Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

5-1-2020

Short-term movements and seasonal habitat suitability of
Shovelnose Sturgeon in the lower Mississippi River
Dylan Hann

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Hann, Dylan, "Short-term movements and seasonal habitat suitability of Shovelnose Sturgeon in the lower
Mississippi River" (2020). Theses and Dissertations. 3939.
https://scholarsjunction.msstate.edu/td/3939

This Graduate Thesis - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

Template A v4.0 (beta): Created by L. Threet 01/2019

Short-term movements and seasonal habitat suitability of Shovelnose Sturgeon in the lower
Mississippi River

By
TITLE PAGE
Dylan Alan Hann

A Thesis
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Master of Science
in Wildlife, Fisheries & Aquaculture
in the College of Forest Resources
Mississippi State, Mississippi
May 2020

Copyright by
COPYRIGHT PAGE
Dylan Alan Hann
2020

Short-term movements and seasonal habitat suitability of Shovelnose Sturgeon in the lower
Mississippi River
By
APPROVAL PAGE
Dylan Alan Hann
Approved:
____________________________________
Scott A. Rush
(Major Professor)
____________________________________
Harold L. Schramm, Jr.
(Director of Thesis)
____________________________________
Francisco J. Vilella
(Committee Member)
____________________________________
Kevin M. Hunt
(Graduate Coordinator)
____________________________________
George M. Hopper
Dean
College of Forest Resources

Name: Dylan Alan Hann
ABSTRACT
Date of Degree: May 1, 2020
Institution: Mississippi State University
Major Field: Wildlife, Fisheries & Aquaculture
Major Professor: Scott A. Rush
Title of Study: Short-term movements and seasonal habitat suitability of Shovelnose Sturgeon in
the lower Mississippi River
Pages in Study 63
Candidate for Degree of Master of Science
Shovelnose Sturgeon patterns of movement are unknown for the lower Mississippi River.
Active acoustic telemetry was used to determine how Shovelnose Sturgeon moved throughout a
section of river and what influenced those movements. Distance to habitat type, depth, surface
current velocity, river stage, change in river stage, river bottom slope, and temperature were
investigated. Shovelnose Sturgeon were found not to have random or goal-oriented movements
using a straightness index. Movement rate was influenced by river stage and surface current
velocity. Habitat suitability changed with river stage and distance to habitat type supported a
suite of delineated river features that Shovelnose Sturgeon use at different river stages. Results
of this study provide movement and selection methods that can be applied to a long-term dataset
to identify movement characteristics of Shovelnose Sturgeon in the lower Mississippi River.
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CHAPTER I
INTRODUCTION
The Shovelnose Sturgeon Scaphirhynchus platorynchus is a freshwater, benthic fish
native to the Mississippi River Basin (Keenlyne 1997). Shovelnose Sturgeon were abundant in
the late 1800s and supported commercial fisheries by 1900 (Birstein et al. 1997; Coker 1930;
Quist et al. 2002). Declines in abundance of this riverine sturgeon have been attributed to
commercial harvest, which peaked in 1987, and habitat alteration (Bailey and Cross 1954;
Keenlyne 1997; Koch and Quist 2010; Quist et al. 2002). Commercial harvest has been closed
throughout the entire lower Mississippi River (LMR, the 1,533 km from the confluence of the
Ohio River to the Gulf of Mexico outlet) since 2010 when the Shovelnose Sturgeon was listed
federally as threatened due to the similarity of appearance with the endangered Pallid Sturgeon S.
albus (USFWS 2012). With commercial harvest closed, efforts to restore Shovelnose Sturgeon
stocks depend on conservation and restoration of suitable habitats and the pathways that connect
them.
Shovelnose Sturgeon habitat preference has been studied in the upper Mississippi River
(UMR; Hurley et al. 1987; Curtis et al. 1997), the middle Mississippi River (MMR; Hintz et al.
2016), and the Missouri River Basin (Quist et al. 1999; Bramblett and White 2001). Shovelnose
Sturgeon in the UMR are most often found in the main channel and habitats associated with wing
dikes (Hurley et al. 1987; Curtis et al. 1997). During high river stages in the UMR they position
themselves on the downstream side of wing dikes (structures perpendicular to the river flow
1

made of rock and occasionally wood pilings) and closing dams (structures across side channels
made of rock and occasionally wood pilings) and along the shoreline border of the main channel
(Hurley et al. 1987). Conversely, during low river stages Shovelnose Sturgeon associate with the
main channel and the upstream side of wing dikes and closing dams (Hurley et al. 1987). In the
Missouri River Basin, Shovelnose Sturgeon were commonly positioned downstream of sandbar
and island habitats (Quist et al. 1999; Bramblett and White 2001). Collectively these data
suggest Shovelnose Sturgeon seek moderate water current velocity.
In the upper Missouri River, Shovelnose Sturgeon exhibit rapid, long-range movements
(up to 15 km/d) in the spring and summer (Bramblett and White 2001). These movements may
be associated with spawning or other life-cycle activities, such as seasonal shifts between
summer and winter feeding areas possibly related to water temperature. Movement during these
times has resulted in Koch and Quist (2010) classifying Shovelnose Sturgeon as “highly
migratory”). Yet, Shovelnose Sturgeon have also been described as sedentary, reflecting their
lack of movement between seasons (Hurley et al. 1987; Bramblett and White 2001). In the lower
Missouri River, individual Shovelnose Sturgeon show little variation in depth use during
supposed pre-spawn or sedentary periods, but the variability in depth use greatly increases when
the fish rapidly move upstream (DeLonay et al. 2009). DeLonay et al. (2009) reported that these
rapid upstream movements are toward spawning sites, suggesting that Shovelnose Sturgeon
follow goal-oriented movement during these periods.
Animal movement is the result of the complex interactions of an animal’s internal state,
behavioral tendencies, and environmental influences (Gurarie 2008). More could be learned
about how environmental variables affect movement of Shovelnose Sturgeon if steps are taken to
evaluate an individual fish’s movement path. Shovelnose Sturgeon location has been found to be
2

influenced by environmental variables such as water velocity, substrate, habitat type, and depth
(Hurley et al. 1987; Quist et al. 1999; Bramblett and White 2001), though these relationships are
not well documented in the LMR. River stage may also be a cue for fish movement as water
levels within the river affect the availability of certain habitat types within the LMR between
maximum and minimum river stages (Herrala et al. 2014).
As a riverine species presumed to confine its life-cycle activities to the main channel and
channel border habitats of large rivers, Shovelnose Sturgeon are potentially vulnerable to
commercial navigation, river engineering activities such as dredging and bank revetment
installation, and the projected development of in-stream turbines for generating electricity
(hydrokinetic power; Killgore et al. 2011; Miranda and Killgore 2013; USFWS 2012).
Understanding Shovelnose Sturgeon movement could benefit this species through adjusting the
timing of river engineering activities and afford mitigation of the impacts of the above-stated
activities. Although information is available from which to evaluate habitat use and movement
of Shovelnose Sturgeon in the upper Missouri River Basin (Bramblett and White 2001) and the
upper Mississippi River (Hurley et al. 1987; Curtis et al. 1997), information is lacking for the
LMR. Other studies have identified habitat selection for adult Shovelnose Sturgeon but have not
provided information about the environmental variables that may explain this selection. Habitat
selection may be more than just which features affect where a fish occupies and may be a
function of how a particular location spatially relates to all available habitats within the LMR
(Quist et al. 1999; Bramblett and White 2001; Koch et al. 2012; Hintz et al. 2016).
To provide information useful to habitat conservation and restoration to benefit LMR
Shovelnose Sturgeon populations, the objectives of this study were (1) to assess whether the
short-term movement of individual Shovelnose Sturgeon is random or goal oriented, (2) to
3

