/otter trawl = 0.091; Schloesser et al. 2012). For each estimate of
fish density, corresponding average lengths (mm) were converted to masses (g) using published
length-mass regressions (see Table 3 for equations and references). To quantify the relationship
between densities and mean individual masses a linear regression was constructed using logtransformed data.
Following construction of the size spectrum using taxa for which we had reliable density
data, we then used the predictive model to estimate density for a larger number of co-existing
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and dominant fish species for which density data are sparse or non-existent. These taxa included:
Sauger (Sander canadensis), Flathead Chubs (Platygobio gracilis), Sicklefin Chubs
(Macrhybopsis meeki), Sturgeon Chubs (Macrhybopsis gelida), Fathead Minnows (Pimephales
promelas), Sand shiners (Notropis stramineus), Emerald shiners (Notropis atherinoides),
Goldeye (Hiodon alosoides), Channel catfish (Ictalurus punctatus), and young of year River
carpsuckers (Carpiodes carpio). These 10 species were chosen because they represent the most
abundant fish species in the Missouri River based on CPUEs in trammel net, trawl, and fyke net
sampling (>80% total CPUE for each gear type). Low and high bounds of the 95% confidence
interval of the modeled relationship were used to estimate low- and high-density scenarios for
constructing the food web. Once densities were estimated, mean individual sizes were multiplied
by population densities to estimate mean population biomass. Annual growth rates obtained by
age-at-length relationships were multiplied by population biomass to estimate population-level
secondary production (g/AFDM/year) (Pierce et al. 2003, Datillo et al. 2008, Katchechis et al.
2007). Age-length information was not available for Fathead minnows, so a production to
biomass (P:B) ratio of 1.18 was multiplied by population biomass to estimate secondary
production (Portt 1986). Growth rates of Mooneye (Hiodon tergisus) were used as a proxy for
Goldeye due to unavailable data. Masses in wet weight were converted to ash-free dry mass
(AFDM) using a conversion of AFDM = 0.25 wet weight (Steimle and Terranova 1985).
It is important to note that size spectra represent general relationships between the mass
of “something” and the density of “something.” Thus, this framework can be used to predict the
density of only 300 mm Pallid Sturgeon or the density of the entire population of Pallid Sturgeon
given the mean population body size. Therefore, the utility of using size spectra to predict
population-level densities hinges on reliable estimates of population-weighted mean individual
body size. These estimates are often difficult to obtain given the size structure, mobility, and gear
selectivity associated with fish populations. For our study, there were a number of fish (e.g.,
Shovelnose Sturgeon, Channel Catfish, Sicklefin Chub, Sturgeon Chub, Goldeye, and Sauger)
for which the sizes reported did not incorporate early age classes (age 0 and age 1). Yet, these
smaller fish are critical to consider because they are often extremely abundant and can represent
the majority (>50%) of total population-level secondary production (Mathews 1971, Allen 1951,
Horton 1968, Hunt 1966, Le Cren 1962, Gerking 1962). Thus, to better account for small-bodied
individuals, secondary production of the above six taxa were corrected by multiplying by a factor
of two, assuming that half of the total population production occurs in these early and
unrepresented age classes.
Diets of non-sturgeon fish species were quantified from the literature and grouped into
seven broad categories: animal material, fish, terrestrial insects, benthic macroinvertebrates,
detritus, plant matter, and other (see Table 4 for diet proportions and sources). Assimilation
efficiencies used in calculations were: animal matter = 0.95, fish = 0.95, terrestrial insects = 0.7,
benthic macroinvertebrates = 0.75, plant matter = 0.25, other = 0.5, detritus = 0.196 (Bellmore et
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al. 2013, Cross et al. 2013). All net production efficiencies were assumed to be 0.25 (Bellmore et
al. 2013, Cross et al. 2013).
Diets of Pallid Sturgeon collected in Missouri River population assessment segments 2, 3,
and 4 (n = 70) were pooled to estimate proportions of major prey items. Diets with only a few
individuals (nearly empty) were excluded from the analysis. Because Pallid Sturgeon are known
to transition from eating macroinvertebrates to fish as they age, diets were first separated into
three distinct classes. Pallid Sturgeon < 450 mm (ages < ~ 6 years) ate almost exclusively
macroinvertebrates (98%), between 450 and 550 mm (ages ~ 7 and 8) had more of a mixed diet
(78% macroinvertebrates and 22% fish), and > 550 mm (ages > 9 years) fed predominantly on
fish (78% fish and 22% macroinvertebrates). These diet proportions were then weighted by the
production of Pallid Sturgeon in each age class to obtain age-specific estimates of consumption.
Finally, age-specific consumption estimates were summed to obtain total consumption by the
entire population of Pallid Sturgeon. All Shovelnose Sturgeon were assumed to feed exclusively
on macroinvertebrates (Dutton 2018).
Estimates of resource supply relative to demand were produced by dividing the total
production of a given resource by the sum of all consumption flows from that resource to the fish
assemblage. A more detailed description of methods related to consumption (i.e., resource
demand) and the construction of energy-flow food webs can be found above in the “energy flow
food webs and trophic basis of Scaphirhynchus spp. production” section.

Results:
Benthic habitat quantification
Side-scan sonar data revealed patterns in dominant habitat composition among the six
study reaches in RPMA 2. Overall, reaches grouped into three major categories, 1)
predominantly mixed/hard substrate (Fort Peck Dam), 2) predominantly sand (Wolf Point,
Nohly, Williston, Yellowstone 2: Sidney), and 3) predominantly cobble/gravel (Yellowstone 1:
Elk Island; Figure 5). We observed the highest variability in habitat composition below Fort
Peck Dam, with large proportions of
cobble/gravel, large rocks,
clay/gravel mix, and sand

Key points:
Habitat
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(downstream of the milk river
confluence). Wolf Point, Nohly,

·

Side-scan sonar was a successful tool for
identifying benthic habitat types throughout
RPMA 2.
The majority of study reaches (Wolf Point,
Nohly, Williston, Yellowstone 2: Sidney) were
dominated by sand with small patches of stable
(rock and wood) and isolated (off-channel)
habitats; only two reaches (Fort Peck and
Yellowstone 1: Elk Island) contained large
portions of hard substrata.
Annual variability in flow and temperature
regimes was reduced in the tailwaters of Fort
Peck Dam compared to downstream reaches on
the Missouri River and reaches on the
Yellowstone River.

Williston, and Yellowstone 2: Sidney
·
all had high (>85%) proportions of
sand habitat, with small patches of
rock and cobble/gravel habitats
(Table 5). The most upstream reach
on the Yellowstone River (i.e., Elk
Island) contained large amounts of
cobble gravel habitat, with small
·
patches of rock habitat (Table 5).
While large pieces of woody debris
were visible on occasion using the
side-scan sonar, this habitat was not
effectively quantified in our study.
Thus, woody debris was assumed to compose 2% of the total available habitat at each study
reach based on previously published studies from larger, low-gradient rivers (Gippel et al. 1996).
Shape files illustrating within-reach patterns of benthic habitats (Figure 6 for an example) can be
provided upon request.
A total of 789 GPS locations among seven major habitat types were visited at the six
study reaches in the autumn of 2016 to assess the accuracy of side-scan sonar maps. These
ground truthing data were used to construct a standard error matrix in which the rows represent
map data, the columns represent ground-truthing data, and the diagonal through the table
represents the number of habitats that were correctly classified (Table 6; Kaeser et al. 2013).
Using this approach, the overall accuracy of the sonar maps was found to be 79%, which
represents the proportion of correctly classified habitats visited during ground truthing. Within
the standard-error matrix, “producer accuracy,” which represents the ability of the map maker to
correctly identify all habitats that truly existed on the map, varied from 65% to 100%, and was
highest for hard clay and lowest for sand/gravel mix. The “user accuracy,” which represents the
likelihood that a habitat type in the map was classified correctly, varied from 57% to 98% and
was lowest for hard clay and highest for large rock. During ground truthing, detailed
spatiallyexplicit notes were taken to further correct misclassified habitats and to classify
previously unknown area. All of these efforts greatly improved the overall accuracy of the final
maps.
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Temperature regimes
Temperature was highly variable among study reaches throughout RPMA 2 (Figure 7).
Overall, we observed more stable and lower annual mean temperatures (driven by low summer
temperatures) directly downstream of Fort Peck Dam, with increasing variability, and warmer
mean annual temperatures along a gradient moving further from the dam. The reach below Fort
Peck Dam also remained warmer and unfrozen throughout the winter months compared to all
other study reaches. The Yellowstone River was consistently warmer throughout the summer
months compared to all reaches on the Missouri River.

Annual macroinvertebrate density, biomass, and secondary
production
Total mean annual macroinvertebrate density was consistently lowest on sand habitat
when compared to other habitat types among all study reaches in RPMA 2 (means varying from
840 individuals/m2 at Williston to 6,404 individuals/m2 beneath Fort Peck Dam; Figure 8).
Furthermore, sand habitat had the lowest within-reach variability among all habitats considered.
Macroinvertebrate density on stable substrata located in the main channel, such as large rocks,
cobble/gravel, and woody debris, were highly variable within and among study reaches, with
mean annual density on wood varying from 2,656 individuals/m2 (Yellowstone 2: Sidney) to
nearly 35,000 individuals/m2 (Fort Peck), cobble-gravel varying from 3,684 individuals/m2
(Yellowstone 1: Elk Island) to 27,759 individuals/m2 (Fort Peck), and large rock varying from
2,484 individuals/m2 (Yellowstone 1: Elk Island) to 62,812 individuals at Fort Peck. Despite this
greater variability, macroinvertebrate density on these stable habitat types were consistently
higher than density in the sand, and often by an order of magnitude. Finally, macroinvertebrate
density in off-channel habitats were also variable within and among study reaches throughout
RPMA 2, yet consistently higher than main-channel sand habitat. Often, off-channel habitats had
the highest density compared to all other habitat types (p < 0.05 Nohly, Williston, and
Yellowstone 1: Elk Island, Figure 8).
Similar to density estimates, mean annual macroinvertebrate biomass (g AFDM/m2) and
annual secondary production (g AFDM/m2/year) estimates were consistently lowest and the least
variable in sand substrate compared to other habitat types among study reaches (Figures 9 and
10). Annual biomass and secondary production estimates on hard and more stable substrata were
consistently variable among and within reaches, and were often similar in magnitude to one
another (e.g., see biomass between Nohly and Williston in Figure 9). Among the stable habitat
types in RPMA 2, mean annual biomass on cobble/gravel directly downstream of Fort Peck Dam
was highest (5.6 g AFDM/m2), and mean biomass on wood in Yellowstone 2: Sidney was lowest
(0.3 g AFDM/m2), whereas mean secondary production was highest on rock directly downstream
of Fort Peck dam (28 g AFDM/m2), and lowest on wood at Yellowstone 2: Sidney (2 g
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AFDM/m2). Estimates of macroinvertebrate assemblage biomass and secondary production in
off-channel habitats did not show similar trends as density (described above), and were often
statistically similar to wood, rock, and cobble/gravel habitat types throughout RPMA 2.
Patterns among the six studies reaches in habitat-weighted, reach-scale estimates of
macroinvertebrate annual density,
biomass, and secondary production
were remarkably similar (Figure 11),
except for directly downstream of Fort
Peck Dam. Habitat-weighted mean
Macroinvertebrates
annual density, biomass, and secondary
production were in three distinct
· Macroinvertebrate density, biomass, and
groups that were statistically different
secondary production estimates were strongly
(non-overlapping 95% confidence
related to habitat type, with low estimates in sand
intervals): 1) directly downstream of
and much higher estimates in rock, wood, and
Fort Peck Dam, 2) Yellowstone 1: Elk
off-channel habitats.
Island, and 3) Wolf Point, Nohly,
· Fort Peck Dam tailwaters had considerably
Williston, and Yellowstone 2: Sidney.
higher estimates of macroinvertebrate density,
The three groups reflected a consistent
biomass, and secondary production than
pattern of high density, biomass, and
anywhere in RPMA 2. This may be related to
secondary production of
larger sediment sizes, high primary production,
macroinvertebrate communities
and a lack of disturbance beneath the dam.
directly downstream of Fort Peck Dam,
a sharp decline in all metrics in sand· Macroinvertebrate assemblage composition
differed by habitat type; however, wood and rock
dominated reaches further downstream
habitats often shared similar taxa.
of Fort Peck and the lower Yellowstone
River, and intermediate values in the
· Macroinvertebrate assemblage diversity was
most upstream reach on the
reduced in the tailwaters of Fort Peck Dam and
Yellowstone River. Interestingly, the
higher in downstream reaches in the Missouri
three groups also similarly differed
River and reaches in the Yellowstone River.
from one another in their bulk habitat
· Seasonal trends revealed peak macroinvertebrate
compositions (described above and
biomass in late summer throughout RPMA 2.
shown in Figure 5). Taxon-specific
density, biomass, and secondary
production estimates for all habitat types at all reaches are provided in Appendix Table 1.

Key points:

The three groups of reaches described above (i.e., group 1 = Fort Peck tailwaters, group 2
= Wolf Point, Nohly, Williston, Yellowstone 2: Sidney, group 3 = Yellowstone 1: Elk Island)
differed with respect to how different habitat types drove macroinvertebrate dynamics at the
within-reach scale. In the Fort Peck tailwaters, a variety of habitats that were larger in sediment
size (e.g., rock, cobble, clay/gravel) were responsible for the bulk of total macroinvertebrate
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density, biomass, and secondary production. These habitat types influenced macroinvertebrate
estimates roughly in proportion to their area in the environment. To illustrate, cobble/gravel was
estimated to represent 27% of all available habitat, and was responsible for 30% of the total
macroinvertebrate secondary production in the tailwaters. Conversely, in reaches dominated by
sand habitat, very small patches of hard substrate and off-channel areas were disproportionately
important drivers of reach-scale macroinvertebrate dynamics. For example, rock, wood, and
offchannel habitats collectively only composed 10%, 11%, 12%, and 15% of all available habitat
at Wolf Point, Nohly, Williston, and Yellowstone 2: Sidney, respectively, yet these habitats
contributed 44%, 54%, 65%, and 60% of total reach-scale secondary production estimates.
Finally, the upper reach on the Yellowstone River was the only study reach in which the
dominant habitat type, cobble/gravel (90% of available habitat), accounted for the majority of
reach-scale secondary production (90%).
Many landforms that create patches of food-producing habitats for Scaphirhynchus spp.
(rocks eroded from riparian bluffs pools, off-channel habitats) are easily visible from aerial
photography, and thus may be quantified across large spatial expanses in an efficient manner. To
illustrate this, aerial photography from the Williston reach in the Missouri River is presented in
Figure 12 (top). In this figure, we highlight the exact locations of bluff pool (i.e., rock) and
offchannel habitats used to estimate macroinvertebrate production in this study. These same
landforms were then easily identified (Figure 12 bottom) in a study reach in the Missouri River
where no data was collected (near Culbertson, MT) using Google Earth® imagery.

Temporal trends in macroinvertebrate biomass
Seasonal trends in macroinvertebrate biomass estimates were largely similar, albeit at
different magnitudes, among reaches in the Yellowstone and Missouri rivers (Figure 13).
Overall, most reaches (all but Wolf Point) had peak mean biomass in August. Additionally, mean
monthly biomass estimates in the Yellowstone declined during high flows associated with the
rising limb of snow melt (April- June; 140% decline Yellowstone 1: Elk Island, 800% decline
Yellowstone 2: Sidney), yet nearly all reaches on the Missouri River (all but Wolf Point) showed
small, but consistent, increases within the same time frame. With respect to seasonal variation
within reaches, measured as the coefficient of variation (CV), mean macroinvertebrate biomass
estimates were least variable at the Fort Peck reach (CV 0.44) and most variable at Yellowstone
1: Elk Island (CV 0.78). When reaches were pooled by river, variation in mean monthly biomass
in the Missouri River was slightly less variable than the Yellowstone River (Leven’s test, F =
3.357, p = 0.078).

Macroinvertebrate assemblage structure/habitat relationships
Differences in macroinvertebrate assemblages among habitat types were largely
consistent among reaches, with often similar (ANOSIM; p > 0.05) assemblages associated with
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stable substrate (e.g., rock, cobble/gravel, wood) that were significantly different from
assemblages in sand and off-channel habitats (p < 0.05 at all reaches; Figure 14, Table 7).
Additionally, macroinvertebrate assemblages were significantly different between sand and
offchannel habitats among reaches. Macroinvertebrate assemblages in sand habitat had consistent
composition within RPMA 2 with non-Tanypodinae, Oligochaeta, Ceratopogonidae, and
Cylopoida accounting for the majority of within-habitat similarity among all study reaches.
Conversely, a more diverse assemblage dominated by non-Tanypodinae, Oligochaeta,
Ephemerella, Hydropsyche, Gammarus, Physa, Heptageniidae, Corixidae, Baetidae, Acroneuria,
Simuliidae, Traverella, Isoperla, and Cheumatopsyche was associated with stable habitat types
within RPMA 2. Macroinvertebrate assemblages in off-channel habitat communities, differed
from sand and stable habitat types by containing high biomass of Oligocheata, non-Tanypodinae,
Cyclopoida, and Ceratopogonidae. For detailed information regarding taxonomic similarities
within and among habitats at all reaches see Appendix Table 2.

