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Conversion Factors

U.S. customary units to International System of Units

Multiply By To obtain
Length
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
square mile (mi?) 2.590 square kilometer (km?2)
Flow rate
cubic foot per second (ft/s) 0.02832 cubic meter per second (m?/s)

International System of Units to U.S. customary units

Multiply By To obtain

Length
meter (m) 3.281 foot (ft)
kilometer (km) 0.6214 mile (mi)

Area
square kilometer (km?) 0.3861 square mile (mi?)

Flow rate

cubic meter per second (m?/s) 35.31 cubic foot per second (ft/s)
Datums

Vertical coordinate information is referenced to the American Vertical Datum of 1988 (NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Supplemental Information

Discharge is given in cubic feet per second (ft3/s) because it is the customary unit used for
discharge among Missouri River resource-management agencies. Discharge values in this
report are in these units to facilitate communications.

River miles are the customary units for referencing locations along the Missouri River. River
miles start at zero at the confluence of the Missouri River with the Mississippi River at St. Louis.
River miles are retained here to clarify communications with resource-management agencies.
River miles can be converted to river kilometers by multiplying by 1.601.

Abbreviations

1D one-dimensional
HEC-RAS Hydrologic Engineering Center’s River Analysis System
USGS U.S. Geological Survey



Geomorphic Classification Framework for Assessing
Reproductive Ecology of Scaphirhynchus albus (Pallid
Sturgeon), Fort Peck Segment, Upper Missouri River,

Montana and North Dakota

By Robert B. Jacobson,! Caroline M. Elliott,' and Edward Bulliner2

Abstract

The segment of the Upper Missouri River between Fort
Peck Dam and the headwaters of Lake Sakakawea is home to
a population of the endangered Scaphirhynchus albus (pallid
sturgeon). Lack of population growth (recruitment failure)
has been attributed to inadequate dispersal distance of lar-
vae between spawning locations and the headwaters of Lake
Sakakawea, where conventional wisdom holds that anoxic
water-quality conditions are lethal to larval sturgeon. River-
management objectives to recover pallid sturgeon in this
segment therefore focus on increasing available drift distance,
decreasing drift rate, increasing larval development rate, or
a combination of these objectives. Understanding of chan-
nel morphological conditions along this about 400-kilometer
segment may provide insight into upstream spawning habitat
potential (where sturgeon likely spawn) and into geomorphic
factors that may contribute to flow complexity, hence drift
rate. This report documents a continuous geomorphic clas-
sification of the Fort Peck segment of the Upper Missouri
River using remotely sensed datasets to provide contextual
information about spatial variations potentially affecting pallid
sturgeon reproductive ecology.

Introduction

Decline of the northern population of endangered
Scaphirhynchus albus (pallid sturgeon) has been associated
with alteration of the Upper Missouri River in Montana and
South Dakota (Jacobson and others, 2016). Efforts to recover
the species in this river segment rely on comprehensive under-
standing of where pallid sturgeon may spawn and how flows
and geomorphic complexity affect downstream dispersal of
larvae. The purpose of this report is to document a geomorphic

U.S. Geological Survey.

2U.S. Department of Agriculture, National Agricultural Statistics Service.

classification of a segment of the Upper Missouri River and
application of the classification to understanding pallid stur-
geon reproductive ecology.

The Fort Peck segment is typically defined as the seg-
ment of the Missouri River upstream from the headwaters
of Lake Sakakawea (fig. 1; Jacobson and others, 2010); in
this report, the Upper Missouri River describes the segment
from Fort Peck Dam to Lake Sakakawea. The upstream part
of this segment has a highly altered flow regime because of
operations at Fort Peck Dam. Hydrologic alterations include
decreased peak flows, decreased water temperatures (because
of hypolimnetic releases), and decreased turbidity (because
of sediment trapping in Fort Peck Lake) (Galat and others,
2005). The downstream quarter of the segment has a relatively
natural flow and sediment regime because of influx of water
from the Yellowstone River. The channel of the Fort Peck
segment is mostly natural with only a few locations where the
banks have been stabilized for bridge crossings, boat ramps,
roads, railroads, or water intakes. Water-surface slope is
0.00016 (U.S. Army Corps of Engineers, 2015), and the bed
material is dominantly fine to medium sand with patches of
gravel- and cobble-dominated substrate (Erwin and others,
2018). Under the regulated flow regime, the median discharge
at Culbertson, Montana (fig. 1), is 9,300 cubic feet per second
(ft/s) (U.S. Geological Survey [USGS], 2022).