determine the relationship of river stage, change in river stage, water temperature, depth, and
surface velocity with movement rate of Shovelnose Sturgeon, and (3) to assess habitat suitability
for Shovelnose Sturgeon as it relates to depth, bottom slope, and distance from habitat types
within the lower Mississippi River.
I had some expectations about my research objectives based on the literature I had
previously reviewed. I expected change in river stage and water temperature to serve as cues for
Shovelnose Sturgeon to move to an area where resources are available that may maximize their
fitness. I also expected Shovelnose Sturgeon to use habitat in the main channel border, including
island tips and wing dikes, as found in past research (Hurley et al. 1987; Quist et al. 1999;
Bramblett and White 2001) to avoid strong currents during high flow events. Shovelnose
Sturgeon may also inhabit a different habitat mosaic in the study reach between high and low
river stages because available main channel border habitat area decreases and some habitats,
such as secondary channels, become inaccessible to Shovelnose Sturgeon as river stage
decreases (Herrala et al. 2014). Movement of Shovelnose Sturgeon and other riverine species
had not been analyzed for random movement previously. As far as random and non-random
movement patterns, I had no reference on which to base a hypothesis as Shovelnose Sturgeon
movement had not been studied in this manner in previous research. In addition, my previous
field experience with fish telemetry concentrated on only point detections, not connecting a
detection with previous detections or continuing the observation with relocations of a specific
individual.
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CHAPTER II
STUDY REACHES
The LMR is the free-flowing portion of the Mississippi River that begins near Cairo,
Illinois at the confluence of the Ohio and Mississippi Rivers and flows 1,600 km to the Gulf of
Mexico. The LMR is an ideal system to study the movement and behavior of Shovelnose
Sturgeon because it provides long reaches of river unobstructed by dams allowing unrestricted
movement up- or downstream and the present hydrograph closely resembles the historical
hydrologic conditions (Schramm and Ickes 2016).
Shovelnose Sturgeon were captured and monitored at two reaches in the LMR: near
Tunica, MS (hereafter, Tunica; rkm 1,120–1,065; Figure 1) and Vicksburg, MS (hereafter,
Vicksburg; rkm 720–696; Figure 2). Each reach contains all common riverine habitats that are
available throughout the LMR as described in Schramm and Ickes (2016; Table 1). Throughout
this study, the word habitat refers to delineated river features which can be measured.
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CHAPTER III
METHODS
Fish capture and surgery
Shovelnose Sturgeon were collected from within the Mississippi River during October
2011 through April 2013 using trotlines as described in Herrala et al. (2014). Specimens greater
than 650 mm fork length were surgically implanted with Vemco V16 (Vemco, Halifax, Nova
Scotia) acoustic tags following the methods described by Herrala et al. (2014) and released near
their capture location. Shovelnose Sturgeon were handled following guidelines in Mississippi
State University IACUC permit #11-018.
Telemetry methods
Shovelnose Sturgeon were monitored from 10 July – 10 December 2013, a period that
encompassed a 9.7 m change in river stage and a 23 C change in water temperature. The
Vicksburg study reach was split into two equal-length sections: 1) the lower 27-km long section
(hereafter, lower reach) was monitored weekly (Figure 2, segment B – C); 2) the 27 km upper
section (Figure 2, segment A – B; hereafter, upper reach) and the Tunica reach were tracked
monthly. Tracking began at the upstream extent of each reach and continued downstream using
boat-mounted dual Vemco VR110 directional hydrophones and Vemco VR100 receivers. Fish
were initially detected using a high gain setting on the Vemco VR100 receiver. The receiver
gain was reduced until a small area on river was the only place the receiver would reset,
confirming the detected fish tag identification number. A Lowrance HDS7 depth finder6

chartplotter (Navico, Tulsa, OK) was used to obtain GPS coordinates of detected fish. Detection
error of fish was assumed to be less than 30 m as described by Herrala et al. (2014) and the
location of fish was assumed based on the known detection. River stage was measured at the
U.S. Army Corps of Engineers (USACE; 2003) river gage at Vicksburg, MS (rkm 701).
Objective 1: Evaluate whether the movement of individual Shovelnose Sturgeon is random
or goal oriented
The behavioral processes of dispersal, migration, space use, and foraging drive animal
movements (Benhamou 2004). The structure of an animal’s path can exhibit non-random
movement appearing as goal-oriented movement or random movement. The path an individual
Shovelnose Sturgeon traversed over time was evaluated by breaking the fish’s path of movement
into steps. A step is the movement from time t to time t + 1. Analyses considered only steps
created with detections of an individual that had been recorded during successive monitoring
events. As an example, if three monitoring events occurred and an individual was detected
during event one and event two but not detected in event three, the step to be considered in this
analysis would be the step between event 1 and event 2; if an individual was detected during
event 1 and not detected again until event 3, this would not be considered a step since the
detections were not consecutive. Therefore, the steps used in this analysis consisted of an
observation at t (sampling event) and t+1 (consecutive sampling event). In addition, if an
individual was not detected at event 3 but was detected during event 4, then step 4 would be the
start point (t) in the second movement series of this individual fish.
These movements of individual Shovelnose Sturgeon were evaluated for random or goaloriented behavior using a straightness index described by Batschelet (1981):
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𝑆𝑡𝑟𝑎𝑖𝑔ℎ𝑡𝑛𝑒𝑠𝑠 =

𝑑𝐸
𝐿

(1)

where L is the actual path length consisting of all steps and dE is the shortest path length between
the starting and ending points of the movement (straight line distance). The straight-line distance
between two points may not be the actual path traveled by the fish since fish may have traveled
along the thalweg of the river, but with a fish that is known to use channel border habitat also,
and with the resolution of weekly or monthly relocations, all that can be concluded for certain is
that fish moved at least the measured distance between two successive detection points. A
straightness index of 1.0 (highest possible value) represents perfect linear movement and a result
near zero reflects a more random path taken by an individual. Lacking an established
straightness score for separating random from goal-oriented movement, I interpreted a
straightness score > 0.5 to indicate goal oriented and a straightness score < 0.5 to indicate
random movement. The adehabitat package in R was used to calculate both L and dE for this
analysis (Calenge 2006; R Core Team 2012).
To evaluate sturgeon movements relative to the section of river they were detected in, the
paths of individual Shovelnose Sturgeon were plotted in ArcGIS version 10.1 (ESRI Inc.,
Redlands, CA) and projected over aerial imagery of the reach of river. When long distances are
traveled by an individual Shovelnose Sturgeon through a sinuous section of river and the path of
the individual appears to exit the wetted-bank of the LMR, straightness values were not
computed for these steps since this was not representative of the actual path taken. Movement
paths consisting of as few as four consecutive detections were analyzed so that Shovelnose
Sturgeon movement collected monthly from Tunica could be included in the analysis since the
highest possible value of consecutive detections in Tunica would be 6 due to the approximately
8

6-month study period. Less than four monthly consecutive detections would only be made up of
two steps and therefore would contain very little information.
A linear mixed model in the lme4 package in R was used with individual fish as repeated
measures to evaluate how Shovelnose Sturgeon path straightness values related to environmental
variables in the LMR (Bates et al. 2015; R Core Team 2012). Variables used in the model were
average temperature, number of steps in the path, average stage during the path, and stage
change for the duration of the path. Confidence intervals for all variables within the full model
were used to detect significant relationships between path straightness and the individual
variables, similarly done for model selection analyses and used in this case to detect effect of
environmental variables on the response within a linear mixed model. If the confidence interval
for a variable did not contain zero, the variable was interpreted as having an effect on the
response variable (path straightness). An effect identified by a negative confidence interval
would indicate an inverse relationship and an effect identified by a positive confidence interval
would indicate a direct relationship.
Objective 2: Evaluate the influence of river stage, change in stage (∆stage), water
temperature, depth, and surface current velocity on movement rate of Shovelnose Sturgeon
A linear mixed model in the lme4 package in R was used with individual fish as repeated
measures to evaluate how movement rate of Shovelnose Sturgeon in the LMR related to
environmental variables (Bates et al. 2015; R Core Team 2012). This model was used to describe
the step length between the position of a fish from time t to t+1 (successive weeks). Movement
rate was log transformed due to the data being skewed to the right from the majority of
movements being less than 1000 m. Independent variables used in the model were the change in
river stage, river stage, water depth, temperature, and current velocity. Conditions at time t were
9

used for the interval t to t+1. Distance measurements were a positive value regardless of
whether upstream or downstream, though separate models were tested for all movements,
upstream movements, and downstream movements. Upstream and downstream movement was
determined by evaluating the movement of a fish latitudinally due to the width and sinuosity of
the LMR. Confidence intervals for all variables within the full model were used to detect
significant relationships between movement rate and the individual variables, similarly done for
model selection analyses and used in this case to detect effect of environmental variables on the
response within a linear mixed model. If the confidence interval for a variable did not contain
zero, the variable was interpreted as having an effect on the response variable (step length). An
effect identified by a negative confidence interval would indicate an inverse relationship and an
effect identified by a positive confidence interval would indicate a direct relationship. Models
for weekly relocations (Vicksburg, MS) and monthly relocations (Tunica, MS) were analyzed
separately.
Objective 3: Describe habitat suitability for Shovelnose Sturgeon as it relates to depth,
slope, and distance from habitat type
Portions of this objective have been previously published (Hann and Schramm 2019).
The objective of this analysis was to use acoustic telemetry detections to evaluate the habitat
suitability for Shovelnose Sturgeon during a portion of the annual hydrological cycle in a reach
of the LMR. Suitable habitat will be determined by greater presence of Shovelnose Sturgeon in
an area since critical components of habitat suitability for the species are not largely known. The
lower Mississippi River has an average annual vertical fluctuation of 7 m (Schramm and Ickes
2016) and may fluctuate up to 13 m (USACE 2003); thus, Shovelnose Sturgeon may occupy
different habitats or areas during high and low river stages because availability (i.e., wetted area),
10