Macroinvertebrate diversity
Macroinvertebrate assemblage diversity was low directly downstream of Fort Peck Dam
and increased with increasing downstream distance from the dam and into the Yellowstone River
(Figure 15). More specifically, we found significantly higher macroinvertebrate diversity
between Fort Peck and Wolf Point reaches, and also higher estimates at Nohly than Wolf Point.
Reaches furthest downstream from Fort Peck Dam, such as Nohly, Williston, and the
Yellowstone River, were highest in macroinvertebrate diversity, yet did not significantly differ
from one another (Figure 15).
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Pallid Sturgeon and Shovelnose Sturgeon production
We observed opposite patterns between Shovelnose Sturgeon and Pallid Sturgeon with
respect to total production, and in the ages of fish driving production, when comparing upper
(Population Assessment Segment 2) and lower (Population Assessment Segment 4) sections on
the Missouri River (Tables 8-11). These trends in production were largely a result of differences
in density between the two areas. Overall, secondary production of Shovelnose Sturgeon
declined more than ~10 fold from the upper to lower section (70 mg AFDM/m2/year to 6.6 mg
AFDM/m2/year), whereas production of Pallid Sturgeon increased ~5 fold (2.07 mg
AFDM/m2/year to 10.14 mg
AFDM/m2/year). At the upper
section, the majority of
Shovelnose Sturgeon production
(74%) was attributed to older fish
in
age classes 9-13. Conversely, 91%
Scaphirhynchus spp. production of
Pallid Sturgeon production at the
upper section was attributed to
• Estimates of Scaphirhynchus spp. secondary
younger (ages 4-6) fish, whereas
production were comparable to other
these same ages only contributed
similarlysized fish in other rivers.
12% of total production at lower
• Secondary production of Shovelnose Sturgeon
section in the Missouri River.
was 10x higher at the upper Missouri River
Although previously mentioned, it
is
section
(population
assessment
segment
2)
than
important to reiterate that
the lower (population assessment segment 4),
estimates of Scaphirhynchus spp.
with older fish (ages 9-13) contributing most to
production were based on density
total production estimates.
estimates from late-autumn
aggregations of sturgeon, and are
• Secondary production of Pallid Sturgeon was 5x
thus likely to be high in
higher at lower section compared to the upper
comparison to other times of year.
with younger fish (ages 4-6) contributing most to
total production estimates.

Key points:

Sturgeon-centric energy-flow food webs and trophic bases of
Scaphirhynchus spp. production
Sturgeon-centric energy flow food webs strongly differed between the upper Missouri
and lower Missouri sections in RPMA 2 (Figures 16 and 17; see Figure 4 for explicit details on
locations where data were collected). Overall, the upper Missouri food web had much higher
flows of energy from prey resources to Scaphirhynchus spp., with four flow pathways greater
than 10 mg AFDM/m2/year, and two pathways greater than 100 mg AFDM/m2/year (Baetidae to
Shovelnose Sturgeon = 152 mg AFDM/m2/year and Ephemerella to Shovelnose Sturgeon = 175
mg AFDM/m2/year, see Table 12 for all macroinvertebrate data comprising food webs, Table 13
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for all Scaphirhynchus spp. diet proportions used in food webs, and Tables 14 and 15 for all
consumption flows in food webs). Although the upper food web contained these high flows of
energy, interactions strengths were generally classified as weak, with only two “strong”
interactions, as defined by consumers eating more than 10% of the production of an individual
taxa (Bellmore et al. 2013, Cross et al. 2013). Thus, despite large flows of energy from prey
resources to Scaphirhynchus spp., high macroinvertebrate production led to a relatively modest
'top-down' effect of Scaphirhynchus spp. on their prey. Furthermore, with respect to overall
complexity, the upper food web only contained 30 total links, leading to food-web complexity
(links/species) of 0.62 and food-web connectance (links/species2) of 0.01. In contrast, the
foodweb from the lower Missouri section contained only two flow pathways that were greater
than 10 mg AFDM/m2/year (prey fish to Pallid Sturgeon = 25 mg AFDM/m2/year and nonTanypodinae Chironomids to Shovelnose Sturgeon 16 mg AFDM/m2/year; Figure 15). However,
because macroinvertebrate production was much lower, the lower food web contained 14 “strong
interactions,” suggesting a much larger top-down influence of sturgeon in this reach. With
respect to complexity, the lower food web had over twice as many links than Frazer (79), and
much higher estimates of both complexity (1.95) and connectance (0.55).

Key points:
Trophic basis of Scaphirhynchus
spp. production and energy-flow
food webs
•

Production of Scaphirhynchus spp. was largely
fueled by three taxa (Baetidae, Ephemerella, and
non-Tanypodinae Chironomids) in the upper
Missouri food web compared to 7-8 taxa in the
lower Missouri food web.

•

Food webs supporting Scaphirhynchus spp.
consisted of much higher flows of energy, yet
had lower overall complexity (fewer feeding
links) at the upper Missouri section compared to
the lower section
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The trophic basis of
• Demand of macroinvertebrate food resources was
Scaphirhynchus spp. production,
higher for Shovelnose Sturgeon at the upper
which quantifies the contribution of
Missouri section than the lower Missouri section,
different prey items to sturgeon
however we observed the opposite trends for
production, indicated similar trends
Pallid Sturgeon.
among Shovelnose Sturgeon and
Pallid Sturgeon between the upper
and lower Missouri River sections
(Figure 18). Three macroinvertebrate
taxa (Baetidae, Ephemerella, and
non-Tanypodinae Chironomids)
fueled over 95% of the production by
Scaphirhynchus spp. in the upper
Missouri section. In contrast, a higher
diversity of prey items (between 7
and 8 taxa) contributed to a
comparable proportion of
Scaphirhynchus spp. production at
the lower Missouri River section.
Important prey items for
Scaphirhynchus spp. production at
the lower section included non-Tanypodinae Chironomids, Ceratopogonidae, Hydropsyche,
Isonychia, and prey fish (Figure 18).
Using these flow food webs, we found a ~10 fold greater demand of macroinvertebrate
food resources by Shovelnose Sturgeon at the upper Missouri section (373 mg AFDM/m2/year)
in comparison to the lower (35 mg AFDM/m2/year). Conversely, Pallid Sturgeon demand was
over four times higher at the lower Missouri River section (47 mg AFDM/m2/year) than the
upper (11 mg AFDM/m2/year) as a result of much higher Pallid Sturgeon production.
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Key points:

Modeling Energy flows
the dominant fish
assemblage: Supply and
demand of
macroinvertebrates
The relationship between
densities and average individual
masses of Blue sucker, Shovelnose
Sturgeon, Sauger, Sicklefin Chub,
•
and Sturgeon Chub was best
described by the following equation:
D = 0.0567 X M - 0.795,

•

Where D is density (number of
•
individuals/m2) and M is average
individual mass (g wet weight)
•
(Adjusted R2 = 0.58, p < 0.001;
Figure 19). The exponent (i.e., the
slope of this power relationship) of 0.795 corresponds very closely to
•
similar studies in other aquatic
systems (-0.74 to -1.10 lake
communities, -0.824 stream
macroinvertebrate communities; Cyr
2000, Poff et al. 1993).

to

Energy flows to the dominant
Missouri River fish assemblage:
macroinvertebrate supply vs
demand
A modeling approach was used to construct a
coarse-scale energy-flow food web to the
dominant fish assemblage in the Missouri River.
Estimates of fish assemblage production and
consumptive demand were comparable to other
empirically-based studies.
Consumptive demand was highest for Sicklefin
chub, Sturgeon chub and age-0 River carpsucker.
Benthic macroinvertebrates fueled at least 50% of
fish production for many of the species
considered.
Overall, ~80% of total macroinvertebrate
resources are currently demanded to fuel the
dominant fish assemblage; however, estimates are
highly variable and sensitive to fish densities.

To assess the performance of our size-spectrum model, we compared modeled estimates
of Shovelnose Sturgeon densities to mark-recapture estimates. All sizes (g wet weight) of
Shovelnose Sturgeon captured during targeted mark-recapture efforts (2014: Frazer, MT and
Williston, ND; mean size = 911 g wet weight, n = 1384) were compiled and used to predict
densities. Our estimates of Shovelnose Sturgeon density using the size spectrum model fell
within the range of densities estimated using mark-recapture techniques (Figure 20). However, it
should be emphasized again that the size-spectrum approach may not accurately predict finescale
differences in population densities among reaches, and thus is most useful in elucidating coarse,
large-scale patterns.
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Estimates of secondary production for dominant members of the Missouri River fish
assemblage varied from 11.6 mg AFDM/m2/year (Sand Shiner) to 32.3 mg AFDM/m2/year
(Channel Catfish), with a total estimated fish assemblage production of 232 mg AFDM/m2/year
(Table 16). This estimate of assemblage production is comparable to empirically derived
estimates in other river ecosystems (99-1242 mg AFDM/m2/year Methot River, Bellmore et al.
2013; 50-470 mg AFDM/m2/year Colorado River, Cross et al. 2013).
Consumptive demand differed among fish species in the Missouri River food web (Figure
21, Table 17). The highest total flows from macroinvertebrates to fish consumers were to
Sicklefin Chub (233 mg AFDM/m2/year), Sturgeon Chub (157 mg AFDM/m2/year), and age-0
River Carpsucker (155 mg AFDM/m2/year). Energy flows from prey fish to Channel Catfish
(161 mg AFDM/m2/year) and Sauger (203 mg AFDM/m2/year) were considerably higher
compared to the rest of the fish assemblage, whereas the highest flows from terrestrial insects to
fish consumers were to Goldeye (152 mg AFDM/m2/year). With respect to trophic basis of
production, benthic macroinvertebrates fueled over 50% of the total production in 6 of the 12 fish
species (Figure 22). In contrast, prey fish supported over half of the production for three fish
species, and terrestrial insects supported ~80% of the secondary production of Goldeye. While
some of these food-web patterns may seem contradictory to Dutton (2018), it is important to note
that similar diet metrics (i.e., frequency of occurrence) could not be used to construct energy
flow food-webs, which require proportions of various diet items consumed, and thus diets of
non-sturgeon fishes were estimated from the published literature.
While we were unable to construct energetic supply and demand budgets for all resource
types due to a lack of resource production estimates, we were able to examine the relationship
between the supply and demand of critical macroinvertebrate resources. Overall, we estimate that
~80% of total macroinvertebrate production is currently demanded by the dominant fish
assemblage in the Missouri River (mean supply and mean demand scenario, Figure 23).
However, it is important to consider that estimates of resource demand relative to supply were
highly variable (30 – 225%), illustrating the strong sensitivity of this approach to estimates of
fish density.

Discussion:
Study Approach
While previous studies in large rivers, including the upper Missouri River, have related
macroinvertebrate density and assemblage composition to habitat type (Angradi et al. 2006,
Poulton et al. 2003, Battle et al. 2007), static estimates of assemblage structure cannot be used
for estimating resource availability to fish consumers. In contrast, estimates of secondary
production incorporate density, biomass, growth rates, survivorship, and development into a
single integrated metric (Benke 1993); thus, secondary production is a useful measurement of
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food resource availability. Furthermore, due to the logistical constraints of large-river sampling,
many previous studies have relied on artificial substrates as a sampling technique (Dixon 1986,
Poulton et al. 2003), relatively small-scale study reaches, or both. These sampling approaches
may skew estimates by favoring certain habitats or miss important food resources that support
large and mobile fishes. Our study sought to avoid these common pitfalls by explicitly estimating
macroinvertebrate assemblage composition and secondary production on a variety of natural
habitats at a spatial scale relevant to the foraging area of Scaphirhynchus spp. To our knowledge,
this is one of the largest-scale studies of macroinvertebrate assemblage production.

Interactions among physical habitats, macroinvertebrate
dynamics, and food webs within study reaches
Understanding interactions between geomorphology and ecosystem function is a central
theme in ecology and can help to inform effective management of natural resources (Wipfli and
Baxter 2010). Although there is a rich history of linking variation in habitat features to
macroinvertebrate structure and production (Benke et al. 1985, Huryn and Wallace 1987,
Wallace et al. 1997, Smits et al. 2015), these connections are poorly understood in large rivers.
However, this information may be crucial for identifying important food-producing habitats that
are used by fishes (Beck et al. 2001, Wipfli and Baxter 2010, Bellmore et al. 2013). For instance,
“understanding alterations to foraging habitat” and “identifying food-producing habitat” have
been recently identified as important objectives for recovery of Pallid Sturgeon (Jacobson et al.
2016). Thus, we aimed to elucidate these habitat-food web connections throughout RPMA 2.
Within our study reaches, there were strong and consistent relationships among
geomorphology, quantity (density, biomass, and production) and composition of associated
macroinvertebrate assemblages, and food-web interactions. Overall, reaches that were composed
primarily of sand habitat (e.g., Wolf Point, MT on the Missouri River and Sidney, MT on the
Yellowstone River) had much lower total macroinvertebrate production estimates (i.e., food
availability for insectivorous fish) than reaches composed of larger, more stable sediments (e.g.,
Fort Peck, MT on the Missouri River and Elk Island on the Yellowstone River). However, while
sand substrate represented the overwhelming majority of habitat in many reaches, small patches
of more stable (i.e., rocks, large woody debris) and isolated (backwaters and side channels)
habitats often supported disproportionate amounts of macroinvertebrate resources. Furthermore,
the influence of these geomorphological “hotpots” reverberated through food webs that sustain
Scaphirhynchus spp. For instance, a considerable amount of Shovelnose Sturgeon and Pallid
Sturgeon production (26% SNSG, 26% PDSG) in the lower Missouri River section was fueled by
a diversity of invertebrate taxa (Baetidae, Ephemerellidae, Heptageniidae, Traverella, Ephoron,
Hydropsychidae, and Corixidae) that exclusively occupied rock, wood, off-channel habitats, or
all; these habitats only comprised ~9% of total habitat. Many of these 'keystone' areas in the
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riverscape that support macroinvertebrates for Scaphirhynchus spp. are readily identifiable by
their geomorphological characteristics through aerial photography, and as such, can prioritized
and managed accordingly.
Although we found that off-channel habitats are often important contributors to riverwide
estimates of macroinvertebrate assemblage density, biomass, and production, our current study is
unable to elucidate finer scale dynamics of these areas in space or time, largely due to our
macroinvertebrate sampling approach. To clarify, while we were able to estimate the amount offchannel habitats across the entire riverscape using aerial imagery in ArcGIS ®, our
macroinvertebrate sampling was limited to only off-channel areas that maintained high
hydrologic connectivity to the main channel throughout the year. Thus, because we were unable
to sample a variety of off-channel habitats throughout the year, we currently cannot speculate as
to how off channel habitats differ from one another (e.g., how do flowing side channels differ
from stagnant backwaters), nor can we elucidate the temporal dynamics of macroinvertebrate
assemblages in relation to seasonal flooding, or understand the dynamics of how/if energy moves
from off-channels to the main channel food web. Thus, we were limited to “scaling up” our
estimates of macroinvertebrates in off-channels to all off-channel areas, and assumed that these
resources were annually available to consumers in the main channel.

Influence of Fort Peck Dam on habitat complexity,
macroinvertebrates, and sturgeon-centric food webs
While geomorphological habitat patches were shown to influence macroinvertebrate
assemblages and food-web dynamics within study reaches, our study also illustrated the
influence of Fort Peck Dam on the physical and biological characteristics in the Missouri River.
Alteration in physical habitat immediately downstream of Fort Peck Dam was related to
considerably higher quantities of macroinvertebrates (with respect to density, biomass, and
production), yet much lower diversity compared to all other study reaches. These findings have
important implications for how river alteration through impoundment may modulate the food
webs that sustain Scaphirhynchus spp.
The tailwaters of Fort Peck Dam was different than all other reaches in the Missouri. This
reach had large substrate sizes, low variability in flow and water temperature regimes, and few
off-channel habitats. We suspect that the reduction in physical habitat heterogeneity led to fewer
unique habitats (temperatures, velocities, substrate, off-channels) for macroinvertebrates,
resulting in the lowest estimates of macroinvertebrate diversity observed in RPMA 2. However,
due to low turbidity and stable conditions in substrate (large particle sizes), flow, and water
temperature, particularly above the Milk River tributary confluence, the tailwaters of Fort Peck
Dam commonly exhibited high levels of algal production (anecdotal observation). Thus, we
predict that high production of algae and reduced physical disturbance led to high
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macroinvertebrate production below Fort Peck Dam. This overarching pattern of river
impoundment leading to high macroinvertebrate density, biomass and production, yet low
diversity, has also been documented in many other regulated rivers (Vinson 2001, Cross et al.
2013, Phillips et al. 2015).
With increasing downstream distance from Fort Peck Dam there was a trend of gradually
increasing habitat complexity (e.g., more variable temperature regimes, more off-channel
habitats), and more abrupt shifts in both benthic habitat types (from coarse sediments to fines)
and turbidity. These changes in the physical-habitat template were accompanied by changes in
the macroinvertebrate assemblage, with sharp declines in total assemblage density, biomass, and
production, and gradual increases in assemblage diversity. For example, macroinvertebrate
assemblage density, biomass, and secondary production decreased by an order of magnitude
from the tailwaters to Wolf Point (the next reach sampled downstream, 99 km from the
tailwaters), and remained similarly low at all other reaches on the Missouri River, yet
macroinvertebrate diversity continued to increase until Nohly (281 km from the tailwaters).
These trends suggest that macroinvertebrate dynamics (i.e., quantities vs assemblage
composition) may differentially respond to the influence of Fort Peck Dam; however, both
macroinvertebrate quantities and assemblage structure seem to stabilize prior to the confluence of
the Yellowstone River. It is interesting to note that diversity of the Missouri River fish
assemblage shows roughly the same pattern of increase assemblage diversity downstream from
Fort Peck Dam. For example, in 2007, 19 species of fish were caught in segment one by the
Population Assessment Program, 32 species were caught in segment 3, and 40 species were
caught in segment 4 (Haddix et al. 2008a 2008b, Wilson et al. 2008).
Changes in the quantity and diversity of macroinvertebrates led to differences in energy
flows and food-web characteristics supporting Scaphirhynchus spp. For example,
Scaphirhynchus spp. production at the upper Missouri River section, which was the closest reach
to Fort Peck Dam for which data was available, was much higher than in the lower section.
Because these high estimates were driven by insectivorous Shovelnose Sturgeon, we predict that
this could have been a response, in part, to high macroinvertebrate food availability.
Furthermore, due to high estimates of macroinvertebrate production, Scaphirhynchus spp.
consumed a much lower proportion of macroinvertebrate food resources in the upper Missouri
River section compared to the lower. However, it is important to note that this production was
largely fueled by three macroinvertebrate taxa, resulting in a much less complex food web than
the lower section with respect to total number of feeding links. The differences in food-web
complexity may not be trivial and could have strong implications for the continued management
Pallid Sturgeon in RPMA 2, as complexity in food-web architecture (high numbers of feeding
links) has been linked to food-web stability, defined as “the long-term persistence of interacting
species” (McCann 2000). A stable food web supports biological diversity, buffers population
fluctuations against disturbances, is less open to invasion by non-native species, and is more
sustainable in producing a stable harvest of resources. Therefore, while physical habitats near
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Fort Peck Dam may provide increased food opportunities that may ameliorate food limitation for
Scaphirhynchus spp. in RPMA 2, the altered habitat template and low resource diversity may also
jeopardize the stability and functioning of food webs in that reach.
Although we found stark differences in the food webs that support Scaphirhynchus spp.
between an altered section of the Missouri River near Fort Peck Dam and a more naturalized
area below the Yellowstone confluence, it should be noted that previous work illustrates that
Pallid Sturgeon and other native fish species (e.g., Sicklefin Chub, Sturgeon Chub) rarely inhabit
the highly modified tailwaters of Fort Peck Dam (Haddix et al. 2013). For example, although
many juvenile Pallid Sturgeon have been stocked near the tailwaters, no Pallid Sturgeon have
been recaptured in this area during standardized sampling of the Population Assessment Program
(Haddix et al. 2013). This would indicate that conditions near the dam may be unsuitable for
growth and development of Pallid Sturgeon. Further, while Shovelnose Sturgeon numbers are
relatively high near Fort Peck Dam, the population is almost exclusively composed of larger and
older individuals (Haddix et al. 2013). Thus, it must be emphasized that the highly modified
physical-habitat template (altered temperatures, substrate, turbidity, and flow regime) near Fort
Peck Dam most likely excludes many native fish species in the tailwater food web.