The Fort Peck segment is seasonally occupied by a
population of pallid sturgeon (Jordan and others, 2016). The
pallid sturgeon migrates hundreds of kilometers upstream to
spawning sites, typically in high-velocity habitats over hard,
coarse substrate (Chojnacki and others, 2020; Elliott and
others, 2020). After spawning, fertilization, and incubation,
free embryos hatch and begin dispersing downstream. While
dispersing, the free embryos progressively develop and even-
tually achieve the ability to swim volitionally, hold themselves
in the current, and feed exogenously. Feeding and settlement
can take 5—13 days depending on water temperature (DeLonay
and others, 2016; Chojnacki and others, 2023).

Lack of recruitment of pallid sturgeon in the Fort Peck
segment has been linked to high mortality during the larval
drift and dispersal phase, compounded by low frequency



2 Geomorphic Classification Framework for Assessing Reproductive Ecology of Scaphirhynchus albus, Fort Peck Segment

106° 104° 102°
I I I
MONTANA i N OR"FI—I DAKOTA
VANDALIA DAM e
47[44" M
/,p/' ISSsoury RlVer
FORT PECK
48 DAM s
I
Fort Peck Lake
INTAKE
DAM
47° =
A
N
0\ !
&0 <
3 T
CARTERSVILLE =
DAM =
<
|
Base from U.S. Geological Survey digital base data

North American Datum of 1983
Universal Transverse Mercator zone 13

-«
N
N

25 50 75 100 MILES
| |

100 KILOMETERS

oo

%5 50 75
EXPLANATION

Upper Missouri River (Fort Peck segment)
High dams, barriers to upstream movement
Low dams, likely impediments to upstream movement

Figure 1. The Upper Missouri River study area.

of spawning events. A dominant hypothesis asserts that the
distance between spawning sites downstream from Fort Peck
Dam and the headwaters of Lake Sakakawea is too short to
allow for sufficient growth of larvae to the stage where they
can settle and start feeding; transport into Lake Sakakawea is
thought to be lethal because of anoxic water quality or other
factors (Braaten and others, 2012; Guy and others, 2015).
Evaluations of management options on the Fort Peck
segment to increase larval survival have used relatively simple
advection/dispersion transport models to estimate how many
days of passive drift could be accommodated under a range
of assumptions about spawning location, flow releases, water
temperature, and lake-extent scenarios (Fischenich and others,
2018, 2021). In these initial studies, Fischenich and others
(2018) indicated that the available drift distance was likely
inadequate. Fischenich and others (2021), a follow-on study
that used one-dimensional (1D) advection/dispersion model-
ing, a temperature mediated growth model, and some addi-
tional assumptions about dispersal endpoints, concluded that

some larvae could likely survive and contribute to recruitment
under some combinations of assumptions. 1D advection/dis-
persion models parameterize how a passively transported con-
stituent spreads out using a longitudinal dispersion coefficient,
which can vary substantially with channel complexity (Erwin
and others, 2018). The location of spawning, which deter-
mines the upstream extent of drift, is an especially important
variable in such models.

The purpose of this report is to document a continuous
longitudinal geomorphic classification of the Fort Peck seg-
ment to provide insights into physical processes potentially
responsible for spatial variation in quality of spawning habitat
and in interception and retention of drifting larvae. The clas-
sification is intended to (1) help optimize tracking spawning
adult fish and identification of spawning locations in this river
segment, (2) guide sampling designs for collections of larval
pallid sturgeon, and (3) help select representative reaches for
high-resolution, multidimensional hydrodynamic and particle-
tracking models.