and suitability (e.g., depth, current velocity), change with river stage. Some habitats, such as
secondary channels, become inaccessible to Shovelnose Sturgeon during low river stages. Thus,
separate habitat suitability analyses were developed for moderately high and low river-stage
hydrologic periods within a 6-month (10 July – 10 December 2013) time frame to determine if
habitat suitability changes seasonally.
Previous habitat selection studies on Shovelnose Sturgeon have been based on habitat use
relative to availability (Curtis et al. 1997; Quist et al. 1999). My objective for this portion of my
study was to evaluate habitat selection by Shovelnose Sturgeon in a landscape context.
Ecological niche factor analysis (ENFA; Hirzel et al. 2006) was used to quantify Shovelnose
Sturgeon habitat suitability in the LMR. The ENFA method is available in the Biomapper 4
software (Hirzel et al. 2007). Telemetry data provide only presence data, a limitation for some
analyses of habitat use; ENFA operates on presence-only data. ENFA was developed as a
wildlife habitat suitability model and has not been previously used for a freshwater fish species
(Hirzel et al. 2002), but it has been successfully used for aquatic species such as European
Lobster Homarus gammarus (Galparsoro et al. 2009), Dwarf Eelgrass Zostera noltii (Valle et al.
2011), Whale Shark Rhincodon typus (McKinney et al. 2012), and the Mary River Freshwater
Turtle Elusor macrurus (Micheli-Campbell et al. 2013). Individual fish detections and
environmental factors are used by ENFA to develop statistical functions that allow predictions of
suitable habitat through suitability scores along with maps that depict these scores visually
(Brotons et al. 2004). I used ENFA to assess the suitability of areas within a reach of river by
searching for the best suite of habitat combinations and proximities that account for Shovelnose
Sturgeon detections in a reach.
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Weekly detection data for the lower Vicksburg reach were used for model development
and validation. Shovelnose Sturgeon detection data obtained monthly in the upper section of the
Vicksburg reach (Figure 2, segment A – B) were used to test model projections from the weekly
detections in the lower reach. Here, habitat suitability was calculated in relation to river depth,
river bottom slope, and distance to seven habitat types delineated by engineered features and
river bottom characteristics (Table 1). The suitability of an area is calculated within ENFA by
comparing the distribution of a species with a set of raster maps that describe the environment in
which the species lives. Each raster map (depth, slope, and one for each habitat type) is
considered an independent eco-geographical variable (EGV).
A spatial database of available habitat within the Vicksburg reach was created based on
bank-full river conditions to describe the environment in which Shovelnose Sturgeon live
(Kroboth 2014). The wetted perimeter of each reach was identified from Landsat Enhanced
Thematic Mapper Plus satellite imagery (USGS, 2013). Natural bank, revetted bank, and wing
dike habitats were delineated from navigation maps (Mississippi Valley Division 2007) and onwater observations. Depth contours from bathymetric data provided by the USACE Vicksburg
District were also used to delineate the main channel boundaries of each habitat type by
identifying the toe of the channel (Figure 3). Seven separate raster images were then created
based on the identified boundaries of each habitat type. Each of these raster layers are Boolean
layers with each 30-m cell coded with presence (1) or absence (0) of the habitat type, with
distance to the nearest cell containing the presence of a habitat type calculated for all seven raster
layers. All layers were then masked to exclude distance values outside of the wetted bank of the
Mississippi River. A raster elevation map of the study reach was created from the USACE
bathymetric data using the natural-neighbor raster interpolation technique in ArcGIS version
12

10.1. Elevation was used as a measure of depth because it remains constant regardless of river
stage. The ArcGIS raster surface slope tool was used to create a raster map of river bottom slope
from elevation data.
The resulting nine layers (elevation, bottom slope, and seven distance-to-habitat layers)
were visually determined to be skewed to the right and therefore normalized through a Box-Cox
transformation (Sokal and Rohlf 1981) and input into the ENFA as EGVs. The number of
factors retained to build the habitat suitability map was determined within Biomapper 4 by
comparing the EGV eigenvalues to MacArthur’s broken-stick distribution, such that the
eigenvalues were considered significant if they were larger than what would have been obtained
randomly (Hirzel et al. 2002; Hirzel et al. 2007). A suitability score for each raster cell was
computed from a combination of the retained factor scores where equal weight was given to
marginality and specialization (defined below; Hirzel et al. 2002). Suitability scores were then
used to create habitat suitability maps based on a distance geometric mean metric within
Biomapper 4 (Hirzel et al. 2002). This algorithm has been found to be the best choice as it does
not assume any particular distribution based on the detections of individuals included in the
model (Hirzel and Arlettaz 2003).
The spatial distribution of tagged individuals within the study site was evaluated by
ENFA through marginality and specialization scores. Marginality and suitability scores were
calculated for the global model (full model), with all covariates of interest considered, and for
each EGV (variable within the model). Global marginality describes how the individuals’ mean
location differs from the mean available conditions within an area of interest (i.e., differs from
random) and is interpreted as an absolute value on a scale from 0 – 1; low scores indicate that the
individuals are occupying average locations (i.e., the center of the multivariate space described
13