Energy flows to the dominant fish assemblage: Supply and
demand of macroinvertebrates
Quantifying budgets of macroinvertebrate resource supply relative to fish consumer
demand has a long history in aquatic ecology. Beginning with the Allen paradox (Allen 1951),
many studies have suggested that fish assemblages may require a large (>80%) proportion of
macroinvertebrate food resources to maintain their populations, and thus are at least partially
regulated from the “bottom up” by their food (Mann 1978, Waters 1988, Richardson 1993,
Huryn 1996). While consuming such a high proportion of available resources may seem
unsustainable, it is thought that these dynamics can be maintained over time due extremely high
macroinvertebrate reproductive output and their ability to withstand high mortality rates. Support
for bottom-up regulation can be found in empirical estimates of energy supply and demand
(Huryn 1996, Cross et al. 2013), experimental studies that observe increased fish production with
increases in basal resources production (Warren et al. 1964), and observational studies that note
correlations between food resources and fish density, biomass, and production (see sources in
Waters 1988). Collectively, these studies suggest that many fish populations are potentially
limited by their food resources, and therefore near their carrying capacity. Conversely, systems
with large surpluses of food resources have been found to be associated with impairment and
alteration (Cross et al. 2013). However, it is important to note that very little is known about
how carrying capacity may fluctuate over time due to changes in resource availability, yet this
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knowledge is critical towards understanding how drivers of supply and demand dynamics may
change into the future.
Our best estimate of supply versus demand (i.e., mean macroinvertebrate production
versus mean fish assemblage consumption was ~80%) is similar to many of the studies described
above and suggests that the Missouri River ecosystem (excluding reaches directly below Fort
Peck Dam) may be near an equilibrium carrying capacity. Thus, continued augmentation of
insectivorous fish, without subsequent increases in the amount of available resources, may
eventually lead to unintended negative consequences to native fish assemblages. However, we
reiterate that our energetic budget for the dominant fish assemblage rests on numerous
unmeasured assumptions, theoretical modeling approaches, and contains a high amount of
variability. Future research is needed to validate our modeled predictions, especially with
respect to estimates of fish densities.

Knowledge gaps and directions for future research
1. Food webs in the Yellowstone River: There is currently much less information on fish
sizes, density, and diets in the Yellowstone River compared to the Missouri River due to
lack of a Population Assessment Program in the Yellowstone River. The paucity of data
makes it difficult to construct a “typical” Yellowstone River food web similar to the one
constructed on the Missouri River, and subsequently estimate supply and demand budgets
for reaches in the Yellowstone River. While our study has made great strides in mapping
out benthic habitats and estimating macroinvertebrate secondary production across
representative reaches in the Yellowstone River, future studies are needed to estimate
sizes, densities, and diets of the dominant fish assemblage in these same areas.
2. Energy flows from off-channel habitats to the main channel: River-wide estimates of
macroinvertebrate secondary production suggest that off-channel areas (side channels and
backwaters) may be important “food producing” habitats. However, the temporal and
spatial dynamics of floodplain inundation (i.e., when, how much, which of these habitats
are inundated) are less understood. Additionally, an understanding of how energy
produced in the off-channels may move into the main channel is unknown. Future studies
that relate hydrologic and digital elevation modeling to estimates of off-channel
production and the movement of organisms, may provide a powerful approach to
elucidate the interplay between floodplain inundation, river-wide productivity, and flows
of energy through the system-wide “meta food web” (see Bellmore et al. 2013).
3. Fish Densities: The densities and ultimately energetic demand of small-bodied fish
throughout RPMA 2 is poorly resolved. While we used coarse-scale relationships that
relate fish size to predicted densities to estimate potential energy demand, these estimates
need to be validated and refined through companion empirical efforts.
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4. Food resources in the Missouri-Yellowstone hydrosystem: It is well known that
populations of fish throughout RPMA 2 exhibit considerable movement between the
Yellowstone and Missouri Rivers, effectively treating the two rivers as one
“hydrosystem.” However, little is known about where exactly the fish acquire the bulk of
the energetic resources. This problem may be approached using a variety of isotopic tools
in the future.
5. Coarse estimates of Pallid Sturgeon diet switching: Recent evidence suggests that
more recently stocked hatchery-origin Pallid Sturgeon exhibit considerably slower
growth rates than hatchery raised fish stocked at earlier times. The cause of this plateau in
growth is unknown and may be due to diet (i.e., the newly stocked fish continue to
consume a majority of macroinvertebrates instead of switching over to fish). An analysis
of tissue isotopes combined verified by coarse gut content analysis may help address this
question.
6. Estimating changes in carrying capacity over time through ecosystem metabolism:
Questions related to river ‘carrying capacity’ are ultimately linked to resource availability
at the base of the food web. Changes in primary production driven by a variety of
mechanisms (e.g., dam management, climate, tributary flooding, etc.) are likely to alter
carrying capacity over time by modifying the amount of energy fueling the food web.
Measurement of ecosystem metabolism in multiple reaches of the Yellowstone and
Missouri Rivers over time will help resolve this question and inform management into the
future.
7. Modeling future energy supply and demand for piscivorous Pallid Sturgeon: While
this study estimated supply and demand dynamics for young, insectivorous Pallid
Sturgeon, it is well known that older pallids feed primarily on small fishes. As the
hatchery-reared populations of Pallid Sturgeon reach larger sizes and incorporate more
fish in their diets, estimates of prey-fish production and adult pallid demand will be
necessary to estimate the potential for food limitation of these older fish.
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Table 1. Monthly stratified macroinvertebrate sampling scheme.

Habitat Type
Sand
Cobble/gravel
Off-Channel
Wood
Rock
Clay/gravel
Total

Fort Peck

Wolf Point

Nohly

Williston

Y1: Elk Island

Y2: Sidney

5
10
0
5
5
5
30

10
0
5
5
5
0
25

10
0
5
5
5
0
25

10
0
5
5
5
0
25

0
10
5
5
5
0
25

10
5
5
5
0
0
25

Table 2. Mean annual mainstem temperatures and corresponding cohort production intervals
(CPI) estimated using a Q10 approach.

Study
Reach

Missouri: Fort Peck (tailwaters)
Missouri: Wolf point
Missouri: Nohly
Missouri: Williston
Yellowstone 2: Sidney
Yellowstone 1: Elk Island

Mean Annual
Temperature
(°C)

7.07
8.20
9.92
10.17
10.62
10.41

Q10 Corrected
Cohort Production Interval

335-365
311-338
276-300
271-295
263-286
267-290
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Table 3. Equations used to convert fish lengths (mm) to weights (g).

Species

Equation

Source

Channel catfish

log weight = 2.9197 log length - 4.86

Swingle 1972

Sicklefin chub

log weight = 3.237 log length - 5.6398

Grisak 1996

Sturgeon chub

b

Frose and Pauly 2018

b

weight = a length ; a = 0.00891, b = 3.06, length in cm

Flathead chub

weight = a length ; a = 0.00708, b = 3.08, length in cm

Frose and Pauly 2018

Emerald shiner

log weight = 2.0189 log length - 3.3432

Swingle 1972

b

Sand shiner

weight = a length ; a = 0.00813, b = 3.12, length in cm

Frose and Pauly 2018

Fathead minnow

log weight = 1.9263 log length - 3.183

Swingle 1972

River carpsucker (yoy)

log weight = 3.099 log length - 5.115

Morris 1965

Goldeye
Sauger

b

Frose and Pauly 2018

b

Frose and Pauly 2018

weight = a length ; a = 0.00832, b = 3.04, length in cm
weight = a length ; a = 0.006, b = 3.14, length in cm
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Table 4. Proportions of major prey items and corresponding literature sources used to estimate diets of the dominant fish
assemblage in the Missouri River.

Species

Benthic Macroinvertebrates

Fish

Terrestrial Insects

Animal

Plant

Detritus

Other

Pallid Sturgeon <450 mm
Pallid Sturgeon 450 - 550 mm

0.98
0.78

0.02
0.22

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

This study
This study

Pallid Sturgeon >550 mm

0.22

0.78

0.00

0.00

0.00

0.00

0.00

This study

Shovelnose sturgeon

1.00

0.00

0.00

0.00

0.00

0.00

0.00

This study

Channel catfish

0.10

0.50

0.10

0.10

0.00

0.05

0.15

Braaten and Fuller 2002 and 2003

Sicklefin chub

0.90

0.00

0.00

0.00

0.00

0.00

0.10

Hesse 1994

Sturgeon chub

0.90

0.00

0.00

0.00

0.00

0.00

0.10

Hesse 1994

Flathead chub

0.70

0.00

0.25

0.00

0.05

0.00

0.00

Little et al. 1998

Emerald shiner

0.36

0.01

0.29

0.00

0.00

0.00

0.29

Whitaker 1977

Sand shiner

0.75

0.00

0.25

0.00

0.00

0.00

0.00

Gillin and Hart 1980

Fathead minnow

0.25

0.00

0.00

0.00

0.10

0.20

0.45

Seegert et al. 2014

River carpsucker (age 0)

1.00

0.00

0.00

0.00

0.00

0.00

0.00

Welker and Scarnecchia 2003

Goldeye

0.01

0.13

0.77

0.00

0.00

0.00

0.00

Braaten and Fuller 2002 and 2003

Sauger

0.01

0.97

0.01

0.00

0.00

0.01

0.00

Braaten and Fuller 2002 and 2003

147

Source

Table 5. Percent habitat composition used to stratify macroinvertebrate sampling efforts.

Percent Habitat type
Reach
Fort Peck
Wolf Point
Nohly
Williston
Yellowstone 2: Sidney
Yellowstone 1: Elk Island

Sand
0.21
0.90
0.89
0.88
0.85
0.00

Clay/gravel
0.25
0.00
0.00
0.00
0.00
0.00
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Cobble/gravel

Rock

Off-channel

0.30
0.00
0.00
0.00
0.08
0.90

0.14
0.02
0.004
0.02
0.00
0.07

0.00
0.03
0.04
0.05
0.03
0.03

Other
0.10
0.05
0.07
0.05
0.04
0.00
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Table 6. Standard error matrix and associated statistics for sonar habitat maps of RPMA 2.
Sand
224

Cobble/gravel
37

Silt/clay
41

Hard clay
0

Gravel/sand
1

Rip rap
6

Large rock
6

3

102

0

0

6

0

20

131

0.78

Silt/clay

3

8

99

0

0

5

0

115

0.86

Hard clay

0

0

1

28

0

8

12

49

0.57

Gravel/sand

1

5

2

0

13

0

0

21

0.612

Rip rap

0

1

0

0

0

54

1

56

0.96

Large rock

0

2

0

0

0

0

100

102

0.98

Total

231

155

143

28

20

73

139

789

Producers accuracy

0.97

0.66

0.69

1

0.65

0.74

0.72

Sand
Cobble/gravel

Total
315

0.78
*note that all habitats quantified using side-scan sonar were not sampled for macroinvertebrate communities
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User accuracy
0.71

Reach: Fort Peck

Reach: Wolf Point

Sand, Rock

significance
level
0.008

Sand, Rock

Sand, Wood

0.008

Sand, Wood

0.008

Sand, Hess

0.008

Sand, SCBW

0.008

Sand, Core

0.008

Rock, Wood

0.056

Rock, Wood

0.127

Rock, SCBW

0.008

Rock, Hess

0.008

Wood, SCBW

0.008

Rock, Core

0.016

Wood, Hess

0.008

Wood, Core

0.008

Hess, Core

0.008

Reach: Nohly

significance
level
0.008

Reach: Williston

Sand, Rock

significance
level
0.008

Sand, Rock

significance
level
0.008

Sand, Wood

0.008

Sand, Wood

0.008

Sand, SCBW

0.008

Sand, SCBW

0.008

Rock, Wood

0.032

Rock, Wood

0.024

Rock, SCBW

0.008

Rock, SCBW

0.008

Wood, SCBW

0.008

Wood, SCBW

0.008

Reach: Yellowstone 2: Sidney

Sand, Hess

Reach Yellowstone 1: Elk Island
significance
level
0.008
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Hess, Rock

significance
level
0.254

Sand, Wood

0.008

Hess, Wood

0.46

Sand, SCBW

0.04

Hess, SCBW

0.08

Hess, Wood

0.024

Rock, Wood

0.183

Hess, SCBW

0.08

Rock, SCBW

0.08

Wood, SCBW

0.08

Wood, SCBW

0.08

Table 7. Results from Analysis of Similarity (ANOSIM) comparing differences in
macroinvertebrate assemblage composition among all habitats across all study reaches.

**note that habitat comparisons and associated significance levels statistics that are bolded
and italicized are NOT significantly different from one another at an α =0.05.
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Table 8. Instantaneous growth rate table used to estimate secondary production of Shovelnose Sturgeon at Frazer (Population Assessment
segment 2) on the Missouri River.
Total N

Age

N marked

Mean Individ Mass
(g AFDM)

Proportion N

3

1

26.00

0.0008

2.20

4

5

48.80

0.0039

5

15

58.08

0.0117

6

14

81.43

7

14

113.95

8

42

Total Biomass
(g AFDM)

Growth Rate
(g AFDM/year)

Mean Interval Biomass
(g AFDM)

Interval Production
(g AFDM/Frazer/ year)

57.30

0.63

326.15

205.36

11.02

537.71

0.17

1497.57

260.59

33.06

1919.73

0.34

3472.01

1173.35

0.0109

30.85

2512.14

0.34

4771.69

1603.66

0.0109

30.85

3515.61

0.15

13968.36

2046.00

131.93

0.0327

92.56

12210.55

0.14

37592.21

5324.82

9

94

152.00

0.0731

207.15

31486.93

0.17

88619.58

14847.98

10

184

179.73

0.1431

405.49

72876.11

0.14

145324.48

19741.06

11

240

205.88

0.1866

528.90

108886.42

0.11

180157.12

19256.89

12

249

229.10

0.1936

548.73

125713.90

0.12

168060.50

20907.64

13

184

259.45

0.1431

405.49

105203.55

0.10

124077.25

12532.46

14

113

287.03

0.0879

249.02

71475.47

0.11

87787.59

9320.43

15

74

319.18

0.0575

163.08

52049.85

0.12

49742.59

5814.22

16

30

358.75

0.0233

66.11

23717.67

0.07

22879.92

1597.89

17

13

384.70

0.0101

28.65

11021.09

0.18

11570.70

2026.20

18

6

458.33

0.0047

13.22

6060.15

0.01

6094.37

68.43

19

3

463.50

0.0023

6.61

3064.29

0.04

4728.66

199.76

20

3

483.50

0.0023

6.61

3196.51

0.05

3837.25

189.68

21

2

508.00

0.0016

4.41

2238.99

Total marked

1286

N estimate
from mark recap

2834

Area correction:
Area of Frazer

Annual population production
(g AFDM/Frazer reach/year)

Annual population
production
(mg AFDM/m²/year)
1780000 m²

70

153

117116.40

Table 9. Instantaneous growth rate table used to estimate secondary production of Pallid Sturgeon at Frazer (Population Assessment segment 2)
on the Missouri River.
N marked
Age

Proportion N
Total N

Mean Individ Mass
(g AFDM)

Total Biomass
(g AFDM)

Growth Rate
(g AFDM/year)

Mean Interval Biomass
(g AFDM)

Interval Production
(g AFDM/Frazer/ year)

4

8

30.90

0.11

17.60

543.84

0.40

2416.04

961.31

5

37

46.00

0.53

81.40

3744.40

0.30

5037.07

1491.33

6

19

61.85

0.27

41.80

2585.33

0.29

3042.11

896.60

7

5

83.05

0.07

11.00

913.55

0.23

1480.05

337.59

8

0

0.00

0.00

0.00

0.00

9

0

0.00

0.00

0.00

0.00

10

0

0.00

0.00

0.00

0.00

11

0

0.00

0.00

0.00

0.00

12

0

0.00

0.00

0.00

0.00

13

0

0.00

0.00

0.00

0.00

14

0

0.00

0.00

0.00

0.00

15

1

515.00

0.01

2.20

1133.00

Total marked

70

154

Annual population
production
(mg AFDM/m²/year)

Area correction:
Area of Frazer

N estimate
from mark recap

1780000 m²

2.07

154

Annual population
production
(g AFDM/Frazer/year)

2452.63

Table 10. Instantaneous growth rate table used to estimate secondary production of Shovelnose Sturgeon at Williston (Population
Assessment segment 4) on the Missouri River.
Age

N marked

Mean Individ Mass
(g AFDM)

Proportion N

Total N

4

1

74.50

0.01

1.29

5

4

104.88

0.04

5.14

6

6

167.13

0.06

7.71

7

30

219.10

0.31

38.57

8

32

251.83

0.33

41.14

9

14

284.53

0.14

18.00

10

2

363.38

0.02

11

6

526.13

12

2

578.25

13

0

14

Total Biomass
(g AFDM)
95.79

Growth Rate
(g AFDM/year)

Mean Interval Biomass
(g AFDM)

Interval Production
(g AFDM/ Wil/ year)

0.34

587.25

539.36

0.47

1558.93

726.42

1289.25

0.27

9095.63

2462.97

8451.00

0.14

14586.30

2030.50

10360.80

0.12

10301.85

1257.72

5121.45

0.24

3495.12

854.96

2.57

934.39

0.37

4525.88

1675.04

0.06

7.71

4058.68

0.09

3516.27

332.17

0.02

2.57

1486.93

0.08

1776.54

146.11

0.00

0.00

0.00

0.00

0

0.00

0.00

0.00

0.00

15

0

0.00

0.00

0.00

0.00

16

1

803.50

0.01

1.29

1033.07

Total marked

98

N estimate
from mark recap

126

Annual population production
(g AFDM/Williston/year)

Area correction:
Area of Williston

1465000 m²

Annual population
production
(mg AFDM/m²/year)

6.61
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200.82

9686.71

Table 11. Instantaneous growth rate table used to estimate secondary production of Pallid Sturgeon at Williston (Population Assessment segment 4)
on the Missouri River.