Longitudinal Geomorphic Classification Approach and Methods 3

Longitudinal Geomorphic
Classification Approach and Methods

The longitudinal geomorphic classification developed in
this report is intended to provide a geomorphic framework for
factors that may affect dispersal dynamics and, potentially,
identification of locations of preferred spawning habitat.
Understanding of the range of geomorphic variation within
the Upper Missouri River will also provide context for reaches
selected for more-detailed hydrodynamic modeling.

We developed geographic information system (GIS)
datasets for candidate variables that were considered to
describe bankfull channel complexity. Methods followed those
of Jacobson and others (2010) and Elliott and Jacobson (2006,
2014). We digitized the bankfull channel boundary identified
as the top of the bank using 2019 aerial photography (U.S.
Department of Agriculture, 2019); using bankfull dimensions
normalizes measurements independent of discharge prevail-
ing at the time of aerial imagery acquisition (Jacobson, 2023).
We used the same aerial imagery to digitize the valley wall
by identifying the slope break at the base of bluffs. Distance
to valley wall, valley width, channel width, standard devia-
tion of channel width, sinuosity (at 3,200-meter [m] length),
and number of channels were attributed to address points
distributed at 160-m intervals along the channel centerline.
The address distance is approximately one-half of the bankfull
channel width (360 m) and is considered adequate to capture
geomorphic features relevant to drift processes. We defined
the 2019 channel from the aerial photography to develop the
160-m address points. The 2019 address points, however, were
spatially associated with the official 0.1-mile (160-m) address
points used by the USACE based on 1960 channel geometry
(Jacobson, 2023). These centerlines differ in places because of
channel movement between 1960 and 2019.

We calculated average channel width, standard deviation
of channel width, average valley width, number of channels,
and average distance to valley wall by using relevant distances
from 32 address points at 5-m intervals (that is, 16 on each
side of the 2019 160-m address points). Measured distances
were perpendicular to the channel centerline. Number of
channels was based on channels around permanently veg-
etated islands and thus is a conservative assessment of channel
complexity. The longitudinal distribution of these variables is
shown in figure 2 using 1960 river miles on the x axis.

We analyzed the classification variables through k-means
cluster analysis using R (R Core Team, 2020) on scaled data.
A scree plot was first used to identify changes in the differ-
ences in sum of squares between clusters (fig. 3). We identi-
fied an inflection point at nine clusters, thereby attempting to
maximize the information content of the resulting geomorphic
classes.

Also indicated in figure 2 is the hydraulically determined
zone of backwater at the Yellowstone River junction. The
backwater zone is specific to the discharges prevailing during
a pallid sturgeon larval drift experiment in 2019 (Braaten
and Holley, 2021; Braaten and others, 2022). The backwater
condition resulting from high water on the Yellowstone River
was identified from a calibrated Hydrologic Engineering
Center’s River Analysis System (HEC-RAS) 1D model for
the Upper Missouri River (Erwin and others, 2018; Fischenich
and others, 2018, 2021). Daily hydrologic data from relevant
streamgages were accessed from the USGS National Water
Information System database (USGS, 2022). We averaged
the daily data by week to produce values to compare between
the Yellowstone and Missouri Rivers. Duration hydrographs
were generated from daily discharge data by calculating flow
percentiles for the period of record for each day of the year.
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Results

The longitudinal plot (fig. 2) of geomorphic variables
documents substantial longitudinal variation and indicates that
reaches of the river may be defined with specific combina-
tions of characteristics. The boxplots of clusters show which
geomorphic variables are associated with each cluster (fig. 4).
Some understanding about flow complexity and habitat avail-
ability can also be inferred based on the ranges of variable
values in each cluster (table 1).