by the collective EGVs), and high scores indicate that the individuals are occupying a particular
location relative to what is available (Hirzel et al. 2002). Global specialization describes how the
variance of individuals’ locations differs from the variance of available conditions within the
area of interest and is interpreted on a scale from 1 – infinity, which makes global specialization
difficult to interpret (Hirzel et al. 2002; Santos et al. 2006). Global specialization can be more
easily interpreted by calculating the inverse (referred to as tolerance) that places the
specialization score on a scale from 0 – 1, with low scores interpreted as describing a specialist
species and high scores describing a generalist species according to the EGVs included in the
model.
Global marginality and global specialization are further described by scores within the
retained factors. The first factor score describes the marginality associated with each individual
EGV. Marginality scores for each EGV can be sorted by absolute value to see how each EGV
contributes to the global marginality. An EGV marginality value close to 0 indicates the
individuals tend to occupy “average” conditions, and an EGV marginality value close to 1 or -1
indicates individuals tend to occupy “extreme” conditions (Erfanian et al. 2013). Positive scores
for marginality indicate that individuals occupy high values of an EGV, and negative scores
indicate that individuals occupy low values of an EGV. For example, if the EGV of interest is
river-bottom slope, a positive value for its marginality would be taken to indicate that individuals
tend to occupy areas of slope greater than the mean available, whereas a negative value would
indicate that individuals tend to occupy areas of slope less than the mean available. If the EGV
of interest is distance to main channel habitat, a positive value for marginality indicates the
tagged individuals tend to occupy areas away from main channel habitat (avoidance), and a
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negative value would indicate the tagged individuals tend to occupy areas near main channel
habitat (preference). Hirzel et al. (2002) considered marginality scores ≥ |0.20| to be influential.
The remaining factor-score columns in the output matrix of ENFA describe the
specialization associated with each individual EGV (Hirzel et al. 2002). The specialization
factors describe how the variance of individuals’ locations differ from the variance of available
conditions within an area of interest (Hirzel et al. 2002), with high scores indicating variance of
Shovelnose Sturgeon locations are lower than the variance associated with the EGV. Therefore, a
high specialization score would indicate that these individuals have a restricted range of use
when compared with the overall range of that particular EGV (Engler et al. 2004). For example,
a high specialization for island tip habitat means Shovelnose Sturgeon tend to occupy a narrow
range of distance from island tip habitat and have little variation from that range. Specialization
scores are interpreted as absolute values with no directionality. The specialization scores within
each specialization factor with the higher absolute values have more influence on an individual’s
distribution and, hence, habitat suitability score.
River stage varied from 10.3 m near the beginning of the study to 1.2 m in week 16 (25
October 2013) before rising to over 3.0 m at the end of the study, and water temperature varied
from 6.7 – 29.7 ˚C (Figure 4). The time of transition between “high river stage” and “low river
stage” was identified ex post facto by assessing changes in habitat use by the fish (i.e., I allowed
the fish to provide insight into the hydrologic periods). I observed a rather abrupt shift in use of
the main channel by the weekly monitored tagged individuals. Less than 36% of detections
occurred in the main channel before week 10 when river stage was greater than 3.4 m and water
temperature was relatively warm and stable, but more than 40% (generally more than 70%) of
the detections occurred in the main channel from weeks 10 – 20 when river stage was less than
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3.0 m and water temperature was declining (Figure 4). River stage rose above 3.0 m during
weeks 21 and 22, but greater than 58% of Shovelnose Sturgeon detections were in the main
channel, so these weeks were added as a continuation of the habitat use during weeks 10 – 20.
Therefore, the two periods were the relatively high river stage (hereafter, high-stage period:
weeks 1 – 9, 10 July – 5 September 2013) and the relatively low river stage (hereafter, low-stage
period: weeks 10 – 22, 13 September – 10 December 2013).
With the separate hydrologic periods identified, the weekly detections from the lower
reach for each of the two separate periods were randomly split into 80% of the detections for
model building and 20% of the detections for model validation, as recommended by Breiman
and Spector (1992). Detection points were converted to a Boolean 30-m raster layer of presence
and absence of individuals within each raster pixel. Overlapping raster cells between the model
building set and the validation set were removed from analysis to avoid validation bias. The
validation procedure in Biomapper produces a Boyce index that measures the correlation
between habitat suitability values and the area-adjusted frequency of presence points (fish
detections) in the habitat map (Boyce et al. 2002; Hirzel et al. 2004). Area-adjusted frequencies
are the frequency of cross-validated use locations divided by the area of similar habitat suitability
scores available across the landscape (Boyce et al. 2002). The Boyce index tests the habitat
suitability model that was created (built with model-building detections) with independent data
(model-validation detections) to evaluate the goodness of fit. Boyce index scores vary between 1
and -1; positive values indicate a model in which presence predictions are consistent with the
distribution of presences in the evaluation dataset, values close to zero mean that the model
predictions are not different from random, and negative values indicate counter predictions, i.e.,
predicting poor quality areas where presences are more frequent (Hirzel et al. 2006). Boyce
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index scores ≥ 0.7 suggest valid models (Boyce et al. 2002). Once the lower reach models were
developed and validated using weekly data from each hydrologic period the validity of
projecting the lower reach models to the upper reach was tested for each hydrologic period in the
same manner.
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CHAPTER IV
RESULTS
A total of 333 detections of Shovelnose Sturgeon was recorded for 43 individual fish in
the Vicksburg reach. Of those detections, 282 detections were consecutive weekly detections
representing relocations of 32 individual Shovelnose Sturgeon. The greatest concentration of
weekly Shovelnose Sturgeon detections throughout the 22-week study (48%) was in the Brown’s
Point bend (Figure 3). Only 36 detections of Shovelnose Sturgeon were recorded for 14
individual fish in the Tunica reach. Of those detections, 29 detections were consecutive monthly
detections representing relocations of 10 individual Shovelnose Sturgeon (Figure 1). Most of the
detections (67%) in the Tunica reach were in the upstream portion of the reach where fish were
located immediately downstream of three river bends (Rabbit Island, Mhoon Bend, and Walnut
Bend). Shovelnose Sturgeon were detected in all habitats of both study reaches except
secondary channel throughout the timeframe observed, even though this ephemeral habitat was
inundated and provided flowing water eight of the 22 weeks of the study. No fish were detected
moving between the Vicksburg and Tunica reaches during the study.
Objective 1: Evaluate whether the movement of individual Shovelnose Sturgeon is random
or goal oriented
Consecutive weekly detections (4 – 22 detections) produced 28 paths from 23 individual
Shovelnose Sturgeon in the Vicksburg reach and produced three paths from three Shovelnose
Sturgeon detected monthly in the Tunica reach (Table 2; Figures 1 and 5). Fish path length (L)
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ranged from 402 – 11,200 m, and the shortest path length between the start and end points of the
movement (dE) ranged from 101 – 11,100 m. Straightness index values (dE/L) varied from 0.99
(goal oriented movement) to 0.08 (random movement; Table 2). Straightness values for 13
Shovelnose Sturgeon paths in Vicksburg and 1 in Tunica were greater than 0.5 and therefore goal
oriented, though slightly more paths were categorized as having random movement (Figure 6).
Straightness values considered to represent random movement (values less than 0.5) accounted
for 15 Shovelnose Sturgeon paths in Vicksburg and 1 in Tunica (Figure 6). One Shovelnose
Sturgeon path in Tunica had a straightness value of 0.5, which could not be categorized as either
goal oriented or random. Confidence intervals for the path straightness model indicated that
number of steps in the path (inverse relationship) was the only variable tested that had an effect
on straightness (Table 3). Shovelnose Sturgeon movement appears to be highly variable among
individuals and no conclusions about the population can be drawn on whether fish exhibit goal
oriented or random movement using a straightness index alone.
Four Shovelnose Sturgeon in Vicksburg (tags 33301, 34216, 34921, and 34929) had
more than one path evaluated for straightness (Table 2). The Shovelnose Sturgeon with the tag
34216 had three paths determined, and the remaining three fish had two paths determined during
the study period. The Shovelnose Sturgeon with the tag 33301 was the only one of the four
Shovelnose Sturgeon to have both a goal-oriented path and a random path (straightness values of
0.60 and 0.27). Shovelnose Sturgeon with tag 34216 was categorized as having goal-oriented
movement, and tag paths 34921 and 34929 were categorized as having random movement.
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Objective 2: Evaluate the influence of river stage, change in stage (∆stage), water
temperature, depth, and surface current velocity on movement rate of Shovelnose Sturgeon
Consecutive detections produced 224 weekly steps in the Vicksburg reach and 19
monthly steps in the Tunica reach. The majority of step lengths in both reaches were movements
less than 1 km and more than 87% of movements were less than 3 km (Figures 7 and 8). Median
river stage at Shovelnose Sturgeon detections was 3.02 and 2.65 m at the Vicksburg and Tunica
reaches, respectively (Table 4). Median change in river stage at Shovelnose Sturgeon detections
was 0.00 and -0.71 m at the Vicksburg and Tunica reaches, respectively (Table 4). Fifty percent
of individual detections occurred while water temperatures were 14.4 – 28.7 ˚C and 10.6 – 14.5
˚C at the Vicksburg and Tunica reaches, respectively (Table 4). Median depths at Shovelnose
Sturgeon detections were 12.2 and 11.2 m, with 50% of the individual detections from 8.1 – 16.5
m and 9.5 – 14.1 m at the Vicksburg and Tunica reaches, respectively (Table 4). Median surface
current velocities at Shovelnose Sturgeon detections were 0.86 and 0.79 m/s, with 50% of the
individual detections from 0.55 – 1.08 m/s and 0.64 – 1.14 m/s at the Vicksburg and Tunica
reaches, respectively (Table 4). Most steps measured for tracked fish occurred in the main
channel habitat at both reaches, though the movements among channel border habitats differed
between reaches. Main channel border movements in Vicksburg were dominated by steps
including wing dike and sandbar channel border habitats and movements in Tunica were
dominated by steps including natural bank border habitats.
Confidence intervals for the weekly Vicksburg reach all-movement model indicated
significant effects of river stage (negative relationship) and surface current velocity (positive
relationship; Table 5). Although change in river stage was not found to influence movement
rate, Shovelnose Sturgeon had a greater movement rate during small changes in river stage
(Figure 9).
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Confidence intervals for the weekly Vicksburg reach upstream-only movement rate
model indicated significant relationships between movement rate and change in stage (negative
relationship) and between movement rate and surface current velocity (positive relationship;
Table 6). Confidence intervals for the Vicksburg reach downstream-only movement rate model
indicated no significant relationships between distances traveled and measured environmental
variables (Table 7).
Independent variable confidence intervals for the monthly Tunica reach all-movement
rate model indicated no significant relationships between distances traveled and measured
environmental variables (Table 8). Separate models for upstream and downstream movements
were not run for the Tunica reach due to low sample size (7 upstream and 12 downstream
movements).
Objective 3: Describe habitat suitability for Shovelnose Sturgeon as it relates to depth,
slope, and distance from habitat type
Lower reach: high-stage period
Shovelnose Sturgeon were detected 122 times during the high-stage period with most of
the detections occurring in wing dike habitat and recurrent detections in sandbar and revetted
bank habitat (Figure 3); main channel detections steadily increased during the high-stage period
as river stage was declining (Figure 4). The Boyce index for model validation of the ENFA
habitat suitability model was 0.7, suggesting a valid model. The ENFA produced a global
marginality score of 0.49 indicating Shovelnose Sturgeon exhibited a moderate marginality (the
detections were not random) and a tolerance score of 0.31 indicating moderately high selectivity
during this period. The nine EGVs were reduced to six factors using MacArthur’s broken-stick
distribution, and the retained factors explained 98% of the total sum of eigenvalues. The EGV
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marginality scores indicated fish tended to be located in deep water (elevation = -0.45), on
steeper slopes (0.30), near island tip (-0.66), revetted bank (-0.26), and sandbar (-0.20) habitats,
and at greater distances from main channel (0.33) and natural bank (0.25) habitats (Table 9).
Secondary channel and wing dike had little influence on detection location (marginality =
│0.05│) despite frequent detection of fish at one wing dike habitat (Delta Point Dikes).
The ENFA analysis identified five specialization factors for the high-stage period (Table
9). High specialization scores indicated locations of Shovelnose Sturgeon were influenced by
slope (0.68) and distance to island tip (0.46) on factor 1, distance to revetted bank (-0.53) and
wing dike (-0.53) on factor 2, distance to main channel (0.69) on factor 3, elevation (0.69) on
factor 4, and distance to sandbar (0.72) on factor 5.
Areas of greater suitability were in or near high slope, deep water, revetted bank, and
sandbars (e.g., left descending bank [LDB] at rkm 702 – 707 and in the channel crossing at rkm
713 – 719; Figure 10). High suitability of the main channel at Brown’s Point (rkm 714) conveys
that proximity to deep water and high slope had a greater combined effect here than avoiding
main channel habitat. The high habitat suitability on the right descending bank (RDB) at rkm
706 – 707, even though relatively shallow, reflected the proximity to island tip habitats and
distance from the main channel. Areas of low habitat suitability were shallow with low slope
(rkm 720 – 723) or shallow with low slope and close proximity to natural bank and secondary
channel habitat (RDB at rkm 703 – 706).
Lower reach: low-stage period
Shovelnose Sturgeon were detected 216 times during the low-stage period and were most
often detected in main channel habitat with decreasing use of wing dike and moderate use of
sandbar habitat; Figures 3 and 4). The Boyce index for model validation was 0.9, indicating a
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valid model. The ENFA produced a global marginality score of 0.89, indicating the locations of
Shovelnose Sturgeon were not random, and a tolerance score of 0.40, indicating moderately high
selectivity during this period. The nine EGVs were reduced to four factors using MacArthur’s
broken-stick distribution, and the retained factors explained 94% of the total sum of the
eigenvalues. Marginality scores for EGVs indicated individuals were located in deep water
(elevation = -0.66) and in or near the main channel (-0.41) and revetted bank habitats (-0.21) but
at greater distances from wing dike (0.47) and secondary channel (0.22) habitats (Table 10).
Large changes in marginality scores between the high and low-stage periods included a shift
from strong avoidance to strong proximity for main channel habitat (0.33 to -0.41), a shift from
strong proximity to no influence for island tip habitat (-0.66 to -0.12), and a shift from no
influence to avoidance for wing dike (0.05 to 0.47) and secondary channel habitats (0.05 to
0.22). Specialization factor scores indicated Shovelnose Sturgeon locations were influenced by
distance to wing dike (-0.54) and secondary channel (0.64) on factor 1, distance to secondary
channel (-0.67) and island tip (0.64) on factor 2, and distance to wing dike (0.55) and sandbar
(0.72) on factor 3 (Table 10).
The greater suitability of the main channel during the low-stage period than during the
high-stage period is evident at rkm 698 – 705 and 710 – 718 (Figure 11). These high suitability
areas tended to be at the interface of the main channel and channel border habitats, and the
middle of the main channel had lesser suitability in some areas as seen at rkm 714. Though the
marginality scores indicate elevations lower than the mean available were highly suitable, the
deepest areas of the main channel (lowest elevation) had low suitability. At higher resolution
than clearly visible in Figure 11, the entire revetted outside bend at Brown’s Point (rkm 711 –
715) was also predicted as highly suitable habitat. Highly suitable areas throughout the reach
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corresponded to areas near high slope, moderately deep water, main channel, revetted bank, and
sandbar habitats. Low habitat suitability occurred at shallow depths and low slope at rkm 696–
699, 703 – 709.5, and 716 – 723. All three of these areas were shallow sandbars that had dike
fields.
Upper reach: model testing and validation
Seventy-eight monthly detections (33 high-stage detections, 45 low-stage detections)
were recorded for 24 Shovelnose Sturgeon and used to test the projections of results from the
lower reach into the upper reach. Shovelnose Sturgeon detections in the upper reach were
mostly in main channel and sandbar habitats during both high- and low-stage periods (Figure 3).
Shovelnose Sturgeon were not detected in island tip or revetted bank habitats during either riverstage period. The model validation for the high-stage period (Boyce index score of -0.2) did not
indicate a valid model for forecasting into the upper reach. The model validation for the lowstage period (Boyce index score of 0.6) indicated a moderately valid model. This supports the
possible utility of ENFA for projecting habitat suitability outside of the range of detections in in
a riverine system even though replication is needed and higher validation scores would be more
favorable.
The low-stage model predicted moderate suitability values in the main channel from rkm
729 – 742 with the highest values near rkm 735 – 737, which was the deepest area within this
reach (Figure 11). These areas of moderate to high suitability had a strong association with the
main channel between areas of sandbar and revetted bank habitats and were a greater distance
from wing dike and secondary channel habitats. The low suitability values coincided with
shallow areas associated with wing dike habitat from rkm 723 – 729 (Forest Home Towhead
dikes) and from rkm 743 – 750 (Tennessee Bar Dikes). The low suitability area on the RDB
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from rkm 737.5 – 745 was a shallow island-secondary channel complex that was not inundated
during this period.
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CHAPTER V
DISCUSSION
Movement path
Shovelnose Sturgeon demonstrated both random and goal-oriented movement during this
six-month study period with highly variable individual path distance and straightness values.
Straightness values across both reaches ranged from 0.08 – 0.99 (Table 2) and the cumulative
frequency distribution for path straightness values (Figure 6) did not reveal a dominant
movement pattern for the tagged individuals of random or goal-oriented movement other than
straightness decreased as number of steps increased. In addition, one Shovelnose Sturgeon with
tag 33301 had straightness values fitting both movement categories (0.60, 0.27). What can be
concluded from this analysis is that Shovelnose Sturgeon appear to have individual behavior
patterns since some fish were found to have goal-oriented movements, others were found to have
random movements, and one fish had both when only a straightness index was used to delineate