Age

N marked

Mean Individ Mass
(g AFDM)

Proportion N
Total N

Total Biomass
(g AFDM)

Growth rate (g
AFDM/year)

Mean Interval Biomass
(g AFDM)

Interval Production
(g AFDM/ Wil/ year)

5

11

40.68

0.12

21.06

856.77

0.40

2077.23

831.58

6

21

60.70

0.22

40.21

2440.91

0.32

3163.24

1021.05

7

9

83.83

0.10

17.23

1444.64

0.32

2108.59

677.25

8

6

115.58

0.06

11.49

1327.88

0.24

1468.39

350.67

9

1

146.75

0.01

1.91

281.01

0.38

1103.17

419.64

10

4

214.68

0.04

7.66

1644.32

0.29

2739.16

784.58

11

4

285.88

0.04

7.66

2189.68

0.17

3162.47

536.00

12

3

338.68

0.03

5.74

1945.58

0.06

4709.15

298.01

13

8

360.80

0.09

15.32

5527.15

0.35

11408.55

3990.77

14

12

511.90

0.13

22.98

11762.81

0.10

15018.89

1530.08

15

6

566.80

0.06

11.49

6512.17

0.25

9982.91

2457.45

16

5

725.00

0.05

9.57

6941.49

0.14

7743.35

1116.98

17

1

837.50

0.01

1.91

1603.72

0.07

3316.36

217.90

18

2

894.38

0.02

3.83

3425.27

0.14

4553.38

627.59

19

0

0.00

0.00

0.00

0.00

20

1

1178.25

0.01

1.91

2256.22

Total marked

94

Area correction:
Area of Williston

1465000 m²

N estimate
from mark recap

Annual population
production
(mg AFDM/m²/year)

180

10.14

156

Annual population
Production
(g AFDM/Williston/year)

14859.54

Table 12. Mean annual secondary production estimates (mg AFDM/m²/year) of taxa comprising energy-flow food webs (see Figures
16 and 17) from the upper and lower sections on the Missouri River. (L) indicates larvae

Upper Missouri River RPMA2

Taxa

Secondary
Production

Lower Missouri River RPMA 2

Number in food web

Taxa

(mg AFDM/m²/year)

Secondary
Production

Number in food web

(mg AFDM/m²/year)

non-Tanypodinae

6009.474

1

non Tanypodinae

457.627

1

Oligochaeta

5613.818

2

Gomphidae

196.608

2

Ephemerella

1734.060

3

Hydropsyche

190.435

3

Baetidae

1063.443

4

Oligochaeta

101.687

4
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Simulium

474.337

5

Corixidae

31.115

5

Amphipoda

214.845

6

Isoperla

28.310

6

Glossosoma

101.359

7

Acroneuria

26.759

7

Physidae

78.506

8

Heptageniidae

21.489

8

Tanypodinae

45.664

9

Ceratopogonidae

7.727

9

Hydropsyche

34.072

10

Cheumatopsyche

7.621

10

Hydroptila

31.220

11

Traverella

6.432

11

Lymnaeidae

27.897

12

Caenidae

5.576

12

Tipulidae

21.221

13

Baetidae

4.902

13

Corixidae

20.419

14

Tanypodinae

4.415

14

Chydoridae

20.205

15

Cyclopoida

2.820

15

Hydra

14.635

16

Isonychia

2.613

16

Dolichopodidae

14.433

17

Simulium

2.578

17

Cyclopoida

13.668

18

Trichorythodes

1.255

18

Harpacticoida

12.727

19

Hemerodromia

0.962

19

Stratiomyiidae

12.444

20

Ostracoda

0.802

20

Ostracoda

11.094

21

Daphnidae

0.708

21
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Brachycentrus

8.615

22

Elmidae (L)

0.699

22

Dubiraphia (L)

6.616

23

Physidae

0.584

23

Muscidae

5.142

24

Planoribidae

0.582

24

Daphnidae

4.850

25

Leptophlebia

0.422

25

Bosmidae

4.112

26

Ephoron

0.321

26

Heptageniidae

3.649

27

Bosmidae

0.292

27

Tabanidae

1.333

28

Lymnaeidae

0.279

28

Tardigrada

1.064

29

Calanoida

0.200

29

Trichoclinocera

0.910

30

Hydroptila

0.093

30

Planorbidae

0.851

31

Ephemerella

0.073

31

Hydrachnidia

0.721

32

Hydrachnidia

0.028

32

Agabinus (L)

0.659

33

Leptoceridae

0.027

33

Coenagrionidae

0.645

34

Nectopsyche

0.017

34

Ceratopogonidae

0.617

35

Brachycentrus

0.005

35

Cheumatopsyche

0.489

36

Hydra

0.005

36

Ephydridae

0.484

37

Chydoridae

0.004

37

Dytiscidae unknown(L)

0.476

38

Tabanidae

0.000

38

Calanoida

0.370

39

Traverella

0.290

40

Ephoron

0.061

41

Hemerodromia

0.054

42

Planariidae

0.014

43

Trichorythodes

0.005

44
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Polycentropodidae

0.005

45

160

Table 13. Mean proportion (weighted by average biomass g AFDM) of diet items found in
Scaphirhynchus spp. These proportions were used in energy-flow food webs (see Figures 16 and
17) and trophic basis of production estimates. (A) indicates adult and (L) indicates larvae
Species

SNSG

PDSG

SNSG

PDSG

Segment

MO4

MO4

MO1

MO2

16

27

16

21

proportion
< 0.01
< 0.01
0.00
0.02
< 0.01
< 0.01
< 0.01
< 0.01
0.08
< 0.01
0.03
0.03
0.02
0.00
0.00
< 0.01
0.03
0.19
< 0.01
0.00
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
0.12
< 0.01
0.44
< 0.01
< 0.01

proportion
< 0.01
0.00
< 0.01
0.04
< 0.01
< 0.01
< 0.01
< 0.01
0.12
0.00
0.04
0.03
< 0.01
< 0.01
0.00
0.00
0.01
0.16
< 0.01
0.00
<0.01
0.00
< 0.01
0.00
< 0.01
0.00
< 0.01
< 0.01
0.04
< 0.01
<0.01

proportion
< 0.01
0.00
0.00
0.00
0.41
0.00
0.47
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.07
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
< 0.01
0.00
0.04
< 0.01
< 0.01

proportion
0.00
0.00
0.00
0.00
0.07
0.00
0.53
< 0.01
0.00
0.00
0.00
0.00
< 0.01
0.00
< 0.01
0.00
0.00
< 0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
< 0.01
0.00
0.38
< 0.01
< 0.01

n
Taxa in Diet
Oligochaeta
Branchiura
Archnida
Ametropus
Baetidae
Cercobrachys
Ephemerella
Heptageniidae
Isonychia
Trichorythodes
Traverella
Ephoron
Gomphidae
Brachycentrus
Glossosoma
Hydropsychidae (unknown)
Cheumatopsyche
Hydropsyche
Leptoceridae
Polycentropodidae
Perlodidae
Curculionidae (L)
Dytiscidae (A)(unknown)
Heteroceridae(A)
Corixidae
Nigronia
Ceratopogonidae
Dolichopodidae
non Tanypodinae
Diptera (Pupae)
Tanypodinae
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Muscidae
Simulium
Tipulidae
Amphipoda
Calanoida
Fish

< 0.01
0.01
< 0.01
0.00
0.00
0.00

<0.01
<0.01
<0.01
<0.01
<0.01
0.53
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0.00
< 0.01
0.00
< 0.01
0.00
0.00

0.00
< 0.01
0.00
0.00
0.00
< 0.01

Table 14. Annual consumption flows (mg AFDM/m2/year) from prey items to Scaphirhynchus
spp. at upper MO RPMA2 on the Missouri River. These estimates represent the weighted lines in
Figures 16 and 17. SNSG refers to Shovelnose Sturgeon, PDSG refers to Pallid Sturgeon.
Taxa

SNSG

PDSG

<1

0.00

Baetidae

152.15

<1

Ephemerella
Heptageniidae

175.45
0.00

5.84

Glossosoma

27.22

<1

Gomphidae

0.00

<1

Hydropsyche

0.00

<1

Perlodidae

0.00

<1

Ceratopogonidae

<1

<1

non Tanypodinae

15.09

4.22

Diptera pupae

1.35

<1

Tanypodinae

<1

<1

1.58

<1

<1

0.00

0.00

<1

Oligochaeta

Simulium
Amphipodae
Fish

<1
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Table 15. Annual consumption flows (mg AFDM/m2/year) from prey items to Scaphirhynchus
spp. at the lower MO RPMA2 section on the Missouri River. These estimates represent the
weighted lines in Figures 16 and 17. SNSG refers to Shovelnose Sturgeon, PDSG refers to Pallid
Sturgeon. (A) indicates adult and (L) indicates larvae

Taxa

Oligochaeta
Archnida
Branchiura
Ametropus
Baetidae
Caenidae
Ephemerella
Heptageniidae
Isonychia
Trichorythodes
Traverella
Ephoron
Gomphidae
Brachycentrus
Cheumatopsyche
Hydropsyche
Leptoceridae
Polycentropodidae
Perlodidae
Curculionidae (L)
Dytiscidae (A) (unknown)
Heteroceridae(A)
Corixidae
Nigronia
Ceratopogonidae
Dolichopodidae
non Tanypodinae
Diptera pupae
Tanypodinae
Muscidae
Simulium

SNSG

PDSG

<1
0.00
<1
<1
<1
<1
<1
<1
2.98
<1
<1
1.10
<1
0.00
<1
6.64
<1
0.00
<1
<1
<1
<1
<1
<1
4.29
<1
15.67
<1
<1
<1
<1

<1
<1
0.00
1.84
<1
<1
<1
<1
5.82
0.00
1.81
1.72
<1
<1
<1
7.65
<1
0.00
<1
0.00
<1
0.00
<1
0.00
<1
<1
1.91
<1
<1
<1
<1
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Tipulidae
Calanoida
Fish

<1
0.00
0.00

<1
<1
24.90
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Table 16. Individual fish masses measured in the Population Assessment Program were used to estimate population density and
biomass of dominant member of the Missouri River fish assemblage using a size spectrum model. Published estimates of annual
growth rates were used to convert population biomass to estimates of secondary production.

Species
Channel catfish
Sicklefin chub
Sturgeon chub
Flathead chub
Emerald shiner
Sand shiner
Fathead minnow
River carpsucker (age 0)
Goldeye
Sauger

Mean Individual Mass
(g WW)

Predicted Density
(number/m2)

Population Biomass
(g WW/m2)

Annual Growth Rate
(year-1)

Secondary Production
(mg AFDM/m2/year)

304.326
5.170
3.600
14.545
2.275
0.693
0.739
0.317
247.087
367.075

0.001
0.015
0.021
0.007
0.029
0.076
0.072
0.142
0.001
0.001

0.183
0.080
0.074
0.099
0.066
0.053
0.053
0.045
0.176
0.192

0.706
1.174
0.855
0.743
1.329
0.878
1.180
2.606
0.373
0.508

32.301
23.496
15.850
18.327
22.045
11.559
15.691
29.232
16.466
24.377
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Table 17. Annual consumption flows (mg AFDM/m2/year) from prey items to the dominant fish assemblage in the Missouri River.
These estimates represent the weighted lines in Figure 3.

Species

Pallid Sturgeon
Shovelnose sturgeon
Channel catfish
Sicklefin chub
Sturgeon chub
Flathead chub
Emerald shiner
Sand shiner
Fathead minnow
River carpsucker (age 0)
Goldeye
Sauger

Benthic
Macroinvertebrates

Fish

Terrestrial
Insects

Animal

Plant

Detritus

Other

17.54
76.00
32.31
233.34
157.41
69.82
51.08
47.02
30.08
155.90
1.99
1.05

28.86
0.00
161.55
0.00
0.00
0.00
0.95
0.00
0.00
0.00
24.88
203.46

0.00
0.00
32.31
0.00
0.00
24.93
40.51
15.67
0.00
0.00
152.28
1.05

0.00
0.00
32.31
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
4.99
0.00
0.00
12.03
0.00
0.00
0.00

0.00
0.00
16.15
0.00
0.00
0.00
0.00
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24.06
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0.00
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0.00
0.00
48.46
25.93
17.49
0.00
41.22
0.00
54.14
0.00
0.00
0.00
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Figure 1. Study reaches in RPMA 2 on the Missouri and Yellowstone Rivers where macroinvertebrates
were collected. Note that individual points above actually represent sampling reaches that were 12-36 km
in length (see text for a full description).
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Figure 2. A boat-mounted, side-scan sonar, was used to take benthic imagery at each study reach. These images were then modified
using a variety of geoprocessing steps to estimate reach-scale benthic habitat composition. Ultimately, these spatially-explicit maps
were used to stratify macroinvertebrate sampling efforts.
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Figure 3. Hydrographs for the Missouri (at Wolf Point, MT) and Yellowstone (at Sidney, MT)
Rivers and corresponding macroinvertebrate sampling events between October 2014 and
November 2015.
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Figure 4. Detailed descriptions for the locations where data used to construct sturgeoncentric energy flow food webs were collected.
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Figure 5. Reach-scale percentages of dominant benthic habitat types among the six study reaches
in RPMA 2.
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Figure 6. Example of large-scale (i.e., 15-40 river km) spatially-explicit benthic habitat maps
that can be provided as shapefiles upon request.
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Figure 7. Annual temperature regimes of the six study reaches within RPMA 2.
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Figure 8. Habitat-specific mean annual macroinvertebrate density (# individuals/m2) estimates at
study reaches in the Yellowstone and Missouri Rivers. Error bars represent 5th and 95th
percentiles. Different letters correspond to statistical differences at α = 0.05.

Figure 9. Habitat-specific mean annual macroinvertebrate biomass (g AFDM/m2) estimates at
study reaches in the Yellowstone and Missouri Rivers. Error bars represent 5th and 95th
percentiles. Different letters correspond to statistical differences at α = 0.05.
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Figure 10. Habitat-specific mean annual secondary production (g AFDM/m2/year) estimates at
study reaches in the Yellowstone and Missouri Rivers. Error bars represent 5th and 95th
percentiles. Different letters correspond to statistical differences at α = 0.05.

Figure 11. Habitat-weighted, reach-scale estimates of mean macroinvertebrate density (A),
biomass (B), and secondary production (C) among reaches in RPMA 2. Different letters
correspond to statistical differences at α = 0.05.
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Figure 12. Large-scale landforms that led to the creation of rock habitat and off-channels at the
Williston Reach are highlighted in yellow (top). These areas were found to be key habitats for
macroinvertebrate dynamics. Interestingly, these same areas can be easily and quickly quantified
at unstudied reaches using only aerial photography (bottom).