Maps of the clusters also document broad-scale spatial
patterns indicative of landscape-scale controls on channel
complexity. For example, the narrow valley reach from river
mile 1650 to the Yellowstone confluence stands out as a
reach with low sinuosity, relatively simple channel, and small
distances from the channel to the valley wall. This reach is
dominated by cluster 9 (fig. 5, table 1). The reach from the
Poplar River to river mile 1650 is unusually sinuous and has
dominance of clusters 1 (sinuous) and 8 (wide valley, long dis-
tance to valley wall). The reach from river mile 1750 to 1710
is dominated by clusters 2 and 3. Both clusters are associated
with wide valleys, but cluster 2 has a much smaller distance
to the valley wall. Cluster 2 sites will have more interaction
with the valley wall and are likely to have coarse bed mate-
rial, perhaps suitable for spawning. Locations with the highest
sinuosity (cluster 1) are scattered throughout the segment.
These locations would be expected to have strong secondary
currents associated with the highly curving bends. Cluster 4,
which has the highest number of multiple channels, is present
in two places. The tailwaters of Fort Peck Dam have a high
number of multiple channels, mostly because of the legacy of
construction. The headwaters of Lake Sakakawea also have
multiple channels, but this is because of diverging channels
associated with the deltaic environment. Cluster 5 also has
multiple channels and occurs more broadly throughout the
segment where islands exist.

Hydrology also varies along the segment and interacts
with channel morphology to affect habitat availability and
transport dynamics. Relative hydrologic effect is evident in
the cumulative drainage area plot (fig. 2). The first tributary
downstream from Fort Peck Lake is the Milk River, which
increases drainage area by about 58,000 square kilometers
(km?). The Milk River tends to bring in warmer and more

turbid water (Erwin and others, 2018; Fischenich and others,
2021). Farther downstream, the Poplar and Redwater Rivers
and Muddy Creek increase drainage area cumulatively by
about 30,000 km?. The largest tributary is the Yellowstone
River, which increases cumulative drainage area by about
182,000 km? near river mile 1582. The Yellowstone River
almost doubles the drainage area of the Upper Missouri River
and has a strong effect on riverine habitat from the confluence
to the headwaters of Lake Sakakawea.

Duration hydrographs document seasonal variation in
flow regime among the Milk River, Missouri River down-
stream from Fort Peck Dam (Wolf Point, Mont.), and the
Yellowstone River (Sidney, Mont.; fig. 6). The flow regime
coming from the Yellowstone River is more natural in its
seasonal variation and of higher magnitude during most of
the year.

Comparison of weekly discharges for the period of
record (1967-2021) during July (when most pallid stur-
geon larval dispersal is likely) documents that in most years
and most weeks, the Yellowstone River discharge is more
than two times greater than the Missouri River (fig. 7). In
the high-flow year of 2011, the two discharges were almost
equal, but the Yellowstone River discharge was still greater
except for 1 week. In 2019, while the larval drift experiment
took place (Braaten and Holley, 2021; Braaten and others,
2022), discharge from the Yellowstone River was consis-
tently greater than the Missouri River. In 2021, a low-flow
year, the Missouri River was anomalously higher than the
Yellowstone River.

The importance of prevailing higher discharges in the
Yellowstone River during larval dispersal season is in the
backwater effect that can exist in which high discharges
from the Yellowstone River back up flows in the Missouri
River. This effect is illustrated in the flattening of water-
surface elevations in 1D HEC-RAS models for the Missouri
River in 2019 (fig. 8). The water-surface slope is nearly flat
on July 3, 2019, for about 6 river miles upstream from the
Yellowstone River confluence; on this day, the discharge from
the Yellowstone River was about 38,500 ft3/s, whereas the
Missouri River was 13,700 ft3/s. By September 4, 2019, the
relative magnitudes had switched, with the Yellowstone River
at 6,500 ft3/s and the Missouri River at 15,800 ft3/s, and the
backwater effect had correspondingly diminished.
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Table 1.

[Within-cluster sum of squares is a measure of relative variability of each cluster]

Clusters and interpretations of geomorphic characteristics and potential implications for hydraulic complexity.