the two. Since there were as many random individuals as goal-oriented individuals, another
conclusion could be that movements were truly random and a 50/50 chance of the movement
category was possible. Results could be further separated if a movement category of sedentary
would be added to the possible movement patterns. Goal-oriented would be reduced to values
greater than 0.7, random movements would occur from 0.7 to 0.3, and sedentary movements
would be paths with straightness values less than 0.3. This would lead to greater separation
between goal-oriented and sedentary paths. In addition, it is not biologically possible to
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determine whether a movement is goal-oriented or random without knowing the purpose of the
movement or the goal/target that the individual may be seeking.
Long-range movements of 11 km within one week were similar to results obtained by
Bramblett and White (2001) who found Shovelnose Sturgeon moved up to 11 km/day during the
summer and up to 2 km/day during the fall with mean movement close to 1 km/day during both
seasons. Shorter movements of 101 m between weekly detections were similar to the findings of
Hurley et al. (1987) showing sedentary behavior with over 60% of daily movements being 100 m
or less. Without additional variables being added to the analysis of goal oriented or random
movements, a straightness index or a length of river traveled doesn’t give much insight into why
Shovelnose Sturgeon move.
Movement rate
Shovelnose Sturgeon had greater movement rates at lesser river stages for all movement
in the Vicksburg reach. This may be influenced by the decrease in available channel border
habitat as river stage decreases in the lower Mississippi River (Herrala et al. 2014). During times
of decreased availability of channel border habitat, Shovelnose Sturgeon may be traveling further
to find favorable depths, current velocities, or food resources. This was observed in the ENFA
analysis as areas of high habitat suitability shifted during hydrologic periods and fish moved into
the main channel. As the lower Mississippi River has large fluctuations in river stage, and
therefore fluctuations in habitat availability for Shovelnose Sturgeon, fish may need to move in
order to target resources. River stage did not have a significant effect on movement rate traveled
by Shovelnose Sturgeon when movement rate was assessed separately for upstream- and
downstream-only movements. This may have been influenced by the decrease in sample size
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although change in river stage had a significant effect on movement rate in the upstream-only
model.
Surface current velocity had a positive effect on movement rate of Shovelnose Sturgeon
for all movement and upstream-only movement in the Vicksburg reach. It would be
advantageous for Shovelnose Sturgeon moving large distances to use river current velocity in
their favor to carry them downstream with minimal energy expenditure, though the downstream
model did not find this effect to be significant. Rather, if fish are moving upstream through river
bends and channel crossovers as Delonay et al. (2009) found, they are traveling though areas of
high current velocity in order to travel the shortest distance between two points. This would
minimize energy expenditure if fish are seeking the shortest distance to travel. In addition, fish
movements would resemble goal-oriented paths during this behavior. Areas of channel crossover
and river bends were used more often than less sinuous sections of river in both reaches of this
study (Figures 1 and 3). Shovelnose Sturgeon habitat suitability (availability of food and or
current refuge along with other variables not measured in this study) could also have influenced
movement within these areas.
Temperature and depth did not influence the movement rate models. These variables
have been found to influence the capture probability of Pallid Sturgeon during a multi-year study
period using trotline methods (DeVries et al. 2015). Shovelnose Sturgeon were detected in a
wide range of depths and temperatures. The temperature variable could have been further
separated into decreasing and increasing trends or seasons. Since a particular temperature may
be encountered in both the spring warming period and fall cooling period, movements could be
better explained via seasons using a larger dataset.
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Upstream movements are often viewed as spawning or migration movements. A large
flaw of this study was not only the short timeframe, but also the open population of Shovelnose
Sturgeon. Movements greater than those detected could have taken place but were not captured
due to movement outside of the relatively small study area. In addition, the mostly sedentary
detections could also have been an ejected tag or expired fish that had not yet been covered in
sand or flushed downstream. Sedentary movements could also not be accurate if those
Shovelnose Sturgeon moved between detections, but was detected near its original position
nearly a week after its first detection. Based on this brief study, there is no evidence to support
migratory movements.
The addition of sex and reproductive stage as variables in the models could further
explain why and how Shovelnose Sturgeon move throughout the lower Mississippi River. Male
and female fish could exhibit different patterns of straightness, movement rate, and habitat
selection. Due to the short study period, lack of multiple seasons, and small study site, adding
these variables would be better suited for a long-range movement study.
Habitat suitability
This landscape-level analysis of Shovelnose Sturgeon habitat developed habitat
suitability models, albeit with some degree of uncertainty, using weekly detections in a 27-km
reach of the LMR for a portion of the annual hydrologic cycle that included relatively high and
low river stages and demonstrated, as observed by Hurley et al. (1987) in the UMR, that
Shovelnose Sturgeon use different habitats during different hydrologic seasons in the LMR.
Changes in location and, thus, habitats selected can be easily discerned by simply plotting
detections on a map at different times or river stages, but ENFA identified the interactions of
habitats and environmental variables that contributed to areas of high and low suitability
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The main difference in habitat use for Shovelnose Sturgeon between seasons was a strong
tendency to be away from the main channel during the high-stage period but a strong tendency to
be in or near the main channel during the low-stage period. Intuitively, moving away from the
main channel during higher river stages (greater discharge) would provide refuge from greater
current velocities, a behavior suggested by Quist et al. (1999) and by Koch et al. (2012).
Although channel border habitats provide areas of reduced current velocity, current velocity in
the main channel may not necessarily be greater during periods of greater discharge nor less
during periods of reduced discharge (Leopold et al. 1964). Furthermore, Shovelnose Sturgeon
are benthic fish morphologically adapted to live on the bottom of swiftly flowing waters (Coker
1930). Thus, their occupancy of sites in or near the main channel may be less a function of river
stage than water depth, habitat mosaic, or other unmeasured habitat variables.
Shovelnose Sturgeon had a strong preference for deep water at both high and low river
stages. Preference of Shovelnose Sturgeon for deep water was also identified by Curtis et al.
(1997) in the UMR, by Bramblett and White (2001) in the upper Missouri and Yellowstone
rivers, and by Hintz et al. (2016) in the MMR. Of interest is that deep water in these rivers was
substantially shallower, particularly in the upper Missouri and Yellowstone rivers studied by
Bramblett and White (2001), than depths that generally had low suitability in the LMR during
lesser river stages when the fish tended to be more closely associated with the main channel edge
and, thus, the deepest water in the area. It appears that areas of relatively deep water, regardless
of the actual depth, are important sites for habitat conservation throughout the Shovelnose
Sturgeon range.
Proximity to revetted banks was associated with high habitat suitability during both highand low-stage periods. Revetted bank habitat is a narrow zone of steeply sloping habitat that
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spans depths from 0 m to the toe of the main channel. Thus, fish can remain in or near revetted
bank habitat throughout a wide range of river stages without changing proximity to other
habitats. Marginality scores indicated Shovelnose Sturgeon preferred greater distances from
natural bank during high river stages and neutral preference during low river stages. Revetted
bank is a habitat that occurs throughout the lower section of the study reach on either side of the
river except where natural bank habitat exists. Therefore, high suitability areas were both in
proximity to revetted banks where natural banks were absent and at greater distance from areas
where natural banks were present.
Although models for both hydrologic periods from the lower reach were considered
valid, the model for the low-stage period was a better fit and, therefore, probably a better model
from which to make predictions or management decisions. The better model fit during the low
stage may be a consequence of reduced area of channel border habitats that reduces the width of
the river and, consequently, confines the distribution of the fish to deeper water or close
proximity to deep-water areas. The Delta Point Dikes, an area that had high use and high habitat
suitability during the high-stage period but low suitability during the low-stage period may be an
example of this. Although wing dike habitat did not have an influential marginality score during
high stage, this area provided proximity to island tip habitat and relatively long distance to the
main channel. Wing dike habitat is generally shallow and with low slope. During low stages,
much of the wing dike habitat would be dewatered and fish would be forced closer to the main
channel. Indeed, this is reflected in the influential main channel marginality factor and the
change in marginality for the main channel from positive (greater distance from the main
channel) during the high stage period to negative (closer distance to main channel) during the
low stage period. Examples of this shift from wing dike to main channel habitats occurred at
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wing dike sites near rkm 697 – 700 and 719 – 722. The confined and closer-to-the-main-channel
distribution also was reflected in a simpler (three specialization factors for the low stage vs. five
for the high stage) and better-fitting model (Tables 9 and 10). In turn, the habitat suitability
maps indicated reduced areas of high suitability, and these areas were confined to areas in or
near the main channel, which were also areas of greater depth.
The ENFA model for the lower reach provided predictions of habitat suitability in the
upper reach during the low-stage period but not the high stage. The greater number of detections
used and consequent improved fit of the low-stage period model likely contributed, but the
changes in habitat availability with river stage probably also had an effect. As river stage
decreases, availability of the main channel becomes proportionally greater as availability of other
habitats diminishes. Consequently, the reaches then become more similar, resulting in a lowstage model with better prediction. Conversely, during high stage, channel border habitats were
more expansive and fish detections were more dispersed throughout them. The chance of a
predicted location matching an observed detection when the fish are dispersed is reduced.
The difficulty forecasting habitat suitability in the upper reach during high-river stages
could also be a consequence of a reach effect. Reach effects should be expected, as Bramblett
and White (2001) found Shovelnose Sturgeon in the Yellowstone and upper Missouri rivers used
some reaches more than others and attributed the differences to sinuosity of the reach along with
presence, absence, and channel location of islands and sandbars. Shovelnose Sturgeon appeared
to prefer the lower reach; I observed an average of 30% more detections in the lower reach than
in the upper reach during monthly tracking events when both reaches were tracked on the same
day. Both of the equal-length study reaches had the same complement of habitats, but planforms
were substantially different; whereas the upper reach contained two large-radius bends, two long
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dike fields (Tennessee Bar and Forest Home Towhead), and a relatively expansive secondary
channel, the lower reach had one moderate-radius and two small-radius bends, two short dike
fields (the ends of Forest Home and Racetrack Towhead Dikes were cut off by reach selection,
therefore constituting “short dike fields”), and two relatively small secondary channels. The
more frequent and tighter bends in the lower reaches may have created greater heterogeneity of
habitat patches in the lower reach and may have contributed to the greater density of Shovelnose
Sturgeon. The long dike fields mostly associated with the upper reach maintain a relatively
straight, homogenous reach of river. In contrast, the short dike field at Delta Point extends from
an island toward the main channel diverting the main channel away from the inside bend which
contains island tip, sandbar, and secondary channel habitat, thus preserving habitat
heterogeneity.
Another difference in habitat that could affect validity of the lower reach model for
forecasting habitat suitability in the upper reach during the high river stage was the locations of
island tip habitat, a habitat found to have a strong influence on sturgeon presence during high
river stages. In the lower reach, sandbar habitat, which had a moderate positive influence
(marginality score was negative, indicating positive influence of close proximity) and high
specialization score, was the channel border habitat immediately downstream of the island tip
habitats. Conversely, in the upper reach, natural bank habitat, which had a moderate negative
influence on location, was the channel border habitat immediately downstream from the island
tip habitat. This difference in habitat mosaic may have had little effect during the low-stage
period when island tip, natural bank, and sandbar had low marginality scores (these habitats were
largely dewatered or reduced in area), but could contribute to the low validation scores during
the high stage when these three habitats had high marginality scores.
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An unexpected benefit of ENFA is that results from these models suggests habitat can
influence fish location even if fish are rarely or never detected in that habitat. This would be
especially important when one or more habitats are underrepresented and unlikely to have
detected specimens. The potential importance of infrequent detections is exemplified in my
study by the strong influence of island tip habitat during the high-water period when most
detections were in wing dike habitat. Even though Shovelnose Sturgeon were detected only
twice in island tip habitat during the high-stage period, island tip habitat had the strongest
marginality score (-0.66). Of the three dike fields in the lower section of the study reach (Delta
Point Dikes, Forest Home Towhead Dikes, and Racetrack Towhead Dikes), Delta Point Dikes
had the highest suitability during the high-water period. Delta Point Dikes are unique within the
reach in that they are located along the main channel side of an island between two areas of
sandbar and near the island tip at rkm 706. The influence of this combination of habitat types
would have been missed with traditional methods of modeling habitat selection that only
consider discrete habitat selection on a habitat-by-habitat basis and ignore any effect of nearby
habitats.
Discrete habitat selection based on habitat use relative to habitat availability (e.g., Manly
et al. 2002) may provide information about preferred habitats and management guidance for
habitat conservation or restoration but does not consider the value of the habitat mosaic. The
observations from my study along with the findings of Quist et al. (1999), Bramblett and White
(2001), Koch et al. (2012), and Hintz et al. (2016) suggest that a landscape perspective of habitat
selection that considers a combination of habitats, and perhaps their proximity, may be more
informative of habitat use than an analysis that determines the selection of a discrete habitat type.
The analysis performed by ENFA accomplishes this interpretation of the landscape perspective.
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For example, the high suitability at Delta Point Dikes is a combination of its proximity to island
tip, revetted bank (a section of revetted bank is installed on the left descending bank downstream
of the secondary channel at Delta Point Dikes, rkm 705), and sandbar habitat immediately
upstream and downstream of Delta Point Dikes. Wing dike habitat throughout the study reach
did not have an influential marginality score as a discrete habitat, but the combinations of habitat
surrounding Delta Point Dikes (island tip and revetment were absent at Forest Home and
Racetrack Towhead dikes) created the habitat with greater measured presence of Shovelnose
Sturgeon during the high-stage period.
Further, ENFA appears to remedy, or at least ameliorate, some problems with
conventional habitat-selection analysis in traditional fisheries science. First, individual habitats
are an anthropocentric abstraction implying some degree of environmental homogeneity; but in
reality habitats are gradients of multidimensional environmental conditions; and this is
particularly the case in rivers where even a small “patch” of a particular habitat can have
heterogeneous slope, depth, bottom substrate, current velocity, and other potentially important
biotic and abiotic conditions that may affect habitat suitability and use. Second, the habitat
boundaries may be arbitrarily defined. For example, the end of rip-rap at the toe of the channel
may clearly specify the boundary between steeply sloping revetted bank and main channel
habitats and is easily discerned by monitoring the change in slope with a depth finder.
Nevertheless, the boundary between a sandbar or a natural bank and the main channel, while
easily defined as the toe of the slope, can be a very gradual change in slope and less clear. The
upstream, downstream, and lateral (toward the main channel) boundaries of a dike field are even
less clear. This method of analysis allows consideration of specific continuous environmental
variables (e.g., depth,) that cannot be included in traditional habitat selection analyses. Third, by
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considering proximity to multiple habitats rather than “in one habitat or another” ENFA
minimizes the notion (often false) of occupying a uniform habitat and, simultaneously, considers
the actual position within the habitat (viz., central or near a boundary). Using proximity to
multiple habitats also partly allays inaccuracies of detection in systems like the LMR where
often-swift currents impede precise detection and deep, turbid water precludes visual verification
of the fish’s location without the availability of expensive underwater imaging systems like
Didson technologies (Sound Metrics, Bellevue, Washington, USA). Although lack of detection
precision and unknown errors can confound any analysis of habitat use, the distance to
surrounding habitats is less influenced by location imprecision than is assigning a detection to a
discrete habitat. Certainly, changing the boundaries of habitats, even slightly, can have large
effects on habitat selection that relies on assigning a detection to a discrete habitat, especially if,
as suggested by my results, Shovelnose Sturgeon tend to occupy the ecotone of the main channel
with channel border habitats under certain conditions.
Habitat availability, per se, is not an input considered in habitat suitability modeling in
ENFA, but Shovelnose Sturgeon detections with which the model is built can only be located in
habitat that is inundated. This circumvents the need to estimate habitat availability across a
range of river stages, a very laborious process that relies on the availability of imagery at
multiple river stages and that assumes bathymetry, if available, changes little over time.
A problem that remains with assessing seasonal changes in habitat use, regardless of the
method used to assess habitat selection or suitability, is specification of seasons in a highly
dynamic system like the LMR. Although using behavior of the fish to delineate seasons, as done
in this study, may be a step forward from most analyses that default to the use of months or
calendar seasons, I still recognize substantial environmental variation within my defined seasons.
36