178

Figure 13. Temporal trends in mean monthly macroinvertebrate biomass (mg AFDM/m2) among study
reaches in RPMA 2. Error bars represent standard errors.
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Figure 14. Non-metric multidimensional scaling (NMDS) ordinations of macroinvertebrate
assemblage biomass used to interpret differences in assemblage compositions among habitat types.
Significant pairwise differences among different habitat types can be found in Table 5, and taxa
responsible for within-habitat similarities and among-habitat differences can be found in Appendix
Table 2.
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Figure 15. Convex hulls (top) used to estimate patterns in macroinvertebrate diversity among reaches
in RPMA 2. Grey points on NMDS ordinations represent assemblages throughout all reaches in
RPMA 2, darkened points represent assemblages associated with each particular study reach.
Darkened convex hulls were drawn around all assemblages at a given reach (e.g., all
macroinvertebrate assemblages at Fort Peck indicated by dark circles and enclosed in a dark convex
hull). Results from multivariate dispersion analysis on convex hulls (bottom), showing a general trend
of increasing diversity (i.e., larger convex hulls) in reaches furthest from Fort Peck Dam. Different
letters correspond to statistically different values at α = 0.05.
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Figure 16. Sturgeon-centric energy-flow food web comprised of data collected at the upper section on the
Missouri River. This food web is constructed using annual organic matter flows (mg
AFDM/m2/year) to Scaphirhynchus spp. Macroinvertebrate prey resources are indicated by the circles
on the bottom (see Table 12 for taxa identities). Circle sizes represent habitat-weighted mean secondary
production estimates and are on a log scale for visual purposes. Open circles represent
macroinvertebrate prey taxa that were not in any Scaphirhynchus spp. diet, closed circles represent
macroinvertebrate prey taxa that were in at least one Scaphirhynchus spp. diet. Line widths represent
the magnitude of flows from prey resources to Scaphirhynchus spp. consumers. Dashed boxes
represent prey items that were found in the diets but not measured in the environment. All data used to
construct the above food web are in Tables 8-15.
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Figure 17. Sturgeon-centric energy-flow food web comprised of data collected at the section on the
Missouri River. This food web is constructed using annual organic matter flows (mg AFDM/m2/year)
only to Scaphirhynchus spp. Macroinvertebrate prey resources are indicated by the circles on the
bottom (see Table 12 for taxa identities). Circle sizes represent habitat-weighted mean secondary
production estimates and are on a log scale for visual purposes. Open circles represent
macroinvertebate prey taxa that were not in any Scaphirhynchus spp. diet, closed circles represent
macroinvertebrate prey taxa that were in at least one Scaphirhynchus spp. diet. Line widths represent
the magnitude of flows from prey resources to Scaphirhynchus spp. consumers. Dashed boxes
represent prey items that were found in the diets but not measured in the environment. All data used to
construct the above food web can be found in Tables 8-15.
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Figure 18. Trophic basis of production illustrating the proportion of total Scaphirhynchus spp.
production at the upper and lower Missouri River sections derived from different prey items. SNSG
refers to Shovelnose Sturgeon. Prey categories that comprised <1% of a species’ production are
shaded in grey and not colored.
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Figure 19. Relationship between density (number of individuals/m2) and average individual
biomass (g wet weight) for five fish species in the Missouri River. Colors represent different fish
species. Numbers indicate different segments as defined by the Population Assessment Program
and described in the text. Grey area represents the 95% confidence interval around the linear
model.
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Figure 20. Estimates of Shovelnose Sturgeon density (number of individuals/m2) for Williston
and Frazer reaches on the Missouri River using mark-recapture efforts (left 2 bars), and
density estimates for RPMA2 using size spectra modeling (right bar). Error bars represent 95%
confidence intervals.
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Figure 21. Annual energy-flow food web for the dominant fish assemblage in the Missouri River. Sizes of black circles are weighted based on
annual estimates of secondary production (mg AFDM/m2/year). Resources that were not quantified are represented by grey circles. Line colors
represent the flows of different types of resources and line widths represent the magnitude of flows (mg AFDM/m2/year) from resources to fish
consumers.
92
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Figure 22. Trophic basis of production illustrating the proportion of total estimated
fish production in the Missouri River derived from different diet items. CNCF =
Channel catfish, SGCB = Sturgeon chub, SFCB = Sicklefin Chub, ERSN = Emerald
shiner, SNSN = Sand Shiner, FHCB = Flathead chub, FHMW = Fathead minnow,
RVCS = young of year River carpsucker, GDEY = Goldeye, SGER = Sauger, PDSG
= Pallid sturgeon, SNSG = Shovelnose sturgeon.
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Figure 23. Macroinvertebrate production (mg AFDM/m2/year) at the Williston
reach was used as our estimate of resource supply (bar in figure above).
Colored dashed lines represent different estimates of fish demand by the
dominant fish assemblage in the Missouri River (Population Assessment
Segments 2 and 3). Different scenarios of demand were constructed by
estimating consumption flows from low, mean, and high density estimates
from the size spectrum model. The error bar represent 5th and 95th percentiles
around mean annual macroinvertebrate production.

189

Genotypic Analyses and Parental Identifications of Juvenile and
Sub-adult Pallid Sturgeon in the Missouri River

FY 2018 Report
May 14, 2019

Meredith Bartron and Jeff Kalie
Meredith_Bartron@fws.gov, Jeff_Kalie@fws.gov
U.S. Fish and Wildlife Service
Northeast Fishery Center
227 Washington Ave., PO. Box 75
Lamar, PA 16848
(570) 726-4995
Submitted to:
Steven Krentz
Steven_Krentz@fws.gov
U.S. Fish and Wildlife Service
Missouri River Fish and Wildlife Conservation Office
3425 Miriam Ave
Bismarck, ND 58501
(701) 250-4419
And
Wayne Nelson-Stastny & Landon Pierce
wayne_nelsonstastny@fws.gov / landon_pierce@fws.gov
Pallid Sturgeon Recovery Coordinator

55245 NE HWY 121 Crofton NE 68730
Billings, MT 59101
(402)-667-2884

190

Introduction
Pallid sturgeon (Scaphirhynchus albus) are endangered throughout their range and were
listed under the Endangered Species Act in 1990. The primary limiting factor for pallid sturgeon
recovery in the Missouri River appears to be a lack of natural recruitment over the past 25-30
years. Because of this lack (or low level) of natural recruitment, stocking of hatchery produced
pallid sturgeon juveniles has been used to supplement and maintain pallid sturgeon. Adult pallid
sturgeon are captured annually in the Missouri River and taken to fish hatcheries for spawning,
after which they are returned to the capture area. However, the pallid sturgeon recovery plan
requires that all hatchery-produced pallid sturgeon are identifiable by some type of tag. In the
past, offspring were reared in hatcheries until they were large enough to be marked with PIT tags
or other physical tags.
Typically juveniles remain in hatcheries for nearly a year before they reach the size at
which they can be tagged, approximately 140-220mm. Pallid sturgeon are highly fecund and
will produce several thousand offspring in a single year, resulting in large numbers of offspring
necessary to maintain separately until tagging size. Hatchery space constraints often limit the
number of juvenile pallid sturgeon that can be retained, resulting in culling of large numbers of
offspring each year. In hatcheries, juvenile pallid sturgeon are also highly susceptible to
outbreaks of iridovirus that can severely limit survival. In order to reduce the time required to
rear pallid sturgeon in hatcheries and allow greater numbers of juveniles to be released, the use
of Mendelian inherited genetic markers is a viable alternative to physical tags (DeHaan et al.
2005; DeHaan et al. 2008). The use of genetic tags can greatly increase the number of pallid
sturgeon that can be released each year by allowing their release at smaller sizes.
The geographic focus of this project was the upper and middle Missouri River. The
upper Missouri River is defined as the area upstream of Gavins Point Dam in South Dakota and
including the Yellowstone River and its tributaries (RPMA 1 and RPMA 2). The middle
Missouri River (RPMA 3 and RPMA 4) extends downstream from Gavins Point Dam to the
confluence with the Mississippi River. There were three main objectives completed during
FY2015. These objectives include:
1) Estimate the degree of relatedness among adult pallid sturgeon at federal (national) and
state fish hatcheries (NFH and SFH, respectively) to be used as hatchery broodstock for
the Missouri River and provide mating plans for hatchery spawning (Miles City State
Fish Hatchery and Garrison Dam National Fish Hatchery, with Gavins Point National
Fish Hatchery as needed)
2) Add adult pallid sturgeon to the genetic baseline dataset used to distinguish hatchery and
natural origin juveniles
3) Use the baseline dataset to conduct species ID for any unmarked juvenile sturgeon
collected in the Missouri River and use parentage analysis to determine if unmarked
juveniles identified as pallid sturgeon are hatchery or natural origin fish
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Methods
Fin clips preserved in 95% non-denatured ethanol were collected by biologists
participating in monitoring efforts for juvenile and adult putative pallid sturgeon. 1113 samples
were returned to the U.S. Fish and Wildlife Service (USFWS) Northeast Fishery Center
Conservation Genetics Lab with biological information including PIT tag, length, weight,
sampling location, and sampling date.
DNA was extracted using the Purgene method (Qiagen, Valencia, CA). DNA
concentrations were obtained and concentrations were standardized for polymerase chain
reaction (PCR). DeHaan et al. (2005) identified 17 microsatellite loci that can be used for
parentage analysis in pallid sturgeon as well as for differentiating pallid and shovelnose
sturgeon: Spl15, Spl18, Spl19, Spl26, Spl30, Spl34, Spl35, Spl36, Spl40, Spl56, Spl60, Spl101,
Spl105, Spl106, Spl119, Spl158, Spl173 (McQuown et al. 2000). Two additional loci (Spl12 and
Spl53 (McQuown et al. 2000)) have been added to the original suite of 17 for standardization
purposes with Southern Illinois University, and they will be used for species identification in the
Central Lowlands Management Unit (CLMU) and Interior Highlands Management Unit (IHMU)
baselines.
Multiplex reactions were created to streamline the amplification process; four pre-PCR
multiplex reactions were created, with 3 to 5 loci within each reaction. Locus Spl26, Spl40,
Spl53, and Spl105 were amplified separately. Locus Spl 26, Spl40, and Spl105 were added to
one of the multiplexes post-PCR. Locus Spl53 was not added to a multiplex reaction and run
individually. For the multiplex reactions, reagent concentrations were the same. Each 20 uL
PCR reaction consisted of 1.5 l of genomic DNA extract, 1.5 X PCR buffer (10 mM Tris-HCl,
pH 8.3; 50 mM KCl), 3.75 mM MgCl2, 0.3175 mM each dNTP, 0.12-0.80 M of each primer
(forward primer fluorescently labeled; Applied Biosystems, Foster City, CA), 0.06 units of Taq
polymerase (Promega Corporation, Madison, WI), and deionized water added to achieve the
final volume. Single PCR reactions, Spl40 and Spl105, were 10ul PCR reactions, and each
consisted of 1.5 l of genomic DNA extract, 1.5 X PCR buffer (10 mM Tris-HCl, pH 8.3; 50 mM
KCl), 3.75 mM MgCl2, 0.3175 mM each dNTP, 0.12-0.24 M of each primer (forward primer
fluorescently labeled; Applied Biosystems, Foster City, CA), 0.06 units of Taq polymerase
(Promega Corporation, Madison, WI), and deionized water added to achieve the final volume.
The amplification cycle for all loci, except Spl105 which had a different annealing temperature,
consisted of an initial denaturing at 94 °C for 2 min; 35 cycles of 94 °C denaturing for 45 sec, 56
°C annealing for 45 sec, 72 °C extension for 2 min; and a 30 min extension at 72 °C. Locus
Spl105 had an annealing temperature of 50 °C. Genotypes were visualized using an ABI 3130
(Applied Biosystems, Foster City, CA). Genescan and Genemapper software from Applied
Biosystems (Foster City, CA) was used to identify alleles at each of the 19 loci.
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Species identification
Tranah et al. (2004) used nine microsatellite loci to discriminate pallid and shovelnose
sturgeon in the upper Missouri River with an 82 to 95% probability of correct assignment. The
17 loci used in these analyses included the loci identified by Tranah et al. (2004) and additional
loci that allowed the discrimination between pallid and shovelnose sturgeon with a high degree
of confidence (DeHaan et al. 2005).
Genetic based species assignments and detection of hybridization were accomplished
using the computer program NewHybrids (Anderson and Thompson 2002). This Bayesian-based
method uses markers that differ in allele frequency but do not have fixed differences between
known baseline groups, (such as with pallid and shovelnose sturgeon in the upper and middle
Missouri River), and the model computes the posterior probability that each individual belongs
to one of the two species or one of four classes of hybrids (F1’s, F2’s, and backcrosses).
Individuals were classified as a pallid sturgeon if the probability of assignment to known pallid
sturgeon was 95% or greater, based on methods developed by USFWS Abernathy Fish
Technology Center and in conjunction with Dr. Ed Heist (Southern Illinois University).
However, for individuals sampled in the lower portion of the basin (RPMA 3&4), if the
probability of assignment is 90% or greater, origin determination is also conducted due to the
slightly reduced ability to distinguish pallid and shovelnose sturgeon based on allele-frequency
differences between both species.
Hatchery versus unknown origin identification
Following species identification, genetic parentage analysis was used to determine if a
pallid sturgeon originated from the hatchery program or was naturally produced within the
Missouri River. Multi-locus genotypes for almost every hatchery-spawned adult since 2000
have been obtained at 17 microsatellite loci (see objectives 1&2), and genotype data are stored in
a Microsoft Access database developed and maintained by NEFC. A tagging database developed
by USFWS Missouri River FWMAO maintains additional information such as spawning and
stocking information, and this database is used to reference genetic parentage assignments to
known spawning pairs and stocking locations.
Parentage assignments were conducted using Cervus (ver 3.0; Kalinowski et al. 2007).
Genetic parentage assignments occur using modified exclusion based method allowing for a
single mismatch in the offspring-parent-parent triplet. If a juvenile fish is not compatible at two
or more loci with a particular hatchery-spawned pair, then that pair is excluded as potential
parents of that juvenile sturgeon. DeHaan et al. (2005) determined that by using 17 highly
variable loci and allowing for a single mismatch to accommodate for genotype or lab errors, the
probability of an incorrect match was very low. Parentage assignments were compared to the
spawning database maintained by USFWS Missouri River Fish and Wildlife Conservation Office
to confirm if a genetically assigned spawning pair represented a known spawning pair. If the
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juvenile fish was not assigned to any hatchery parents, then the individual was identified as
unknown origin. Additionally, a small number of broodstock have not been genotyped and
therefore are not available for parentage assignment, and some spawning records are incomplete
for individual spawning pairs (one or both parents listed as “unknown” or “mixture”). Thus, if
not assigned to a documented spawning pair, results cannot be confirmed if a fish is not of
hatchery origin or wild simply because they are not assigned to hatchery parents. Therefore,
individuals not assigned to hatchery families are identified as “unknown” origin.
Results
Objective 1 – Estimate the degree of relatedness among Missouri River broodstock
Due to the limited number of pallid sturgeon broodstock available during a spawning
season, genetic information was used to help reduce the potential for inbreeding and to maintain
genetic diversity during hatchery production. Relatedness estimates of adult pallid sturgeon
broodstock are used to identify spawning pairs to avoid; such as crosses between full and half
siblings, and to allow for the minimum degree of relatedness among families created. Pairwise
relatedness values (Rxy) are determined between all individuals using multi-locus genotypes for
all pairs of broodstock using the computer program SPAGeDi (Hardy and Vekemans 2002),
based on relatedness algorithm of Queller and Goodnight (1989).
Potential broodstock are genotyped at 17 microsatellite loci. For potential broodstock,
the species (pallid, shovelnose, or hybrid) is determined, and for individuals identified as pallid
sturgeon, origin (hatchery or unknown) was assessed. Mating plans are developed for
broodstock of reproductive maturity at Garrison Dam National Fish Hatchery (GDNFH) and
Miles City State Fish Hatchery (MCSFH). Quality control is also done with Dr. Ed Heist at
Southern Illinois University on all broodstock being held at Gavins Point National Fish hatchery
(GPNFH), Neosho National Fish Hatchery (NNFH), and Blind Pony State Fish Hatchery
(BPSFH) to insure no hybrid individuals are included in the mating plan.
Cryopreserved milt from males previously captured for spawning is also considered in
the spawning matrices. There are currently 114 males in the cryo repository. Fourteen of those
males are captive offspring.
Additionally, priority scores were also assessed to aid in field collection efforts of
broodstock that had not previously been spawned or to avoid spawning individuals that had
already contributed offspring to multiple spawning events. These priority scores were distributed
during broodstock collection efforts, and incorporated updated retention targets of captive
individuals maintained at Gavins Point National Fish Hatchery and updated spawning and
capture records from Ryan Wilson (USFWS). Priority scores are updated yearly based on
recapture rates and retention targets of captive broodstock determined by GPNFH.
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No broodstock reports were provided during FY 2018. No new females were captured in
2018 likely due to weather conditions.
Objective 2 – Continue to add adult pallid sturgeon to the genetic baseline dataset
Broodstock collection efforts generally capture more adults than are eventually spawned
because not all adults are reproductively viable in a given spawn year, reproductive viability can
not necessarily be determined at time of collection, or adults were collected for broodstock use in
future years. These additional adults collected from the Missouri River are also genotyped and
characterized for species and origin determination. Because these additional adults are returned
to the river, they do have the potential to reproduce in the wild in subsequent years. Inclusion of
these adults into the baseline dataset is useful for future analysis of natural reproduction.
A total of 18 additional adults were genotyped and included into the genetic baseline
following species and origin determination (Table 2: Adults (AD) and Broodstock (BR)). One
individual was sampled from RPMA 1, seven individuals from RPMA 2, two individuals from
RPMA 3, and 8 individuals were sampled from RPMA 4. Species identification was first
performed to determine if samples received were from pallid sturgeon, shovelnose sturgeon, or a
hybrid between pallid and shovelnose. Of the 18 samples analyzed, 17 were identified to be
pallid sturgeon, zero individuals were identified as shovelnose, and 1 sample was identified to be
a hybrid. Of the 17 pallid sturgeon identified, 6 were of hatchery origin and 11 were of unknown
origin (Table 2).
Table 2. Summary of the samples received during FY 2018 for genetic analysis, by RPMA, life stage,
species, and origin for the adult (AD) and broodstock (BR) samples. Species results include pallid (PA),
shovelnose (SH), hybrid (HY), and unknown (UN). Origin was calculated for individuals identified as
pallid sturgeon, and was either hatchery (HA) or unknown (UN).
Life stage
RPMA AD
BR
1
1
0
2
7
0
3
2
0
4
6
2
Total 16
2

Species
PA
SH
1
0
7
0
1
0
8
0
17
0

HY
0
0
1
0
1

Origin
HA
1
3
0
2
6

*fewer samples than normal due to water conditions
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UN
0
4
1
6
11

Objective 3 – Conduct genetic parentage analysis for unknown juvenile pallid sturgeon to
determine hatchery vs. natural origin
A total of 330 putative pallid sturgeon samples were provided from larvae, young-ofyear, or juveniles for species and origin determination (Table 3). This does not include Project
3.7 samples or captive offspring. Five individuals of this size class were sampled from RPMA 1,
63 individuals were sampled from RPMA 2, 21 individuals were sampled from RPMA 3, and
241 samples were from RPMA 4. Genetic species identification was first performed to
determine if samples received were from pallid sturgeon, shovelnose sturgeon, or a hybrid
between pallid and shovelnose. Parentage analysis was also determined for all pallid sturgeon.
Of the 330 samples provided, a total of 271 pallid sturgeon were identified, 29 were determined
to be a shovelnose sturgeon, 25 were determined to be hybrids, 3 individuals were triploid, and 2
individuals did not amplify. Of the 271 samples identified to be pallid sturgeon, 239 were of
hatchery origin and 32 were of unknown origin (Table 3). Two hybrid samples (1992 and 2008
YC) were also hatchery origin. Results from all samples received were provided to the
biologist(s) who collected and sent sample(s).
Table 3. Summary of the samples received during FY 2018 for genetic analysis, by RPMA, life stage,
species, and origin for the larvae (Lar), young-of-year (YOY), and juvenile (JU) samples. Species results
include pallid (PA), shovelnose (SH), hybrid (HY), and unknown (UN). Origin was calculated for
individuals identified as pallid sturgeon, and was either hatchery (HA) or unknown (UN).
Life stage
RPMA Lar
YOY
1
0
0
2
0
17
3
0
0
4
0
10
Total 0
27