Cluster . - Implications for hydraulic Within-cluster
Geomorphic description . .
number complexity and habitats sum of squares
1 Highest sinuosities; moderate-high valley width and Expect secondary flows associated with high 545
distance from valley wall; single channel. curvature, mostly fine bed materials.
2 Low sinuosity close to valley wall; single channels. Expect consolidated velocity field with local 237
complexity because of coarse bed material
shed from valley wall. Possible coarse
spawning substrate.
3 Low sinuosity far from valley wall; single channels. Expect consolidated velocity field, fine bed 750
materials.
4 Widest and most variable channel widths, low Channel complexity is engineered in the 601
sinuosity, multiple channels. Relatively narrow tailwaters; complexity in the headwaters of
valley widths. In Fort Peck Dam tailwater and near Lake Sakakawea is caused by diverging,
Lake Sakakawea headwaters. deltaic channels.
5 Moderate channel width and distance to valley wall; Expect divergence of flow around islands, 580
median of two channels with wide range. Low opportunities for sheltered eddies at
sinuosity. downstream margins.
6 Moderately high channel width and standard deviation =~ Expect some channel complexity related to 609
of channel width; single channel; moderate distance wide and variable channel; mostly fine bed
to valley wall. materials.
7 Moderate values of all variables; single channel; Expect consolidated flow, relatively little 534
slightly higher sinuosity than other categories except complexity.
cluster 1; relatively low distance to valley wall.
8 High valley width and distance from valley wall; single Expect consolidated flow, low complexity; fine 93
channel; low sinuosity. bed materials.
9 Narrow valley width, relatively small distances from Expect consolidated flow, mix of coarse and fine 710

channel to valley wall; low sinuosity and single
channels; narrow valley downstream from river mile
1650, upstream from Yellowstone River.

bed materials.
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Yellowstone River at Sidney, Montana, May—September 2019. C, discharge of the Upper Missouri River at Culbertson, Montana,
May-September 2019.
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Geomorphic Classification and Pallid
Sturgeon Reproductive Ecology

The geomorphic classification presented here is intended
to provide a framework for exploring how this segment of the
Upper Missouri River may support the reproductive ecol-
ogy of the pallid sturgeon. The following subsections discuss
implications for spawning habitat and channel complexity that
may mitigate drift and dispersal of free embryos and larvae.

Spawning Habitat

The geomorphic classification of the Fort Peck segment
may indicate locations along the channel where spawning
habitat exists. Pallid sturgeon are thought to spawn on coarse,
hard substrate (Jordan and others, 2016); and on the Lower
Missouri River, they have been documented spawning on
revetment and on bedrock at channel margins (Elliott and oth-
ers, 2020). On the Yellowstone River, repeated spawning has
been documented in a short reach near Fairview, Mont., about
6 miles upstream from the confluence with the Missouri River;
this site is characterized by patches of gravel between shifting
sand dunes (DeLonay and others, 2016; Chojnacki and others,
2020). Understanding where spawning habitat may exist will
be useful in designing operations to track reproductive adults
on their spawning migrations by indicating areas that would
benefit from increased tracking efforts. The upstream extent of
these migrations is a key variable in determining sufficiency of
downstream dispersal distance (Erwin and others, 2018).

Although optimal or required spawning habitat character-
istics have not been well defined, geomorphic characteristics
may be useful in inferring where spawning habitats may exist.
For example, the distance to valley wall plot (fig. 2) indi-
cates discrete reaches where distance is zero (that is, where
the channel is next to bedrock bluffs). Similar to the Lower
Missouri River, such areas are expected to have bedrock
exposed in the channel and are areas where influxes of coarse
bed material from slope processes may create coarse, hard
substrate with increased probability of being selected for
spawning (Elliott and others, 2020). These sites are likely rep-
resented by cluster 2 and perhaps in part by clusters 7 and 9.
Interaction of the channel with the valley wall is not uniform.
The narrow valley section between river miles 1650 and 1600
has more frequent occurrences of interactions compared to
other sections and may be an area with increased potential
for spawning. Conversely, when the channel is far from the
valley wall and the valley is wide, bed material is more likely
to be dominated by fine sediment, mostly by sand sizes. These
conditions are likely associated with clusters 1, 3, and 8.
Confluences of higher-gradient tributaries such as the Milk,
Poplar, and Redwater Rivers, and Muddy Creek may also be
prospects for influxes of coarse bed material.