For example, although I used the relatively abrupt change in the use of main channel to delineate
seasons, proportional detections of fish in the main channel trended upward (and use of wing
dikes trended downward) while the river stage steadily declined throughout the high stage
period. Shorter seasons might be useful for more rigorous analyses of seasonal changes in
behavior, but such efforts would require more intensive tracking of a larger pool of tagged fish to
achieve sufficient numbers of detections for meaningful analysis.
The validity of habitat suitability models was found to vary between river stages and
reaches. Including additional variables would be expected to improve the validity of the habitat
suitability models, but accomplishing this may be difficult. Substrate type and current velocity
have been found or suggested to affect Shovelnose Sturgeon distribution (Hurley et al. 1987;
Curtis et al. 1997; Quist et al. 1999; Bramblett and White 2001), but the addition of these
variables to habitat suitability models would be difficult and may not even be possible in the
LMR. Substrate type could be determined, although with great difficulty in the deep water and
swift currents, but substrate maps with sufficient resolution to be useful likely are unachievable
even in a single 27 km reach. Current velocity at the position of the fish can be measured by
remote sensing, but current velocity at the position of the fish would be of questionable accuracy
without confirmation of the exact location of the fish. Thus, seemingly simple “fixes” to
improve model validity may not be easily achieved in large rivers like the LMR. Possibly, better
models can result from more refined habitats, for example specific zones within a dike field as
used by Koch et al. (2012) in the assessment of Pallid Sturgeon habitat assessment in the middle
Mississippi River. Indeed, the habitat suitability results obtained in this analysis suggest that
wing dikes may warrant division into two habitat types (e.g., dike field wing dikes in relatively
straight sections of river and short wing dikes in sinuous sections of river). Despite the high
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number of detections at Delta Point Dikes during high water, wing dike habitat was not an
influential factor during high water. This is possibly a consequence of relatively low number of
detections at the other two wing dike areas in the lower reach, resulting in ENFA assigning high
importance to the island tip habitat that was in close proximity to the Delta Point Dikes. These
other wing dike areas were part of long dike fields on relatively straight reaches, whereas Delta
Point Dikes were located on the inside of a river bend.
Ecological niche factor analysis appears to be a useful tool for assessing habitat
suitability, and the interactions of habitats and environmental variables support the merit of a
landscape assessment rather than selection analysis of discrete habitats. The differences in
influential variables and subsequent changes in habitat suitability support seasonal changes in
habitat use and selection. The ability to forecast habitat suitability is a useful management aspect
of the ENFA analysis that allows extension of what is learned in one intensively studied reach to
others. Additional habitat suitability modeling efforts are recommended before forecasting
habitat suitability can be considered reliable in a riverine landscape. The efficacy of this method
will depend on further assessments and projections in more reaches of the Mississippi River, as
well as other rivers, and extending the study period throughout multiple thermal and hydrologic
periods when conditions may differ from those evaluated during this assessment as well as across
years in this highly dynamic river.
This study starts at the analysis of path vectors, adds environmental variables to path
vectors, and then continues beyond the pathway to evaluate habitat suitability for the entire reach
of river during different hydrologic periods. Shovelnose Sturgeon were found to exhibit both
goal-oriented and random movements using a straightness index to analyze paths fish traveled.
River stage and surface current velocity were found to have an effect on the movement rate of
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fish during the study. Also, habitat suitability was found to change during different hydrologic
periods and the locations used within the LMR appeared to be influenced by a combination of
habitat types rather than discrete habitat types during the periods studied. These three views of
movement and habitat selection complement each other to achieve a clearer understanding of the
spatial use of Shovelnose Sturgeon.
Future research considerations
Although detection error was assumed to be 30 m based on previous studies on the lower
Mississippi River, further investigations are needed on what influences detection of acoustic tags
in the lower Mississippi River. Barge traffic and revetted banks seemed to interfere with
detection distance estimates. Barge traffic would greatly reduce the distance a tag could be
heard, and revetted banks would amplify and redirect sounds of tags throughout the river.
Experience on the river with acoustic tags helped in sorting out directional issues with locating
fish but still made locating fish difficult and time consuming at times. Substrate, depth,
turbidity, surface current velocity, and river stage could all have influenced the detection of
acoustic tags and should be investigated.
More frequent active tracking of Shovelnose Sturgeon could more accurately describe the
pathways fish use during movements. Weekly relocations gathered more data than the monthly
relocations that had been done on riverine sturgeon in this lab for the five years prior to this
study, but even weekly relocations have movement gaps. Active tracking also takes a
considerable amount of time, travel, and personnel needed, even when the site is only 27-km
long. Due to the width of the river, I would have two boats actively tracking the river at a time
and would not always have the same boat and equipment operators as I had the week prior.
Active tracking with acoustic telemetry is both an art and a science in the lower Mississippi
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River. Boat operators did not all track the same, did not all care the same, and did not all collect
this same quality of data. If done again, I would always use the same two boat and equipment
operators throughout the study. Passive tracking was attempted using stationary receivers in
high use areas during this study, but receivers were lost to currents and debris on multiple
occasions.
Since I found that Shovelnose Sturgeon exhibit different habitat suitability in differing
hydrologic periods during only a short timeframe, a seasonal analysis throughout an entire year
or multiple years could strengthen the analysis. The analyses used in this study would also be
informative if used for Pallid Sturgeon data, especially to compare movements and habitat
preferences of these sympatric species of riverine sturgeon in the lower Mississippi River.
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Table 1