JU
5
46
21
231
303

Species
PA
SH
5
0
45
16
21
0
200
13
271
29

HY Triploid/No Amp.
0
0
0
2
0
0
25
3
25
5

Origin
HA
5
45
21
170
241

UN
0
0
0
32
32

*Hatchery origin included 2 hatchery hybrids

In continuing with acquiring genetic information for the complete inventory of captive offspring
at GPNFH, 568 pallid sturgeon were also analyzed in 2018 (Table 4). 557 hatchery crosses were
confirmed. 11 individuals were triploid and could not be analyzed. The triploid samples were
from the 2004 and 2005 year classes.
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Table 4. Summary of captive offspring samples received during FY 2018 for genetic analysis by GPNFH
by year class, number of individuals per year class, confirmed hatchery crosses, and triploid individuals.
Year Class
2002
2004
2005
2006
2016
2017

# Individuals
1
292
123
73
19
60

# Confirmed hatchery crosses
1
282
122
73
19
60

# Triploid individuals
0
10
1
0
0
0

Genetic analysis of unmarked pallid sturgeon in RPMA 1 and 2 (Project 3.7) was also completed
with supplemental funding by Montana Fish Wildlife and Parks. 197 individuals were analyzed
for species identification and hatchery vs unknown origin identification (Table 5). 90 samples
were collected in RPMA 1, and 107 samples were collected in RPMA 2. 195 samples were
determined to be pallid sturgeon and hatchery origin. Two samples from RPMA 1 were triploid
and could not be analyzed. There were 81 different families and 16 different year classes
represented from the 195 hatchery origin individuals collected in RPMA 1 and 2 in 2018 (Table
6).
Table 5. Summary of the Project 3.7 samples received during FY 2018 for genetic analysis, by RPMA, life
stage, species, and origin for juvenile (JU) samples. Species results include pallid (PA), shovelnose (SH),
hybrid (HY), and unknown (UN). Origin was calculated for individuals identified as pallid sturgeon, and
was either hatchery (HA) or unknown (UN).
Life stage
Species
____
Origin
RPMA JU
AD
PA
SH
HY Triploid HA
UN
1
87
3
88
0
0
2
88
0
2
103
4
107
0
0
0
107
0____
Total
190
7
195
0
0
2
195
0
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Table 6. 2018 Project 3.7 samples broke down by RPMA, family female, family male, year class,
and number of individuals per year class.
#
Individuals
per Year
RPMA
Family Female
Family Male
Year Class
Class
1
1F4B246E04
7F7F06583D
1997
2
1
1F4A301354
7F7D291A07
1997
1
1
44635F477B
7F7B031F17
2005
1
1
132213574A
1F482F3F2B
2005
1
1
115557165A
1F50072169
2005
1
1
4443240458
444334021A
2005
1
1
4443250A24
115529097A
2006
1
1
1F497F1801
466C473C59
2006
7
1
1F497F1801
444171072D
2006
1
1
1F497F1801
1F4A0B1A72
2006
1
1
7F7FD66963
1F477B4E51
2007
1
1
47037F460C
7F7F066471
2007
1
1
470378405D
1F4B26036D
2007
1
1
115557165A
1F47760123
2007
2
1
47151A3D3A
7F7D372A6B
2007
1
1
115557463A
444334021A
2008
1
1
1F497F1801
115626162A
2008
1
1
470A675627
115626162A
2008
1
1
1F497F1801
7F7D2D723D
2008
2
1
470A675627
7F7F066471
2008
1
1
470A675627
7F7D2D723D
2008
1
1
220F01755C
4704550E5B
2009
2
1
220F01755C
7F7D37642C
2009
1
1
4315327C7B
4718447879
2009
1
1
115557165A
115679523A
2009
2
1
454B490528
435F71414F
2009
2
1
7F7FD66963
220E4E4E5D
2009
1
1
1F4848153C
1F4A555072
2009
1
1
470468383C
7F7B023408
2009
1
1
115557165A
470A754E14
2009
2
1
7F7FD66963
115525534A
2009
2
1
115557165A
7F7D365422
2009
1
198

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

115557165A
43105F0C7E
1F5569653E
1F5569653E
43105F0C7E
486A080614
486A080614
462C7B2F49
462C7B2F49
462C7B2F49
7F7D517479
7F7D517479
1F48421542
1F48421542
1F48421542
470378405D
7F7D517479
470378405D
1F4B246E04
7F7B021573
411D262C1F
411D262C1F
411D262C1F
116224546A
116224546A
116224546A
114476216A
4443240458
7F7B026102
115676635A
115557165A
7F7B026102
1F497F1801
1F497F1801
1F497F1801
1F497F1801
4443250A24
7F7FD66963

7F7F06697C
44436E2975
1F4A33194B
7F7D24754C
1F4A143350
2224076523
7F7B025248
487F4B1745
1F4B225A1A
1F4A435004
7F7D433241
486838404F
115556461A
1F53312736
7F7D376F73
411D0B4E09
7F7D7C2447
220F107A6F
7F7F06583D
113719262A
41476A0462
17509415139
411D0B4E09
116167123A
1F477B3A65
220F107A6F
430E452777
444334021A
115553761A
7F7B031F17
7F7B031F17
7F7B023253
1F4A0B1A72
1F4A3E1445
444171072D
466C473C59
465D43745B
115525534A
199

2009
2010
2010
2010
2010
2012
2012
2013
2013
2013
2014
2014
2015
2015
2015
2016
2016
2016
1997
1999
2001
2001
2001
2002
2002
2002
2004
2005
2005
2005
2005
2005
2006
2006
2006
2006
2006
2007

1
3
1
1
2
2
1
1
2
2
1
3
6
7
6
1
1
1
1
1
2
1
1
1
1
6
1
1
1
1
2
1
4
3
2
6
2
1

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

1F4A436E66
47151A3D3A
7F7B025D51
40636B2945
470A675627
470A675627
470A675627
1F497F1801
7F7F066452
1F497F1801
1F497F1801
470468383C
115557165A
115557165A
220F01755C
220F01755C
220F01755C
1F5569653E
1F5569653E
43105F0C7E
6C00024873
1F5569653E
43105F0C7E
486A080614
462C7B2F49
1F48421542
1F48421542
4A46717168
7F7D517479
4A46717168
470378405D

115529097A
115669294A
4441774C6E
115712453A
7F7F066471
7F7E55466D
115626162A
7F7D2D723D
1F4A13592B
1F4849755B
115712453A
47037F3026
115679523A
470A754E14
43105C602B
7F7D37642C
4704550E5B
132313521A
7F7D24754C
44436E2975
1F4A24076C
1F4A33194B
1F4A143350
2224076523
1F4A435004
7F7D376F73
1F53312736
7F7D23292E
0A180E0E7E
7F7F065834
220F0E6207

2007
2007
2007
2007
2008
2008
2008
2008
2008
2008
2008
2009
2009
2009
2009
2009
2009
2010
2010
2010
2010
2010
2010
2012
2013
2015
2015
2016
2016
2016
2016

1
1
1
1
3
2
2
1
1
3
1
1
2
2
2
17
2
1
8
1
1
1
2
1
4
1
1
1
1
1
1

In 2018, standardization and updating of baselines for the Central Lowlands Management Unit
and Interior Highlands Management Unit continued in collaboration with Dr. Ed Heist from
Southern Illinois University. Genotypes were compared as a quality control measure for all
individuals added to these baselines.
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Summary of Upper Basin Work
Gavins Point NFH
2018
Gavins Point NFH is working on a reduction plan for the captive broodstock. Fin clips were taken
from every fish in the captive broodstock for genetic parental verification. Once the genetic
results are completed then the final reduction plan will be finalized. The captive broodstock
produced 307,286 eggs and 100,000 fry for research facilities. Cryopreservation was completed
on 12 unique captive males.
Gavins Point NFH also worked on pallid sturgeon early life stage mortality and found a noticeable
difference in survival when utilizing pond water. For the first 12 days of survival, lake and well
water averaged 10% while pond water survival was 95% across five different family lots.
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PALLID STURGEON PROPAGATION
2018
Garrison Dam NFH
Rob Holm
US Fish and Wildlife Service
Garrison Dam NFH, Riverdale ND

Background/Introduction
The Pallid Sturgeon Recovery Plan (1993) established guidance for collection of wild brood fish,
propagation, research needs, and reintroduction of progeny to accomplish recovery goals. This
hatchery’s role in the recovery effort focuses on the development of techniques for spawning and
rearing of pallids and propagation for augmentation. Pallid Sturgeon propagation at Garrison Dam
NFH began in 1997. Successful spawning has occurred annually since 1998. Stockings from
Garrison Dam NFH have occurred annually since 2002 in the Missouri and Yellowstone Rivers
from Missouri to Montana. As of the spring stocking in 2018, a total of 285,379 fish and 1,500,924
fry had been directly stocked from Garrison Dam NFH to supplement recovery. Additional eggs,
fry and fish from Garrison Dam NFH have been shipped to other participating recovery hatcheries
and research facilities for further growth prior to stocking. Cryopreservation of milt also is a
priority recovery action with Garrison Dam NFH being one of three hatcheries maintaining the
pallid sturgeon milt repository. As of the fall 2018, 100 unique wild males have been
cryopreserved for the Upper Basin Recovery. Four have no progeny stocked in any RPA and an
additional 16 are not represented in all three RPAs.

Objectives
Garrison Dam NFH will be the spawning site for all wild brood collected that have not contributed
progeny into the three upper RPA’s. Pairing for family lots will be based on the results from the
Lamar FTC for broodstock selection. Milt will be shipped overnight to be cryopreserved at Warm
Springs FTC. We will use a 1X3 mating strategy making use of wild collected brood fish that have
not contributed progeny to the recovery effort. The cryo repository will serve as a backup in the
event we are short ‘new’ males.
The stocking request for 2018 will depend upon the number of adults captured that have not
contributed progeny. Our stocking target will approximate the mean number of offspring released
for the male families in each RPA to increase the effective population.
RPA1 - 270 spring yearlings/family
RPA2 - 400 spring yearlings/family
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RPA3 - 30 spring yearlings/family up to a maximum of 180 fish
Approximately five thousand eggs per family (100 mls) will be sent to Gavins Point NFH for
broodstock development. Gavins Point NFH will be spawning wild (RPA 4) and captive
broodstock again this year. Progeny from the captive brood program will be used for research.

Spring Capture 2018
May 6 - Male PIT tag 1F4A13592B captured and released.
May 7 - Male PIT tag 1F521B1E56 (AKA 116175735A & 1F54696C38) captured at Fairview and
taken to GDNFH. Two other males also captured and released; 7F7D291A07 and 7F7D37642C.
May 8 - Male PIT tag 6C00112905 captured at Fairview and taken to GDNFH. Five other males
also captured and released; 115712453A, 1F482F3F2B, 220E5E551E, 220F107A6F, and
4704550E5B.
May 9 - Six pallid brooders captured, four males and two females. All released at capture as all
previously used in the propagation program. Female 470A675627 is black egged. Female
4A49070E13 was not assessed. Males captured included 115669294A, 1F4A0B1A72,
1F4A363031, and 7F7D2D723D.
May 10 - Male PIT tag 7F7F05635A captured at Intake by the USGS crews shuttling fish around
the diversion dam and taken to GDNFH. Three other males collected at the confluence;
132313521A, 465B6F1939, and 486838404F.
End of broodstock collections (total of 5 days). Water flows on the Yellowstone are dangerously
high this Spring and unsafe for further broodstock collections. To date there have been 66
individual females, 114 males and 75 unknowns captured in RPA2.
Table 1. RPA 2 Pallid Broodstock Captures
Year

Pallids Females
Males Unknowns
Collected
Collected
Collected

1988

3

1

1

1

1989

5

1

0

4

1990

5

1

1

3
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1991

11

1

4

6

1992

38

4

16

18

1993

27

4

5

18

1994

66

6

23

37

1995

22

5

12

5

1996

20

5

12

3

1997

24

6

14

4

1998

14

3

9

2

1999

17

5

9

3

2000

26

4

17

5

2001

22

5

16

1

2002

30

8

21

1

2003

53

7

39

7

2004

65

16

48

1

2005

44

11

28

5

2006

66

14

49

3

2007

44

12

32

0

2008

62

15

47

0

2009

51

8

43

0

2010

40

5

35

0

2011

10

3

6

1

2012

43

9

34

0

2013

31

7

23

1

2014

25

5

20

0
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2015

27

3

24

0

2016

17

8

25

1

2017

37

8

28

1

2018

3

5

23

0

Total

951

190

644

131

8%

20%

0%

% of individuals
captured this
year
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Table 2. Adults Captured in 2018

2018 Pallid Broodstock Captures
PIT Tag

PIT Tag 2

Code

Capture
Date

Weight Sex
lbs

116175735A 1F521B1E56

5/7/18

32

M

6C00112905

5/8/18

32

7F7F05635A

5/10/18

25

1F4A13592B 220D4E6A57

5/6/18

M

7F7D291A07

5/7/18

M

7F7D37642C

5/7/18

M

115712453A

5/8/18

M

1F482F3F2B

5/8/18

M

220E5E551E 220D0E1F0B

5/8/18

M

220F107A6F

5/8/18

M

4704550E5B 7F7B082208

5/8/18

M

470A675627

5/9/18

F

Spawn Cryo
Year

To

Stocked Progeny
Comments

Year Hatchery RPA1 RPA2 RPA3

2017 2017

X

297

440

60

1F54696C38 - 3 PIT tags

M

X

0

0

0

New fish

M

X

0

0

0

Last captured in June 1994

Black eggs
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4A49070E13

5/9/18

F

115669294A

5/9/18

M

5/9/18

M

1F4A363031

5/9/18

M

7F7D2D723D

5/9/18

M

132313521A

5/10/18

M

465B6F1939

5/10/18

M

486838404F 4310624556

5/10/18

M

115557165A

5/16/18

F

Black eggs

470378405D

5/29/18

F

Black eggs

7F7FD66963 220E5B3803

6/13/18

F

Atretic

115553761A

6/15/18

M

115669540A

6/15/18

M

1F4A435004

6/15/18

M

115675486A

6/18/18

M

1F4A0B1A72
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4441774C6E

7/25/18

M
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Spawning and Propagation
June 24 - Pallids given injections of LH-RHa at the standard dosages starting at 10:00 pm.
June 26 - The 3 males were checked for spermiation and milt extracted at 10:00 am in two fish.
Later that day at 1:20 pm the fish were handled again and milt collected. Still no response from
male 7F7F05635A.
June 27 - milt from the two males is shipped to Warm Springs FTC for cryopreservation in a
solution of Akos and glutamine.
June 28 - Milt from the two males successfully frozen - 100 0.5- ml straws and 20 5-ml straws
per male. Motilty is 80% and 95%.
July 17 - The NDGF caught a HRPS in their standard sampling nets near Bear Den Bay on Lake
Sakakawea. The 3rd left scute was missing. No PIT tag reader was available. The fish was
caught in 25 foot of water. Total length was 590mm, fork length 490 mm and weight 990
grams.
August 6 - Milt from Warm Springs is received and placed in storage dewars. 40 0.5-ml straws
and 8 5-ml straws.
Sept 10 - broodstock are released in the river.
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Tables, charts and appendices removed by editor to limit size of annual
report. Please contact Rob Holm for the relevant data.
Table 3. Fry Inventories
Table 4. Broodstock Data
Table 5. Milt Collections
100 wild males are now represented in the repository.
Table 6. Proposed Stocking Targets
Table 6. Female # - Spawning Results
Table 10. Egg Hatch and Fry Survival
Table 11. Survival Summary
Table 12. Initial Growth and Survival
Table 13. Summer Growth
Table 14. Fall Growth
Table 15. Overwinter Growth and Survival
Table 16. Spring Stockings in RPA1 and RPA3
Table 17. Spring Stocking Missouri River RPMA2
Table 18. Spring Stocking - Yellowstone River RPMA 2
Table 19. Feed Amounts and Cost
Table 20. Proposed Spawning Strategy Using Relatedness Analysis
Table 21. Oocyte Maturation Assay
Table 23. Oocyte Maturation Assay
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Appendix 1. Milt Repository at Garrison Dam NFH
Appendix 3. RPA 2 Missouri River Stockings from Garrison Dam NFH (
Appendix 4. RPA 2 Yellowstone River Stockings from Garrison Dam NFH
Appendix 5. RPA 1 Stockings from Garrison Dam NFH
Appendix 6. RPA 3 Stockings from Garrison Dam NFH
Appendix 7. RPA 4 Stockings from Garrison Dam NFH
Appendix 8. Females Used in Upper Basin Recovery Effort
Appendix 9. Males Used in Upper Basin Recovery Effort
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Chart 1. Broodstock Tank Temperatures
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Appendix 2. Cryopreserved Milt Repository - Upper Basin Wild

114 males are represented in the repository, 100 from the wild and 14 from the broodstock program. 45 males have been
cryopreserved on more than one occasion (repeats). Four wild males are not yet represented as progeny in the river and 16 are needed
on one of the three RPA’s. Milt prior to 2008 is of poorer quality due to cryoprotectant used (HBSS pre-2008, AKOS from 2008 to
present)and 0.5 ml straws are generally higher quality.
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Appendix 11. Garrison Dam NFH Hatchery Capacity
Tank Capacity at a Density of 0.5 Pounds per Square
Foot
Tank

#

Size(ft)

Square Total Capacity Capacity Capacity Capacity Capacity Capacity
of 2"
of 4"
of 6"
of 8"
of 9"
of 10"
Ft (ea) Sqft fish/tank fish/tank fish/tank fish/tank fish/tank fish/tank
892.86

111.61

33.07

13.95

9.80

7.14

4 Circular 10

12.6

126

5625

703

208

88

62

45

5 Circular 38

19.6

744.8

8750

1094

324

137

96

70

6 Circular 0

28.2

0

12589

1574

466

197

138

101

8 Circular 7

50.2

351.4

22411

2801

830

350

246

179

20 Circular

2

314

628

140179

17522

5192

2190

1538

1121

3 X 29 Tanks

8

87

696

38839

4855

1438

607

426

311

Total

65

2546

1136696

142087

42100

17761

12474

9094

Normal Hatchery
Capacity

55

545625

68203

20208

8525

5988

4365

Overwinter Tank Capacity at a Density of 0.70 Pounds per Square Foot
Tank
Size(ft)

#

Square Total Capacity Capacity Capacity Capacity Capacity Capacity
of 10"
of 11"
of 12"
of 13"
of 14"
of 15"
Ft (ea) Sqft fish/tank fish/tank fish/tank fish/tank fish/tank fish/tank
7.14

5.37
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4.13

3.25

2.60

2.12

4
Circular

10

12.6

126

63

47

36

29

23

19

5
Circular

38

19.6

744.8

98

74

57

45

36

29

6
Circular

0

28.2

0

141

106

82

64

51

42

8
Circular

7

50.2

351.4

251

189

145

114

91

74

20 Circular

2

314

628

1570

1180

909

715

572

465

3 X 29 Tanks

8

87

696

435

327

252

198

159

129

Total

65

2546

12731

9565

7367

5795

4640

3772

Normal
Hatchery
Capacity

55

6111

4591

3536

2782

2227

1811
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Appendix 12. Fish Health Diagnostics Report
17-257

Amberly Huttinger

Garrison Dam NFH

Bozeman Fish Health Center

PAS

(406) 582-8656 X26

12 fish submitted for histology

Amberly_huttinger@fws.gov

Background:
On September 5, 2017, the Bozeman Fish Health Center received 12 pallid sturgeon fry for
troubleshooting from Garrison Dam National Fish Hatchery. These fish came from the
following groups: 2E4B x 1E56, 0979 x 7A6F, and 0979 x 4F2D. Hatchery staff had noticed that
some of the fish were emaciated.