Drift and Dispersal Processes

Downstream advection and dispersion of passively
transported particles are likely to be affected by factors that
determine flow complexity. Flow complexity includes hydrau-
lic factors (velocity fields and channel depths) that create
secondary currents that are likely to interact with transporting
particles or larvae. Secondary currents commonly occur as
eddies at abrupt flow expansions and as helical flow cells in
curving channels. These factors have the potential to trans-
port particles into channel-marginal areas where they may
be retained or otherwise slowed. Relatively high flows may
encounter streamside vegetation that can impart additional
hydraulic resistance, thereby slowing the current and retaining
or slowing particle advection.

The geomorphic classification indicates the spatial
distribution of elements of channel complexity. More com-
plex reaches are likely to provide opportunity to slow drift,
whereas the opposite is true for lesser complexity. Greater
channel complexity is indicated in part by sinuosity, which
increases opportunity for cross-channel velocity components.
Cluster 1 stands out as the class with the highest degree of
sinuosity. Sinuosity varies spatially, but some reaches, like
river miles 1675-1650, have greater representation than others
(figs. 2, 5).

Similarly, multiple channels indicate flow around
obstacles that can result in cross-channel velocity components,
flow separation, and eddies. Clusters 4 and 5 are notable for
their large numbers of channels (fig. 4). Multiple channels
preferentially occur in the tailwater of Fort Peck Dam and in
the headwaters of Lake Sakakawea (cluster 4). Cluster 5 is
notable for having multiple, relatively wide channels in wide
valley segments.

Channel width and standard deviation of channel width
vary with high spatial frequency along the segment, indicating
widespread potential for localized flow separation and eddies
associated with localized bank features (fig. 2). Exceptions
exist at the upstream and downstream extremes of the seg-
ment where wide channels and high standard deviations are
associated with construction near Fort Peck Dam and the Lake
Sakakawea delta.

The potential for hydraulic backwater from the
Yellowstone River is also a factor that may slow drift. The
example of HEC-RAS modeled water-surface elevations
during July—September 2019, coincident with the 2019 larval
drift experiment, shows how high flows from the Yellowstone
River are associated with flattening of the water-surface slope
and how the backwater effect diminishes over time as dis-
charge prominence is reversed (fig. 8). In 2019, the backwater
effect extended about 6 river miles upstream. Because the
Yellowstone River has a minimally altered flow regime that
retains large June peaks (fig. 6), backwater effects on the
Missouri River are a common occurrence in July; during many
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weeks in 1968-2021, discharges from the Yellowstone River
were two times or more compared to the discharge on the
Missouri River (fig. 7). The backwater effect also has been
captured as notable spikes in particle concentration in the
backwater zone in 1D advection/dispersion models of free-
embryo drift and dispersal (Fischenich and others, 2018).

Conclusions

The geomorphic classification of the Fort Peck segment
of the Upper Missouri River between Fort Peck Dam and
the headwaters of Lake Sakakawea is intended to provide a
framework for understanding how pallid sturgeon reproduc-
tive ecology may be spatially arranged in this river. Statistical
analysis of geomorphic variables delineates clusters of char-
acteristics that may relate to spawning habitats and to chan-
nel complexity that is likely to mediate downstream drift and
dispersal of free embryos and larvae. In addition, the hydro-
logic and hydraulic analysis of interactions of the Yellowstone
and Missouri Rivers indicates a substantial backwater effect
that is likely to slow downstream dispersal. The substantially
unaltered spring pulses from the Yellowstone River frequently
overwhelm the highly altered flow regime of the Missouri
River, making backwaters a frequent phenomenon.

Although there remains much to learn about the habitat
requirements for pallid sturgeon, the geomorphic classification
presented here provides a framework for efficiently target-
ing sampling efforts for spawning adults and drifting larvae.
Moreover, the framework can be used to evaluate the repre-
sentativeness of reaches selected for highly detailed hydrody-
namic models.
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