Habitats used for assessment of Shovelnose Sturgeon movement in the lower
Mississippi River

Habitat classification
I. Main channel
II. Channel border
1. Revetted bank
2. Natural bank
3. Sandbar
III. Wing dikes/dike fields
IV. Secondary channel
V. Island tip

Habitat description
The deep channel that includes the thalweg and
navigation channel, extending from the right bank
channel border to left bank channel border
The zone between the shoreline (mainland or island) and
the toe of the channel
Steeply sloping bank, usually in an outside bend armored
with erosion-resistant material placed from the top of the
bank to the toe of the channel
Bank, often steeply sloping, lacking revetment material
A gradually sloping depositional area
The zone 100 m above the upriver dike to 200 m
downriver of the downriver dike and from the shoreline
to the toe of the channel
A former main channel or a channel created when the
flow of the river cuts across a point bar
A zone at the downstream end of an island generally with
relatively steep bottom slope, deep water, and swift
current from the toe of the channel to the island shore,
about 100 m upriver and downriver of the downriver tip
of an island
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Table 2

Individual
tag trajectory

Distance metrics for Shovelnose Sturgeon in the Vicksburg and Tunica study
reaches

Study reach

Date path
started

Step length (m)

Number
of
detections

Distance
traveled
(dE; m)

Length of path
(L; m)

Straightness
(dE/L)
Min

Max

Avg

27792.1

Vicksburg

10/25/2013

4

11110

11250

0.99

170

10900

3750

34216.1

Vicksburg

7/10/2013

5

6900

7370

0.94

100

6980

1840

34901.1

Vicksburg

11/8/2013

5

2690

2890

0.93

310

1330

720

27767.1

Vicksburg

8/8/2013

8

7370

8050

0.92

20

3370

1150

34216.3

Vicksburg

10/13/2013

4

6490

7260

0.89

300

6450

2420

33295.1

Vicksburg

10/25/2013

7

7950

9380

0.85

100

5080

1560

27784.1

Vicksburg

10/13/2013

6

2560

3040

0.84

130

1900

610

34216.2

Vicksburg

8/23/2013

4

1930

2480

0.78

310

1830

830

33301.1

Vicksburg

8/23/2013

5

800

1330

0.6

120

740

330

34229.1

Vicksburg

7/29/2013

9

2740

4950

0.55

30

2410

620

34930.1

Vicksburg

11/7/2013

5

2820

5080

0.55

200

3290

1270

33296.3

Vicksburg

10/13/2013

9

1840

3610

0.51

70

2240

450

34220.2

Vicksburg

10/4/2013

10

5750

11290

0.51

230

5860

1250

34921.3

Vicksburg

11/15/2013

4

3770

9200

0.41

2250

4230

3070

27793.3

Vicksburg

10/13/2013

7

4480

11070

0.4

530

2960

1850

34929.1

Vicksburg

7/17/2013

5

200

520

0.38

50

200

130

34225.4

Vicksburg

10/18/2013

8

280

860

0.33

20

290

120

33297.1

Vicksburg

8/5/2013

19

2330

7240

0.32

70

1390

400

34929.2

Vicksburg

9/5/2013

14

3290

11630

0.28

120

1880

890

27807.3

Vicksburg

11/1/2013

6

810

3000

0.27

240

920

600

33301.2

Vicksburg

10/4/2013

10

2030

7480

0.27

140

1610

830

27803.1

Vicksburg

7/29/2013

4

100

400

0.25

100

160

130

27832.2

Vicksburg

8/30/2013

4

100

410

0.25

110

160

140

27808.3

Vicksburg

10/25/2013

7

700

3440

0.2

180

1060

570

34223.1

Vicksburg

9/27/2013

11

1800

9170

0.2

60

1970

920

34211.3

Vicksburg

11/15/2013

4

120

970

0.13

210

510

320

34921.1

Vicksburg

8/23/2013

5

2490

23300

0.11

810

12330

5820

34914.1

Vicksburg

7/10/2013

22

630

7700

0.08

40

870

370

34947.1

Tunica

9/22/2013

4

8990

10830

0.83

520

9030

3610

33280.1

Tunica

8/14/2013

4

2870

5780

0.5

1370

2750

1930

34945.1

Tunica

8/14/2013

5

320

1840

0.17

40

740

460

L is the actual path length consisting of all steps and dE is the shortest path length between the
starting and ending points of the movement. Movement paths were identified by the fish tag
number along with a decimal and an additional number indicating the series of that particular
movement. Paths are sorted by straightness value and distance values are rounded to the nearest
10 m.
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Table 3

Straightness model confidence intervals for the Vicksburg study reach

Confidence intervals
Fixed effect
Slope
2.50%
97.50%
Temperature
-0.01
-0.01
0.00
Number of steps
-0.08
-0.10
-0.06
Average stage
-0.01
-0.02
0.00
Average stage change
0.01
-0.02
0.03
Independent variable confidence intervals from the straightness model for the Vicksburg study
reach (rkm 1,120 – 1,165) in the lower Mississippi River. Confidence intervals that do not
contain zero have a significant effect on the response variable of Shovelnose Sturgeon path
straightness.