Histology:
Gills were mostly normal, but bacteria and debris were found in the oral cavity and around
the gills. One fish from the third group (0979 x 4F2D) showed severe hypertrophy in gill tissue
(Fig. 1). Hearts were normal. Spleens, when present in sections, were slightly granulomatous.
Kidneys showed mild to moderate hydropic degeneration (Fig. 2). Livers showed a high
amount of glycogen vacuolation in the first group (2E4B x 1E56), but far less in the other
groups. Stomachs and intestines were packed with feed in all three groups. Bacteria were
observed in the gastrointestinal tracts of the fish from all three groups. No suspected
iridovirus inclusions were observed.

Summary:
Fish appeared to be actively feeding and had full stomachs and intestines; however, only the
first group (2E4B x 1E56) showed a normal level of glycogen vacuolation in the livers. The
livers of the fish in the other two groups contained less glycogen than is typically seen in
hatchery-raised pallid sturgeon.
Bacteria were observed in the GI tracts as well as in the oral cavity and in and around the gills.
Changes in the kidneys suggest that there also might be an issue with fluid imbalance.
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Appendix 13. Fish Health Inspection Report
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Appendix 14. RPA1 Variance Effective Population
The median number for males in RPA1 is 352 and for females 560.
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Appendix 15. RPA2 Variance Effective Population

Median number for males in RPA2 is 661 and for females 734.
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Appendix 16. RPA3 Variance Effective Population

The median number for males in RPA3 is 63 and for females 102.
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Determination of Reproductive Indices in Hatchery-origin Pallid Sturgeon in the Missouri and
Yellowstone Rivers

2018-2019 Annual Report

Molly A.H. Webb
USFWS, Bozeman Fish Technology Center

Executive Summary: This project will determine the age at sexual differentiation, onset of puberty and
first maturity, and spawning periodicity of hatchery-origin (HO) pallid sturgeon in the Missouri and
Yellowstone rivers using known-aged juvenile pallid sturgeon. Millions of dollars and considerable effort
for endangered pallid sturgeon in the upper basin of the Missouri River has been placed in the conservation
propagation program to prevent extirpation of the species. Hundreds of thousands of pallid sturgeon
young-of-year have been released into the upper Missouri River since 1998. Those fish are now reaching
sexual maturity as determined by circulating sex steroid concentrations, collection of mature ovarian
follicles, and evidence of ovulation. As the heritage fish age and die, we will be reliant on the HO pallid
sturgeon to maintain the species. Understanding whether the HO pallid sturgeon are capable of
reestablishment through natural spawning is vital to the recovery program.

Since 2009, over 1,000 plasma samples from HO pallid sturgeon captured in the Missouri and Yellowstone
rivers have been analyzed to determine if puberty has been reached and, if so, assign sex and stage of
maturity. The 1997 and older year classes provide an opportunity to determine age and size at onset of
puberty and spawning periodicity in pallid sturgeon as these fish are now over 21 years old.

Sex steroids can be used to assign sex and stage of maturity less invasively in sturgeon species compared to
other techniques such as biopsy (Webb and Doroshov, 2011; Webb et al. 2018). The objective of this
project is to analyze blood plasma sex steroid concentrations in HO pallid sturgeon in the upper Missouri
and Yellowstone rivers to assign sex and stage of maturity and determine the age and size at first maturity
as well as spawning periodicity.

Project Status/Anticipated/Expected Date of Completion: This project was completed in June 2019.
Analysis of 175 HO and wild pallid sturgeon plasma samples is reported here.
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Accomplishments/Recommendations/Results:
Methods
Blood plasma samples from HO and wild pallid sturgeon that have been analyzed to date for testosterone
(T) and estradiol (E2) concentrations were collected from: RPMA 1 by Montana Fish Wildlife and Parks
(MTFWP) personnel and a Cooperative Fishery Research Unit graduate student; RPMA 2 on the Missouri
River by USFWS personnel; RPMA 2 on the Missouri River by MTFWP personnel; RPMA 2 on the
Yellowstone by MTFWP and USGS; RPMA 3 by USFWS personnel. Capture location on the Missouri
River varied between river mile (RM) 1880 and 2050 for RPMA 1, between RM 1533 and 1762 in RPMA
2, and between RM 828 and 831 in RPMA 3. Capture location on the Yellowstone River varied between
RM 8 and 70. Blood samples were collected from the caudal vasculature and centrifuged to separate the
plasma. The plasma was frozen and sent to the Bozeman Fish Technology Center (BFTC) for analysis of
plasma T and E2 concentrations. Steroids in all samples were analyzed by LC/MS/MS at the University of
Florida, and steroids in a subsample were analyzed by radioimmunoassay at the Bozeman Fish Technology
Center. Blood plasma steroid concentrations were extracted and measured by radioimmunoassay following
the methods described in Fitzpatrick et al. (1986) and modified by Feist et al. (1990). There was a strong
correlation between the steroid concentrations analyzed by both techniques, therefore, steroids may be
analyzed by LC/MS/MS in the future if needed.

Results and Discussion
Blood plasma T and E2 concentrations were analyzed in a total of 175 HO and wild pallid sturgeon handled
in 2018. Using the steroid concentrations of T>8 ng/ml and E2>0.30 ng/ml to differentiate vitellogenic and
ripe females from other fish, there were seven females classified as vitellogenic or ripe in RPMA 1. Using
a concentration of T>38 ng/ml, there was one reproductive male classified in RPMA 1. Using these same
steroid concentrations, there were 10 vitellogenic and ripe females and three reproductive males in RPMA
2.

I am currently working with the biologists and managers to complete the dataset (length, weight, capture
date, HO or wild, etc).
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Pallid Sturgeon Migration and Spawning in the Yellowstone River, 2018
Patrick J. Braaten, U. S. Geological Survey, Columbia Environmental Research Center,
Fort Peck Project Office, Fort Peck, Montana 59223
Background
An extant stock of 100 – 125 (Jager et al. 2008) wild pallid sturgeon Scaphirhynchus albus inhabits
the Upper Missouri River basin including the relatively natural Yellowstone River, flow- and temperaturealtered Missouri River downstream from Fort Peck Dam, and the headwaters area of Lake Sakakawea.
Although wild pallid sturgeon within this stock are reproductively active (Fuller and others 2008; DeLonay
and others 2014, 2016a, 2016b, 2016c, DeLonay and others, in revision a, b), natural recruits to the stock
have not been detected for decades, and evidence suggests complete recruitment failure or severe
recruitment limitation since the mid-1950s (USFWS 2007; Braaten and others, 2015a). To diminish the
threat of localized extirpation, the wild stock of pallid sturgeon has been supplemented almost annually
since the late 1990s with hatchery – origin pallid sturgeon (HOPS). Nearly 245,000 HOPS have been
stocked, and as of 2016, an estimated 16,000 individuals remained in the system (Rotella 2017). Although
suspected to be approaching or in some cases attaining sexual maturity, spawning by HOPS has not been
verified in these portions of the Missouri and Yellowstone rivers.
Studies on the reproductive ecology of wild pallid sturgeon in the Missouri and
Yellowstone river systems were initiated in 2007 (Fuller and others 2008), and expanded since 2011
(Braaten and others, 2015b; DeLonay and others 2014, 2016a, 2016b, 2016c; DeLonay and others, in
revision a, b) to examine the spatial extent and temporal aspects of pre – spawn migrations, male
aggregations as early indicators of spawning patches, verification of spawning, and quantification of
hydraulic elements at spawning patches. Studies in recent years have also included assessments of HOPS
as an increasing number of HOPS has been added to the telemetered research population and these fish are
being detected at an increasing rate with the wild pallid sturgeon. In addition, research has focused on
verifying the reproductive functionality of spawning patches where sampling for dispersing free embryos
and larvae is conducted downstream from known or suspected spawning patches to verify that spawning
patches provide conditions supporting fertilization, incubation, hatch, and drift-entry for early life stages.
In 2018, collaborative work with Montana Fish, Wildlife and Parks (MFWP) maintained continuity
from previous years to examine the reproductive ecology of pallid sturgeon in the Upper Missouri River
basin. Progress summarized in this report focuses on pallid sturgeon in the Yellowstone River as progress
on the Missouri River is summarized under a separate report by MFWP. The objectives included: 1)
assessing the spatial and temporal attributes of pallid sturgeon pre – spawn migrations, 2) identifying the
location(s) and timing of spawning events, and 3) verifying functionality of spawning habitats based on
captures of pallid sturgeon free embryos and larvae. In addition to the USGS-MFWP collaborations, work
in 2018 also included the U. S. Bureau of Reclamation (Reclamation) that conducted translocation work at
Intake Dam; the translocation work utilized the same research population of telemetered wild pallid
sturgeon and HOPS.