Table 4

Environmental variable quartiles recorded at detections of Shovelnose Sturgeon in
both the Vicksburg study reach (rkm 696 – 723) and the Tunica study reach (rkm
1,120 – 1,065) in the lower Mississippi River.

Vicksburg
Tunica

Vicksburg
Tunica

Vicksburg
Tunica

Vicksburg
Tunica

Vicksburg
Tunica

River stage (m)
1st quartile Median 3rd quartile
2.33
3.02
5.07
1.29
2.65
3.36
Change in river stage (m)
1st quartile Median 3rd quartile
-1.06
0.00
0.87
-1.14
-0.71
1.55
Temperature (˚C)
1st quartile Median 3rd quartile
14.40
23.10
28.68
10.60
10.80
14.50
Depth (m)
1st quartile Median 3rd quartile
8.10
12.20
16.50
9.50
11.20
14.10
Surface current velocity (m/s)
1st quartile Median 3rd quartile
0.55
0.86
1.08
0.64
0.79
1.14
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Table 5

Independent variable slope and confidence intervals from the all-movement model
for the Vicksburg study reach (rkm 696 – 723) in the lower Mississippi River.

Confidence intervals
Fixed effect
Slope
2.50%
97.50%
River stage
-0.05
-0.08
-0.02
Change in stage
-0.17
-0.54
0.21
Temperature
-0.01
-0.03
0.02
Depth
0.00
-0.03
0.02
Surface current velocity
1.06
0.55
1.56
Confidence intervals that do not contain zero have a significant effect on the response variable of
Shovelnose Sturgeon path straightness.

Table 6

Independent variable confidence intervals from the upstream-only movement model
for the Vicksburg study reach (rkm 696 – 723) in the lower Mississippi River.

Confidence intervals
Fixed effect
Slope
2.50%
97.50%
River stage
-0.04
-0.08
0.00
Change in stage
-0.07
-0.13
-0.01
Temperature
-0.04
-0.08
0.00
Depth
-0.02
-0.06
0.02
Surface current velocity
1.85
1.15
2.56
Confidence intervals that do not contain zero have a significant effect on the response variable of
Shovelnose Sturgeon movement rate.
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Table 7

Independent variable confidence intervals from the downstream-only movement
model for the Vicksburg study reach (rkm 696 – 723) in the lower Mississippi
River.

Confidence intervals
Fixed effect
Slope
2.50%
97.50%
River stage
-0.03
-0.07
0.01
Change in stage
0.03
-0.04
0.1
Temperature
0.00
-0.04
0.04
Depth
0.00
-0.05
0.04
Surface current velocity
0.43
-0.27
1.12
Confidence intervals that do not contain zero have a significant effect on the response variable of
Shovelnose Sturgeon movement rate.

Table 8

Independent variable confidence intervals from the all-movement model for the
Tunica study reach (rkm 1,120 – 1,165) in the lower Mississippi River.

Confidence intervals
Fixed effect
Slope
2.50%
97.50%
River stage
-0.09
-1.17
0.92
Change in stage
-0.04
-0.84
0.70
Temperature
0.08
-0.35
0.51
Depth
0.06
-0.10
0.26
Surface current velocity
-0.07
-1.81
2.05
Confidence intervals that do not contain zero have a significant effect on the response variable of
Shovelnose Sturgeon movement rate.
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Table 9

Marginality factor (M) and specialization factor (S1 – S5) scores for ecogeographical variables (EGVs) for Shovelnose Sturgeon in the in the lower portion
of the Vicksburg reach in the lower Mississippi River (rkm 696 – 723) during the
high-stage period.

EGV
M
S1
S2
S3
S4
S5
Island tip
-0.66
0.46
0.13
0.36
-0.45
0.34
Elevation
-0.45
0.01
0.16
-0.36
0.69
-0.13
Main channel
0.33
0.32
-0.22
0.69
-0.03
-0.12
Slope
0.30
0.68
0.33
-0.32
0.03
-0.08
Revetted bank
-0.26
0.08
-0.53
0.04
-0.04
0.04
Natural bank
0.25
0.05
0.13
0.03
0.05
0.43
Sandbar
-0.20
0.11
-0.02
0.33
-0.07
-0.72
Secondary channel
-0.05
-0.42
0.48
0.05
0.55
-0.12
Wing dike
0.05
0.20
-0.53
0.23
0.08
-0.36
EGVs are sorted by absolute value of the coefficients on the marginality factor. The
specialization factor scores in bold identify the EGVs with the most influence on each
specialization factor.
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Table 10

Marginality factor (M) and specialization factor (S1 – S3) scores for ecogeographical variables (EGVs) for Shovelnose Sturgeon in the lower portion of the
Vicksburg reach in the lower Mississippi River (rkm 696 – 723) during the lowstage period.

EGV
M
S1
S2
S3
Elevation
-0.66
0.02
-0.11
0.01
Wing dike
0.47
-0.54
0.18
0.55
Main channel
-0.41
-0.44
-0.25
0.29
Secondary channel
0.22
0.64
-0.67
0.05
Revetted bank
-0.21
0.04
0.03
0.28
Slope
0.17
-0.01
0.06
0.08
Sandbar
-0.17
0.00
0.18
0.72
Island tip
-0.12
0.19
0.64
-0.05
Natural bank
-0.09
0.25
0.04
-0.10
EGVs are sorted by absolute value of the coefficients on the marginality factor. The
specialization factor scores in bold identify the EGVs with the most influence on each
specialization factor.
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Figure 1

Movement paths of Shovelnose Sturgeon in the Tunica study reach (rkm 1,120 –
1,065) in the lower Mississippi River based on monthly detections.
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Figure 2

Study reach monitored for Shovelnose Sturgeon during 10 July – 10 December
2013 in the lower Mississippi River near Vicksburg, MS, rkm 696 – 750.

Reach A – B was monitored monthly, and reach B – C was monitored weekly.
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Figure 3

Habitats in the lower Mississippi River (rkm 696 – 750) and monthly (A – B) and
weekly (B – C) detections of Shovelnose Sturgeon during high-stage (10 July – 5
September 2013; triangles) and low-stage (13 September – 10 December 2013;
circles) hydrologic periods.

Habitat types (defined in Table 1) are revetted bank (REV), main channel (MC), sandbar (SND),
wing dike (WD), secondary channel (SC), island tip (ILT), and natural bank (NAT).
(NAT).
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Figure 4

Weekly river stage, water temperature, and proportion of individual Shovelnose
Sturgeon detections in seven habitat types of the lower Mississippi River at rkm 696
– 723, 10 July – 10 December 2013.

(A) River stage (dotted line) and water temperature (solid line). (B) Habitat types are wing dike
(WD), natural bank (NAT), sandbar (SND), revetted bank (REV), island tip (ILT), and main
channel (MC). No observations were recorded in secondary channel habitat. River stage data
were obtained from the U.S. Army Corps of Engineers gauge at Vicksburg, MS (rkm 701).
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Figure 5

Movement paths of individual Shovelnose Sturgeon for the Vicksburg study reach
(rkm 696 – 723) based on weekly detections in the lower Mississippi River.
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Figure 6

Cumulative frequency distribution for Shovelnose Sturgeon path straightness values
in both the Vicksburg study reach (rkm 696 – 723) and the Tunica study reach (rkm
1,120 – 1,065) in the lower Mississippi River.
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Figure 7

Cumulative frequency distribution for Shovelnose Sturgeon movements in the
Vicksburg study reach (rkm 696 – 723) based on weekly detections in the lower
Mississippi River.
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Figure 8

Cumulative frequency distribution for Shovelnose Sturgeon movements in the
Tunica study reach (rkm 1,120 – 1,065) based on monthly detections in the lower
Mississippi River.
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Figure 9

Movement rate of Shovelnose Sturgeon at different weekly changes in river stage
since last detection for the Vicksburg study reach (rkm 696 – 723) and the Tunica
study reach (rkm 1,120 – 1,165) in the lower Mississippi River.
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Figure 10

River bottom elevation and slope and ENFA habitat suitability maps for Shovelnose Sturgeon in the lower reach of the
Vicksburg study reach (rkm 696 – 723) in the lower Mississippi River for the high-stage period (10 July – 5 September
2013), and low-stage period (13 September – 10 December 2013).
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Figure 11

River bottom elevation and slope and ENFA habitat suitability map for Shovelnose Sturgeon in the upper reach of the
Vicksburg study reach (rkm 723 – 750) in the lower Mississippi River for the low-stage period (13 September – 10
December 2013).
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