226

Methods
At the outset of the 2018 field season, it was anticipated that nine wild female pallid sturgeon could
be spawn candidates based on known reproductive histories (codes 9, 30, 34, 35, 36, 37, 40, 116, and 122).
However, three females (codes 30, 37, 122) were not found or detected, one female (code 34) was detected
only a few times, and the transmitter for female code 9 was repetitively found near RM 1567.7 to suggest
the potential for a shed transmitter. For the four remaining females, female code 35 was captured in the
Missouri River just upstream from the Yellowstone River confluence (RM 1583.5) on May 9, 2018, and
found to be gravid (weight = 24.5 kg, egg sample obtained). Female code 36 was captured on May 29,
2018, in the Missouri River (RM 1726.4) approaching Frazer, Montana, and found to be gravid (weight =
17.5 kg, egg sample obtained). Female code 116 was captured in the Yellowstone River at RM 10.8 on
May 16, 2018, and was gravid (21.5 kg, egg sample obtained). The fourth wild female (code 40) was
initially captured on June 7, 2018, in the Yellowstone River (RM 8.9). Female code 40 weighed 15.5 kg,
and although suspected to be a spawn-candidate, only a few eggs were obtained and the laboratory
assessment verified that this female was atretic (Dr. Molly Webb, personal communication, June 13, 2018).
Thus, three wild female pallid sturgeon were verified as spawn-candidates for 2018 (codes 35, 36, 116). In
addition to the wild females, two female HOPS from the 1997 year class were verified as spawn-candidates
for 2018. These females included code 54 (captured May 15) in the Missouri River at RM 1734.9 (weight
= 9.0 kg, egg sample obtained) and code 177 (captured June 14) in the Missouri River at RM 1762.3
(weight = 7.5 kg, egg sample obtained; see MFWP report for details on these fish). Both HOPS females
primarily occupied the upper Missouri River where environmental conditions were strongly influenced by
spillway releases through the Fort Peck Dam spillway. A third HOPS female (code 203) suspected as a
potential spawn-candidate for 2018 was captured in the Missouri River at RM 1762.1 on June 19, but a
biopsy on this female indicated she was non-reproductive (weight = 2.5 kg, no black eggs observed).
Radio telemetry including manual tracking by boat and deployment of automated telemetry ground
stations was initiated in late April. Pallid sturgeon relocation points and environmental attributes obtained
during manual tracking were recorded on a highly customized mobile mapping and electronic data
collection application. Automated telemetry ground stations were deployed by USGS and MFWP at
multiple locations in the Yellowstone River including near the Missouri River confluence (RM 1.0), RM
7.8, RM 39.8, RM 62.9, Intake Dam (RM 72.8), RM 99.8, RM 115.2, the Powder River confluence (RM
149.2), and at Miles City (RM 185.0). Telemetry ground stations were also deployed within the HFSC
adjacent to Intake Dam near the downstream (RM 71.4) and upstream (RM 74.9) connections to the
mainstem river. In addition, telemetry ground stations were deployed in the Missouri River and Milk River
as described in the Upper Missouri and Milk River report. Ground station detections complemented manual
tracking relocations to provide more continuous assessments of migrations and movements within and
among rivers.
Relocations and detections of pallid sturgeon from radio telemetry in 2018 were partially
confounded by two factors. First, several pallid sturgeon composing the population were initially implanted
in 2012. It was anticipated that the transmitters would remain functional through 2019, but the transmitters
began expiring prior to and early in the field season. Although some individuals were recaptured and reimplanted with new transmitters, the number of 2012 implants relocated and detected declined through the
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season and reduced the number of fish composing the research population. The first factor was also
compounded by a second factor, in that elevated flow conditions in the Missouri and Yellowstone rivers
and corresponding deep water contributed to difficulties in detecting and relocating fish. Based on these
two factors, the total number of fish composing the research population could not be accurately quantified
through the season.
Sampling for pallid sturgeon free embryos and larvae produced from potential spawning events in
the Yellowstone River system was conducted in the lower Yellowstone River (centered at RM 4.2 – 5.9),
and in the Powder River by MFWP personnel primarily in the lower 0.5 miles. Owing to potential
spawning activity in the Missouri River near the Fort Peck Dam spillway, crews from the Yellowstone
River also sampled free embryos and larvae in the lower Missouri River, centered around RM 1589.5 –
1589.6. Sampling for pallid sturgeon free embryos and larvae was conducted using 3.0-m long tapered
rectangular nets (1.0 mm mesh) affixed to rectangular frames (0.75-m width, 0.5-m height; see Braaten and
others, 2010). Paired nets were simultaneously deployed from the port and starboard sides of the boat bow,
and fished in the lower 0.5 – m of the water column adjacent to the river bed. A sounding weight or paired
down rigger weights were attached to the net frame to maintain net contact with the river bed. Sample
contents were flushed from the net and terminal collecting cup, transferred to black pans, and
Acipenseriformes (shovelnose sturgeon, pallid sturgeon, paddlefish) free embryos and larvae were live –
extracted from the detritus. Specimens were immediately preserved in vials containing 95 percent non –
denatured ethanol. In the laboratory, preserved specimens were tentatively identified as Scaphirhynchus
sp., paddlefish, or unknown (that is, damaged beyond definitive recognition because of smashed bodies or
missing body parts) based on morphometric and meristic characters, measured, and photographed.
Preserved Acipenseriformes were sent to Dr. Ed Heist (Southern Illinois University; SIU) for genetic
analysis (Eichelberger and others, 2014) to differentiate specimens as shovelnose sturgeon, pallid sturgeon
or paddlefish.
Progress
Hydrologic and Thermal Regime
Elevated flow conditions in the Yellowstone River, Powder River, and Missouri River characterized
the hydrologic regime in 2018 (Braaten_Figure 1). Flows in the Yellowstone River steadily increased from
late-April to the June 2 peak (maximum = 79,900 ft3/s), then remained greater than 50,000 ft3/s until July 5.
Thereafter, flows in the Yellowstone River diminished. Elevated flow conditions were characteristic of the
Powder River as flows in this system initially increased to 1,340 ft3/s on April 13, fluctuated moderately
until the summer maximum of 2,710 ft3/s on June 1. Flows in the Missouri River were also elevated during
2018 due to elevated contributions from the Milk River during April through early May, and with elevated
Milk River inputs, maximum discharge for the Missouri River at Culbertson, Montana, peaked at 24,100
ft3/s on May 4. Flows in the Missouri River remained elevated for much of the season due to releases of
water over the spillway at Fort Peck Dam. Temperature in the Yellowstone River fluctuated substantially
from May through mid-June when warm peaks occurred on May 8 (17.9 oC), May 26 (19.1 oC), and June
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10 (21.2 oC), but only after June 20 did water temperature consistently increase and remain elevated
(Braaten_Figure 1).
Pallid Sturgeon Activity and Migrations at Intake Dam
A total of 21 pallid sturgeon implanted with transmitters were detected in the reach affected by
Intake Dam during 2018 (Braaten_Table 1). Fish detected by the logging station at Intake Dam including
HOPS codes 40, 66, 69, 98, 124, 140, 146, 147, 154, 155, 160, and 180.
Wild pallid sturgeon detected by the logging station at Intake Dam included codes 11, 49, 61, 77,
87, 131, and 179. Excluding one fish that had an extended winter and spring residency near Intake Dam
(HOPS code 140), dates of arrivals and detections at Intake Dam spanned several weeks from late April
(upstream migrations) through the summer months (Braaten_Table 1). Owing to elevated flow conditions
in the Yellowstone River during 2018, the high-flow side channel adjacent to Intake Dam supported
flowing water conditions to facilitate passage. Eight pallid sturgeon were detected in the HFSC, and of
these fish, four pallid sturgeon successfully negotiated the HFSC for continued upstream migrations.
Passage through the HFSC occurred on May 26 (wild code 49), May 30 (HOPS code 160), on June 2 (wild
code 61), and June 3 (HOPS code 147) when mainstem discharge (as recorded at the USGS gage at
Glendive, Montana) was 60,900 ft3/s, 68,100 ft3/s, 74,600 ft3/s, and 72,500 ft3/s, respectively. One pallid
sturgeon (HOPS code 140) passed over/through the rocks at Intake Dam on July 21 when discharge was
19,900 ft3/s. In addition to upstream passage through the HFSC or over Intake Dam (in the case of HOPS
code 140), translocation activities conducted by Reclamation personnel also enabled HOPS and wild pallid
sturgeon to move upstream from Intake Dam. In 2018, Reclamation translocated seven pallid sturgeon (4
HOPS, 3 wilds; Braaten_Table 1), and all except one fish were either known males or of unknown sex. The
one female translocated (wild code 87) was not reproductive in 2018.
Pallid sturgeon that volitionally migrated past Intake Dam or were translocated exhibited a broad
range of post-passage upstream migration behaviors (Braaten_Table 1). For example, wild male code 11
continued an upstream migration that persisted to the Powder River confluence (RM 149.2, detection May
16), to the mid-reaches of the Powder River (Powder RM 30.9, detection May 19), and to the most
upstream detection terminus in the Powder River (Powder RM 87.7, detection June 1). Code 11 maintained
residency in portions of the Powder River until June 9, passed downstream over Intake Dam on June 11,
and by June 12, code 11 was found in the lower eight miles of the Yellowstone River in close proximity to
aggregations of male pallid sturgeon (see below). Other pallid sturgeon that demonstrated extensive
migrations included HOPS code 98 (persisted to Yellowstone RM 236.6; June 19) and wild code 61
(Yellowstone RM 189.7; June 28). In contrast to extensive migrators, some pallid sturgeon exhibited
restricted migrations after passing Intake Dam. For example, wild male code 49 migrated upstream only a
few miles to Yellowstone RM 76.7 (May 29) after passing through the side channel on May 26.
Male Aggregations and Pallid Sturgeon Spawning Chronology
Wild male pallid sturgeon and HOPS (represented by known males and individuals of unknown sex)
exhibited aggregation behavior in the lower Yellowstone River during 2018, but locations, persistence of
the aggregations, and number of fish in the aggregations varied through time (Braaten_Figure 2). A small
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aggregation of pallid sturgeon was noted at RM 6.6 – 7.2 early in the season (May 7 – 10), and in one case,
11 pallid sturgeon were detected at RM 8.0 on May 9. Pallid sturgeon during late May and early June were
mostly scattered, but groups were noted on occasion. In early June, aggregation behavior was detected at
RM 2.6-3.1 where 3-5 pallid sturgeon were observed. However, this aggregation mostly disbanded after a
few days. The most persistent aggregation occurred at RM 5.5-6.7 where multiple pallid sturgeon
(maximum = 14 fish) were documented for several days through late June.
Female code 35 was one of the spawn-candidates for 2018. This female was captured by MFWP
personnel on May 9 in the Missouri River at RM 1,583.5 carrying black eggs (24.5 kg). During May 15-22,
code 35 was located between RM 7.8-14.2 of the Yellowstone River; however, after May 22, code 35 was
not detected again. It is uncertain if the transmitter for this female expired or if elevated water conditions
diminished detection success. Due to lack of detections, spawning for code 35 was undetermined.
Female code 40 was a second spawn-candidate for 2018. During April 22 through May 15, code 40
migrated upstream in the Yellowstone River to an apex of RM 56.5 then moved downstream where she was
found at Yellowstone River RM 0.2 on May 24 (Braaten_Figure 3). Female code 40 moved slightly
upstream where she was located at RM 7.8-8.7 during May 2531. On June 7, female code 40 was finally
captured at RM 8.9 for pre-spawn assessment (15.5 kg) and fitted with a small spawn-indicator transmitter;
however, during the pre-spawn assessment, extracted eggs were suspicious in macro appearance – not black
and robust as typically characteristic of spawn-ready females. The eggs were shipped to Dr. Molly Webb
for microscopic examination. During June 10-13, female code 40 remained relatively localized at RM 5.69.2. On June 13, egg results were obtained from Dr. Webb and it was determined that female code 40 was
atretic. After obtaining results of the atresia, code 40 was recaptured and implanted with a new transmitter
(code 99).
Female code 116 was the third spawn-candidate that resided primarily in the Yellowstone River.
This female was captured on May 16 in the Yellowstone River (RM 10.8), weighed 21.5 kg, and was full of
eggs. Code 116 exhibited an upstream migration to RM 37.3 on May 23, then swam back down to the
lower reaches of the Yellowstone River where she was detected at RM 7.8 on May 24 (Braaten_Figure 3).
During May 25-June 4, code 116 performed slight up- and downstream behavior, being detected at RM 1.0
through 9.0. Code 116 remained localized (RM 4.4-5.1) during June 8-10. On June 11, crews initially
located code 116 at RM 3.1 at 12:03 PM, and given her somewhat unusual behavior, had planned to capture
her for reproductive assessments. However, the RM 3.1 location was in an area of submerged and
emergent trees and she could not be caught. Through the afternoon of June 11, code 116 moved gradually
downstream and was not caught. After June 11, code 116 was not observed in the Yellowstone River. On
June 14, code 116 was located and captured in the Missouri River 6.9 miles downstream from the
Yellowstone River confluence. Ultrasound was performed and indicated that the female was devoid of
eggs. Post-spawn conditions were also supported by egg extraction as not eggs were found. The female
weighed 20.0 kg (1.5 kg less than pre-spawn weight; 7% loss of body weight); however, there was a
moderately large item in the gut of code 116 (likely a one or more food items) that contributed to the
greater-than-anticipated post-spawn weight. Collectively, although spawning occurred for female code
116, the specific date and location were not determined. However, if spawning occurred in the
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Yellowstone River, it occurred prior to June 11 – one of the earlier spawn occurrences noted for the
Yellowstone River system.
Code 36 was the fourth spawn-candidate female. This female was initially detected in the lower 3.6
miles of the Yellowstone River during April 24-25, then moved out of the Yellowstone River and into the
Missouri River (Braaten_Figure 3). During April 26 through June 19, code 36 was relocated multiple times
in the upper Missouri River in and near the Fort Peck Dam spillway outfall. The fish was captured on May
29 at RM 1,726.4 of the Missouri River and determined to be spawn-ready (for example, full of eggs,
weight = 17.5 kg). Code 36 was captured again on June 14 in the upper Missouri River (RM 1,746.8) still
in pre-spawn condition (carrying eggs, weight = 17.5 kg). From June 14-19, female code 36 moved
downstream in the Missouri River and after being found in deep hole of the Missouri and Yellowstone
River confluence late afternoon on June 19, code 36 moved upstream in the Yellowstone River where
crews maintained contact with the female through 7:30 PM (RM 2.7). Code 36 was not captured and fitted
with a spawn-indicator transmitter as it was possible that handling and transmitter insertion might disrupt
her spawning at this presumed close spawning date. Suspecting that spawning was imminent, crews
maintained contact with code 36 through the entire day of June 20 when final locations during the evening
(8:28 PM) positioned her at RM 5.9-6.1. Multiple male pallid sturgeon (for example, codes 27, 32, 59, 72,
179, 193) associated with code 36 on June 20. On June 21, code 36 and male pallid sturgeon were the
focus of assessment as spawning activity was suspected. From 9:14 AM through 5:31 PM on June 21, code
36 and multiple males (for example, code 21, 23, 27, 32, 42, 72, 80, 90, 130) were engaged in presumed
spawning activity spawning activity at RM 5.9-6.7. On June 22, crews returned to the spawning area, but
code 36 was not relocated until 2:28 PM where she was found at RM 8.3. Suspecting that spawning was
completed, code 36 was captured for post-spawn assessment. The female weighed 14.5 kg, representing a
17.1% weight loss due to egg deposition. A few residual eggs remained in the vent and were expelled.
Collectively, spawning by code 36 occurred during June 21, but may have started late evening on June 20
and may have persisted to early morning on June 22. Temperature from late June 20 (9:00 PM) to early
June 22 (6:00 AM) varied from 17.7 oC to 18.4 oC (mean = 18.0 oC) and discharge was 53,900-58,000 ft3/s.
Verification of Hatch and Dispersal of Pallid Sturgeon Free Embryos and Larvae
Sampling for pallid sturgeon eggs, developing embryos, free embryos, and larvae was conducted in
the Yellowstone River, Powder River, and Missouri River upstream from the Yellowstone River confluence
(Braaten_Table 2). For the Yellowstone River, samples obtained during June 15 – June 29 downstream
from known or suspected spawning areas resulted in the collection of more than 800 eggs and developing
embryos and nearly 380 Acipenseriformes free embryos and larvae. For the Powder River, nearly 130 free
embryos were sampled by MFWP crews during June 12-27. Owing to potential reproductive activity in the
upper Missouri River in and near the Fort Peck spillway area, sampling in the lower Missouri River near
Nohly was also conducted in attempt to verify long-distant dispersants from up-river spawning. Sampling
near Nohly on the Missouri River resulted in the collection of about 130 free embryos and larvae.
Specimens sampled from all river systems are in the process of genetic testing at SIU to differentiate
individuals as paddlefish, shovelnose sturgeon or pallid sturgeon following methods of Eichelberger and
others (2014).
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Discussion
Research on the reproductive ecology of pallid sturgeon in 2018 expanded on science gains from
earlier investigative years, depicted unique behaviors of wild pallid sturgeon and HOPS, and yielded
important information relevant to future telemetry study efforts. First, as primary study units for spawning
activity, potential spawn-candidate females (HOPS and wild fish) were temporally and spatially distributed
between the upper Missouri River near the Fort Peck Dam spillway area (detailed in separate report by
MFWP) and the Yellowstone River. For example, HOPS females (codes 54, 177) mainly occupied the
upper Missouri River while wild female code 36 initially used the Yellowstone River, migrated to the upper
Missouri River, then returned to the Yellowstone River in mid-June. In contrast, wild female code 116
primarily used the Yellowstone River. The capacity for females to move rapidly upstream and downstream
within and among river systems presented the possibility that spawning could occur in both river systems,
and crews working in both rivers were in constant contact to relay movement and relocation information for
the target females. Secondly, from an environmental perspective, elevated flows in both the Missouri River
(≥ 20,0000 ft3/s for extended periods resulting from Milk River inputs and spillway releases) and
Yellowstone River (50,000-70,000 ft3/s for extended periods) contributed to deep-water conditions difficult
for detecting and relocating pallid sturgeon. In addition, both river systems carry elevated conductivity (for
example greater than 500 µS/cm) that further diminish signal detection in deep water. Although multiple
wild pallid sturgeon and HOPS were detected and relocated throughout the 2018 research season, it is likely
that fish were undetected at times when occupying deep areas of the river. In 2019, higher power
transmitters will be evaluated for both manual tracking and ground stations to test whether detection
capabilities are improved with higher power transmitters. The ability to reliably detect and relocate pallid
sturgeon during elevated flow conditions is critical, especially as related to potential flow modifications
from Fort Peck Dam and during periods of elevated flows in the Yellowstone River.
Within the Yellowstone River system, wild pallid sturgeon and HOPS in 2018 exhibited a broad
range of migration behaviors. Broad migrations to the reach affected by Intake Dam were noted for wild
adults and multiple HOPS as verified from relocations and detections at Intake Dam and within the high
flow side channel. Passage through the HFSC circumventing Intake Dam was noted in 2018 at flows
ranging from 60, 900 ft3/s to 74, 600 ft3/s, and in past years, passage occurred at 39,500 – 68,100 ft3/s
(2014, 2015, 2017). Following volitional passage or assisted passage involving translocation activities,
continued upstream migrations by pallid sturgeon were variable. For example, six pallid sturgeon (wild
codes 49, 77, 87; HOPS codes 40, 66, 154) remained in the lower 30 miles upstream from Intake Dam (up
to RM 96.1). Other pallid sturgeon persisted in more extended upstream migrations as evidenced by HOPS
code 98 (RM 236.6), HOPS code 140 (RM 136.1), HOPS code 147 (RM 147.0), and wild code 61 (RM
189.7). Additionally, the migration for wild code 11 persisted into the Powder River where the migration
apex was located at Powder River RM 87.7 on June 1. The Powder River apex location for code 11 in 2018
was similar to the 2017 apex location for this fish (RM 88.1; DeLonay and others, in review b) to suggest
some affinity for this Powder River location. However, as evidenced from 2018, not all pallid sturgeon
accessing the upper Yellowstone River system will utilize the Powder River. Results from 2018 in
combination with earlier investigative years lend evidence that the Powder River can be a migration
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destination for pallid sturgeon in the upper Yellowstone River system. Although no telemetered females
used the Powder River in 2018 from which spawning could be verified, spawning was noted in the Powder
River in 2014 (DeLonay and others 2016c).
Consistent with earlier study years, results from 2018 further identified that the lower Yellowstone
River is a primary site for aggregations of male pallid sturgeon and spawning activity. Although the
specific date and location for the spawning event involving female code 116 was not determined, spawning
activity for female code 36 was located with the male aggregation reach between RM 5.9-6.7, where
spawning potentially starting late evening on June 20 and extending until late evening on June 21 or early
morning on June 22. The code 36 spawning area was in close proximity to spawning patches verified in
earlier years (for example 2012, RM 6.7 – 7.1; 2013, RM 5.7 – 5.9; 2014, RM 5.3 – 5.8; 2015, RM 5.8 –
5.9; 2017, RM 5.4 – 6.1; DeLonay and others, 2016a, 2016b, 2016c; DeLonay and others, in revision a, b).
The pre-spawn behavior exhibited by female code 36 in 2018 has similarities to behaviors exhibited by
females in other years. For example, in 2013, two females (wild codes 40, 41) exhibited extensive prespawn migrations into the upper Missouri River and Milk River areas during mid-June. However,
spawning did not occur in the upper Missouri River. Upstream migrations to the upper Missouri River by
both females were followed by a rapid downstream migration and return to the Yellowstone River where
spawning occurred within a couple days of entry (DeLonay and others, 2016b). In 2018, female code 36
resided in the upper Missouri River for several weeks in the area influenced by outflows from the Fort Peck
Dam spillway. Similar to events in 2013, code 36 in 2018 moved rapidly downstream and entered the
Yellowstone River where spawning occurred within 1-2 days after entry. Although females in both
situational years were spawn-ready, factors contributing to departure and lack of spawning in the upper
Missouri River are not specifically known.
The verification of spawning by female codes 116 and 36 during 2018 extends results from earlier
years indicating that the stock of pallid sturgeon within the upper Yellowstone and Missouri rivers
maintains the capacity to spawn. The next step in the reproductive chronology is to assess the extent to
which spawning patches support fertilization, incubation, and hatch of embryos. Greater than 600
Acipenseriformes free embryos and larvae were obtained from known and suspected spawning areas in the
Yellowstone, Missouri, and Powder rivers during 2018. These specimens are in the process of genetic
testing to differentiate individuals as pallid sturgeon, shovelnose sturgeon or paddlefish. Genetic
confirmation of one or more pallid sturgeon free embryo(s) or larvae would provide inferences to indicate
that spawning patches were at least partially functional to support fertilization, incubation, and hatch.
Genetic results will be disseminated when completed.
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BRAATEN_TABLE 1. Hatchery-origin pallid sturgeon (HOPS) and wild pallid sturgeon (WILD) detected at Intake Dam,
translocated above the dam, and detected in or passed through the high-flow side channel (HFSC) in 2018. For fish that were
translocated or naturally passed around Intake Dam, maximum detection dates and locations are shown.
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BRAATEN_TABLE 1 continued.
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BRAATEN_TABLE 2. Samples and numbers of Acipenseriformes eggs, embryos, free embryos, and
larvae sampled in the Yellowstone, Missouri, and Powder Rivers by date during June and July 2018.

Date
6/15/2018
6/16/2018
6/17/2018
6/18/2018
6/19/2018
6/20/2018
6/21/2018
6/22/2018
6/24/2018
6/25/2018
6/26/2018
6/28/2018
6/29/2018
6/30/2018
7/1/2018
6/12/2018
6/14/2018
6/18/2018
6/20/2018
6/22/2018
6/25/2018
6/27/2018

Location
Yellowstone
Yellowstone
Yellowstone
Yellowstone
Yellowstone
Yellowstone
Yellowstone
Yellowstone
Yellowstone
Yellowstone
Yellowstone
Yellowstone
Yellowstone
Missouri (Nohly)
Missouri (Nohly)
Powder
Powder
Powder
Powder
Powder
Powder
Powder

Acipenseriform
eggs and embryos
41
75
38
27
71
14
73
48
46
170
127
51
22
4
0
0
0
0
0
0
0
0
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Acipenseriform free
embryos and larvae
13
31
11
18
36
4
54
34
20
51
55
36
15
80
48
9
0
6
17
11
33
51

Number of wild male pallid sturgeon and HOPS

15
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Number of pallid sturgeon
13
12
11
10
9
8
7
6
5
4
3
2
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6/18/18
6/11/18
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Da
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Braaten_Figure 2. Aggregations of telemetered male pallid sturgeon by river mile location and
date in the Yellowstone River, May–June 2018.
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Braaten_Figure 3. Migrations and locations of reproductive wild female pallid sturgeon codes 36, 40, 116
by date in the Yellowstone River during 2018, and corresponding discharge.
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